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General Introduction 

The carbon dioxide (CO2) concentration increases every year due to human 

activities, such as burning of fossil fuels, which leads to global warming and has 

attracted much concern in society. Carbon capture and utilization (CCU) is one of 

the strategies to mitigate part of the CO2 emissions, in which CO2 is captured from 

exhaust gases and utilized in divers processes. Dry reforming of methane (CH4) 

(DRM) with captured CO2 is one of these CCU technologies with the aim to 

convert the captured CO2 together with CH4 ( e.g. from natural supplies or biogas) 

to syngas (CO and H2), which in turn can be used to produce a wide variety of 

chemical building blocks such as via Fischer-Tropsch processes. Traditional 

thermal catalytic DRM happens at high temperatures over 700 °C. However, next 

to the requirement of thermal energy, classically obtained via fossil fuel burning, 

coke deposition and catalyst deactivation are current challenges. Layered double 

hydroxide (LDH)-derived catalysts are promising for DRM as they possess many 

advantages such as a high specific surface area, rich basic sites, good active metal 

dispersion and adjustable active metal loading. As an alternative to thermal DRM, 

plasma is an attractive technology as it uses (renewable) electric energy as energy 

source. However, several challenges remain to improve its conversion, energy 

efficiency and selectivity. Although plasma catalysis has been identified as a 
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possible solution for this, the integration of catalysts with the plasma process is not 

straightforward and requires additional knowledge. This PhD focuses on the 

combination of warm 3D gliding arc (GA) plasmas with post-plasma catalysis 

using LDH-based catalysts. These catalysts are known to function well in thermal 

catalytic DRM processes, but we need to evaluate if these catalysts also perform 

well in combination with a gliding arc plasmatron (GAP) reactor. Therefore, 

several research questions need to be answered such as: 1) what are the key factors 

used in the GAP process that influence the post-plasma catalysis with respect to 

temperature and gas composition at the plasma exhaust, that influence the post-

plasma catalytic process and 2) what are the key performance indicators and reactor 

configurations that determine and enhance the post-plasma catalytic DRM 

performance. 

 

Chapter 1 gives a general introduction of LDH-derived catalysts, plasma and their 

combination for DRM. In this chapter, the impact of LDH-derived layered double 

oxide (LDO) properties on catalytic (DRM) performance is discussed. 

Subsequently, two types of plasma, dielectric barrier discharge (DBD) and gliding 

arc (GA), are introduced, which are typical examples representative of non-thermal 

plasma (DBD) and warm plasma (GA) and the concepts of choosing for in-plasma 

or post-plasma catalysis are provided. Their application for DRM assisted with or 

without LDH or LDH-derived catalyst is given. Finally, the challenges and aims of 

this PhD are discussed. 
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In Chapter 2, the properties of MgAl-LDH (molar ratio of Mg:Al = 3) materials 

and the LDH-derived LDO, also named metal oxides (MO), as a function of 

calcination temperature (600-900 °C) are discussed. This temperature range was 

chosen as it is the expected exhaust gas temperature of the GAP plasma for which 

it will be used. To understand the stability of the LDO materials towards water, 

their rehydration was studied in both vapour and liquid water environment at room 

temperature. Several characterization techniques were used to study the as-

synthesized LDH and the rehydrated LDH obtained after rehydration of LDO 

calcined at different temperatures. Results proved that the rehydration of the LDO 

into the LDH resulted in a new LDH rather than reconstructing it into the original 

LDH. This part of research gives suggestions for the careful storage of LDH-

derived samples even after calcination at high temperatures of 600-900 °C. 

 

In Chapter 3, we studied the influence of operating conditions for a gliding arc 

plasmatron (GAP) system, such as gas flow rate, gas composition (N2/CO2, and 

N2/CO2/CH4 with different CO2/CH4 ratios) and addition of H2O on the conversion, 

selectivity, energy cost and temperature of the exhaust gas. Furthermore, the 

temperature in different positions after the plasma was measured, which can offer 

suggestions for the further synergistic application of post-plasma catalytic system. 

 



General Introduction 

XIX 
 

In Chapter 4, the catalyst is added via a tray-type catalyst bed (T-bed) into the GAP 

reactor forming a post-plasma catalytic system. The impact of various parameters 

such as catalyst amount, distance of the catalyst from the plasma (2-4 cm), external 

heating with a temperature range of 100-250 °C, and addition of H2O with relative 

humidity (RH) from 0% to 100% was studied with the aim to identify key aspects 

that influence the catalyst performance.  

 

As no or limited catalyst performance improvement was obtained in Chapter 4, it 

was hypothesized that heat transfer and flow behavior were crucial aspects to 

improve. Therefore, a newly designed tubular catalyst bed (N-bed) was proposed 

in Chapter 5. Utilizing the N-bed, even when only filling material of α-Al2O3 was 

used, the conversion of CO2 and CH4 increased and further enhancement was 

achieved upon the addition of Ni/MO catalysts. Next to conversion and selectivity, 

the impact of the N-bed on energy cost was evaluated. 

  



 

  



 

 
 

 

 

CHAPTER  1 

LDH-derived catalysts for DRM: Can their excellent 

performance in thermal catalysis also be exploited in 

plasma catalysis? 
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This chapter is adapted from the paper “LDH-derived catalysts for DRM: Can their 

excellent performance in thermal catalysis also be exploited in plasma catalysis?; 

Wencong Xu, Vladimir V. Galvita, Vera Meynen, Annemie Bogaerts”, to be 

submitted to Catalysts.
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1.1 Introduction 

Among the greenhouse gases, carbon dioxide (CO2) and methane (CH4) attract 

much concern due to their impact on global warming. The CO2 concentration 

increases every year among others due to burning of fossil fuels. The “National 

Oceanic and Atmospheric Administration (NOAA) Global Monitoring Laboratory” 

(https://gml.noaa.gov/ccgg/trends/) data showed that the global annual mean CO2 

amount reached about 422 ppm in July 2023, with a growth rate of around 2.4 ppm 

per year during the decade 2012-2022. Moreover, reducing greenhouse emissions 

is one of the priority initiatives in the European Green Deal 

(https://commission.europa.eu/strategy-and-policy/priorities-2019-

2024/european-green-deal_en). One of its goals is to curb temperature pathways 

by 2050. For this reason, it becomes imperative to decrease the amount of CO2 and 

CH4 emissions, which needs the collaborative efforts of both researchers and 

governments from all over the world. Many technologies, for example, CO2 

capture, storage and conversion, are under investigation, to solve this problem in 

recent years [1–9]. 

 

Studies have shown that CO2 is the largest greenhouse gas contributor, followed 

by CH4 [10]. At the same time, an abundant amount of natural gas reserves [11] 

and the CH4-rich biogas, e.g. produced from the anaerobic digestion of organic 

matter, make the dry reforming of methane (DRM) reaction an attractive route to 

https://gml.noaa.gov/ccgg/trends/
https://commission.europa.eu/strategy-and-policy/priorities-2019-2024/european-green-deal_en
https://commission.europa.eu/strategy-and-policy/priorities-2019-2024/european-green-deal_en
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convert CO2 and CH4 simultaneously into syngas (CO and H2) [12]. Indeed, if 

carbon capture and utilization is envisioned, useful products need to be produced 

from CO2 such as construction materials or chemical building blocks. The majority 

of these chemical building blocks have hydrogen atoms as part of their molecular 

structure, necessitating the use of a hydrogen source to produce them from CO2. 

Next to hydrogen itself, water and methane can serve as examples of such a 

hydrogen source, the latter via the DRM reaction. This is a complex process which 

consists of several reactions. The main reactions are shown below [13–15]: 

CH4 + CO2 → 2CO + 2H2      ∆H0 = 247 kJ mol⁄                                        (1.1) 

CH4 → C(s) + 2H2      ∆H0 = 75 kJ mol⁄                                                        (1.2) 

CO2 + H2 → H2O + CO      ∆H0 = 41 kJ mol⁄                                                (1.3) 

2CO → C(s) + CO2       ∆H0 = −172 kJ mol⁄                                                  (1.4) 

The CO2 requires a significant amount of energy for activation, necessitating high 

temperatures above 700°C in conventional thermal catalytic DRM [16–18]. 

Additionally, carbon formation as described in Eq.(1.2) and Eq.(1.4) increases the 

risk of catalyst deactivation due to carbon deposition on the catalyst. Therefore, to 

increase the conversion of CO2 and/or CH4 and the selectivity of desired products, 

it is crucial to employ catalysts that are not only highly active but also possess 

stable active sites and resistance to carbon deposition. 
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Nickel and noble metals like Pt, Ru, and Rh, renowned for their high catalytic 

activity and resistance to carbon formation, are extensively studied in dry 

reforming [18–20]. Despite their effectiveness, the high cost and limited 

availability of these noble metals restrict their industrial application. As a viable 

alternative, nickel-based catalysts have been considered; however, they are prone 

to deactivation due to sintering and carbon encapsulation under reforming 

conditions [20–22]. Enhancing the activity and stability of nickel catalysts thus 

becomes a critical area of research, with a focus on the impact of supports, 

promoters, and additional metals. 

 

Aluminum oxide (Al2O3) is a common catalyst support, and other materials like 

MgO, ZrO2, La2O3, TiO2, SiO2, and SiO2-Al2O3 have also been explored [23–26]. 

The choice of support materials significantly influences the DRM process. For 

catalysts on inert supports such as SiO2, the process follows a monofunctional 

pathway with limited CO2 activation leading to catalyst deactivation. In contrast, 

on acidic (Al2O3) or basic (La2O3, CeO2, MgO) supports, a bifunctional mechanism 

is observed, enhancing activity and stability [23,24]. 

 

Layered double hydroxide (LDH), or hydrotalcite, and its derivative, layered 

double oxide (LDO), are promising due to their active surface area, basic properties, 

and adjustable metal loading [19,27–29]. LDHs are versatile, allowing composition 

changes through different metals and anions. After calcination, LDOs enhanced 
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with additional metals exhibit improved stability and activity, attributed to a 

synergistic effect [19]. 

 

Apart from the development of improved LDH-derived catalysts for DRM, 

different technologies are being perfected or generated [30]. Among them, plasma 

technology with its versatility, is garnering growing interest, particularly as it is an 

electrically driven process [31–35]. In general, plasma, often referred to as “the 

fourth state of matter”, is an ionized gas that can be artificially generated by 

supplying electric energy to a gas [8,36]. This method of plasma production aligns 

well with the evolving demand for electrically driven processes in the chemical 

industry [37]. Moreover, plasma technology can be synergistically combined with 

catalysts in two distinct ways: directly form (in-plasma catalysis, IPC) or in hybrid 

form (post-plasma catalysis, PPC). Considering that nascent stage of plasma-

assisted catalytic DRM systems, LDH-derived catalysts, as a type of promising 

catalyst for thermal-catalytic DRM, are worth investigating for their synergistic 

effect in a plasma-based DRM. These catalysts, with their high active surface area, 

abundance of basic and active sites and tunable structure and metal composition, 

may enhance IPC systems, where the catalyst is integrated into the plasma 

discharge zone. IPC is typically applied in dielectric barrier discharge reactors, 

operating near room temperature and at pressures of 1 to 3 bar [31,38–41]. 

Conversely, in PPC systems, the catalyst is located outside the plasma discharge 

area, near the plasma exhaust. This setup is typically used in warm plasmas, which 
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reach temperatures of 3000 K or more in the discharge zone (e.g. gliding arcs and 

microwave plasmas) [37,42–44]. The gas exiting the plasma cools down with 

distance from the plasma exhaust, reaching several hundred degrees. This feature 

allows for the recovery of heat produced by the plasma to preheat the catalyst, 

facilitating the conversion of unreacted CO2 and CH4 molecules into syngas or 

converting the plasma exhaust gases to other products, depending on the catalyst. 

Nevertheless, the majority of the PPC processes require additional heating or 

insulation to achieve sufficient catalytic performance [42,44,45]  

 

Fig. 1.1. Schematic diagram of the utilization of LDH/LDO and plasma in DRM in this chapter. 

In the past several years, there has been a rapid growth in publications related to 

the catalytic application of LDH-derived catalysts for DRM, as well as for plasma-
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based DRM with or without catalysis [19,46–53]. However, no review on the 

combination of LDH-derived catalysts and plasma for DRM has been reported yet. 

Herein, the chapter first discusses the applications of recently reported LDH-

derived metal oxides catalysts and plasma technology for DRM to syngas 

production separately. Then the combination of LDH-derived metal oxides in 

plasma catalysis is generally introduced. The schematic structure of the chapter is 

shown in Fig 1.1. In the following section, the LDH-derived catalysts are divided 

into LDH-derived catalysts without Ni, Ni-containing LDH-derived catalysts, and 

promoted Ni LDH-derived catalysts. Based on the promoted metals used, the last 

part is divided into three subsections: transition metal bimetallic Ni LDH-derived 

catalyst, lanthanides metal binary Ni LDH-derived catalyst, and other metal binary 

and multi-metals Ni LDH-derived catalyst. Subsequently, two commonly used 

plasma types, i.e., dielectric barrier discharge plasma (DBD) and gliding arc (GA) 

plasma, and their solo application in DRM are introduced, which are representative 

of non-thermal plasma (DBD) and warm plasma (GA). Finally, the integration of 

plasma with LDH or LDO catalysts for DRM is introduced, encompassing two 

parts: DBD plasma-assisted LDH/LDO catalysis, typically implemented as 'IPC' 

for DRM, and GA plasma-assisted LDH/LDO catalysis, usually conducted as 'PPC' 

for DRM. Each main section includes brief theoretical notes and discussions. 

Lastly, a conclusion and future outlook are provided, offering research 

recommendations. 
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1.2 LDH-derived catalyst for DRM 

As mentioned above, the DRM route is of great interest as it involves the 

conversion of two major greenhouse gases, namely CO2 and CH4. After the 

reaction, syngas (i.e., a mixture of H2 and CO) is produced, which can be used 

directly for the production of valuable chemicals such as methanol, ethanol, formic 

acid etc. [54–56]. Among all the types of materials developed, LDH-derived mixed 

metal oxide materials (MgAl-LDH as the most commonly used LDH) show some 

advantages, like tuneability of its composition, abundant basic site and well-

distributed active sites. When introducing high active metals, such as Rh, Pt and 

Ru, into the LDH-derived MgO-Al2O3 structure, the catalyst can show good 

catalytic performance with around 90% conversion of CO2 and CH4 at 750 °C for 

DRM [28,57,58]. Compared with other supports, such as γ-Al2O3, MgO, and 

MgAl2O4, the Ru catalyst supported on MgAl-LDH derived Mg3(Al)O showed the 

highest Ru metal dispersion and catalytic performance [28]. Moreover, the 

Ru/Mg3(Al)O catalyst displayed 84% CH4 conversion and 90% CO2 conversion at 

750 °C for 30 h with no deactivation. However, although noble metals exhibit 

excellent conversion and coke-resistance properties, they are critical raw materials 

with a shortage in reserves and are expensive, which puts constrains on their 

industrial applications. In comparison, catalysts derived from Ni-based LDHs, 

either alone or promoted with small amounts of other metals, like transition metals, 

are cost-friendly and have good catalytic activities with about 90% CH4 conversion 
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and 95% CO2 conversion at 750 °C with 15 wt% Ni loading [59], showing 

considerable application potential in the DRM reaction. Nevertheless, the well-

dispersed small Ni nanoparticles, being one of the important reasons for obtaining 

high catalytic performance, are not stable, as they sinter during the reaction process. 

Moreover, coke formation from direct CH4 decomposition and CO 

disproportionation easily occurs on the catalyst surface, covering the active sites 

and leading to catalyst deactivation and reactor blocking when the coke deposition 

is serious. Therefore, more research focusing on enhancing the stability and coke 

resistance of LDH derived catalysts is highly needed. 

 

This chapter is divided into three parts, dependent on the metals it contains: LDH-

derived DRM catalyst without Ni, monometallic Ni LDH-derived DRM catalyst, 

and promoted Ni LDH-derived DRM catalyst. Based on the promoted metals 

utilized, the promoted Ni LDH-derived catalyst contains three parts: transition 

metal promoted binary Ni LDH-derived catalyst, lanthanides metal promoted 

binary Ni LDH-derived catalyst, and other binary and multi-metal Ni LDH-derived 

catalyst. The newly reported results in this area are shown and discussed. 

1.2.1 LDH-derived DRM catalysts without Ni 

Apart from Ni-based catalysts, Co is another low-cost metal attracting more 

attention in recent years. Attempts have been made to find promising results using 

a Co-LDH-based catalyst without the addition of Ni. Li’s group [60] compared the 
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short-term and long-term catalytic activity of NiMgAl-LDO and CoMgAl-LDO 

for DRM. The catalysts were prepared via the co-precipitation method with 12 wt% 

loading of Ni or Co. At a high-temperature of 800 °C with time on-stream (TOS) 

of 200 h, the experimental results showed conversions of CH4 and CO2 of about 

88.0% and 93.6%, and a H2/CO ratio of 0.85 for the NiMgAl-LDO catalyst, and a 

respective conversion of 86.7% and 92.7%, and a ratio of 0.85 for the CoMgAl-

LDO catalyst. Moreover, the stability of the Ni and Co catalysts was similar, with 

a similar low coke deposition (1.2 wt% for the Ni catalyst, and 2.2 wt% for the Co 

catalyst) in the 200 h test. However, when the reactions were executed at a lower 

temperature of 500 °C for a short-term of 25 h, although the Ni and Co catalyst 

showed similar conversions, the Ni catalyst suffered serious coke deposition with 

63.9 wt% weight loss when burning off the coke compared to about 4 wt% for the 

Co catalyst. The kinetics study for the low-temperature DRM illustrated that the 

better coke resistance of the Co catalyst is mainly due to its low activity for CH4 

dissociation/decomposition [60]. Here, this research proves the potential 

application of Co-LDH-derived catalyst in DRM at the low temperature of 500 °C. 

 

To further study the catalytic activity of Co-LDH-based catalysts, LDHs with 

different metal compositions of Co, Mg or/and Al were synthesized, calcined, and 

then reduced for DRM at 700 °C [61]. The three catalysts, namely Co/MgAl, 

Co/MgO, and Co/Al2O3, were first tested at a TOS of 5 h. The Co/MgAl catalyst 

had the best initial activity (around 60% CH4 conversion and 72% CO2 conversion) 
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and outstanding stability (with a slight decrease in both CH4 and CO2 conversion 

for 5 h). The initial activity of Co/MgO had the lowest CH4 and CO2 conversion of 

about 40% and 60%, but it gradually increased to 45% and 63% during the whole 

test. However, although the Co/Al2O3 catalyst exhibited relatively good initial 

activity, it had an obvious deactivation as time went on. For the long-term stability 

test with TOS of 48 h, the conversion of the Co/MgAl catalyst slightly decreased 

from 58.6% to 55.7%, for CH4 conversion and from 72% to 70% for CO2 

conversion presenting comparable catalytic performance as reported fora Ni 

catalyst with the same catalyst support [62]. Structural analysis demonstrated that 

the excellent initial catalytic activity of Co/MgAl was attributed to the high specific 

area (168 m2/g), large amount of medium basic sites and small size (6.8 nm) of Co 

nanoparticles, while the long-term stable performance was related to the formation 

of a CoMgO solid solution improving its sintering- and coke- resistance. 

 

Halliche et al. [63] used Fe as the element to replace Al forming CoFe-LDH. 

Compared with the CoAl-LDO catalyst, the activity of the CoFe-LDH was slightly 

lower (66.4% CH4 conversion and 70.3% CO2 conversion for the CoAl-LDO 

catalyst and 54.5% CH4 conversion and 60.2% CO2 conversion for the CoFe-LDO 

catalyst) due to the presence of iron, which favoured to react with water produced 

from the side reaction of reverse water-gas shift reaction (RWGS). However, the 

deposited coke was removed by the iron oxide formed by the RWGS step. 
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The comparable catalytic performance of the Co metal in DRM especially at 

relatively low temperatures (usually < 600 °C) offers a choice for the utilization of 

LDH-derived catalysts. Besides this, the coke-resistance property of Co with low 

CH4 decomposition activity makes it favourable for long-term industrial 

production. When promoted with other metals, like Fe, which can help to suppress 

coke formation as well, the stability will be further improved, giving Co-LDH-

based catalysts a broad research and application prospect. 

1.2.2 Monometallic Ni LDH-derived catalyst 

For the Ni catalyst derived from LDH, the Ni can be incorporated into the brucite-

like structure of the catalyst by co-precipitation or simply through impregnation, 

forming a mixed hydroxide precursor [27]. After calcination, Ni containing mixed 

metal oxides are formed with controlled interaction between the Ni phase and its 

carrier, preventing the sintering of active material of Ni. Although depending on 

different preparation methods, there may be some differences in the particular 

chemical and physical properties of the obtained catalysts, the monometallic Ni-

LDH-derived catalysts show satisfying performance in DRM, as shown in Table 

1.1. 

 

Different amounts of Ni used in the catalysts can have various effects on the Ni 

particle's size, distribution and interaction with the support, which eventually 

affects the catalytic performance and stability of the catalysts. Lin et al. [64] 
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investigated the influence of the Ni loading amount (3 wt% to 18 wt%) on the 

NiMgAl-LDH-derived catalyst for DRM. The catalysts were prepared via a co-

precipitation method, forming NiMgAl-LDH precursors with different Ni amounts 

and were ready for reaction after calcination at 800 °C. The conversion of both CO2 

and CH4 increased as the reaction temperature increased and with increasing 

amounts of Ni up to 9 wt%. The catalysts with 9 wt% and 12 wt% Ni had similar 

catalytic activity. In the case of 15 wt% loadings, the activity reached the highest 

value. However, serious coke deposition appeared on the catalyst with 18 wt% Ni 

loading, leading to the blocking of the reactor. Both the Ni loading and reaction 

temperature were found to affect the long-term stability [64]. At a high temperature 

of 750 °C, the catalytic activity increased as the loading amount increased, while 

the stability decreased for all the catalysts at a relatively lower temperature of 

600 °C. This phenomenon was attributed to the carbon deposition that became 

more serious at 600 °C than at 750 °C, which was proven by the higher 

thermogravimetric (TG) loss (attributed to the carbon) of the catalyst after the 

reaction. Moreover, the deposited amount of coke increased with increasing Ni 

loading at both 600 °C and 750 °C. The coke deposition, especially encapsulating 

carbon, was considered to be the main reason for the deactivation of the catalysts. 

 

Another study by Zhan et al. [65] reported on the influence of reduction 

temperature on the DRM reaction. Ni particles with an average size of 4 nm to 7.3 

nm were obtained when changing the reduction temperature from 650 °C to 800 °C. 
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Generally, increasing the reduction temperature increased the Ni particle size. 

Since the Ni2+ species were incorporated into Mg(Ni, Al)O and were expected to 

disperse uniformly throughout the entire catalyst particle from surface to core, 

upon reduction, only those Ni2+ species at or close to the surface could be reduced. 

However, as the reduction temperature increased, more Ni2+ species were reduced, 

forming more Ni particles of larger size. All of the reduced samples had a good 

catalytic performance at high temperatures of 700 °C and 800 °C, while their low-

temperature performance varied. At relatively low temperatures of 500 °C and 

600 °C, the catalysts obtained at a reduction temperature of 700 °C exhibited stable 

CH4 conversion which was close to the equilibrium levels (20% at 500 °C and 50% 

at 600 °C). In contrast, the catalyst reduced at 650 °C showed lower CH4 

conversion (initial around 5% to final about 0% at 500 °C and initial around 20% 

to finial around 30% at 600 °C) and deactivated at 500 °C because of Ni oxidation, 

while catalysts reduced at 750 °C and 800 °C suffered sintering and serious coking. 

In summary, they found that coke deposition is proportional to the Ni particle size 

and this trend ceases when the particle size is around or below 6.2 nm. Therefore, 

a critical size of about 6 nm of the Ni particles is essential to effectively inhibit 

coke deposition. The study reported by Kalai and co-workers [66] was consistent 

with this conclusion. They found that compared with catalysts prepared via the 

incipient wetness method (Ni loaded on γ-Al2O3), the NiMgAl-LDH-derived 

catalysts with the same Ni loading had smaller particle size, showing better activity 

and stability. 
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Apart from the Ni content and Ni particle size, the amount of basic sites also has a 

great effect on the catalytic performance of the catalyst [19]. Furthermore, by 

modifying NiMgAl-LDH with varying concentrations of NaOH, the modified 

LDH-derived catalyst showed an obvious increase in the stability of CH4 

conversion [67]. After modification, partial amounts of Al were dissolved with 

increasing NaOH amount, increasing the (M2+/M3+) molar ratio, as well as the 

basicity. The specific surface area (decreased from 231 to 212 m2/g when the 

amount of NaOH increased) and pore volume (0.31-0.35 cm3/g) were both higher 

than the raw NiMgAl-LDH (173 m2/g and 0.26 cm3/g). These variations eventually 

improved the catalytic performance and coke-resistance. The catalyst Ni/LDO-0.2 

modified with 0.2 M NaOH solution was found to have the highest (initially around 

91.6% CH4 and 98% CO2 conversion) and most stable (final around 90.8% CH4 

and 97% CO2 conversion) activity within 8 h DRM, whereas Ni/LDO-0 (no 

modification) had the lowest initial around 88% CH4 conversion and fastest activity 

decrease (final about 84% CH4 conversion). However, when the modified catalysts 

were applied in a 28 h long-term stability test, the Ni/LDO-0.1 exhibited a higher 

activity and stability than the Ni/LDO-0.2. The CH4 and CO2 conversions for 

Ni/LDO-0.1 remained about 91% and 96%, while those for Ni/LDO-0.2 decreased 

from about 91% and 95% to around 86% and 91%. Besides this, it was found that 

enhancing the CO2/CH4 molar ratio benefits the resistance to coke deposition and 

Ni sintering of the Ni/LDO-0.1 catalyst. A similar study was done by Xu et al. [68] 
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by using urea to adjust the NiAl-LDH structural properties. Typically, catalysts 

were synthesized via an in-situ growth method on Al2O3 with different amounts of 

urea (molar ratio of urea/Ni = 2, 4, 6, 8, and catalysts were denoted as Ni-2, Ni-4, 

Ni-6 and Ni-8). The theoretical content of Ni was 12 wt% for all the samples and 

a benchmark catalyst with the same Ni content was prepared by the traditional 

impregnation method (catalyst denoted as Ni-IMP). The performance of the 

catalysts varied with the different amounts of urea used. Ni-2 showed a slight 

increase in CH4 conversion, while Ni-4, Ni-6 and Ni-8 showed similar catalytic 

activity (around 70% initial CH4 conversion). Moreover, the Ni-6 catalyst 

exhibited higher stability (about 65% final CH4 conversion) than the other two 

catalysts (both final CH4 conversion below 65%). Moreover, the catalyst Ni-6 

exhibited remarkably improved catalytic performance in CH4 conversion, which 

increased 16% compared to the Ni-IMP material while only 6.3 wt% carbon 

deposition was observed after 50 h reaction at 800 °C (25.3 wt% carbon deposition 

on the Ni-IMP catalyst). The improvement in activity is due to both the unique 

structure of LDH and the modification with urea, producing a catalyst with 

enhanced Ni dispersion and strong Ni-support interactions that inhibited sintering. 

Moreover, by varying the molar ratio of Mg/Al, the amount of basic sites could be 

adjusted as well [69]. To evaluate this, three types of supports, namely γ-Al2O3, 

70MgAl-LDH (MgO/Al2O3 mass ratio 70:30), and 30MgAl-LDH (MgO/Al2O3 

mass ratio 30:70), were firstly calcined at 1200 °C to get stable supports, which 

were subsequently loaded with 5.7 wt% Ni via incipient wetness impregnation. It 
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was found that the final Ni/70MgAl catalyst presented a better catalytic 

performance (CO2 and CH4 conversion both kept around 80% over 50 h, while the 

other two catalysts had lower CO2 and CH4 conversion around 30-40%), with a 

lower deactivation rate (0.004%/h) than the other two catalysts (deactivation rate 

around 0.7%/h for Ni/Al catalyst, and 0.4%/h for Ni/30MgAl catalyst). This was 

mainly attributed to the higher amount of strong basic sites and might also be due 

to the presence of solid solution, preventing the sintering of Ni particles and the 

formation of carbon. Nguyen-Phu and Kim [70] systematically studied the effect 

of the Mg/Al molar ratio on the catalytic activity of the NiMgAl-LDO catalyst by 

synthesizing NiMgAl-LDH with different Mg/Al ratios. It was found that the Ni-

Mg1.5AlOx catalyst (Mg/Al ratio of 1.5), with more basic sites and enhanced Ni 

reducibility, had the highest activity of around 60% CH4 conversion and the best 

stability, with negligible change in reactivity at a reaction temperature of 727 °C 

for 120 h. Besides this, it seems that slight amounts of Mg (0.42 wt%) introduced 

into the NiAl-LDO catalyst did not change the Ni particle size and the base strength, 

as reported by Feng’s group [71], but the promoted Ni-Mg/Al catalyst exhibited 

better activity and stability than the parent Ni/Al catalyst, possibly due to improved 

CO2 dissociation. In another research, NiMgAl-LDH (MNA-2.0) with a 

composition of Mg:Ni:Al = 2.0:1:1.5 was prepared and evaluated for 100 h in DRM 

at 850 °C [72]. The MNA-2.0 catalyst possessed excellent feed gas conversions of 

about 90% for CH4 and 99% for CO2. During an extended long-term test of 200 h, 

no considerable deactivation was observed. Analysis of the spent catalyst 
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suggested that the large amount of basic sites played an important role in the high 

initial activities while the strong interacting Ni particles formed from the NiAl2O4 

spinel were deemed crucial for the long time stability. 

 

Some other attempts to enhance either the catalytic performance or the stability of 

the catalysts in the DRM reaction were also studied. A (NiMg)2Al-LDH was 

obtained by freeze drying at -20 °C [73]. Compared to the oven-dried catalysts 

whose LDH’s 3D platelet scaffold collapsed because of capillary pressure, the 

freeze drying helped to keep the 3D morphology of the LDH. After calcination at 

the same temperature, the freeze-drying samples obtained Ni particles with average 

sizes of about 7.5 ± 1.2 nm, which were uniformly dispersed on well-defined 

hexagonal platelets. In contrast, the oven-dried samples had Ni particles with 

slightly smaller sizes of 6.2 ± 1.2 nm, aggregated on irregularly shaped supports. 

The DRM results showed that the freeze-dried catalysts had higher activities and 

stability (CH4 and CO2 conversion dropped from around 90% and 94% to about 

70% and 80%, while for oven dried catalyst the CH4 and CO2 conversion decreased 

from about 76% and 82% to 39% and 50% during the 40 h test at 800 °C with gas 

hourly space velocity (GHSV) of 240 L·CH4 gcat-1 h-1), which is different from the 

conclusion reported [65] that 6 nm or below is the required size of Ni to warrant 

good carbon resistance ability. Therefore, it was thought that the LDH-like 3D 

structure of the catalyst prepared via the freeze-drying method was indeed the 

determining factor for high Ni dispersion and subsequently high catalytic activity 
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[73]. Another trial was done by Mu’s group [74] using Ni foam as the substrate to 

prepare Ni/MgAlOx-LDH-based catalyst in a solar irradiated DRM reaction. 

Compared to traditional powder catalysts, suffering from aggregation and 

deactivation, the Ni foam-based catalyst benefits from its high thermal conductivity, 

providing better temperature uniformity. Therefore, overheating was prevented, 

contributing to much less coke deposition and aggregation of the active sites. In 

addition, as reported by Bian et al. [75] coating the Ni oxide with SiO2 is also an 

efficient way to protect the Ni particles from sintering and carbon deposition, due 

to its unique spatial confinement effect. At a low DRM reaction temperature of 

550 °C, the Ni-LDH@SiO2 multi-core@shell catalyst exhibited stable CH4 (20%) 

and CO2 (30%) conversions at 550 °C for 30 h, whereas the LDH catalyst without 

a coated shell experienced a significant drop in conversion of CH4 and CO2 from 

around 25% and 40% to 14.8% and 16.6%, respectively. 
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Table 1.1. Different NiMgAl- and NiAl-LDH-derived catalysts for DRM reported in the recent literature, with details on the catalyst properties, 
thermal catalytic reaction conditions and reaction performance. 

Catalyst Method of 
LDH synthesis 

Cations 
in LDH 

Ni amount 
(wt%) 

M2+/M3+ 
(molar 
ratio) 

Calcination 
Condition 

Reaction Conditions Conversion a 
H2/CO 
ratio 

TOS b 
(h) 

Coking 
wt%/gcat Ref. 

Temp. CH4/CO2 GHSV  
(mL g-1 h-1) CH4 (%) CO2 (%) 

NiMgAl-LDH co-
precipitation 

Ni, Mg, 
Al 

3, 6, 9, 12, 
15, 18  3 750 °C, 5 h 800 °C 1 60,000 90 94 0.9 30 4 [64] 

NiMgAl-LDH co-
precipitation 

Ni, Mg, 
Al 12 3 

650, 700, 
750, 800 °C, 

5 h 

800 °C 1 60,000 ~93 ~100 ~0.9 25 4.5 

[65] 

600 °C 1 60,000 ~48 ~60 ~0.78 25 66.7 

NiMgAl-LDH co‐
precipitation 

Ni, Mg, 
Al 20 3 600 °C, 6 h 750 °C 1 240,000 ~53 ~63 0.78 11 ND [66] 

MgAl-LDH, 
Ni loaded on 

LDH 

commercial 
LDH Mg, Al ND 2 600 °C, 3 h 800 1 48,000 91 96 0.9 28 ND [67] 

MgAl-LDH, 
Ni loaded on 

LDH 

commercial 
LDH Mg, Al 5.7 ND 

1200 °C, 5 h 
for LDH; 

700 °C, 3 h 
for loaded 

sample 

700 °C 1 15,882 ~80 ~80 ND 50 2 [69] 

NiAl-LDH 
co‐

precipitation 
for NiAl-LDH, 

Ni, Al - 2 
700 °C, 1 h 
for NiAl-

LDH; 
750 °C 1 36,000 ~82 ~87 ND 10 0.9 [71] 
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rehydration 
method for 

NiMgAl-LDH 

800 °C, 5 h 
for MgO 
loaded 
sample 

Ni(Li, Na, or 
K)Al-LDH 

co-
precipitation Ni, Al 75-79  1.8 600 °C, 6 h 700 °C 1.5 60,000 ~80 to 

~50 
~90 to 

~75 1-1.5 8 ~65 [76] 

NiMgAl-LDH co-
precipitation 

Ni, Mg, 
Al 19 2 or 1.5 850 °C, 6 h 850 °C 0.5 40,000 91.5 98 1.39 200 ND [72] 

NiAl-LDH in-situ growth 
method Ni, Al 12 ND 550 °C, 4 h 800 °C 1 18,000 ~70 ~75 ~0.9 50 6.3 [68] 

Ni loaded on 
MgAl-LDH 

incipient 
wetness 

impregnation 
Mg, Al 10 ND 800 °C, 6 h 750 °C 1 144,000 78 ~85 0.9 ND ND [77] 

NiMgAl-LDH co-
precipitation 

Ni, Mg, 
Al 5 

0.05 (no 
Mg), 0.4, 
1.6, 4, - 
(no Al) 

800 °C, 6 h 1000 K 1 120,000 ~60 ~70 ~0.8 120 17.1 [70] 

NiAl-LDH 
co-

precipitation 

Ni, Al 

ND 2 450 °C, 6 h 700 °C 1 18,000 

75.1 78.3 0.94 

5 ND [78] 

NiMgAl-LDH Ni, Mg, 
Al 82.2 85.4 0.96 

NiMgAl-LDH urea hydrolysis 
method 

Ni, Mg, 
Al 12.5 2 800 °C, 6 h 800 °C 1 400,000 ~95 ~97 ~1 100 ND [73] 

NiMgAl-LDH 
growth on Ni 

foam 

co-
precipitation 

Ni, Mg, 
Al 12 4 800 °C, 6 h ~800 °C 0.9 ND ~60 ~60 ND 30 6 [74] 
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NiMgAl-
LDH/FeCrAl-

fiber 

hydrothermal 
method 

Ni, Mg, 
Al 13 ND 500 °C, 2 h 800 °C 1 5,000 91 89 0.9 270 14 [79] 

NiMgAl-
LDH@SiO2 hydrothermal Ni, Mg, 

Al 12 3 750 °C, 4 h 600 °C 1 240,000 30 40 0.7 16 2 [75] 

a the conversions mentioned are from the best or initial to final results in long-term tests; “ND”: no data provided in the literature; “~”: 
approximate value; GHSV: Gas hourly space velocity b TOS: Time on stream. 
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1.2.3 Promoted Ni LDH-derived catalysts 

Monometallic Ni-based LDH-derived catalysts have shown promising 

performance for DRM. Many modifications have been performed to further 

enhance their activity and lifetime. Yet, the main problems still exist, such as coke 

deposition and active metal sintering. Therefore, alloying the monometallic Ni 

catalysts with a second, third, or even fourth metal became one of the strategies to 

improve their catalytic performance and coke-resistance. Several reviews 

discussing this topic can be found in the literature [17,19–22,80]. In the last several 

years, there was also a considerable number of papers reported about alloying Ni 

LDH-based catalysts (shown in Tables 1.2-1.4). However, the mechanism and the 

effect of the alloying on the activity and stability are still undetermined. Therefore, 

in this section, the recently reported papers about alloying Ni LDH-based catalysts 

for DRM are summarized. Based on the metal elements, the discussion is mainly 

divided into three parts, namely a part on transition metal addition, lanthanides, 

and multiple alloys and other metals. 

1.2.3.1 Transition metal binary-Ni LDH-derived catalysts 

In recent years, the DRM reaction was reported using Ni-LDO catalysts promoted 

with transition metals, including cheap and readily available metals like Fe, Co, Cu 

or Zn, noble metals like Rh, Pd or Pt, and rare metals like Ir, V, Zr or Y. These 

metals were introduced into the catalyst as either metal particles or oxide phases, 
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resulting in different effects on the catalytic performance. The detailed studies are 

discussed in the following paragraphs and generally presented in Table 1.2. Apart 

from the experimental investigations, several theoretical studies have also been 

reported to predict and explain the effects of the combinations of Ni and these 

promoting metals on the DRM activity and carbon formation behaviour. As 

reported by Chatla et al. [81], density functional theory (DFT) calculations 

accompanied by experiments for catalyst performance and materials 

characterizations were performed, to obtain the activation mechanism of carbon 

formation and gasification on monometallic Ni (111) and Cu/Ni (111) surface with 

different Cu amounts (Fig.1. 2). For the Cu/Ni cases, the total (Ni+Cu) loading 

amount was fixed at 10 wt% and the Cu:Ni atomic ratio varied by 1:3 (higher Cu 

loading), 1:8 (medium Cu loading), and 1:10 (lower Cu loading). The final step in 

the dehydrogenation of methane, CH* → C* + H*, namely the dissociation of CH 

to elemental C, was considered to be the decisive step towards the deactivation of 

the catalyst due to coking. Therefore, they calculated the barrier values, as depicted 

in Fig. 1.2a. It can be easily deduced that the activation barrier of CH* dissociation 

is 1.41 and 1.45 eV for the pure Ni system and the lower (1:10) Cu/Ni alloy system, 

respectively. For the medium (1:8) Cu/Ni alloy system, the barrier value of carbon 

formation increases to 1.89 eV, showing a significant increase of 0.44 to 0.48 eV. 

Similarly, in Fig. 1.2b, the values of the calculated barriers for carbon gasification 

from the surface by oxidation with O2 forming CO are presented. The medium 

Cu/Ni system has the lowest carbon elimination barrier of 0.53 eV, which is lower 
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than those of the pure Ni and low Cu/Ni system. Therefore, carbon formation is 

suppressed in a Cu/Ni alloy system, whereas carbon gasification is enhanced. 

Experimental evidence confirmed that in the medium Cu/Ni case, the catalyst 

produced a more amorphous or “active” form of carbon with a total 6.4 wt% weight 

loss (43 wt% for monometallic Ni catalyst). Tang et al. [82] used DFT calculations 

to study the reaction mechanisms of CH4 dissociation on the surface of pure Ni and 

a Ni-Rh alloy (replacing one Ni atom on the surface, forming a RhNi alloy, and 

replacing six Ni atoms forming a Rh6Ni alloy) catalysts. They found that doping 

Rh atoms provided more adsorption sites on RhNi bimetallic catalysts, which 

resulted in intermediates that tend to be adsorbed by the active sites near the Rh 

atoms. Increasing the Rh atoms doping can weaken the adsorption strength of the 

intermediates on the surface of the catalyst. The adsorption strength followed the 

order Ni > RhNi > Rh6Ni. Moreover, the reaction of CH* → C* became difficult 

after doping Rh atoms, which prevented the formation of C*, therefore eventually 

reducing the carbon deposition and improving the carbon resistance of the RhNi 

catalyst. 
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Fig. 1.2. Activation barriers of (a) carbon formation via the CH dissociation pathway and (b) 
carbon elimination by oxidation with O to form CO [81]. Copyright 2020, Elsevier. 

As mentioned in section 1.2.1, Co is another promising metal for the catalytic DRM 

reaction. Besides this, due to its similar electronic configuration, Co and Ni easily 

form bimetallic alloy nanoparticles [83]. Moreover, compared with the 

monometallic catalyst, the Co/Ni alloy catalyst had superior performance with an 

activity of 4.97 mol CH4 molNi-1s-1 for the DRM reaction at 800 °C. It was active 

at lower temperatures as well, and near-thermodynamic equilibrium conversion 

was achieved as low as 350 °C, which is one of the challenges in DRM catalysis 

[17,84–86]. Tanios and co-workers [84] investigated the effect of different 

amounts of Co on the catalytic performance of DRM in a NiMgAl-LDO catalyst. 

Their research demonstrated that at high temperatures of 700 – 800 °C, the 

conversion of CH4 exhibited little differences for catalysts with or without various 

contents of Co, while at temperatures between 500 °C and 600 °C the 
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CO2Ni2Mg2Al2800 generally showed higher activity (CH4 conversions were about 

40% at 500 °C, 65% at 550 °C, and 80 % at 600 °C) than the Ni2Mg4Al2800 (CH4 

conversions were about 25% at 500 °C, 55% at 550 °C, and 70% at 600 °C) catalyst. 

Subsequently, they studied the stability of the CO2Ni2Mg2Al2800 catalyst in DRM 

at 800 °C for 20 h, showing constant conversion of CH4 (97%) and waved 

conversion of CO2 (between 91-93.5%) [85]. In another recent paper, Duan’s group 

[86] studied the doping of Co into Ni12/MgAlO, forming a Ni3Co9/MgAlO catalyst 

together with catalysts with other Ni/Co ratios, while evaluating their 

corresponding DRM performances at 600 °C. It was observed that although there 

were slight decreases in the CH4 and CO2 conversions, the coke deposition problem 

improved significantly, forming only 15 wt% carbon deposition on Ni3Co9/MgAlO 

after 25 h reaction, whereas 75 wt% carbon was deposited on Ni12/MgAlO 

coinciding with severe carbon filaments accumulated in the reactor. 

 

Fe, Cu, and Zn, as cheap and readily available metals, were also widely studied in 

promoting Ni-LDO-based catalysts for the DRM reaction [87–95]. Wan et al. [89] 

found that with a certain additional amount (12 wt%) of Fe into the NiMgAl-LDO 

and after reduction at temperatures of 700 °C, 800 °C and 900 °C, all the obtained 

NiFe catalysts showed relative stable activity with little deactivation for DRM in a 

temperature range of 500 °C to 800 °C. Furthermore, catalysts reduced at 700 °C 

exhibited the lowest coke deposition amount, especially at a reaction temperature 

of 600 °C, because of its smaller particle size of about 5.8 nm (7.3 nm and 8.2 nm 
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at reduction temperatures of 800 °C and 900 °C). Theofanidis et al. [96] gave a 

detailed mechanistic explanation for the enhancement of coke resistance, which is 

shown in Fig. 1.3. Concretely, during the DRM reaction, CO2 can oxidize Fe, 

forming CO and FeOx, while CH4 was dissociated on the Ni sites, forming H2 and 

surface carbon. The formed carbon reacted with the lattice oxygen supplied by 

FeOx producing CO. Their further study [26] proposed a mechanism of carbon 

gasification over the Fe-Ni catalyst which included two processes: (1) oxidation of 

carbon on the surface of the catalyst and (2) migration of FeOx or/and NiO particles 

to the carbon depositions which were far from the active sites, where subsequently 

oxidation can take place by the lattice oxygen supplied by the particles. Similar 

research was done by Song et al. [91] with Cu. At 600 °C, the CuNi alloy catalyst 

with Cu/Ni molar ratios of 0.25 to 0.5 exhibited good activity, stability and coke 

resistance, whereas the catalysts with lower (including pure Ni catalyst) and higher 

Cu/Ni molar ratios were deactivated due to severe carbon deposition. The 

optimized catalysts, Ni4CuMgAlOx and Ni2CuMgAlOx, showed only 1/85 to 1/136 

carbon deposition amount of the NiMgAlOx catalyst. Besides this, the high stability 

and low coke properties were kept at temperatures as low as 450 °C. Xiao et al. 

[92] observed a different Ni/Cu mass ratio (Ni + Cu total weight percentage was 

12 wt% and Ni:Cu ratio was 6:6) associated with best catalytic performance in 

experiments and conducted DFT calculations to analyze the adsorption of carbon 

on the surface at various ratios of the NiCu alloy. They first systematically 

compared LDH catalysts with metal compositions NiAl, NiMg, NiMgAl, and 
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catalyst consisting of Ni/MgAl, and NiMg/Al prepared by an impregnation method. 

The amount of Ni loaded was 12 wt% for all the catalysts. The LDH-derived 

NiMgAl-LDO catalyst exhibited the highest activity and stability in the 6 h reaction 

at 700 °C, with CH4 and CO2 conversions of 89.2% and 90.9%, respectively. 

Promotion of Cu was added forming a NiCuMgAl-LDH by a hydrothermal method 

with a (Ni + Cu) content of 12 wt% and a fixed Mg/Al ratio of 1.7. At the same 

reaction conditions as before, a similar conclusion was drawn that low (Ni9Cu3) 

and high (Ni3Cu9, and pure Cu) amounts of Cu promotion were unfavourable for 

improving the NiMgAl catalyst. However, Ni6Cu6 had the highest CH4 conversion 

of about 90% and CO2 conversion of around 93%. Changing reaction conditions 

(GHSV = 40,000 ml gcat-1 h-1) for 70 h, the Ni6Cu6MgAl-LDO catalyst proved its 

far superior catalytic ability and only a small activity loss of less than 1.5% was 

observed, whereas the NiMgAl-LDO catalyst could only last for 13 h due to the 

blocking of the reactor [92]. DFT calculations illustrated that CuNi(111) had the 

highest C* adsorption energy suggesting its high coke resistance. 
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Fig. 1.3. Diagram for the mechanism of Fe addition, enhancing coke resistance of the Ni 
catalyst. [96]. Copyright 2015. American Chemical Society. 

Chatla et al. [94] recently reported a Zn-modified NiMgAl-LDH-derived catalyst 

with excellent performance for DRM at 650 °C for 100 h. Catalysts with 10 wt% 

Ni and various amounts of Zn were obtained by calcining and reducing the 

NiZnMgAl-LDHs, which were synthesized via a simple one-pot co-precipitation 

method. All the Zn-promoted catalysts showed enhanced reaction rates of CH4 and 

CO2 during a short time reaction of 20 h, and the NiMgAl-3Zn catalyst had the 

highest reaction rates. Although catalysts with a higher Zn loading (NiMgAl-5Zn 

and NiMgAl-10Zn) presented better activity than the NiMgAl catalyst as well, the 

activities declined gradually with time on stream. This could be due to the partial 
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blocking of active Ni sites by the excess of Zn promotion. TGA results 

demonstrated trace amounts of coke deposition on NiMgAl-3Zn (0.0043 mgC gcat-

1 h-1), around 7 times less than the NiMgAl catalyst (0.0292 mgC gcat-1 h-1). A 

further stability test for the NiMgAl-3Zn catalyst for 100 h displayed nearly no 

decrease in reaction rate. Characterization revealed that the smaller particle sizes 

of Ni0 for the Zn-promoted catalyst (NiMgAl-3Zn with Ni0 size of 10.00 nm and 

NiMgAl catalyst with Ni0 size of 13.47 nm) enhanced the metal-support interaction 

and basicity contributed to the higher performance. Moreover, the Arrhenius plots 

and CH4 temperature programmed surface reaction (TPSR) analysis suggested that 

CH4 decomposition was more difficult to happen on the Zn-modified surface, 

explaining its promoting effect. The addition of Cr into the NiAl-LDO catalyst was 

studied by Hallassi et al. [95] and a comparison to Fe-promoted NiAl-LDO was 

applied as well. At a low temperature of 500 °C for 1 h, the NiCr catalyst had a 

relatively stable activity for CH4 and CO2, with conversions of around 30% and 

15%, respectively. It was better than those of the NiFe catalyst, with conversions 

of CH4 and CO2 of only 4% and 1%. This indicated the promising utilization of 

promoted CrNi catalysts in the DRM reaction. 

 

Some other, less commonly used transition metals, including Y, Zr, V or Ir, and 

some noble metals were also applied as promotors to improve the Ni-LDH-based 

catalyst. Costa’s group investigated the promoting effects of Y and Zr in Ni-LDH-

derived catalysts [97–101]. Summarizing their reported papers, a conclusion can 
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be drawn that low (0.2, 0.4, and 0.6 wt%) and medium (1.5, 3, and 4 wt%) contents 

of Y promotion were beneficial for the enhancement of the catalytic performance 

of the catalysts, both in activity, stability and coke resistance. A high amount of Y 

(8 wt%) still facilitated the catalytic stability and coke-resistance (even better than 

the medium loading amount catalysts), while the activity decreased, which may be 

because the Y improved the Ni reduction ability and formed larger Ni particles, 

resulting in lower catalytic Ni particle sites. Promotion with Zr was also studied by 

varying its amount [100]. Although no enhancement in conversions appeared in 

the DRM reaction at 550 °C for 5 h, the stability of the NiMgAl catalyst was 

outstandingly improved. Specifically, for the NiMgAl catalyst, the initial CO2 and 

CH4 conversions were about 45% and 40% and the values changed to about 40% 

and 47%, while for the ZrNiMgAl catalyst the initial and final conversions of CO2 

and CH4 were around 37% and 32% with only slight decreases. Therefore, a 

combination of Y and Zr-promoted NiMgAl-LDO catalyst was subsequently 

utilized [101]. The catalyst without doubt exhibited higher activity, stability and 

coke resistance (see Table 1.2). Rather than adding Zr as the promoter, Tathod et 

al. [102] used ZrO2 as support and NiMgAl-LDH nanosheets (LDH-NSs) were 

anchored on it. After calcination, a 2.5Ni/NS/Zr catalyst with 2.5 wt% Ni loading 

was obtained. In comparison to NiMgAl-LDH, mixed oxide (MO) (also called 

LDO) was obtained after calcination of MgAl LDH and used as support to prepare 

2.5Ni/MO) and Ni/ZrO2 (2.5Ni/Zr) catalysts with the same amount of Ni. 

Compared with the other two catalysts, the 2.5Ni/NS/Zr catalyst exhibited a 
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significantly higher activity, which was more than 2 times more active than 

2.5Ni/Zr and around 10 times more active than 2.5Ni/MO after 20 h reaction. 

Characterization of the catalysts demonstrated that the excellent performance was 

strongly correlated with the modified metal-support interaction, resulting in a 

higher active energy barrier for CH4 and a lower reduction temperature for NiO. 

This allowed for multiple regenerations of the catalyst and eventually exhibited a 

total of 240 h on stream with only slight signs of Ni degradation by sintering and 

only a little coke deposition. This discovery gives a possibility of using low-loading 

amounts of Ni while obtaining high activity. 

 

In addition, seldomly introduced transition metals Ir and V were investigated as 

well [103,104]. Huang et al. [103] observed that the addition of Ir failed to improve 

the catalytic activity, but it promoted the stability of the catalyst due to the 

suppression in the formation of encapsulated graphitic carbon and the promotion 

of the oxidation of carbon nanotubes on the surface. However, an appropriate 

amount of V metal promotion facilitated the NiMgAl-LDO catalyst, as reported by 

Lu’s group [104]. The optimal Ni/V ratio was 10, which acted as the structural 

promoter, improving the dispersion of Ni sites and declining the Ni particle size. 

Therefore, the catalyst showed stable catalytic conversion of both CH4 and CO2 for 

80 h at 750 °C. However, excessive amounts of V promoter caused the collapse of 

the LDH structure and resulted in lower catalytic activity. By combining CH4 

temperature-programmed desorption (CH4-TPD) and CH4-TPSR with DFT 
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calculations, the mechanism was revealed that the V promoter facilitated the 

decrease of the CH4 adsorption energy and the cracking activation energy to form 

CH3 and H species and eventually increased the CH4 adsorption and activation 

capacity. In addition, in-situ CO2 infrared spectrometry (CO2-IR) demonstrated 

that the V promoter inhibited the formation of nonactivated multidentate carbonate, 

while it improved the production of the monodentate carbonate species, which was 

considered to be the intermediate of CO2 activation. Therefore, the coke deposition 

could be suppressed. 

 

Compared with other transition metals, although the high cost of noble metals and 

their presence on the critical raw materials list strictly limits their large-scale 

utilization, they still can present relatively high catalytic performance and coke 

resistance ability when loaded in small amounts. Dang et al. [105] loaded around 

1 wt% Pd on a NiCaAl-LDO catalyst, which favoured the DRM reaction with 68% 

CH4 conversion, 67% CO2 conversion, and H2/CO ratio close to unity at a lower 

temperature of 600 °C for 50 h. It has been found by characterization that the 

addition of Pd promoted the CH4 dissociation and CH4 reformed with CaCO3, 

achieving a dynamic transformation process between bulk CaCO3 and nano CaO 

particles, which suppressed Ni sintering. Furthermore, the coke formed was mainly 

amorphous, which could be removed by CaCO3, ensuring a long-term utilization 

of the catalyst. Another example of utilizing noble metals was Pt, in which different 

loading amounts of Pt from 0 to 5.8 wt% were added into a NiMgAl-LDO catalyst 
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[58]. Among the promoted catalysts, 1.0 wt% Pd loaded catalyst exhibited the best 

stability and coke resistance, while the un-promoted NiMgAl-LDO catalyst had the 

highest initial catalytic activity but decreased fast in the 30 h test. DFT calculations 

and dynamic study revealed that the electronic structure of the PtNi bimetallic 

catalyst played a crucial role in its performance enhancement. In comparison with 

solo Pt(111) and Ni(111) metal, the PtNi alloy contributed to the decrease of the 

adsorption energy of H* and carbon-containing species like CO*, C*, and CH*. 

Concretely, this bimetal reduced the activation barrier of CO2 and CH4, improving 

the catalytic performance, while simultaneously enhancing O* activity and the 

surface oxygen amount, which promoted coke removal by oxidization, and 

weakened H2 dissociation resulting in higher H2 amounts and a higher H2/CO ratio. 

Schiaroli et al. [57] reported that the addition of a small amount of 0.5 wt% Rh 

helped to enhance the activity, stability and coke resistance of a NiMgAl catalyst. 

Compared to the original NiMgAl-LDO catalyst, after modification with Rh, slight 

increases in conversions of CO2 from 90% to about 95% and CH4 from about 85% 

to 87% were observed. Moreover, the H2/CO ratio also increased from around 0.85 

to about 0.9, and the carbon deposition decreased a lot from 24.9% for the NiMgAl 

catalyst to 3.3% for the NiRhMgAl catalyst. The enhancement was mainly 

attributed to the increase of Ni dispersion and its interaction with the support.  
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Table 1.2. Different transition metal-promoted Ni-LDH-derived thermal catalysts for DRM reported in the recent literature, with details on the 
catalyst synthesis and composition, reaction conditions and reaction performance. 

Catalyst 
Method of 

LDH 
synthesis 

Cations in 
LDH 

Metals 
amounts 
(wt%) a 

M2+/M3+(
molar 
ratio)  

Calcination 
Condition 

Reaction Conditions b Conversion c 
H2/CO 
ratio 

TOS 
(h)d 

Coking 
wt%/gcat 

Ref. 
Temp. CH4/CO2 

GHSV  
( mL g-1 h-1) CH4 (%) CO2 (%) 

CoNiMgAl-
LDH 

co-
precipitation 

Ni, Co, 
Mg, Al 

Ni:Co:Mg 
= 1:1:1 3 800 °C, 4 h 800 °C 1 60,000 ~97 ~92 0.8 20 40 [85] 

NiMgAl-
LDH co-

precipitation 

Ni, Mg, Al Ni: 12 
3 750 °C, 5 h 600 °C 1 120,000 

39 ~53 ~0.6 
25 

75 
[86] 

CoNiMgAl-
LDH 

Ni, Co, 
Mg, Al 

Ni: 3; Co: 
9 33.3 ~46 0.6 15 

NiFeMgAl-
LDH 

co-
precipitation 

Ni, Fe, Mg, 
Al Ni:Fe = 4:1 2 800 °C, 5 h 650 °C 1 270,000 ~20 mmol 

g-1cat min-1 ND ~0.55 10 21 [87] 

Fe loaded on 
calcined 
NiMgAl-

LDH 

commercial 
LDH Ni, Mg, Al Ni: 10; Fe: 

1 2 

500 °C, 5 h for 
LDH; 600 °C, 
3 h for loaded 

catalyst 

750 °C 1 48,000 76 to 69 75 to 71 0.93 80 ~18 [88] 

NiFeMgAl-
LDH 

co-
precipitation 

Ni, Fe, Mg, 
Al Ni:Fe = 4:1 3 800 °C, 5 h 600 °C 1 60,000 49.5 61 ~0.77 25 

0.28 mg 
C gcat-1 h-

1 
[89] 

NiFeMgAl-
LDH co-

precipitation 

Ni, Fe, Mg, 
Al Ni:Fe = 3:1 

2 800 °C, 5 h 650 °C 1 120,000 
~27 ~33 ~0.6 20 10.2 

[90] 
NiFeCuMgA

l-LDH 
Ni, Fe, Cu, 

Mg, Al 
Ni:Fe:Cu = 

3:1:1 ~27 ~32 ~0.6 20 5.4 

NiCuMgAl-
LDH 

co-
precipitation 

Ni, Cu, 
Mg, Al 

Ni:Cu = 
4:1 3 800 °C, 5 h 600 °C 1 60,000 47.9 ~57 ~0.67 25 1.4 [91] 

NiMgAl-
LDH hydrothermal Ni, Mg, Al Ni: 12 Mg/Al = 

1.7 650 °C, 4 h 700 °C 1 24,000 89.2 90.9 ~0.9 5 ND [92] 
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NiCuMgAl-
LDH 

Ni, Cu, 
Mg, Al 

Ni: 6; Cu: 
6 40,000 89 87 ~0.96 70 2.7 

Mg loaded 
on calcined 
NiAl-LDH rehydration 

method 

Ni, Mg, Al 

ND Ni/Al = 2 

400 °C, 12 h 
for NiAl-

LDH; 600 °C, 
6 h for loaded 

catalyst 

700 °C 1.5 60,000 

42 70 1.4 

5 

76 

[93] Zn loaded on 
calcined 

NiAl-LDH 
Ni, Zn, Al 48 76 1.4 82 

NiZnMgAl-
LDH 

co-
precipitation 

Ni, Zn, 
Mg, Al 

Ni: 10; Zn: 
3 3 650 °C, 5 h 650 °C 1 180,000 

0.125 mol 
min-1 g Ni -

1 

0.125 mol 
min-1 g Ni -

1 
0.87 100 

0.0043 
mg C gcat-

1 h-1 for 
20 h  

[94] 

NiCr-LDH 
co-

precipitation 

Ni, Cr Ni:Cr = 2.2 
2 500 °C, 4 h 500 °C 1 60,000 

~30 ~15 ~1 1 3.74 
[95] 

NiFe-LDH Ni, Fe Ni:Fe = 0.7 4 1 0 1 7.02 

NiYMgAl-
LDH 

co-
precipitation 

Ni, Y, Mg, 
Al 

Ni: 14;  
Y: 1.5 3 550 °C, 5 h 700 °C 1 20,000  h-1 73.3 77.8 0.92 10 ~10 [97] 

NiYMgAl-
LDH 

co-
precipitation 

Ni, Y, Mg, 
Al 

Ni: 20;  
Y: 0.2 or 

0.4 
3 550 °C, 5 h 700 °C 1 20,000  h-1 84 87 ~0.99 to 

~0.95 5 ~25 [98] 

NiYMgA-
LDH 

co-
precipitation 

Ni, Y, Mg, 
Al 

Ni: 17;  
Y: 3 3 550 °C, 5 h 700 °C 1 20,000  h-1 85 90 0.99 5 ~30 [99] 

NiZrMgAl-
LDH 

co-
precipitation 

Ni, Zr, Mg, 
Al 

Ni: 17;  
Zr: 2.5 3 550 °C, 4 h 750 °C 1 20,000  h-1 83 90 0.93 5 ND [100] 

Zr, Y loaded 
on NiMgAl-

LDH 

co-
precipitation Ni, Mg, Al 

Ni: 15; 
 Zr: 5;  
Y: 0.4 

3 550 °C, 5 h 700 °C 1 20,000  h-1 ~82 ~82 ~0.9 5 ~6 [101] 

NiMgAl-
LDH on 

ZrO2 

co-
precipitation Ni, Mg, Al Ni: 2 

Zr: ND 4 800 °C, 8 h 800 °C 1 240,000 ~46 ~60 ~0.75 20 0.6 [102] 
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NiMgAl-
LDH Ni, Mg, Al Ni: 2 ~4 ~7 ~0.2 20 1.4 

NiIrMgAl-
LDH 

co-
precipitation 

Ni, Ir, Mg, 
Al 

NiO: 8;  
Ni:Ir = 5 3 800 °C, 6 h 850 °C 1 60,000 68.5 ~75 ~0.75 180 12.9 [103] 

NiVMgAl-
LDH hydrothermal Ni, V, Mg, 

Al 
Ni: 18.2; 
Ni:V = 10 1.85 800 °C, 2 h 750 °C 1 96,000 90 94 0.91 80 12 [104] 

NiPdCaAl-
LDH 

co-
precipitation 

Ni, Pd, Ca, 
Al 

Ni: 10;  
Pd: 1 2.8 800 °C, 4 h 600 °C 1 18,000 68 67 0.95 50 4.1 [105] 

Pt loaded on 
NiMgAl-

LDO  

co-
precipitation Ni, Mg, Al Ni: 12;  

Pt: 1 3 

600 °C, 6 h for 
LDH; 600 °C, 
6 h for loaded 

catalyst 

700 °C 1 900,000 ND ~60 ~0.9 30 ~5 [58] 

NiRhMgAl-
LDH co-

precipitation 

Ni, Rh, 
Mg, Al Rh: 0.5 

3 900 °C, 6 h 900 °C 1 25,000 
~87 ~95 ~0.9 

5 
3.3 

[57] 
NiMgAl-

LDH Ni, Mg, Al Ni: 10 ~85 ~90 ~0.85 24.9 

a the metal loading amount unit is wt%, the ratio is expressed as a molar ratio; b GHSV: Gas hourly space velocity; c the conversions were from 
the best or initial to final results in long term tests; “~”: approximate value; “ND”: no data provided in the literature; d TOS: Time on stream; 
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1.2.3.2 Lanthanides metal binary-Ni LDH-derived catalyst 

Lanthanide metals were also widely used as promotors for Ni-LDH-based catalysts 

due to their high content of oxygen vacancies, reducibility, basic properties and 

coke removal ability [47]. In this section, we mainly discuss bimetallic lanthanide 

metal and nickel LDH-derived catalysts for the DRM reaction. The metals include 

the actively studied La and Ce, and the less investigated metals like Pr, Gd, Sc et 

al, which are summarized in Table 1.3. 

 

The addition of La was compared with other metals, namely Li, Mg, Ca, Cu, Co, 

and Zn, by introducing the metal into a NiAl-LDH catalyst by co-precipitation with 

a molar percentage of 11% [106]. The catalytic performance at different 

temperatures showed that the CH4 conversion of La, Cu, and Zn catalysts increased 

as temperature increased to 700 °C, while for other catalysts it increased to 600 °C 

and decreased at temperatures above 650 °C, indicating deactivation of these 

catalysts. However, the CO2 conversion raised with temperature up to 700 °C for 

all the catalysts, except for La, suggesting that CH4 conversion was more 

favourable at high temperatures for the La-promoted catalyst. Besides this, the 

results of the DRM reaction driven at 700 °C for 5 h illustrated that although all 

the catalysts showed fast loss of activity, the La catalyst deactivated slowest for 

CH4 conversion from the initial value of about 80% to the final value of around 

69%. The presence of more strong acid sites contributed to this. In comparison, Mg 
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and Ca catalysts showed higher activity and stability for CO2 conversion from an 

initial about 92% to a final conversion of 85% (for La catalyst the value decreased 

from about 90% to around 75%), which was attributed to their higher amount of 

basic sites. Armbruster and co-workers [107] reported a promising bimetallic NiLa 

(Ni: 2.5 wt%, La:Ni molar ratio of 0.8) promoted LDH-based catalyst with 

excellent catalytic performance and stability of 160 h at 700 °C. In detail, a 

commercial MgAl-LDH was calcined at 550 °C to obtain the bare support. In 

comparison, a group of Ni or LaNi promotors was directly loaded on the support 

via wet impregnation, to obtain Ni/MgO.Al2O3 and LaNi/MgO.Al2O3 catalysts 

(denoted Ni and LaNi for short) after calcination, whereas another group of Ni or 

LaNi promotors was introduced in the same way except that a certain amount of 

citric acid was added as well, to obtain Ni(CA)/MgO.Al2O3 and 

LaNi(CA)/MgO.Al2O3 catalysts (denoted Ni(CA) and LaNi(CA) for short) 

following the same calcination procedure. After reduction and application in the 

DRM reaction at 630 °C for 8 h, it was found that the activity of the catalysts 

followed the sequence from high to low: Ni > Ni(CA) > LaNi ≥ LaNi(CA). 

However, TGA analysis illustrated that the Ni catalyst had the most serious carbon 

deposition of around 6%, which was almost 10 fold of all the La-promoted catalysts 

(carbon deposition between 0.44 wt% and 0.77 wt%). A long-term stability test at 

750 °C for 160 h exhibited that the citric acid-modified LaNi(CA) catalyst had the 

highest stability with little deactivation (conversion of CO2 and CH4 both stable at 

around 80%), while other samples showed obvious deactivation. Specifically, for 
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Ni and LaNi catalysts, the conversion generally decreased from around 80% CO2 

to 50-60% and CH4 conversion decreased from around 80% to about 70%. 

Moreover, for the Ni(CA) catalyst, the reactor was blocked due to serious carbon 

deposition after about 80 h reaction. The negligible carbon amount (below 1.5 wt%) 

for all the spent catalysts suggested that active site sintering rather than carbon 

deposition was the main reason for catalyst deactivation. They also studied the 

impact of calcining the commercial MgAl-LDH at 1000 °C to obtain a MgAl2O4 

spinel, while loading the same amount of Ni and La on it, forming a 

LaNi(CA)/Mg1.3AlOx.1000 catalyst [108]. The catalyst showed excellent 

performance at a high CH4/CO2 ratio of 2 at 700 °C for 100 h with only about 5 

wt% carbon deposition. Their study demonstrated that promotion with La, with 

assistance from citric acid, provided highly dispersed Ni active sites and easier 

reducibility, which contributed to its high stability and tolerance to high CH4 

reactions in long-term testing. 

 

Among the various lanthanide metals, Ce is another attracting element because of 

its unique redox properties, oxygen storage capacity and surface defect sites like 

oxygen vacancies which can remove coke [109–111]. Besides this, Ce itself also 

possesses catalytic activity in the DRM reaction [112]. The recently reported Ce or 

CeO2-promoted Ni-LDH-derived catalysts are summarized in Table 1.3. Upon 

analysis of the papers, it was found that the promoted catalyst performance can be 

affected by the promotion method and phase of Ce. Kalai et al. [29] studied the 
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effect of a Ce-promoted NiMgAL-LDH derived catalyst in DRM with a high 

CH4/CO2 ratio of 3. They found at a relatively low Ni loading of 12 wt%, that 

promoted catalysts with 4 wt% Ce had slightly lower initial CH4 and CO2 

conversion (values were about 20% and 60% for the Ni catalyst, and were about 

17% and 55% for the NiCe catalyst), but a higher stability with a total of 18% 

decrease in CO2 conversion during 25 h reaction, which was about 27% for the 

unpromoted Ni catalyst. The catalysts had however a similar declining trend for 

CH4 conversion, indicating that CO2 was the rate-determining reactant. However, 

at high Ni loading of 20 wt%, the CO2 conversion increased as the Ce content 

increased and the 20Ni-8Ce (Ni: 20 wt%, Ce: 8 wt%) catalyst exhibited higher 

stability, suggesting that the promotion effect of Ce enhanced the adsorption of 

CO2, resulting in higher CO2 activation and improved coke resistance. A similar 

conclusion was drawn by Lino et al. [113] as well that with a fixed Ce loading 

amount, higher Ni loading resulted in higher activity but less s tability and coke-

resistance ability. 

 

The Ce metal can also be introduced into the catalyst by the impregnating method. 

Niu et al. [114] prepared Ce, Zr, or Zn-promoted NiMgAl-LDO catalysts by 

incipient wetness impregnation of the metal solution onto calcined NiMgAl-LDH. 

The DRM test, characterization and DFT calculations demonstrated that the Ce-

promoted catalyst had the best performance due to its higher basicity (CO2 

activation on the solid surface was used to test the basicity of catalysts, which 
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increased in the order NiCe > NiZr > Ni > NiZn) and the decreased 

electronegativity of the metal element, which improved the CO2 activation and 

enhanced the stability of the catalyst. Das et al. [49] reported a NiCo-MgAl@CeO2 

core-shell catalyst incorporating a layered double hydroxide-derived as core and a 

CeO2 as shell for DRM. In detail, the precursors of Ni-MgAl-LDH or NiCo-MgAl-

LDH were first produced via a hydrothermal method. Then, the dried LDH samples 

were used to load Ce by incipient wetness impregnation to produce Ni-

MgAl@CeO2 and NiCo-MgAl@CeO2. In comparison, a Ni-MgAlCe catalyst was 

prepared by the hydrothermal method. At 600 °C and a CH4/CO2 ratio of 1, the 

reaction of Ni-MgAl, NiCo-MgAl, and Ni-MgAlCe catalysts was forced to stop in 

around 3 h due to reactor blocking, whereas the other two catalysts prepared via 

the incipient wetness impregnation method showed excellent stable activity. 

Specially, only a marginal decrease of 4% in CH4 conversion and of 5.5% in CO2 

conversion was observed for the Ni-MgAl@CeO2 catalyst after 165 h testing, while 

at the same conditions, negligible deactivation appeared on the NiCo-MgAl@CeO2 

catalyst. Characterization attributed its super coke resistance to two aspects: on one 

hand, the CeO2 shell changed the nature of the deposited coke, forming more active 

amorphous carbon which was easier to be removed; on the other hand, CeO2 

provided lattice oxygen to oxidize the carbonaceous intermediates, decreasing 

carbon formation. Moreover, the authors also studied the H2S tolerance ability of 

the catalysts. The results suggested that the presence of Co in the mixed oxide core 

of NiCo-MgAl@CeO2 delayed deactivation upon H2S exposure, whereas addition 
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of the CeO2 shell resulted in a higher steady state activity in the presence of H2S 

and in a gradual recovery of activity after stopping H2S in the feed gas. 

 

La and Ce containing Ni-LDH-derived catalysts have attracted more attention due 

to their relative abundance, easier availability and good improvement in catalytic 

stability and coke resistance. Despite this, other lanthanide metals were also 

reported, illustrating their either similar or unique properties. Ojeda-Niño’s group 

[115] investigated the promotion effect of Pr promoted NiMgAl-LDH derived 

catalyst by mixing all the metal nitrates and varying the amount of Pr used via a 

microwave-assisted self-combustion method. Compared to the pure Ni, 1 wt% Pr 

loaded, and 12 wt% Pr loaded catalysts, the 6 wt% loaded PrNi catalyst exhibited 

the most stable activity and lowest carbon deposition amount at 600 °C, despite its 

conversions of CH4 and CO2 were the lowest among the four catalysts. Its 

improvement in stability was attributed to the enhancement of the thermal stability 

of the basic sites and the decrease in Ni0 particle size (about 11.6 nm, similar to 

11.0 nm in the 12 wt% Pr loaded catalyst, and smaller than 18.9 nm for Pr-free Ni 

catalyst). They also studied how the synthesis methods affected the performance 

of Pr-promoted catalysts [116]. In comparison to the microwave-assisted self-

combustion method (AM for short) and self-combustion method (AC for short), 

the co-precipitation method (CP for short) produced a catalyst with a relatively 

higher specific surface area (162 m2/g of CP > 33 m2/g of AM >28 m2/g of AC), 

CO2 capture capacity (120 μmol/g of CP > 68 μmol/g of AM > 25 μmol/g of AC), 
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basic sites and smaller Ni particle size (5.52 nm of CP < 12.4 nm of AM < 17.2 nm 

of AC), resulting in higher initial and final CH4 and CO2 conversion. Nevertheless, 

they also deactivate the fastest. Furthermore, the microwaves improved the 

performance of the catalysts prepared by self-combustion. However, all three 

catalysts suffered from severe coke deposition, which may be due to the low 

loading amount of Pr, which was proven by the paper they reported before [115]. 

 

Ha et al. [117] reported the modification effect of different lanthanide metals (Gd, 

Sc, and La). All the promotors improved the stability of the NiMgAl-LDO catalyst 

in the CH4 rich (CH4/CO2 = 2) DRM reaction at 750 °C. Moreover, Sc and Gd-

promoted catalysts had less carbon content than the original Ni catalyst, while the 

La-promoted one produced more carbon deposition. Therefore, the ScNi and GdNi 

catalysts were applied for a long-term stability test of 100 h at a CH4/CO2 ratio of 

2, as shown in Fig 1.4. Both catalysts showed stable activity and only slight 

deactivation of about 16% for the GdNi catalyst and 17% for the ScNi catalyst. 

Low carbon amounts were obtained on the spent catalysts, around 4 wt% for the 

GdNi catalyst and 7.5 wt% for the ScNi catalyst, respectively. The unique 

performance of the two catalysts was considered to be provided by the stabilized 

Ni dispersion and enhanced CO2 activation. Similar reasons were also concluded 

in the reported papers describing Nd and Sm-promoted NiMgAl-LDH-derived 

catalysts [118,119]. 
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Fig. 1.4. CO2 and CH4 conversions and H2/CO ratio in long-term CH4 rich DRM with catalysts: 
GdNi/MgAlOx and ScNi/MgAlOx at 750 °C, 1 bar, CH4/CO2 = 2, GHSV = 170 Lgcat-1h-1 [117]. 
Copyright 2022. Elsevier. 
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Table 1.3. Different lanthanides metal binary-Ni LDH-derived thermal catalysts for the DRM reaction reported in the recent literature, with 
details of the catalyst synthesis and composition, reaction conditions and reaction performance. 

Catalyst 
Method of 

LDH 
synthesis 

Cations in 
LDH 

Metal 
amounts 
(wt%) a 

M2+/M3+ 
(molar 
ratio) 

Calcination 
Condition 

Reaction Conditions b Conversion c 
H2/CO 
ratio 

TOS 
(h) d 

Coking 
wt%/gcat Ref. 

Temp. CH4/CO2 
GHSV  

(ml g-1 h-1) 
CH4 
(%) 

CO2 
(%) 

NiLaMgAl-
LDH 

co-
precipitation 

Ni, La, 
Mg, Al Ni: 15; La: 4 3 550 °C, 4 h 550 °C 1 20,000  h-

1 ~40 ~37 0.8 - 1.2 ~8 87.5 [120] 

NiLaMgAl-
LDH 

co-
precipitation 

Ni, La, 
Mg, Al 

Ni:Mg:Al:La 
= 2:4:1.8:0.2 3 800 °C, 4 h 700 °C 1 60,000  ~80 ~80 ~1 14 75 [121] 

NiLaMgAl-
LDH 

co-
precipitation 

Ni, La, 
Mg, Al 

Ni: 20; 
La: 4.3 3 600 °C, 4 h 750 °C 1 240,000 ~70 ~80 ~0.6 15 ND [122] 

NiMAl-LDH 
(M = Mg, Li, 
Ca, La, Cu, 

Co, Zn) 

co-
precipitation 

Ni, M, Al  
(M = Mg, 
Li, Ca, La, 

Cu, Co, 
Zn) 

Ni: 55% mol; 
M: 11% mol  
(M = Mg, Li, 
Ca, La, Cu, 

Co, Zn) 

2 600 °C, 6 h 600 °C 2.3 54,000 ~55 ~70 ~3 5 71 [106] 

Ni, La loaded 
on calcined 
MgAl-LDH 

commercial Mg, Al 
Ni: 2.5  

molar ratio 
La:Ni = 0.8 

1.3 

550 °C 6 h for 
LDH, 400 °C 3h 
then 800 °C 6 h 

for loaded 
samples 

750 °C 1 170,000 ~80 ~85 ~0.7 160 ~1.5 [107] 

Ni, La loaded 
on calcined 
MgAl-LDH 

commercial Mg, Al 
Ni: 2.5  

molar ratio 
La:Ni = 0.8 

1.3 

1000 °C for 
LDH, 400 °C 3h 
then 800 °C 6 h 

for loaded 
samples 

750 °C 2 170,000 ~45 ~90 ~0.9 100 ~5 [108] 
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NiCeMgAl-
LDH 

co-
precipitation 

Ni, Ce, 
Mg, Al 

Ni: 10; 
Ce: 5 3 650 °C, 4 h 650 °C 1.5 70,800 ~30 ~52 ~0.75 6 ND [113] 

NiCeMgAl-
LDH 

co-
precipitation 

Ni, Ce, 
Mg, Al Ce: 4.7 3 600 °C, 6 h 600 °C 3 144,000 ~13 ~46 ~0.7 25 76 [29] 

Ce loaded on 
calcined 
NiMgAl-

LDH 

co-
precipitation Ni, Mg, Al Ni: 12;  

Ce: 3 3 600 °C, 6 h 700 °C 1 180,000 ND ~55 ND 30 ~4 [114] 

CeO2 
covered 

NiCoMgAl-
LDH 

urea 
hydrolysis 

Ni, Co, 
Mg, Al 

Ni: 4.2; 
Co: 4; 

Ce: 36.1 
2.3 

CeO2 loaded on 
LDH then 
600 °C, 4 h 

600 °C 1 36,000 

~55 ~62 ~0.7 165 
2.3 mg 

C·h-1·g cat-

1 

[49] 
CeO2 

covered 
NiMgAl-

LDH 

Ni, Mg, Al Ni: 4.8; 
Ce: 38.5 2 

CeO2 loaded on 
LDH then 
600 °C, 4 h 

~50 ~57 ~0.65 165 
2.2 mg 

C·h-1·g cat-

1 

NiCoMgAl-
LDH 

Ni, Co, 
Mg, Al 

Ni: 6.3; 
Co: 6.1 2.3 600 °C, 4 h ~57 to 

~64 
~75 to 

~67 
~0.8 to 

~1 3.5 
310 mg 

C·h-1·g cat-

1 

NiPrMgAl-
LDH 

microwave-
assisted self-
combustion 

Ni, Pr, Mg, 
Al 

Ni: 51.5; 
Pr: 5.6 3 700 °C, 4 h 600 °C 1 120,000 ~40 ~53 1.1 10 30.3 [115] 

NiPrMgAl-
LDH 

co-
precipitation 

Ni, Pr, Mg, 
Al 

Ni/Mg = 2; Pr: 
4 3 700 °C, 4 h 600 °C 1 120,000 

~65 to 
~46 

~42 to 
~36 

~1.7 to 
~1.1 

10 

82.4 

[116] NiPrMgAl-
LDH 

microwave-
assisted self-
combustion 

~51 to 
~43 

~38 to 
~36 

~1.3 to 
~1.1 78.4 

NiPrMgAl-
LDH 

self-
combustion 

~44 to 
~41 

~35 to 
~34 

~1.2 to 
~1.1 71 
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NiGd loaded 
on MgAl-

LDH 

commercial Mg, Al 

Ni: 2.5; 
Gd: 5 

1.3 

550 °C 6 h for 
LDH, 400 °C 3h 
then 800 °C 6 h 

for loaded 
samples 

750 °C 2 170,000 

49 to 40 95 to 80 0.98 to 
0.9 100 4 

[117] 
NiSc loaded 

on MgAl-
LDH 

Ni: 2.5; 
Sc: 5 

~47 to 
~38 

~93 to 
~77 

0.98 to 
0.9 100 ~7.5 

NiLa loaded 
on MgAl-

LDH 

Ni: 2.5; 
La: 5 

~50 to 
~45 

~95 to 
~90 

~0.95 to 
~0.92 8 ~6 

NiNdMgAl-
LDH co-

precipitation 

Ni, Nd, 
Mg, Al 

Ni: 9.07; 
Nd: 5.69 

Mg:Al = 
2.5; total 

M2+/M3+ 
= ~2.8 

800 °C, 5 h 750 °C 1 48,000 

~56 to 
~52 

~60 to 
~62 

~0.85 to 
~0.8 

14 

2.4 

[118] Ni, Nd, 
Mg, Al 

Ni: 8.8;  
Nd: 7.25 

~52 to 
~10 

~53 to 
~11 

~0.86 to 
~0.76 2.3 

NiMgAl-
LDH Ni, Mg, Al Ni: 8.46  54.1 to 

~44 
56.6 to 

~56 
~0.77 to 

~0.36 9.6 

NiSmMgAl-
LDH 

urea 
hydrolysis 

Ni, Sm, 
Mg, Al 

Ni: 10; 
Sm: 3 1 freeze-dried, -

20 °C, 24 h, 700 °C 1 12,000 ~70 ND ~0.9 20 ND [119] 

a the unit for loading amount is wt%, the ratio is molar; b GHSV: Gas hourly space velocity; c the conversions are from the best or initial to 
final results in long term tests; “~”: approximate value; “ND”: no data shown in the literature; d TOS: Time on stream; 
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1.2.3.3 Other metal binary-Ni and multi metal-Ni LDH-derived catalyst 

As shown in the sections above, promotors of alkali metals, transition elements, 

and lanthanide metals were widely used to improve the catalysts. Element from 

other groups, herein namely Ga, can also be introduced into LDH-derived catalysts, 

showing some unique properties [123,124]. Moreover, as different elements can 

improve the catalyst in DRM in different ways, the combination of different 

elements, forming multi metal-Ni LDH (more than one type of promotors) derived 

catalysts were also investigated, exhibiting promising performance [125–129], 

which are summarized in Table 1.4. 

 

The promotion effect of Ga was studied by Kim and co-workers [123]. Catalysts 

Ga/MgO, Ni/MgO, and NMG-600 were synthesized via a modified hydrothermal 

method (using Ni, Mg, Ga nitrates mixture as the precursor to produce NiMgGa 

catalyst (shortened as NMG), and all the samples reduced at 600 °C and denoted 

as NMG-600). Physical mixed Ni/MgO-Ga/MgO and incipient wetness 

impregnation method synthesized NiGa/MgO were also prepared. For the DRM 

reaction at 600 °C, the results showed that Ga/MgO had no catalytic effect and 

Ni/MgO without Ga promotion deactivated rapidly in 12 h, while NMG-600 had 

almost no deactivation, suggesting the promoting effect of Ga in enhancing 

stability. Besides this, physically mixed Ni/MgO-Ga/MgO did not prevent the 

deactivation process of the Ni/MgO catalyst. In comparison with NiG/MgO 
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catalyst prepared via the traditional impregnation method, which showed good 

activities (45% for CH4 and 47% for CO2) and stability as well at 600 °C for 12 h, 

the NMG-600 (namely NiMgGa-LDH-derived catalyst with reduction temperature 

of 600 °C) exhibited superior catalytic performance and less coke deposition. A 

further 72h long-term DRM test was done on the NMG-600 catalyst, which showed 

excellent stability with only about 3.5% deactivation for CH4 and around 4.0% 

deactivation for CO2. Characterization helped to explain the possible mechanism 

that suggested the formation of a Ni3GaCx phase during the reaction, which could 

remove carbon by a reversible exchange between Ni3Ga and Ni3GaCx. The DFT 

calculations provided the most plausible structure being Ni3GaC0.25 and clarified 

the reaction mechanism where carbon formed from dissociated CH4 penetrated into 

the octahedral interstices of the Ni3Ga lattice, forming a Ni3GaC0.25 intermetallic 

carbide, which can easily react with CO2, resulting in suppression of coke 

formation on the catalyst surface. 

 

The effect of different promoting metals was studied by Zeng et al. [124] by 

comparing GaNi, LaNi, and GaLaNi-LDH-derived catalysts in the DRM reaction. 

In detail, the MgAl-LDH was firstly synthesized via a hydrothermal method, then 

the LDH was used as support to load GaNi, LaNi, or GaLaNi by impregnation. 

They first investigated the effects of the Ga content on the activity of the Ni catalyst. 

It was found that too much Ga addition caused a decrease in the catalyst 

performance and Ni0.8Ga0.2 showed the highest stability and activity (both CO2 and 
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CH4 conversion of about 80% with negligible change in the 6 h test) among the 

promoted catalysts. In the following test, when using Ga promoted Ni catalyst, only 

a Ni0.8Ga0.2 ratio was applied. A long-term test was done at 700 °C for 50 h for all 

the catalysts. The results illustrated that when only a single promoting metal Ga or 

La was present, the LaNi catalyst displayed more effective improvement in both 

activity and coke resistance. However, when Ga and La were both introduced into 

the Ni-LDO catalyst, the obtained GaLaNi catalyst exhibited the highest CH4 and 

CO2 conversion and H2/CO ratio (see Table 1.4), although it slowly decreased as 

well. Moreover, it also displayed the lowest carbon deposition of 3.8 wt% while it 

was 8.2 wt% for the GaNi catalyst and 6.6 wt% for the LaNi catalyst. This superior 

result was attributed to several aspects and the mechanism is shown in Fig 1.5. On 

one hand, the GaNi alloy and La2O3 promoter were highly and adjacently dispersed 

on the surface of the LDO support. On the other hand, the introduction of Ga 

formed a GaNi alloy, which produced more electron-rich Ni0 and electron-deficient 

Ga3+ on the surface, promoting and balancing the CH4 and CO2 dissociation during 

the reaction process. Moreover, the addition of La2O3 further activated the 

adsorption of CO2 at high temperatures above 600 °C from where the CO2 can 

continuously be transferred to Ga3+, allowing reaction with the deposited carbon. 
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Fig. 1.5. Reaction mechanisms for the DRM reaction with catalysts: Ni/LDO, Ni0.8Ga0.2/LDO, 
and Ni0.8Ga0.2/La2O3-LDO [124]. Copyright 2021. American Chemical Society. 

Costa’s group and their co-workers [125–127] prepared a series of CeZr, CeY, and 

ZrY-promoted Ni-LDH-derived catalysts. Compared with the original Ni-LDH-

derived catalyst, the promoted catalysts showed different performance. The CeZr-

modified catalyst resulted in a decline in the catalytic performance, while the 

stability was improved (for the Ni catalyst, the initial CH4 conversion increased 

from about 40% to 50% for the final conversion, and the CO2 conversion decreased 

from the initial 45% to final 40%; for the CeZr modified Ni catalyst with 4.7 wt% 

Ce and 2.7 wt% Zr the CH4 and CO2 conversion were stable at about 25% and 30% 

with little deactivation during the 6 h test) and less carbon (about 48 wt% for the 

Ni catalyst, and 11 wt% for this CeZr modified catalyst) was deposited on the 

catalyst [125]. The CeY-promoted catalyst exhibited obvious improvement in CH4 
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and CO2 conversions from 75% to 85% and around 88% compared with the 

unpromoted Ni catalyst, however, carbon deposition (about 28 wt%) was more 

serious than on the promoted Ni catalyst (about 20 wt%) [126]. The ZrY-modified 

catalyst produced via the co-precipitation method showed better activity, 

deactivation resistance and coke resistance than the original Ni-LDO catalyst, 

while it was less stable and experienced heavier coke deposition than the Ni-LDO 

catalyst with only Zr modification [127]. Their study demonstrated the high 

complexity of multi-metals promotion in a Ni-LDH-derived catalyst for DRM 

reaction. 

 

Li et al. [128] reported a promoted NiMgAl-LDH-derived catalyst with promotors 

of three different metals, namely Mo, Ce and Zr, which exhibited a remarkable 

stability of over 600 h with only a small amount of coke deposition (see Table 1.4). 

The one-pot co-precipitation method (mixing the metal nitrates and ammonium 

molybdate with deionized water) synthesized Ni/MoCeZr/MgAl2O4-MgO 

catalysts prepared at different calcination temperatures of 700 °C, 800 °C, and 

900 °C were compared in the DRM reaction at 900 °C. The catalyst calcined at 

800 °C exhibited the highest activation with still 95% CH4 conversion after 658 h, 

while that of the catalyst calcined at 900 °C decreased to 90% after 105 h and it 

never exceeded 72% for the catalyst calcined at 700 °C. To study the synergetic 

effect of the Mo, Ce, and Zr metals, different catalysts were produced using the 

same conditions except that either one or two metals were introduced into the 
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original Ni-based catalyst. As shown in Table 1.4 and reference [128], for the 

Ni/MoZr/MgAl2O4-MgO, Ni/MoCe/MgAl2O4-MgO and Ni/CeZr/MgAl2O4-MgO 

catalysts, the CH4 conversion declined to around 90% after 76, 47, and 24 h, 

respectively. In the case of Ni/MgAl2O4-MgO, the conversion of CH4 dropped to 

about 48% after 28 h, while that of Ni/Mo/MgAl2O4-MgO declined to about 93% 

after 130 h and that of Ni/MoCeZr/MgAl2O4-MgO remained at around 95% after 

658 h. Comparing the results, it was obvious that the coexistence of Mo, Ce, and 

Zr was essential to obtain high activity and super-high stability. Various 

characterization methods illustrated the joint effects of small Ni nanoparticles of 

7.2 nm endowed from the coexistence of the MgAl2O4 spinel, NiO-MgO solid 

solution and multiple promoters, more basic sites and reinforced metal-support 

interactions. High performance and stability were also obtained when they 

explored a hexamethylenetetramine (HMT) assisted method, which avoided the 

utilization of alkali metal ions, giving a potential industrial application prospect 

[129]. 
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Table 1.4. Different lanthanide metal binary-Ni LDH-derived catalysts for the DRM reaction reported in the recent literature, with details of 
the catalyst synthesis and composition, reaction conditions and reaction performance. 

Catalyst Method of 
LDH synthesis 

Cations in 
LDH 

Metal 
amounts 
(wt%) a 

M2+/M3+ 
(molar 
ratio) 

Calcination 
Condition 

Reaction Conditions b Conversion c 
H2/CO 
ratio 

TOS 
(h) d 

Coking 
wt%/gcat Ref. 

Temp. CH4/CO2 GHSV 
(mL g-1 h-1) 

CH4 
(%) 

CO2 
(%) 

NiGaMg-LDH hydrothermal Ni, Ga, Mg Ni: 13.6;  
Ga: 17.3 4 

600 °C, 5 h 
with 50% 

H2/Ar 
600 °C 1 54,000 52 to 

48.3 
48 to 
46.3 ND 72 1.7 for 12 

h [123] 

Ni loaded on 
MgAl-LDH 

urea 
hydrolysis Mg, Al 

Ni: 3.72 

2 

600 °C, 2 h 
for LDH; 

then 600 °C, 
2 h for 
metals 
loaded 
samples 

700 °C 1 275,000 

66.9 to 
33.9 

73.1 to 
38.9 0.71 

50 

9.8 for 20 
h 

[124] 

NiGa loaded on 
MgAl-LDH 

Ni: 3.4;  
Ga: 0.6 

72.1 to 
50.9 

74.1 to 
59.9 0.72 8.2 for 20 

h 

NiLa loaded on 
MgAl-LDH 

Ni: 4.07; 
 La: ND 

82.6 to 
66.3 

83.6 to 
71.5 ~0.72 6.6 for 20 

h 

NiGaLa loaded on 
MgAl-LDH 

Ni: 3.42; 
 Ga: 0.66; 
 La: ND 

82 to 
75.3 

84.3 to 
76.4 ~0.72 3.8 for 20 

h 

NiCeZrMgAl-
LDH 

co-
precipitation 

Ni, Zr, Mg, 
Al 

Ni: 20; 
Zr: 2.7;  
Ce: 4.7 

3 550 °C, 4 h 750 °C 1 20,000  h-1 ~83 ~90 ~0.92 24 ~11 [125] 

NiMgAl-LDH 

co-
precipitation 

Ni, Mg, Al Ni: 20 

3 550 °C, 5 h 700 °C 1 20,000  h-1 

~73 ~75 ~0.9 

5 

~25 

[126] NiCeMgAl-LDH Ni, Ce, Mg, 
Al 

Ni: 25;  
Ce: 3 ~85 ~87 ~0.97 ~20 

Y loaded on 
NiCeMgAl-LDH 

Ni, Ce, Mg, 
Al 

Ni: 23;  
Ce: 3;  
Y: 0.2 

~77 to 
~84 

~80 to 
~86 

~1 to 
~0.97 ~28 
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NiZrMgAl-LDH 

co-
precipitation 

Ni, Zr, Mg, 
Al 

Ni: 23 
Zr: 3.6 

3 550 °C, 5 h 700 °C 1 20,000 h-1 

78.6 to 
77.7 

82.7 to 
82.6 

0.99 to 
0.98 

5 

7.3 

[127] 
Y loaded on 

NiZrMgAl-LDH 
Ni, Zr, Mg, 

Al 

Ni: 25; 
Zr: 3.5;  
Y: 0.4 

76.9 to 
77.1 

82.8 to 
82 

0.9 to 
0.88 11.9 

NiZrYMgAl-LDH Ni, Zr, Y, 
Mg, Al 

Ni: 20;  
Zr: 4.1;  
Y: 0.5 

84.3 to 
90.9 

86.3 to 
90.2 

0.99 to 
0.98 20.2 

NiMoCeZrMgAl-
LDH 

co-
precipitation 

Ni, Mo, Ce, 
Zr, Mg, Al 

Ni: 15.5;  
Ce: 1.73;  
Zr: 0.083;  
Mo: 0.035 

3 

800 °C, 6 h 

900 °C 1 60,000 

95 ~98 ~0.97 658 0.015 e 

[128] 

900 °C, 6 h 90 ~92 ~0.93 105 0.032 e 

700 °C, 6 h 72 ~85 ~0.85 72 0.393 e 

NiMgAl-LDH Ni, Mg, Al 

ND 800 °C, 6 h 

48 ~64 ~0.8 28 4.96 e 

NiMoMgAl-LDH Ni, Mo, Mg, 
Al 93 ~96 ~0.9 130 1.45 e 

NiMoZrMgAl-
LDH 

Ni, Mo, Zr, 
Mg, Al 90 ~94 ~0.9 76 4.54 e 

NiMoCeMgAl-
LDH 

Ni, Mo, Ce, 
Mg, Al 90 ~92 ~0.9 47 1.2 e 

NiCeZrMgAl-
LDH 

Ni, Ce, Zr, 
Mg, Al 90 ~90 ~0.7 24 1.11 e  

NiMoCeZrMgAl-
LDH hydrothermal Ni, Mo, Ce, 

Zr, Mg, Al 

Ni: 6;  
(ZrO2+CeO

2): 1;  
MoO3: 0.6 

3 800 °C, 6 h 900 °C 1 60,000 ~95 ~97 ~0.97 610 0.19 e [129] 

a the unit for loading amount is wt%; b GHSV: Gas hourly space velocity; c the conversions are from the best or initial to final results in long 
term tests; “~”: approximate value; “ND”: no data shown in the literature; d TOS: Time on stream; e the unit for coking is mgC·h-1·g cat-1. 
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1.3 Plasma for DRM 

As briefly introduced in the introduction, plasma is one of the promising 

technologies to reduce CO2 emissions and use it as the carbon source to form other 

chemical products. Compared with the conventional thermal-catalytic DRM 

system, two types of plasma-catalysis (see Fig. 1.6) operation can be distinguished, 

as mentioned before, being IPC and PPC, in which the latter is closer to 

conventional thermal catalysis. Both types of plasma catalysis are distinctively 

different and provide a different plasma-catalyst interaction, therefore creating a 

different reaction environment at the location of the catalyst bed. 

 

Fig. 1.6. Schematic overview of two plasma catalysis system configurations; (A) in-plasma 
catalysis (IPC) and (B) post-plasma catalysis (PPC). 

Indeed, a PPC bed is positioned after the plasma exhaust and thus has no direct 

contact with the discharge, but comes in contact with the plasma-treated species 
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(converted and unconverted) and the exhaust conditions of the plasma (temperature, 

flow rates and pressure). To allow catalysis to occur in the post-plasma bed, it has 

to be positioned in such a way that it benefits most from the energy present in the 

plasma gas mixture at the exhaust, allowing heat recovery and possible use of the 

energy of the excited/reacted species in the exhaust, if sufficiently long living. 

Therefore, post-plasma catalysis is mainly applied in combination with warm 

plasmas such as gliding arcs and microwave plasmas, with the purpose of 

recovering as much energy as possible provided by the plasma. For the PPC system, 

which operates (partially) with the heat provided by warm plasmas, it is expected 

to be more similar to the classical thermal catalytic processes, although the feed 

stream (plasma exhaust) coming in contact with the catalyst is different. Moreover, 

both the feed stream and temperature in contact with the catalyst bed are 

determined by the operating conditions of the plasma, and heat and mass transfer 

are determined by the design and position of the post-plasma bed, posing 

challenges to PPC systems. 

 

In contrast, in the case of IPC, the catalyst is placed in the discharge zone and thus 

has a direct impact on the plasma discharge properties (e.g. change of discharge 

type) and is in direct contact with all the plasma species. IPC is therefore most 

often applied in combination with cold plasmas that remain close to ambient 

temperature such as DBDs, which would not supply sufficient energy post-plasma. 

In the latter case, finding catalysts that are compatible with the plasma and provide 
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an enhancing effect on the plasma properties (physically altering the plasma), while 

also benefiting surface (catalytic) effects, is currently one of the key challenges in 

IPC DRM. They are essential to allow more energy-efficient processes while 

enhancing conversion and selectivity. 

 

Many reviews give a comprehensive introduction to plasma-based DRM without 

catalysts [8,31,37,130] and coupling plasma DRM with catalysts [35,38,131–133], 

as well as plasma-based pre-treatment of catalysts [133–138]. Considering this, we 

will not repeat this overview in this chapter, as the reader can obtain this 

information from the reviews listed before. However, we will focus here 

specifically on plasma-catalytic DRM in combination with LDH or LDH-derived 

catalysts. From the previous sections, it is obvious that LDH works very well in 

thermal catalytic DRM. The question is whether it can also work well in plasma 

catalysis. For this purpose, in this section, we give a brief description of two types 

of plasmas that will be discussed further in this chapter. The first is DBD, as an 

example of typical non-thermal plasma, because it has already been combined with 

LDH catalysts. The second is GA plasma, as an example of a warm plasma. 

Although it has not yet been combined with LDH catalysts, we believe it has great 

potential when LDH catalysts are placed post-plasma, allowing the hot gas from 

the plasma to heat and activate the catalyst, just like in thermal catalysis. 
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1.3.1 DBD for DRM 

DBD is a typical non-thermal plasma, which can be applied at atmospheric or 

slightly elevated (e.g. 3 bar) pressure, and temperatures as low as room temperature 

[41,139,140]. A DBD reactor consists of two parallel electrodes, among which one 

is covered by a dielectric barrier (see Fig. 1.7A). When producing plasma, one 

electrode is connected to the high-voltage power supply, providing alternating 

current and the other one is grounded. The gas flows from one side to the other side 

through the gap (which varies from 0.1 mm to a few centimetres) between the inner 

electrode and the dielectric barrier. It is ignited to the plasma phase by the electric 

potential between the two electrodes, creating a reactive environment that enables 

the conversion of the species present. Various parameters affect the performance 

of a DBD plasma, such as the gas flow rate and composition, space-time, and power 

[53,141–143]. Moreover, the designs parameters of a DBD plasma reactor, such as 

the dielectric tube dimensions, the electrode length and the gas inlet and outlet 

position, also have some impact [144–146]. 

 

Uytdenhouwen et al. [145] studied how the gas flow design affected the 

performance of DBD plasma for DRM. Particularly, in a multi-inlets reactor, it was 

found that the gradual addition of one of the input gases, via a reactor with 14 inlets 

along the side, enhanced the conversion, which, however, highly depended on the 

type of main gas and the direction of the additional gas supply via long or short 
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orientation. In addition, the effect of the discharge gap size was evaluated for DRM 

in DBD reactors, including the introduction of packing material (non-porous SiO2 

and ZrO2) as a function of gap size [139]. At a smaller gap size, this resulted in an 

enhancement in CO2 conversion due to a higher reduced electric field and specific 

energy input (SEI). While a different gap-dependent material effect was observed 

on the apparent partial equilibrium, no apparent synergistic effect or plasma-

catalytic behaviour was observed for the non-porous packing materials in the study 

[139]. Tu et al. [140,147] also found that that the way in which the catalyst was 

filled into the discharge gap could affect the conversion of CH4 and CO2, which 

indicates that the filling mode changes the discharge mode. 

 

As the DBD reactors for DRM are usually driven by AC power sources, which may 

lead to overheating and reactor damage when continuously heating the discharge 

channel, it was thought that pulsed power for a DBD reactor could have several 

advantages, such as short rise time with considerable energy efficiency and 

inhibition of overheating, easier separation of the radical generation and the 

chemical reaction process and so on. This was to some degree evaluated by Wang 

and co-workers [141], providing data that short pulse rise & fall times slightly 

improved the conversion and energy conversion efficiencies (the CH4 and CO2 

conversion increased from about 10% and 30% to 17% and 40%) in a nanosecond 

pulsed DBD plasma for DRM. Besides this, it was found that a higher pulse 

repetition frequency (PRF) (increasing from 3 kHz to 10 kHz) was also helpful in 
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reaching higher conversion (the CH4 and CO2 conversion increased from around 

10% and 7% to 39% and 22%), which was attributed to the enhancement of the 

discharge pulse and possible increase of collisions between energetic electrons and 

molecules. 

 

Apart from the experimental studies on improved DBD configurations that lead to 

better plasma performance, simulation and theoretical studies were also performed 

to further understand the mechanism of DRM in the DBD plasma. Uytdenhouwen 

et al. [142] investigated the kinetic activities of the CO2 dissociation and CH4 

reforming and their influence on each other when added together in the DRM 

reaction, by combining experiments and calculations/data fitting. They found that, 

compared with the CH4 reforming rate (0.041 s-1), the CO2 dissociation had a 

comparatively higher apparent reaction rate (0.120 s-1), while CH4 reforming 

obtained higher partial equilibrium conversions (82% compared to 53.6% for CO2 

dissociation). A combination of CO2 and CH4, forming a DRM reaction, resulted 

in intermediate results of an apparent reaction rate of 0.088 s-1 and a total 

conversion of 75.4%. Further investigation revealed that CO2 promoted the loss 

reactions in a DRM reaction, while CH4 suppressed the back reactions. In another 

study combining experimental validation and kinetic modelling [148], the 

conclusion was drawn that the CH4 molecule was relatively easier dissociated than 

the CO2 molecule due to its lower threshold energy, explaining the higher 

conversion of CH4 in the DRM reaction in a DBD reactor. This is in contrast to 
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what is often observed in thermal catalytic DRM with LDH-derived catalysts as 

summarized in Table 1.1-1.4, where CO2 is converted more than CH4. The RWGS 

reaction in the thermal catalysis DRM process may be a possible reason for this, 

so that some CO2 can react with the produced H2, thereby producing CO [80,149]. 

 

Fig. 1.7. Schematic of the (A) DBD, (B) classical two-dimensional knife-type electrodes GA, 
(C) rotating gliding arc (RGA), and (D) gliding arc plasmatron (GAP). The schematic image 
of the GAP was adapted from Bogaerts’ group setup reported in ref. [150]. Copyright 2017. 
The Royal Society of Chemistry. 

Different from the plasma alone cases, packing with catalysts causes significant 

effects on the properties of a DBD plasma, such as a drop in the discharge (gap) 

volume (i.e., the distance between the electrodes allowing gas to go through) and 
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feed gas space velocity and changes in the discharge behaviour and residence time. 

Besides this, the properties of the catalysts, like the supports utilized, the specific 

surface area, particle and pore sizes and morphologies, and the types of active 

metal(s) used, can also have an impact on the discharge process and eventually 

affect the DRM process and results [32,151,152]. Moreover, when the catalyst is 

present inside the plasma, the plasma can also affect the catalyst, resulting in 

modification of the catalyst. The physical and chemical interactions between 

plasma and catalysts are well summarized in a recently reported review by 

Bogaerts’s group (see Fig. 1.8) [153]. 
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Fig. 1.8. The various physical and chemical plasma-catalytic interactions. E-R and L-H are 
abbreviations for Eley-Rideal and Langmuir-Hinshelwood reactions, respectively. ℇr: 
dielectric constant of the packing [153]. Copyright 2023. Elsevier. 

The plasma makes the DRM reaction possible at lower gas temperatures than what 

is normally needed in thermal catalytic conditions, as the electrons are accelerated 

while the gas remains at relatively lower temperatures. Although this is an 

advantage, IPC is a complex process and is far more complex than the simple 

addition or combination of plasma and catalyst, causing either a positive or 
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negative overall effect [153]. As introduced before, plasma and catalyst can affect 

each other, and some of the effects of their interaction may be positive, while some 

are neutral and some may be negative, compared with the plasma alone process or 

the normal catalytic process and the overall effect will then be the sum of all these 

different interactions. Therefore, catalysts with good catalytic activity, herein, 

LDH-derived catalysts as introduced before, are worth to be evaluated towards 

their effect on the plasma performance in DRM. 

1.3.2 GA plasma for DRM 

A classical GA plasma can be produced at the shortest point between two flat 

electrodes (Fig. 1.7B). After being generated, the arc can glide to the other side of 

the electrode, guided by the gas flow. Then the arc will extinguish in the large gap 

part of the electrode, while at the same time a new arc will be generated at the 

shortest gap part and be pushed by the gas flow, forming continuous gliding arcs.  

The GA plasma possesses the advantages of both thermal plasma and non-thermal 

plasma conditions. It is an intermediate plasma type and is often called a warm 

plasma because the gas temperature can reach up to 3000 K, which is higher than 

non-thermal plasma that remains close to room temperature, but still lower than 

thermal plasmas (> 4000K) [154–158]. Although relatively simple and reliable, the 

classical two-dimensional (2D) (usually knife-type electrodes) GA plasmas [159–

163] have a limitation in the sense that the plasma arc is formed in a limited region 

between the flat electrodes, leading to a large fraction of gas that will flow around 
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the electrodes without being converted. Therefore, other types of GA plasma 

reactors have also been developed, such as 3D reverse vortex flow gliding arc 

plasmatrons (GAP) (Fig. 1.7D) [164–167], rotating gliding arc plasmas (RGA) 

(Fig. 1.7C) [168–170], dual-vortex plasmatrons [171], and magnetic field co-

driven GAs [172–174]. These 3D GA plasmas, with a cylindrical electrode design, 

overcome the problem of a large gas fraction not being treated in 2D GA plasmas, 

by stabilising the arc in the center, which promotes a longer residence time for the 

gas molecules in the discharge and improves the gas conversion [156]. 

 

Similar to the DBD plasma, whose performance can be affected by the reactor 

design, the structure of the gliding arc plasma setups can influence their 

performance to some degree as well. For example, instead of using thin knife 

electrodes, Ghorbanzade and Rahmati [175] used a pair of parallel wire-plate 

electrodes for the gliding arc plasma (PEGP) setup. In comparison with 

conventional GA plasma, the PEGP provided higher plasma mobility within the 

volume of the parallel electrodes, giving more gliding time for molecule 

dissociation. Moreover, the energy of the mobile plasma part was generally 

dissipated in the layers of fresh reactant gas rather than overheating or re-

dissociating the products. The advantages in these two aspects resulted in high 

conversions of CO2 and CH4 (about 55% and 65%, respectively) and over 60% in 

energy efficiency. Besides this, the angles and the external-electrode lengths can 

also affect the GA plasma performance [169]. As shown in Fig. 1.9, the angle and 
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length of the internal electrode were changed. They found a summit angle of 45° 

was more favourable for achieving higher CH4 and CO2 conversions. The energy 

efficiencies increased by 25% and 22% compared with the RGA with electrode 

angles of 30° and 60°. With the angle of 45°, the longer external electrode RGA 

showed higher CO2 and CH4 increase due to the improvement of arc extension. 

 

Fig. 1.9. Internal electrodes with summit angles of 60°, 45° and 30° [169]. Copyright 2018, 
Elsevier. 

Irrespective of the design of the gliding arc plasmas, the gas itself is intrinsically 

heated by the plasma reactions, reaching temperatures up to a few 1000K for GA 

plasma. [32,167] This not only allows for thermal conversion to occur in the plasma 

zone but also offers a possibility for thermal catalysis after the plasma zone. 

However, this high temperature also puts constraints on the type of materials that 

can be put in the plasma discharge zone as shrinkage, loss of porosity and sintering 

will take place in the majority of materials used in thermal catalysis. Therefore, in 
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the case of warm plasmas, such as gliding arcs, PPC is the main choice of plasma 

catalysis configurations, as material choices for IPC are limited, and strategies 

attempting to recover at least part of the heat and thus energy can be pursued, with 

processes and mechanisms closer to what is known in thermal catalysis, which 

avoids to some extent the complexity of IPC. Nevertheless, PPC seems to have not 

been found straightforwardly. Trying to find out the reasons, some research about 

the PPC will be given in section 4.2, which may give some clues. 

1.4 Plasma catalysis with LDH/LDO catalysts 

This section focuses on the application of LDH-derived catalysts in combination 

with plasma in the DRM field. This section contains two parts: (i) DBD-assisted 

LDH/LDO catalysis for DRM, which is a typical IPC system, and (ii) GA plasma-

assisted LDH/LDO catalysis for DRM, which is a typical PPC system. 

1.4.1 DBD-assisted LDH/LDO catalysis for DRM 

The number of studies related to the application of DBD plasma catalysis with 

LDH/LDO catalysts is limited so far [176–179]. Shao and co-workers [176] 

applied radio frequency (RF) plasma to modify a NiCoMgAl-LDH, which was 

synthesized via the in-situ growth method on nickel foam (NF), with the aim to 

create more oxygen vacancies and promote the dispersion of active nano-particles 

in the catalyst. They then applied the catalyst in a DBD reactor for DRM. The 

catalyst synthesis routes, treatment by the plasma, and SEM images of the obtained 
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catalysts are shown in Fig. 1.10. In comparison, catalysts with different metals and 

without plasma treatment were utilized as well in a plasma-driven DRM reaction. 

The experimental results illustrate that the plasma-modified catalyst P-

CoMgAl/NF had the highest activation of CO2 and CH4 conversion of around 11% 

and 16% due to the co-existence of the MgAlO phase and Ov, which could more 

easily capture CO2 molecules and then break the C=O bond. Thus, the CO2 

protonation/hydrogenation routes, and the OH(g) as well as O(g) radicals 

promotion routes can be remarkably strengthened via the essentially barrierless E-

R mechanism (＜0.1 eV) [176]. Besides this, the discharge waveforms measured 

from different catalysts only showed slight changes, suggesting that the 

composition of the catalysts had an almost negligible impact on the plasma 

discharge behaviour. This was confirmed by the similar wall temperature of the 

plasma reactor (about 120 °C). 
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Fig. 1.10. Procedure of producing the catalyst treated by RF plasma and SEM images of the 
catalysts. (a) Schematic of the synthesis routes and catalytic roles for the Co-MgAlO-Ov 
multiphase structures; SEM of (b, c) NiMgAl/NF, (d, e) CoAl/NF, (f, g) CoMgAl/NF and (h, 
i) plasma-treated P-CoMgAl/NF (80 W, 30 min) [176]. Copyright 2022, Elsevier. 

Further investigation of the synergetic effect of LDH-derived catalysts with plasma 

was also done by Shao and co-workers [177]. A series of Ni-based LDH-derived 

catalysts, which were grown on nickel foam (NF), were synthesized. It was found 

that for the DBD plasma-catalytic IPC system, the microstructure, surface 

composition (valency states) and reducibility were crucial for the selectivity of 



Introduction 

74 

 

liquid oxygenate products. The Ni0-based catalysts Ni/NF and NiGa/NF (catalysts 

obtained by calcination of NiAl-LDH/NF in H2/Ar gas at 500 °C) exhibited higher 

total liquid selectivity (> 30%) with CH3COOH (> 15%) as dominant product, 

while the Ni2+ based catalyst NiO/NF (obtained by calcination of NiAl-LDH/NF 

in air at 500 °C) showed a comparable selectivity for CH3OH (8.9%) and 

CH3COOH (9.6%). Notably, the NiAl-LDH/NF catalyst gave the highest CH3OH 

selectivity of 12.3% and almost no carbon deposition appeared after the reaction. 

Systematic analysis suggested that the large number of -OH groups on the surface 

of NiAl-LDH might play an important role in reacting with the interfacial CH3* 

species. Moreover, the NiAl-LDH possessed inferior electron affinity for carbon 

atoms. These two catalyst properties promoted its high CH3OH selectivity and coke 

resistance. Wang et al. [178] systematically compared the catalytic performances 

of NiZnAl-LDH with different Ni loading amounts for DRM by three different 

experimental modes: DBD plasma alone, catalysis alone, and DBD in-plasma 

catalysis. Considering that the plasma was operated at low temperatures of 30–

60 °C, the catalysis-alone reaction was also executed at this temperature, resulting 

in the absence of catalytic performance. When the plasma was applied without the 

LDH catalysts (plasma alone), the conversions of CH4 and CO2 reached about 43.4% 

and 33.8%, respectively, while when catalyst was packed into the plasma reactor, 

the highest conversions of CH4 and CO2 were enhanced to around 68.9% and 54.3% 

with 20 wt% Ni loading. Interestingly, the catalytic activity of LDH-derived 
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ZnO/Al2O3 without loading of Ni was close to those of the plasma alone case, 

indicating the catalyst support can hardly impose any catalytic behaviors. 

Moreover, the 20 wt% Ni loading LDH-derived catalyst also had the highest CO 

and H2 selectivity of 74.5% and 62.5%. Furthermore, a long-term test of DRM for 

10 h was done with the same catalyst for plasma catalysis and thermal catalysis at 

650 °C. Although the conversions of plasma catalysis were lower than for thermal 

catalysis (i.e., around 70% CH4 conversion and 60% CO2 conversion for plasma 

catalysis, while for thermal catalysis the initial CH4 and CO2 conversions were 

around 89% and 83%, and the final CH4 and CO2 conversions were around 81% 

and 74%), the activity stability of the plasma-catalytic system was higher with only 

around 1% deactivation after 10 h reaction, while this was about 9% for the thermal 

catalysis mode. Besides this, the energy yield for thermal catalysis alone (650 °C ) 

and plasma alone was only about 0.022 mmol/kJ and 0.20 mmol/kJ, respectively, 

whereas the value was increased to about 0.36 mmol/kJ for plasma catalysis. Not 

only the Ni loading can affect the activity in a DBD plasma-catalytic DRM system, 

also the amount of promoting metal has some impact. 

 

To further understand the function of promoted active metals, Diao et al. [180] 

recently reported Ni-, Fe-, and NiFe- loaded LDH-derived catalysts (named 

Ni/MgAlO, Fe/MgAlO, and NiFe/MgAlO) for DRM involved with DBD plasma. 

In detail, three experiments were conducted, namely thermal catalysis (500 °C), 

thermal catalysis (500 °C) coupled with 60 W DBD plasma, and the 60 W DBD 
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plasma alone. Firstly, the Ni/MgAlO catalyst was applied in the three 

configurations. They found that for the thermal catalysis case only 22.2% CO2 

conversion and 16.0% CH4 conversion were obtained, which were lower than for 

the 60 W DBD plasma alone (23.4% for CO2 and 38.1% for CH4). However, when 

the thermal catalysis (500 °C) system was coupled with the DBD plasma 

configuration, high conversions of 71.0% for CO2 and 64.8% for CH4 were 

achieved, suggesting the significant beneficial effect of plasma on DRM in this 

system. Moreover, experiments with Ni/MgAlO, Fe/MgAlO, and NiFe/MgAlO 

were carried out to investigate how the promoted metals affect the results. It was 

found that only 4.7% CO2 conversion and 1.2% CH4 conversion were obtained in 

the Fe/MgAlO configuration, implying that the Fe atom had almost no catalytic 

effect on the DRM. However, the NiFe/MgAlO catalyst showed higher activity of 

CO2 and CH4 conversions of 80.5% and 73.8%, higher than those of Ni/MgAlO 

mentioned before. This may be because the addition of Fe can improve the 

dispersion of Ni particles, which was already reported in the traditional thermal 

DRM system [181]. The stability performance of the Ni/MgAlO and NiFe/MgAlO 

catalysts was done for 20 h in the thermal catalysis system coupled with the DBD 

plasma. The NiFe/MgAlO catalyst showed better stability, because the conversions 

of CO2 and CH4 remained at 81.2% and 72.5%, while those of CO2 and CH4 for 

the Ni/MgAlO catalyst decreased to 55.6% and 67.8% from 72.2% and 73%, 

respectively. A longer test of 100 h was performed with NiFe/MgAlO catalyst, and 

the CO2 and CH4 conversions still remained at 71% and 75%. This could be 
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attributed to two reasons. Firstly, the plasma enabled the DRM reaction to occur at 

500 °C and maintained high conversions of CO2 and CH4. Secondly, the addition 

of Fe increased the surface oxygen and enhanced the CO2 adsorption, and adjacent 

Fe promotion improved the carbon elimination reaction between the adsorbed CO2 

and deposited carbon which was produced by CH4 cracking. 

1.4.2 GA plasma-assisted LDH/LDO catalysis for DRM 

Compared with non-thermal plasma like DBD and corona plasmas, the electron 

temperature of GA can be lower. However, the GA plasmas have a higher electron 

density and higher gas temperature, making them more energy-efficient for the 

activation of CO2 in DRM [182,183]. Different from the DBD plasma-catalytic 

system, which is a typical IPC, the catalysts in a GA plasma-catalytic system are 

typically put after the plasma, in so-called PPC, to avoid the destruction of catalysts 

by the excessive heat produced by the plasma. PPC requires the catalyst distance 

to be meticulously investigated. Indeed, considering that the reactive plasma 

species densities decrease fast and can almost totally disappear at a distance of 2.5 

mm from the arc centre [156], the PPC system acts more as in thermal catalysis, 

which can make use of the heat produced by the plasma to further convert the CO2 

and CH4 molecules in the afterglow of the plasma or convert the products formed 

by the plasma. 
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As discussed before, LDH-derived catalysts show attractive performance in 

thermal catalytic DRM, providing high potential for its combination with GA 

plasma. However, even though there are some papers about GA plasma coupled 

with catalysts for DRM, unfortunately, catalysts derived from LDH were not found 

among them. Therefore, in this section, we introduce several discoveries in this 

area, giving a prospect description for the combination of LDH-derived catalysts 

and GA plasma. 

 

As described above, for PPC which performs more like thermal catalysis, the 

temperature is crucial for the catalyst to work, which is highly related to the 

position of the catalyst after the plasma. Li et al. [42] studied how the catalyst bed 

position affected the reforming results in a heat-insulated plasma catalysis reactor. 

It was found that as the distance of the catalyst to the plasma reduced from 11 cm 

to 4 cm, the CH4 and CO2 conversions increased from 82% and 4% to 92% and 

20%. The catalyst mid-bed temperature elevated from 647 °C to 779 °C due to the 

decrease in heat loss when approaching the plasma zone. Higher temperature, 

which was suitable for the catalyst to work, was the main reason for the increasing 

conversions.  

 

In another study, Liu and co-workers [184] exhibited an enhancing effect on the 

GA plasma-catalytic DRM reaction when extra heating was applied to the reactor. 

Without extra heating, the performance of the GA plasma and the GA plasma 
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catalysis showed almost the same results in conversion, selectivity, energy cost and 

efficiency. Although traditional thermal catalysis proved that the Ni-based catalyst 

(Ni/CeO2/Al2O3) had good performance in DRM, no contribution was found in the 

plasma-catalytic system without extra heating. The reason could be attributed to 

the low gas temperature of the plasma effluent, which was only in the range of 

300 °C to 500 °C, at which the catalyst was inactive for the DRM reaction. When 

keeping the reactor at the same temperature of 850 °C, compared with thermal 

catalysis with about 45% CH4 conversion and about 62% CO2 conversion, the 

plasma-catalytic case with extra heating resulted in higher conversions, around 60% 

for CH4 and around 71% for CO2, respectively. As the reactor temperature was the 

same, the rise in conversion could be ascribed to the synergetic effect of plasma 

and catalyst. However, considering LDH-derived catalysts can provide high 

potential to improve the catalytic performance for thermal catalytic DRM, it allows 

lower and more suitable extra heating temperatures to be investigated, which can 

promote the energy efficiency of the whole PPC system. 

 

The reported papers above suggest the possibility of using traditional thermal 

catalysts to further improve the performance of DRM in a PPC system. Considering 

this, the LDH-derived catalyst can be a potential catalyst. Moreover, as the idea of 

PPC is to make full use of the heat produced by the plasma gas, which is 

economical, a good design of a PPC reactor system which can keep more heat from 
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the plasma on the catalyst bed, or requires less (external) heating will be a possible 

way to make PPC with LDH/LDO catalyst more powerful. 

1.5 Conclusion 

This chapter generally summarizes the development of DRM catalyzed by LDH-

derived catalyst, DBD and GA plasma, and their combination effect. The first part 

involves a detailed overview of new studies in LDH synthesis and catalytic 

performance of monometallic, bimetallic promoted, and multi-metallic Ni-LDH-

based catalysts in DRM. Plasma DBD or GA reactions for CO2 and CH4 conversion 

without the presence of catalysts were shortly introduced as well. Finally, recent 

investigations in plasma catalysis using LDH/LDO catalysts for DRM were 

reported. 

 

As summarized in the tables, the co-precipitation method is the most commonly 

applied method to prepare LDH-based catalysts, while other methods such as 

hydrothermal, microwave-assisted or ultrasonication-assisted methods, can be 

utilized as well, either alone or in combination with some other methods. Based on 

the research needs, the morphology, crystal size, and even the basicity of the LDH 

can be adjustable by the synthesis method. Besides this, in-situ growth of LDH on 

metal foam or other substrates with good properties has attracted increasing 

attention. 
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For DRM converting CO2 and CH4, LDH-derived mixed metal oxide catalysts are 

favoured due to many advantages, such as a large surface area, adjustable metal 

types and contents and an abundant number of basic sites. Among them, catalysts 

containing Ni are most widely studied, as they show high catalytic activity and are 

readily available. However, deactivation still exists due to the agglomeration of 

active sites and coke deposition on the particles. Promotion with noble metal(s), 

transition metal(s) or some other metal elements, forming bimetallic, trimetallic, 

or multi-metallic Ni-LDH-based catalysts, can improve the stability and anti-

coking ability. 

 

Plasma technology is attracting increasing interest for DRM, as plasma is an 

electrically driven process that can effectively supply energy to ionize gaseous 

species, creating a reactive environment able to excite and dissociate relatively 

stable molecules efficiently. Depending on the type of plasma, i.e. in cold plasma 

such as DBDs, these reactions can proceed near room temperature and atmospheric 

pressure. Additional advantages are that plasma can easily be switched on and off, 

and allows the rapid activation of the reaction, making it compatible with 

fluctuating energy supply. When applied together with LDH/LDO catalysts, 

improvements were achieved in an IPC system. 
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Although great progress has been made in DRM with LDH-derived catalysts, 

mainly in thermal catalysis, and recently also combined with plasma, some 

challenges remain, and further improvement is necessary: 

1) For DRM with Ni-LDH-based catalysts, a remaining challenge is that the 

investigation is still limited to laboratory scale, with long-term time on stream tests 

of a maximum of 100-200 hours. Longer-term stability tests over weeks with 

shaped catalysts are necessary to be able to further scale up the technology and 

allow future implementation in the industry. In addition, several experimental 

attempts were made at a laboratory scale to alter the promoting metals in the 

LDH/LDO materials to achieve, for example, better stability and coke resistance. 

However, the repeatability of these experiments towards scaled-up amounts has 

not been reported. Besides this, fewer studies were focused on the regeneration of 

these catalysts and their performance in reaction. 

2) The possible synergetic effect between plasma and catalyst has been 

demonstrated in recent years, however, the detailed mechanisms still need to be 

revealed. Specifically for LDH-derived catalysts, only a few papers were reported 

for DBD plasma catalysis. Finally, no paper about GA plasma coupled with LDH-

derived catalyst has been reported so far. However, we believe this combination 

has a lot of potential when placing the catalyst post-plasma, as the heat produced 

by the plasma can be used to activate the LDH/LDO similar to thermal catalysis, 

although the feed stream, in casu the plasma exhaust mixture, will be different from 

the thermal process and might require further adjusted catalysts compared to the 
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current classical thermal DRM catalysts. Furthermore, it requires well-designed 

GA plasma-catalytic reactor configurations, allowing effective heat recovery and 

mass transfer. It is in this second part that we aim to progress the state-of-the-art 

with this PhD. 

1.6 Aim of the work and outline of the thesis 

LDH-derived catalysts are promising for the dry reforming of methane (DRM), a 

chemical process that is able to convert captured CO2, together with CH4 

(originating from e.g. natural gas reserves and/or biogas). However, this thermal 

catalytic process requires high temperatures (> 700 °C) to achieve sufficiently high 

CO2 and CH4 conversion, generally above 60%. Plasma technology offers an 

alternative, enabling the DRM reaction at atmospheric pressure using (renewable) 

electrical energy. Nevertheless, in the current plasma processes, challenges remain 

to enhance CO2 and CH4 conversion, selectivity and energy efficiency. Catalysts 

are envisioned to be a part of the solution but knowledge on how to integrate 

catalysts with different types of plasma processes to achieve this enhanced 

performance is still lacking. Among various plasma technologies, gliding arc 

plasma (GAP) can provide high temperatures in the range of 400-1000°C in the 

post-plasma zone, which poses opportunities to recover the plasma energy to serve 

as a heat source for catalytic processes. However, to put this hypothetical 

opportunity into practice, several knowledge steps need to be taken in order to fit 
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the plasma exhaust and its properties with the catalytic process taking place in 

direct connection to the exhaust of the plasma process. Several questions can be 

asked, of which 2 main questions have been defined at the start of this PhD: 1) 

How does plasma operation and feed gas composition influence the temperature of 

the exhaust gas and its composition and thus feed gas of the catalytic process and 

heat transfer. 2) Can well performing LDH-derived catalysts used in thermal 

processes also enhance post-plasma DRM and what are the critical determining 

factors in reactor configuration and plasma operation that influence this PPC 

performance. To answer these questions, the work has been divided in several 

chapters, providing the state-of-the-art (Chapter 1), important knowledge on 

properties and stability of the LDH-derived catalysts towards liquid water and 

moist (Chapter 2), correlation of operating conditions of the plasma and its 

influence on exhaust gas composition and temperature (Chapter 3) and 

identification of key aspects when coupling GAP with post-plasma catalysis 

(Chapter 4 and 5). 

 

Chapter 1 provides a comprehensive overview of the state-of-the-art in LDH-based 

materials for DRM, an introduction to plasma catalytic technology and the 

application of LDH-based materials in plasma catalytic technology. The objectives 

are primarily addressed in Chapter 1 of the study: evaluate the efficiency of LDH-

derived catalysts in DRM; explore plasma technology as an alternative in DRM; 

explore the potential of plasma technology in facilitating the DRM reaction at 
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atmospheric pressure using renewable electrical energy, and to identify ways to 

improve the limited conversion of CO2 and CH4 and energy efficiency and enhance 

selectivity currently achieved through this method. 

 

However, to our knowledge, limited achievements have been obtained till now 

concerning DRM with PPC GA reactors. Therefore, attempts to figure out a 

solution for the improvement of PPC for DRM, connected to the GAP system were 

carried out. 

 

Before combining the plasma and catalyst, properties of the LDH and derived LDO 

materials and the optimal plasma configurations for DRM were investigated. 

Specifically, Chapter 2 describes the synthesis, properties and rehydration of the 

LDH-derived LDO materials. In Chapter 3, optimal operation parameters for the 

GAP plasma DRM without catalysts, like gas flow rate, gas composition, and 

addition of H2O, were investigated. Moreover, the temperatures at different 

positions post-plasma in relation to the gas composition applied, were recorded 

during the plasma reaction process. Based on this knowledge, information on the 

feed gas composition (plasma exhaust) contacting the catalysts and temperature at 

the catalyst bed is obtained. The latter aids in determining the distance of the 

catalyst bed position required for  efficient utilization of heat and sufficient 

catalytic performance. 
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After this, Chapter 4 discusses attempts to improve plasma-catalytic DRM with a 

traditional tray-type catalyst bed (T-bed). This part aims to study which factors 

influence the catalytic process. It focuses among others on the amount of catalyst 

used, deactivation by carbon deposits and the impact of the heat transferred from 

plasma to catalyst. The results of this chapter provide recommendations on ways 

to improve the performance of the PPC DRM, which are further studied in Chapter 

5. Before being utilized for PPC DRM, the catalytic activity of the catalyst was 

evaluated by thermal catalytic DRM, which suggests that the catalytic performance 

enhanced as the temperature increased. Varying the distance of the post-plasma 

catalyst to the plasma exhaust can adjust the temperature (the closer, the higher the 

temperature) on the catalyst bed. Moreover, adding extra heating at low 

temperatures (150-250 °C) and wrapping the post-plasma reactor tube with 

insulation materials seem to be a possible method to enhance the surrounding 

temperature of the catalyst. Some improvements are achieved with extra heating 

with a temperature of 250 °C , suggesting the importance of higher temperature for 

the catalyst layer. These attempts to improve plasma-catalytic DRM are important 

for the last chapter (Chapter 5), offering some important suggestions. 

 

In Chapter 5, considering the limited effect of the GAP plasma-catalytic DRM 

with the tray-type T-bed, a newly designed tubular catalyst bed (N-bed) is directly 

connected to the GAP device, which can transfer the heat from the plasma exhaust 
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gas as well as via thermal conductivity from the connected GAP device to the 

catalyst bed body, to heat the catalyst layer. Moreover, also the flow behaviour 

might be impacted by the presence of the bed and influence the PPC performance. 

The presence of the N-bed versus the T-bed is thus evaluated in Chapter 5. Also 

the prensence of -Al2O3 filling material with or without catalyst is evaluated with 

the purpose of identifying the impact of catalytic versus none-catalytic effects on 

the performance of the N-bed, providing interesting insights in the above 

mentioned possible influences in heat transfer, flow behaviour and catalysis. It was 

found that when the N-bed was applied, both the conversion of CO2 and CH4 

increased, even though only filling material of α-Al2O3 was utilized. Moreover, the 

addition of a Ni/LDO catalyst proved to further improve the conversion and 

selectivity and decrease the energy cost. Analysis suggested that differences in the 

flow behaviour and possibly in quenching, present in the N-bed, together with 

efficient heat transfer to the catalyst bed, without extra external insulation or 

heating, are proven to contribute to its better performance. 

 

Finally, the whole work is summarized and an outlook for future research is 

presented for the GAP plasma-catalytic DRM field at the end of this thesis. 
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Abstract 

The rehydration behaviour of metal oxides (LDOs) derived from calcination of 

Mg-Al layered double hydroxides (LDHs) at high temperatures of 600-900 °C was 

studied in the presence of deionized water under vapour or liquid conditions. XRD 

reflections showed that the LDO metal oxides obtained from thermally treated 

LDHs can rehydrate into LDHs at room temperature even after calcination as high 

as 900 °C, both in vapour and liquid conditions, although faster in the latter. Only 

when the calcination temperature was increased to 900 °C, an additional spinel 

phase appeared, which remained in the particles under both vapour and liquid 

rehydration conditions. This is proven by 27Al MAS NMR showing the presence 

of a peak representing tetrahedral Al. Differences between the as-synthesized 

LDHs and rehydrated LDOs were observed via additional analysis with FT-IR, 

SEM and nitrogen sorption. This illustrated that the process of the rehydration of 

the LDO into the LDH resulted in a new LDH rather than reconstructing it into the 

former LDH. Based on the results, it is suggested that even after high temperature 

calcination (600-900 °C), samples need to be stored carefully to avoid rehydration 

reactions to altered LDH materials, occurring at room temperature under an 

ambient, moist-containing atmosphere.  
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2.1 Introduction 

Layered double hydroxides (LDHs), a group of well-known materials with 

hydrotalcite structure, have been attracting attention because of their applications 

in various fields, such as adsorbents, anion exchangers and controlled release, 

separation and membrane technology, catalysts and catalyst supports [1–5]. LDHs 

can be synthesized by various methods including hydrothermal synthesis, so-gel 

synthesis, co-precipitation and urea hydrolysis methods [6–11]. Some of these 

methods, such as co-precipitation and urea hydrolysis, are straightforward, which 

gives an advantage for industrial-scale-up [12]. Generally, LDHs have at least one 

divalent and one trivalent cation. They can be expressed by the general formula 

[MⅡ1-xMⅢx(OH)2]x+(An-)x/n·mH2O, where the most typical divalent metal cation 

(MⅡ) is Mg2+ and Al3+ the most common trivalent metal cation (MⅢ). The value of 

x represents the molar ratio of MⅢ/(MⅡ + MⅢ) [12,13] and An- is an anion such as 

CO32-, NO3-, or Cl- that resides in the interlayers [14]. 

 

When LDHs are calcined, the layered structure is destroyed due to the progressive 

loss of physically adsorbed water molecules, dehydration of interlaminar water 

molecules, dehydroxylation and loss of anions in the layers. The specific collapsing 

temperature of an LDH is different depending on the metal cations and ratios of 

the metal cations [15–17]. For Mg/Al-CO3 LDH, a typical example of a widely 

researched and applied LDH, generally, dehydroxylation and decarbonisation 
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occur in the temperature range of 240 °C and 480 °C, resulting in a mixed oxide 

phase of periclase (MgO structure). A spinel phase (MgAl2O4) appeared when the 

calcination temperature increased above 800 °C [18]. The layered double oxides 

(LDOs) derived from the LDHs at a calcination temperature of 450 °C  and 550 °C  

can rehydrate into the layered structure when they are brought in contact with an 

anion-containing aqueous solution, water or a moist environment [19–22]. This 

rehydration property gives LDOs a high advantage in many applications especially 

when used as absorbents [23–26]. 

 

Some papers focusing on the rehydration of metal oxide compounds to form LDHs, 

well-known as the ‘memory effect’, were reported. Millange et al. [18] synthesized 

Mg/Al-LDH (Mg:Al = 3:1) via a co-precipitation method and prepared the LDO 

by calcining the LDH at 400 °C for 2 h. The rehydration process was studied via 

in-situ Energy-Dispersive X-ray diffraction by putting the calcined products in a 

sodium carbonate solution. The results indicated that carbonate in the liquid 

provided efficient means for the rehydration of low crystalline LDO. Mokhtar et 

al. [19] compared the rehydration of Mg/Al-LDO (Mg:Al = 3:1) in moist gas (gas 

flow of H2O/N2) and in Na2CO3 solution. Different from the liquid condition, 

where the LDO was put in a Na2CO3 aqueous solution for 1 h to rehydrate, in the 

moist gas phase hydration, the LDO kept its less ordered phase even after 52 h. 

Furthermore, Kikhtyanin et al. [21] studied the rehydration of Mg/Al-LDO with a 

metal molar ratio of 3 (Mg:Al = 3:1). After calcination at 450 °C for 3 h, the freshly 
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prepared mixed oxide was added and stirred in water at room temperature for 0-2 

h. Characterization results showed that the rehydration of the layered LDH 

structure occurred quickly, within several seconds, in pure liquid water while 

stirring. In addition, the Mg/Al ratio can also affect the thermokinetic rehydration 

process of the calcined MgAl-LDH [15]. Interestingly, at ratios of 2.5 and 3.0, the 

LDOs had the fastest H2O adsorption and this adsorption process was more 

temperature-dependent when the relative humidity was low. To further study the 

mechanism of the LDO rehydration process, MgAl-LDH was formed by physically 

mixing MgO and Al2O3 oxides via hydrothermal treatment [27]. It was found that 

the formation of LDH was strongly affected by the initial pH of the suspension 

solution. Neutral conditions were beneficial for the formation of MgAl-LDH with 

Mg(OH)2 as a minor impurity, while in basic conditions, MgO was the major 

impurity and did not hydrate even after 10 days of heating at 110 °C. Nevertheless, 

although the rehydration of Mg/Al-LDOs have been studied, many of these reports 

are more focused on the rehydration of LDOs obtained after calcination of the 

LDHs at relatively low calcination temperature (usually lower than 600 °C). Few 

studies investigated the relationship between rehydration time and high calcination 

temperature (> 600 °C) . Besides this, when calcined at high (> 600 °C) temperature 

less attention has been given to the rehydration conditions in pure liquid water or 

humid air atmosphere. The latter is however of practical significance, providing 
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recommendations towards the storage of calcined LDH, i.e. LDO product, which 

might rehydrate into LDH (Re-LDH) materials with different features. 

 

In this work, we studied the rehydration of LDOs which were obtained after high 

temperature calcination from 600 °C to 900 °C. Pure water was used as a liquid 

rehydration solution and compared to humid gas atmosphere rehydration, obtained 

via a sealed desiccator with pure water at the bottom. We prepared Mg/Al-LDH 

with a molar ratio of Mg:Al = 3:1 (as confirmed by ICP analysis) via a co-

precipitation method at room temperature. After calcining at different temperatures, 

the samples were divided into two parts: one was added into pure deionized water 

and reacted at room temperature while stirring; the other part was put into the 

sealed desiccator and adsorbed water from the humid ambient air (vapour phase). 

The phase changes of the materials were characterized by X-ray diffraction (XRD). 

27Al magic-angle spinning (MAS) nuclear magnetic resonance (NMR) was 

accomplished to look for changes after calcination at different temperatures and 

rehydration behaviour in the two water phases. Apart from this, thermal analytical 

measurements coupled to a mass spectrometer (TG-MS), scanning electron 

microscopy (SEM), infrared spectroscopy (IR) and N2 sorption isotherms were 

done to investigate whether the structure, composition and specific surface area of 

the rehydrated LDO were affected by the rehydration conditions and time. 
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2.2 Experimental 

2.2.1 Synthesis of Mg/Al-LDH 

The Mg/Al-LDH used in this work was synthesized by a co-precipitation method 

at room temperature. Typically, 75 mmol Mg(NO3)2·6H2O (≥ 99.0%, Sigma 

Aldrich) and 25 mmol Al(NO3)3·9H2O (≥ 98.5%, Merck) were dissolved in 100 

mL deionized water. In two separate flasks, 50 mmol Na2CO3 (≥ 99.95% dry basis, 

Sigma Aldrich) was dissolved in 100 mL deionized water and 180 mmol NaOH 

(98.5%, ACROS Organics) was dissolved in 50 mL deionized water. Then, the 

mixed metal solution and NaOH solution were dropwise and simultaneously added 

to the Na2CO3 solution while vigorously stirring. As the original Na2CO3 solution 

has a pH higher than 10, the addition of metal solution was put faster than that of 

NaOH in the first several minutes. When the pH reached 10, the addition speed of 

the metal solution was adjusted to keep the pH of the solution around 10 ± 0.1. 

Once the addition process was finished, the white mixture was aged at room 

temperature (20 °C) for 24 h under vigorous stirring. Then, the final white 

suspension was isolated by filtration, washed with 500 mL of deionized water and 

dried at 80 °C overnight. The white solid product was ground into powder for 

utilization. 
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2.2.2 Conversion to Mg/Al-LDO 

To convert the as-synthesized Mg/Al-LDH to LDO, it was heated at 600 °C, 700 °C, 

800 °C or 900 °C in ambient air atmosphere for 6 h with a heating rate of 5 °C/min. 

The obtained Mg/Al-LDOs were denoted as C600-LDO, C700-LDO, C800-LDO 

and C900-LDO. 

2.2.3 Rehydration in water vapour 

The obtained LDOs were put into a sealed desiccator with deionized water at the 

bottom. They were kept in the desiccator at room temperature for 6 h, 12 h, 24 h or 

48 h. The sample names are as follows: CT-LDO-t, where T represents the 

calcination temperature and t indicates the time for the rehydration. It has to be 

noted that the desiccator was not flushed with an inert gas. Hence, some CO2 was 

present. This was particularly done to mimic storage conditions in ambient 

laboratory conditions. 

2.2.4 Rehydration in liquid water 

As a comparison, LDOs were added into deionized water at room temperature 

under vigorous stirring for 6 h to 48 h. Then, the final products were isolated by 

centrifugation and dried in air at 80 °C overnight. The white samples obtained were 

crushed and ground into powder. The liquid water rehydrated samples are denoted 
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as Re-CT-t, where T and t indicate calcination temperature and rehydration time, 

respectively. 

2.2.5 Characterization techniques 

The thermalgravimetric analysis (TG) was performed on a Mettler Toledo 

TGA/SDTA851e thermal balance. Typically, the sample was heated to 1000 °C 

under a flow of argon with a heating rate of 10 °C/min. The volatile decomposed 

products during the TG process were analyzed by a Hiden HPR-20 R&D Mass 

Spectrometer (MS), operating at conditions with an argon flow of 50 ml/min and a 

heating rate of 10 °C/min. The MS signal was collected for m/z within the range 

of 2 to 100. 

 

The metal elemental composition of the LDHs was determined by ICP-MS 

(Agilent 7500, Agilent, Santa Clara, California USA). Each sample was destructed 

in trace metal grade nitric acid (Fluka, Buchs, Switzerland) and diluted with Milli-

Q Type 1 water. Calibration standards were made by diluting purchased 10000 

ppm standards (Alfa Aesar, Kandel, Germany). 

 

X-ray diffraction (XRD) was performed using an X’Pert Pro X-ray generator. The 

incident beam went through a Soller slit with a width of 0.04° combined with a 

programmable divergence slit with an irradiated length of 10.0 mm. The diffracted 

beam system has an automatic anti-scatter slit (observed length: 10.0 mm and 
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height 0.3 mm), after which there is another Soller slit with 0.04 radians. Behind 

the Soller slit, a graphite monochromator and a proportional detector were present. 

Samples were ground in an agate mortar, placed in a monocrystal holder and 

mounted on a sample stage, which is a spinner. The samples were spinning with a 

revolution time of one second. It was operated at 40 kV and 40 mA with CuKα 

radiation in the 2θ scanning range of 5-70° with a step size of 0.04° and 4 s/step. 

The measurements were done under atmospheric conditions at room temperature. 

 

27Al solid-state MAS NMR experiments were performed with an Agilent VNMRS 

Direct Drive 400 MHz spectrometer (9.4 T wide bore magnet) equipped with a 

T3HX 3.2 mm probe. The experiments were carried out using magic angle spinning 

(MAS) at 14 kHz in ceramic rotors of 3.2 mm (22 μl). AlCl3 was used to calibrate 

the aluminium chemical shift scale (0 ppm). Acquisition parameters used were: a 

spectral width of 420 kHz, a 75° pulse of 2.5 μs, an acquisition time of 10 ms, a 

recycle delay time of 3 s, a line-broadening of 150 Hz and around 2000 

accumulations. 

 

The specific surface area was deduced from the isotherms recorded on a 

Quantachrome Quadrasorb SI automated gas adsorption system. Before analysis, 

all the samples were degassed at 80 °C (which is also the temperature for drying 

the samples) or 200 °C (at which the interlayer and physically adsorbed water can 

be removed) for 16 h under high vacuum condition. As the samples used for 80 °C 
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and 200 °C  degassing conditions were from different batches, the difference in the 

specific surface area should only be interpreted in view of trends in changes in 

specific surface area as a function of treatment (temperature or/and hydration 

condition) rather than comparing absolute values at different degassing 

temperatures. Multipoint BET was used to determine the apparent surface area. 

 

Diffuse Reflectance Infrared Fourier Transform (DRIFT) spectra were measured 

on a Nicolet 6700 Fourier Transform IR spectrometer (Thermo Scientific). For 

each spectrum, a wavenumber region of 500-4000 cm-1 was detected and 200 scans 

were collected. The sample was diluted in KBr to form a 2 wt% uniform mixture 

which was loaded in the Harrick DRIFT accessory. Before it was measured, a 

vacuum condition was applied for 15 minutes with a rotation pump at room 

temperature to remove excess physically adsorbed water and/or CO2. 

 

Scanning electron microscopy (SEM) was used to observe the morphology and 

particle size of all the samples. They were examined with a Field Emission Gun – 

Environmental Scanning Electron Microscope (FEG-ESEM) equipped with an 

Energy Dispersive X-ray (EDX) detector (FEI Quanta 250, USA; at AXES and 

EMAT research groups, University of Antwerp), using an accelerating voltage of 

20 kV, a take-off angle of 30°, a working distance of 10 mm and a sample chamber 

pressure of 10-4 Pa. 
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2.3 Results and Discussion 

2.3.1 Elemental chemical analysis (ICP) 

ICP analysis was used to determine the chemical composition of as-synthesized 

LDH. The analysis showed that the ratio of Mg2+/Al3+ was 3, which is the same as 

the theoretical value. This result confirmed the effective synthesis of LDH via the 

co-precipitation method. 

2.3.2 X-ray diffraction 

The XRD patterns of as-synthesized LDH are shown in Fig. 2.1A. The sharp 

reflections of (003), (006), (012) and wide reflections of (015), and (018) showed 

successful synthesis of the LDH compound. The (110) and (113) reflections were 

easily recognized, although they showed overlap between 60.5º and 61.7º 2θ. The 

(00Ɩ) reflections, namely (003) and (006), were characterized by high intensities 

with broad baseline shapes, which indicates that the as-synthesized LDH had 

relatively high crystallinity but with small crystallites. 
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Fig. 2.1. XRD patterns of as-synthesized Mg/Al-LDH (A) and LDOs obtained at different 
temperatures (B). MgO (●), Mg-Al Spinel (♦). 

After calcination at different temperatures between 600 °C and 900 °C, X-ray 

diffraction, exhibiting reflections at 2θ of 35°, 43° and 62°, suggested that 

calcination of the LDH at temperatures between 600 °C and 800 °C only results in 

the formation of a periclase (MgO) phase (Fig. 2.1B). However, when the 

temperature was increased to 900 °C, an extra phase of MgAl2O4 spinel was formed. 
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Putting these samples into a water vapour or liquid water condition at room 

temperature for 6–48 h, some changes occurred in these samples, which were 

recognized by XRD (Fig. 2.2). The XRD patterns of the samples indicated a rapid 

(partial) rehydration of the LDO into LDHs (Re-LDHs) within 6 h for all the high-

temperature (600-900 °C) calcined LDOs. This observation was different from the 

rehydration reported in the literature using a Mg/Al-LDH with a Mg/Al ratio of 2 

[28]. This could be explained by former literature, stating that higher Mg/Al molar 

ratios of 2.5 and 3.0 in the LDHs had better absorption ability of H2O, which was 

crucial in the rehydration process [15]. Samples reported here, which were calcined 

at higher temperatures, showed similar rehydration ability compared to the reported 

low-temperature (≤ 600 °C) calcined ones [18,19,21]. Generally, LDOs rehydrated 

for 48 h in both vapour and liquid conditions ( Re-LDHs obtained at temperatures 

of 600 °C, 700 °C, and 800 °C ) exhibited sharper and stronger reflections than as-

synthesized LDH at all reflections (Fig. A.1). The reflections of C600-LDO-48h 

and Re-C600-48h were the highest, suggesting that the samples rehydrated from 

C600-LDO had the best crystallinity. Compared with as-synthesized LDH, the 

rehydrated C900-LDO featured lower reflections both in vapour and water 

conditions, due to the stable crystalline of spinel phase present in the sample. 

Therefore, it is suggested that the ability for rehydration and the crystallinity of the 

rehydrated samples are dependent on the calcination temperature of the LDOs and 

to some degree dependent on the rehydrating conditions like water phase and time. 
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Fig. 2.2. XRD patterns of rehydrated C600-LDO, C700-LDO, C800-LDO and C900-LDO 
in water vapour (A-D) and liquid water (E-H). MgO (●), Mg-Al Spinel (♦). 

5 10 15 20 25 30 35 40 45 50 55 60 65 70 5 10 15 20 25 30 35 40 45 50 55 60 65 70

5 10 15 20 25 30 35 40 45 50 55 60 65 70

5 10 15 20 25 30 35 40 45 50 55 60 65 70 5 10 15 20 25 30 35 40 45 50 55 60 65 70

5 10 15 20 25 30 35 40 45 50 55 60 65 70

5 10 15 20 25 30 35 40 45 50 55 60 65 70

5 10 15 20 25 30 35 40 45 50 55 60 65 70

C600-LDO-48h

C600-LDO-24h

C600-LDO-12h

C600-LDO-6h

 

 

In
te

n
si

ty

C600-LDO

A B

 

 

In
te

ns
ity

Diffraction angle (2θ)

C700-LDO-48h

C700-LDO-24h

C700-LDO-12h

C700-LDO-6h

C700-LDO

Diffraction angle (2θ)

Diffraction angle (2θ)

Diffraction angle (2θ)

Diffraction angle (2θ)

C

 

 

In
te

ns
ity

C800-LDO-48h

C800-LDO-24h

C800-LDO-12h

C800-LDO-6h

C800-LDO

E

 

 

In
te

ns
ity

Re-C600-48h

Re-C600-24h

Re-C600-12h

Re-C600-6h

C600-LDO

F

 

 

In
te

ns
ity

Re-C700-48h

Re-C700-24h

Re-C700-12h

Re-C700-6h

C700-LDO

G H

 

 

In
te

ns
ity

 Re-C800-48h

 Re-C800-24h

 Re-C800-12h

 Re-C800-6h

 C800-LDO

Re-C800-48h

Re-C800-24h

Re-C800-12h

Re-C800-6h

C800-LDO

D

tt
t

t

t



 

 

In
te

ns
ity

 C900-LDO-48h

 C900-LDO-24h

 C900-LDO-12h

 C900-LDO-6h

 C900-LDO

C900-LDO-48h

C900-LDO-24h

C900-LDO-12h

C900-LDO-6h

C900-LDO


t

 

 

In
te

ns
ity

Re-C900-48h

Re-C900-24h

Re-C900-12h

Re-C900-6h

C900-LDO

t
t



t



t

tt

Diffraction angle (2θ) Diffraction angle (2θ)



Chapter 2 Can high temperature calcined Mg-Al layered double hydroxides (LDHs) fully 
rehydrate at room temperature in vapour or liquid condition? 

123 

 

When comparing the rehydration process of C600-LDO in water vapour (Fig. 

2.2A), there was a progressive change of the XRD pattern intensity and sharpness 

of the reflections when prolonging the rehydrating time from 6 h to 48 h in vapour 

condition. However, sharper and more intense reflections were already formed in 

the liquid water after 6 h (Fig. 2.2E). Similar trends as rehydrated C600-LDO also 

appeared in the rehydration process of the C700-LDO and C800-LDO (Fig. 2.2B 

and 2.2F, Fig. 2.2C and 2.2G, respectively). Nevertheless, the reflection of MgO 

at 2θ = 42.9° already disappeared in the C600-LDO sample (Fig. 2.2A) after 

exposure to water vapour for 6 h, while it remained visible even after 12 h in the 

samples of C700-LDO (Fig. 2.2B) and C800-LDO (Fig. 2.2C), and stayed present 

for 24 h in the sample of C900-LDO (Fig. 2.2D) in the vapour condition. The 

intensity of the MgO reflection decreased as time increased, which indicated that 

the magnesium oxide was involved in the rehydration reaction. Moreover, 

comparing liquid water versus vapour rehydration for samples calcined at the same 

temperature, showed a faster rehydration process in liquid water as can be deduced 

from the existence or disappearance of the reflection of MgO at 2θ = 42.9°. This 

was also visible from data in Table 2.1, where larger crystals of the Re-LDHs were 

formed at lower exposure time in liquid water versus water vapour. Only in the 

case of samples rehydrated from C800-LDO and C900-LDO, still an increase in 

crystal size is visible as a function of time in liquid water conditions. 
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When the calcination temperature was 900 °C, an obvious spinel phase appeared 

in the C900-LDO compounds, next to MgO (Fig. 2.1B and Fig. 2.2D and 2.2H). 

The spinel remained to exist even after a 48 h rehydration reaction in both vapour 

and liquid conditions. Also, the spinel signals seem to increase in intensity as a 

function of rehydration time as visible in the reflection at 2θ = 18.9°, for which the 

increase also seems stronger in the liquid water than in water vapour. For the 

reflections at 2θ = 59.3° and 65.3° this seems less obvious for vapour phase 

rehydration, although the relative intensity to the reflection at 2θ = 18.9° appears 

similar after vapour or liquid water rehydration (Fig. 2.2D and Fig. 2.2H). All these 

reflections seem to increase with time in a similar manner, which implies that the 

spinel phase can still be formed in the rehydration process, although it is obvious 

that the growth appears faster in liquid water than in water vapour. 

 

To have a direct comparison of the absolute intensity of Re-LDHs as a function of 

their preparation temperature, the XRD reflections of samples rehydrated for 24 h 

and 48 h were collected in Fig. A.1 (see Appendix A). Compared with samples 

obtained in water vapour condition, the intensities of samples with calcination 

temperatures of 700 °C and 800 °C rehydrated in liquid water were more intense 

and sharper, while there was no difference for the 600 °C sample. In contrast, after 

calcination at 900 °C, rehydration in liquid water (Re-C900-24h) resulted in lower 

XRD reflections than in water vapour (C900-LDO-24h). In addition, the intensity 

and sharpness of the XRD reflections of samples rehydrated under the same 
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condition decreased with increasing calcination temperature, Note that the intensity 

of reflections was weaker than the as-synthesized LDH as the temperature reached 

900 °C (Fig. A.1). These phenomena indicated that, although LDOs were obtained 

at temperatures as high as 800 °C, they could completely rehydrate into LDH, but 

with a calcination temperature dependent rehydration rate (slower at a higher 

temperature) and a coinciding difference in crystal size and crystallinity. 

Table 2.1 Crystalline size and d003 parameter of as-synthesized LDH, calcined and 
rehydrated samples based on XRD reflections. 

Sample Crystal Size 
(nm) d003 (Å) Sample Crystal 

Size (nm) d003(Å) 

LDH 10.4 7.80    

C600 8.7 - C800 9.1 - 
C600-6h 9.9 7.74 C800-6h 9.8 7.71 
C600-12h 11.9 7.80 C800-12h 10.8 7.69 
C600-24h 17.6 7.80 C800-24h 10.9 7.77 
C600-48h 20.2 7.77 C800-48h 14.9 7.83 
Re-C600-6h 19.3 7.74 Re-C800-6h 12.7 7.77 
Re-C600-12h 19.7 7.77 Re-C800-12h 13.4 7.74 
Re-C600-24h 19.1 7.77 Re-C800-24h 13.9 7.77 
Re-C600-48h 18.7 7.77 Re-C800-48h 15.8 7.77 
C700 8.6 - C900 10.8 - 
C700-6h 8.7 7.69 C900-6h 10.7 7.64 
C700-12h 9.6 7.71 C900-12h 10 7.88 
C700-24h 12.5 7.80 C900-24h 10.1 7.91 
C700-48h 16.2 7.82 C900-48h 13.5 7.88 
Re-C700-6h 15.6 7.80 Re-C900-6h 10 7.80 
Re-C700-12h 16.2 7.77 Re-C900-12h 10.6 7.82 
Re-C700-24h 15.6 7.74 Re-C900-24h 11 7.88 
Re-C700-48h 15.4 7.77 Re-C900-48h 11.8 7.83 

a Calcined sample size was calculated based on the (200) reflection of the LDO. b Rehydrated sample 
size was calculated based on (003) reflection of the LDH. 
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Table 2.1 and Table A.1 display the effect of rehydration on the crystalline sizes 

and crystal lattice parameters of the as-synthesized LDH, LDOs and Re-LDHs. The 

crystalline sizes were calculated based on XRD reflections by Scherrer’s equation. 

The d003 value of 7.69 to 7.91 Å demonstrated that the interlayer anions should be 

CO32- and H2O molecules [14,29], which was confirmed by the TG-MS in Fig. A.2. 

An average c-axis parameter of around 3.05 Å and 3.11 Å and a lattice parameter 

equal to about 23 Å were calculated and shown in Table A.1. Combining this 

information with the XRD diffraction peaks of (012), (015) and (018), a polytype 

of 3R1 was assumed for the as-synthesized and Re-LDHs [14,30–32]. Furthermore, 

the lattice a parameters increased from 3.05 Å in the rehydrated samples produced 

by LDOs calcined at 600-800 °C to 3.11 Å when calcined at 900 °C, which might 

be due to a slight change of the Mg/Al molar ratio in the LDH phase. Besides this, 

the spinel phase which still existed after the rehydration process may also 

contribute to the lattice increase to some degree. Compared with the crystalline size 

of the as-synthesized LDH (10.4 nm), after calcination, the obtained crystal sizes 

of the LDOs became smaller when the temperature was between 600-800 °C (8.7 

nm, 8.6 nm, and 9.1 nm, respectively). This was as expected due to the collapse of 

the layered structure. However, when the temperature arrived at 900 °C, the 

crystalline size increased somewhat to 11 nm because of the formation of the 

observed spinel phase in the sample. Moreover, upon rehydration, the crystalline 

size of all rehydrated samples increased compared to the LDOs and most were also 

larger than the original LDH. The size showed an evident increasing trend as the 
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rehydration process evolved in time in the presence of water vapour. Different from 

that, samples rehydrated in liquid water kept unchanged or only changed a little 

(C800-LDO and C900-LDO) in the crystalline size, confirming the faster and more 

complete rehydration process in liquid water. Besides this, for samples rehydrated 

in liquid water, the crystalline size of samples rehydrated for the same length of 

time decreased as the calcination temperature increased. In the water vapour 

condition, this phenomenon happened after rehydration for 24 h and 48 h. Whereas, 

for shorter rehydration times (6 h and 12 h), the samples calcined at different 

temperatures had almost the same crystalline size. These results suggested that 

rehydration in liquid water can aid in achieving maximum crystal sizes of 

rehydrated LDHs faster than in water vapour. Another conclusion that could be 

drawn was that the crystallinity and crystal growth of the LDH was facilitated upon 

rehydration compared to the as-synthesized LDH obtained via a room-temperature 

co-precipitation method. 
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2.3.3. 27Al solid-state MAS NMR 
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Fig. 2.3. 27Al MAS NMR spectra of (A) as-synthesized LDH and LDOs calcined at different 
temperatures, and (B) as-synthesized LDH, and Re-LDHs of C900-LDO rehydrated in water 
vapour (C900-LDO-6h and 24h) or liquid water (Re-C900-6h and 24h) for 6 h or 24 h. 

The 27Al MAS NMR spectra of as-synthesized LDH, LDOs obtained at different 

temperatures and rehydrated C900-LDOs are shown in Fig. 2.3. As shown in Fig. 

2.3A., the as-synthesized LDH only shows a single sharp resonance at 10 ppm in 

the 27Al spectrum, indicating that the Al appears predominantly in octahedral sites 

[33,34]. After calcination at 600 °C, with the loss of interlayer water, a broad peak 

was observed at 75.4 ppm which can be assigned to tetrahedral sites of Al. This 

resonance becomes stronger and shifts downfield (from 75.4 ppm to 82.2 ppm) 

upon calcination at 800 °C, coinciding with the formation of the periclase (MgO) 

phase as observed in XRD (Fig 2.1B), causing simultaneous changes in the alumina 

phase, next to changes induced by progressive dehydroxylation in function of 

temperature (see section 2.3.4 TG coupled to mass spectrometry). At a calcination 

temperature of 900 °C, it splits into two peaks (69.7 ppm and 82.7 ppm). A similar 



Chapter 2 Can high temperature calcined Mg-Al layered double hydroxides (LDHs) fully 
rehydrate at room temperature in vapour or liquid condition? 

129 

 

situation was described in the literature, but with a somewhat smaller downfield 

shift from 74.0 ppm to 76.1 ppm, claimed to be correlated to aluminium oxide 

phases such as cubic structures (γ-, δ-, and θ- alumina) and/or hexagonal phases (χ- 

and κ-alumina), although no XRD detectable alumina phase was observed upon 

calcination [35]. However, although no alumina phases were detected in XRD, the 

peak appearing at 69.7 ppm in 27Al NMR (Fig. 2.3A) seems to correlate to the XRD 

visible MgAl2O4, spinel phase that appears at 900 °C calcination. This correlation 

was also confirmed by literature [34–36]. Hence, based on XRD and 27Al NMR 

data, the signals between 75 and 83 ppm are expected to correlate to tetrahedral Al 

sites in (disordered/distorted) phases of aluminium oxide that are not detectable in 

XRD and change with temperature, whereas the signal at 69.7 ppm seems to 

originate from a nanostructured ordered spinel phase with tetrahedral Al in a more 

defined spinel lattice when calcining at 900 °C [36]. Moreover, the peak 

representing octahedral Al shifted from 10 ppm for LDH to 13.9 ppm for C600-

LDO, while it moved upfield as temperature increased and reached a chemical shift 

of 10.7 ppm for C900-LDO. This trend was also reported in the literature, 

demonstrating that the unheated LDH showed a single resonance at 9 ppm which 

shifted downfield to 10.2 ppm at a calcination temperature of 700 °C and then 

shifted back upfield to 10 ppm after calcination at 900 °C [34]. Comparing the 

spectra of the rehydrated samples obtained from C900-LDO with the spectrum of 

as-synthesized LDH, all spectra showed a sharp peak at 10 ppm, representative of 

the LDH phase, but all rehydrated C900-LDO samples also show an additional 
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tetrahedral peak at 69.2 ppm (Fig 2.3B) that is most probably originating from the 

spinel (MgAl2O4) phase as it also remained present in the XRD (Fig. 2.2D and 

2.2H). This confirms that the rehydration of the sample calcined at 900 °C was 

incomplete which was also confirmed by the XRD results in section 2.3.2. Besides 

this, no significant differences were observed between Re-C900-6h and Re-C900-

24h, which is in accordance with the XRD results (Fig. 2.2H). However, comparing 

C900-LDO-6h and C900-LDO-24h, a difference is observed in the 

tetrahedral/octahedral ratio which is also reflected in the XRD patterns (Fig. 2.2D). 

2.3.4. TG coupled with mass spectrometry 

100 200 300 400 500 600 700 800 900 1000
40

45

50

55

60

65

70

75

80

85

90

95

100
 

W
ei

gh
t (

%
)

Temperature (C)

(240, 81.7)

(520, 56.6)

-0.5

-0.4

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

0.4

0.5

D
TG

 (
%

/
C

)

53.3

-5

-4

-3

-2

-1

0

1

H
ea

ti
n

g 
Fl

o
w

 (
W

/g
)

TG

DSC

DTG

 

Fig. 2.4. Thermal analysis of the as-synthesized Mg/Al-CO3-LDH: TG (black line)/DTG 
(red line)/DSC (green line) analysis of LDH. 

The thermal decomposition of the LDH (Fig. 2.4) generally proceeded in three 

mass loss stages in the temperature regions of 35-240 °C, 240-520 °C, and 520-
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1000 °C, coinciding with two obvious endothermic peaks with a maximum heat 

flow (DSC curve, green line) at about 200 °C and 400 °C. The asymmetric nature 

of the DSC and DTG peaks indicates that multiple mass loss processes were 

ongoing, spread over a wide temperature range with a maximum at the endothermic 

maxima of the DSC curve. The mass loss till 240 °C included the removal of 

physical adsorbed H2O, the interlayer water and a trace amount of CO2, as visible 

in the MS (Fig. A.2), which in total accounts for 18.3 wt%. As reported in the 

literature [37], the interlayer water started to be removed above 70 °C. The same 

could be assumed here, visible as a weakly resolved peak in DTG and DSC curves, 

with a mass loss of ～1.5%, attributed to physical adsorbed water, while the total 

mass loss for interlayer water was about 16.8% (temperature range 70 °C to 240 °C). 

In the temperature range from 240 °C to 520 °C, the mass spectrometric data 

indicated the removal of both CO2 and H2O (Fig. A.2), which represented a 25.1% 

mass change. 

Table 2.2 Mass loss based on TG for samples of as-synthesized LDH, C600-LDO and its 
rehydrated samples at two different rehydration conditions (vapour and liquid) for 
different hours. 

Sample 
Temperature Range (°C) & Mass Loss (%) 
RT-70 70-240 240-520 520-1000 Total 

LDHa 1.5 16.8 25.1 3.3 46.7 
C600-LDOa 0.1 3.8 2 2.3 8.2 
C600-LDO-6ha 0.9 9.9 13.3 2.4 26.5 
C600-LDO-12h 3 18.2 18.9 2.4 42.5 
C600-LDO-24ha 6.6 20.3 20.1 2.5 49.5 
C600-LDO-48h 6.6 27.5 18.7 2.1 54.9 
Re-C600-6ha 1.5 14.5 26.4 2.2 44.6 
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Re-C600-12h 0.5 15.1 26 2.3 43.9 
Re-C600-24ha 0.5 14.6 26.3 2.3 43.7 
Re-C600-48h 0.5 14.6 26.3 2.4 43.8 

a Mass spectrometer was connected with the TG for these samples. 

Table 2.2 summarizes the TG results for as-synthesized LDH, C600-LDO and Re-

LDHs obtained from C600-LDO. As shown before, for as-synthesized LDH, in 

addition to the ~1.5% physically adsorbed water, the interlayer loss of CO2 and 

H2O was about 16.8% and another ~ 25.1% mass loss appeared between ~ 240 °C 

to ~ 520 °C due to the dehydroxylation of the brucite structure as well as the 

decomposition of carbonates. The same three temperature ranges were used to 

study the changes in the rehydrated samples. Typically, C600-LDO showed about 

3.8% evolution of interlayer water loss and 2% dehydroxylation related water loss, 

which suggested that there was still a small amount of layered H2O-containing 

structure and OH-groups in the structure which probably was left after calcination 

or that already reappeared as the start of the rehydration process. When C600-LDO 

was rehydrated in the water vapour, as the reaction time increased from 6 h to 48 

h, both the physically adsorbed water (room temperature to 70 °C in the TG curve) 

and the interlayer water (70-240 °C) content increased from ~ 0.9% to ~ 6.6% and 

~ 9.9% to ~ 27.5%, respectively. The physical adsorbed water seemed to reach its 

maximum amount at 24 h, while the content of interlayer water increased further 

till 48 h. The amounts of physically adsorbed and interlayer water were also higher 

than that of the original as-synthesized LDH. The amount of dehydroxylated water 

and CO2 increased in the first 12 hours but then remained almost unchanged, which 
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was in accordance with the XRD results where the periclase reflections disappeared 

and rehydrated into LDH after 12 h. Nevertheless, it did not reach its original 

amount of dehydroxylated water of 25% nor the 3% related to OH-group 

condensation 520-1000 °C. However, samples rehydrated in liquid water exhibited 

a stable value of interlayer water ~ 15% and dehydroxylation water and CO2 ~ 26% 

after 6 h. Moreover, these two values were also closer to the values of the as-

synthesized LDH, suggesting a similar chemical composition. Different from the 

as-synthesized LDH, it adsorbed less physical water when rehydrating more than 

12 h, which was opposite to rehydration in water vapour. 

 

TG-MS analysis of the as-prepared LDH, C600-LDO, C600-LDO-6h, C600-LDO-

24h, Re-C600-6h, and Re-C600-24h provided information on the amount of both 

H2O and CO2 species evolved from the samples by dehydration, dehydroxylation 

or/and decarboxylation (Fig. A.3A-E). The TG-MS curves show that the 

rehydrated samples have a similar dehydroxylation of the brucite-like layers and 

decarboxylation of CO32- in the temperature range of 240-520 °C with the as-

synthesized LDH. However, some differences can be observed. Specifically, the 

signals of interlayer H2O increased as the rehydration time increased in both water 

vapour and liquid water rehydration conditions. Besides this, the relative intensity 

of the H2O signal at 50-240 °C and 240-500 °C for all the four rehydrated C600-

LDO samples illustrated the increase of the amount of both interlayer water and 

the OH- group in the brucite-like layers. Compared with as-synthesized LDH (Fig. 
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A.2), which had only one resolved peak between 130 °C and 240 °C, the rehydrated 

samples (Fig. A.3) had two peaks in this temperature range. Moreover, this 

temperature range increased to about 289 °C for Re-C600 -24h. This could be 

caused by both weakly and strongly physically adsorbed water in the samples and 

points to a difference in surface chemistry or interaction. Besides, the CO2 signal 

in the MS (m/z 44) of as-synthesized LDH (Fig. A.2) moved left from about 302-

499 °C to 257-460 °C (in water vapour) and 264-450 °C (in liquid water) for 6 h 

rehydrated samples under both conditions. However, this range became more 

narrow and closer to the maximum temperature of CO2 release of the as-

synthesized LDH for 24 h samples, 364-480 °C for water vapour condition and 

371-496 °C for liquid water condition, respectively. The phenomena suggested that 

for the CO32- anion in the rehydrated samples, time is the more important factor for 

its formation rather than the type of water phase for rehydration. 



Chapter 2 Can high temperature calcined Mg-Al layered double hydroxides (LDHs) fully 
rehydrate at room temperature in vapour or liquid condition? 

135 

 

2.3.5. Specific surface area 
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Fig. 2.5. Nitrogen adsorption-desorption isotherms at -196 °C of the as-synthesized LDH, LDO 
calcined at different temperatures, and LDHs rehydrated in water vapour and liquid water 
conditions with degassing temperature at 80 °C. 

The alterations of disorder and crystalline changes caused by calcination and 

rehydration are considered to be the reason for the variation in the specific surface 

area [38–40]. According to the nitrogen adsorption-desorption isotherms (Fig. 2.5 
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and Fig. A.4), as-synthesized LDH, LDOs and rehydrated LDHs showed generally 

type Ⅱ isotherms with H3 hysteresis loops representative for non-rigid aggregation 

of plate-like particles or incompletely filled macropores [41,42]. 

Table 2.3 Specific surface area (degassing at 80 °C for 16 h) of samples obtained at different 
calcination temperatures and rehydration conditions. 

Sample SBET 
(m2/g) Sample SBET 

(m2/g) Sample SBET 
(m2/g) Sample SBET 

(m2/g) 

LDH 108 - - - - - - 

C600-LDO 204 C700-LDO 194 C800-LDO 177 C900-LDO 128 

C600-LDO-6h 111 C700-LDO-6h 113 C800-LDO-6h 95 C900-LDO-6h 88 

C600-LDO-24h 24 C700-LDO-24h 48 C800-LDO-24h 62 C900-LDO-24h 58 

Re-C600-6h 5 Re-C700-6h 4 Re-C800-6h 4 Re-C900-6h 12 

Re-C600-24h 5 Re-C700-24h 5 Re-C800-24h 4 Re-C900-24h 11 

 

The as-synthesized LDH has a specific surface area (SBET) of 108 m2/g. Once it is 

calcined, this value increases as a result of the porous structure with holes created 

by the loss of interlayer CO32-, -OH and the collapse of the layered structure [43,44]. 

At 600 °C, the C600-LDO exhibited the highest SBET of 204 m2/g. As the 

calcination temperature increased further, the values of SBET decreased to 194 m2/g, 

177 m2/g and 128 m2/g at 700 °C, 800 °C and 900 °C, respectively. However, when 

the samples were rehydrated in water vapour or liquid water, the values of SBET of 

all these samples decreased and remained much lower than the LDOs and original 

LDH. After being rehydrated in water vapour for 6 h, C600-LDO-6h and C700-

LDO-6h displayed almost the same SBET, 111 m2/g and 113 m2/g, respectively. 
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Moreover, when prolonging the exposure time to 24 h, both of their SBET decreased 

quickly. Samples calcined at 800 °C and 900 °C showed a similar decreasing 

tendency. Nonetheless, the SBET of C800-LDO-24h (62 m2/g) and C900-LDO-24h 

(58 m2/g) were higher than those of C600-LDO-24h (24 m2/g) and C700-LDO-24h 

(48 m2/g). A possible reason could be that samples with a lower calcination 

temperature featured a better rehydration effect (as shown in XRD, Fig. 2.2) while 

being exposed to the same rehydration time. Therefore, the rehydrated samples 

kept more hydroxyl groups and water molecules in the interlayer after degassing, 

which could lead to a decrease in the adsorption ability of N2 during the 

characterization process. 

 

In addition, when the samples were rehydrated in liquid water, the final SBET of 

samples with calcination temperatures of 600 °C, 700 °C and 800 °C were around 

5 m2/g, no matter the calcination temperature and rehydration time. Only the Re-

C900-6h and Re-C900-24h samples showed somewhat higher SBET values of 12 

and 11 m2/g, respectively. These low specific surface areas were comparable with 

those reported for rehydrated LDO samples, whose specific surface areas were only 

6.6 and 4.3 m2/g [45]. 

 

As suggested by the TG results, at 200 °C the interlayer and physically adsorbed 

water can be removed. To study how the water in the rehydrated samples affected 

SBET, a higher degassing temperature of 200 °C was used. As another batch of 
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materials was used for 200 °C degassing, the results obtained should only be 

interpreted towards the trends in function of treatment conditions, rather than 

comparing the absolute value differences in surface areas for the different 

degassing temperatures. As shown in Fig. A.4-6, the adsorption/desorption 

isotherms of the LDH were both type Ⅱ. This suggested that increasing the 

degassing temperature from 80 °C to 200 °C had little effect on the pore properties 

of as-synthesized LDHs. After calcination, the SBET of LDOs (Table A.2) was 

higher than the as-synthesized LDH and showed a decreasing trend as the calcining 

temperature increased, which was the same as LDOs samples measured at a low 

degassing temperature of 80 °C. Besides this, in both 80 °C and 200 °C degassing 

conditions, the Re-LDHs produced in water vapour showed an obvious decrease 

trend in SBET. Furthermore, in both degassing temperatures, Re-LDHs obtained in 

liquid water conditions showed quite small SBET. Although at both 80 °C and 

200 °C degassing conditions, the SBET has decreased significantly after 24h 

rehydration in water vapour for all samples, a difference in trend is visible after 

only 6 h degassing at 200 °C (versus 80 °C). Generally, samples rehydrated in 

water vapour featured larger specific surface area than those rehydrated in liquid 

water no matter if the interlayered and physically adsorbed water was removed 

(degas at 200 °C) or not (degas at 80 °C). Combing the N2 sorption data with the 

SEM images shown in Fig. 2.8 and Fig. A.7, it can be figured out that, after 

rehydration no matter in water vapour or liquid water, samples aggregated together 

forming irregular layers or lumps with larger particle sizes. However, it led to the 
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decrease in the amount of cavities between particles, resulting in the decrease of 

SBET. This can also be confirmed by the loss of interstitial porosity visible in N2 

sorption at relative pressures above 0.75, as shown in Fig. 2.5. 

2.3.6. Fourier transformed infrared spectroscopy (FT-IR) 
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Fig. 2.6. DRIFT spectra of LDH and LDO calcined at different temperatures. 

To better understand the changes in the LDH, calcined LDOs and rehydrated LDOs, 

FT-IR was used to reveal chemical bond information. Comparing the LDH before 

and after calcination at different temperatures (Fig. 2.6) indicates a weakening of 

the band at about 3470 cm-1 in the calcined samples due to the vibration of 

physically adsorbed water and structural OH- groups in the LDH sample, 

illustrating their loss during the calcination process. Specifically, the wide, 
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unresolved band at around 3470 cm-1 can be correlated to multiple contributions: 

hydrogen-bonded interlayer water typically expected around 3300 cm-1 and, in 

addition, different stretching modes of M-OH (3470 cm-1 belongs to the Al-OH 

bond and 3600 cm-1 was assigned to Al- or Mg-OH bond) [46]. At about 3070 cm-

1, a wide band attributed to the CO32-- H2O bridging modes of carbonate and 

interlayer water of the LDH sample was visible [18]. This band almost disappeared 

after calcination. A bending vibration band of interlayer water was visible near 

1640 cm-1 whose intensity decreased significantly with increasing calcination 

temperature and shifted to 1660 cm-1 in the calcined samples. In the LDH sample, 

the obvious FT-IR signals at 1370 cm-1, 856 cm-1 and 660 cm-1 were due to the 

CO32- vibration [37,47]. The other bands below 1000 cm-1 generally belonged to 

the M-O skeletal vibrations. After calcination, signals around 680-700 cm-1 and 

800-867 cm-1 appeared, depending on the calcination temperature and were 

ascribed to the stretching vibration of Mg-O and the stretching vibrations of 

tetrahedral AlO4 and octahedral AlO6 [48]. They became stronger with calcination 

temperature. Moreover, the shift in peak positions of the tetrahedral (> 760 cm -1) 

and octahedral alumina stretching vibrations (400-800 cm-1) confirms the 

suggested changes in the alumina phase upon dehydroxylation that were 

hypothesized based on the shift in the 27Al NMR chemical shifts between 75-82.7 

ppm (tetrahedral alumina) and between 10-13.9 ppm (octahedral alumina). 

However, their positions were somewhat different from those reported in the 
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literature, in which the LDO was obtained at temperatures between 200-800 °C and 

the bands of Al-O were around 713 cm-1 and 797 cm-1 [49]. 
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Fig. 2.7. DRIFT spectra of rehydrated LDOs in water vapour (A) and liquid water (B). 

Fig. 2.7A shows the FT-IR results of rehydrated samples in the condition of water 

vapour and in Fig. 2.7B those of rehydration in water. After rehydration in water 

vapour or liquid water, the bands of physically adsorbed water and interlayer water 

were clearly present. The appearance of bands at 3470 cm-1 and 1365 cm-1 in all 
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the samples, which belong to OH stretching of water molecules and carbonate ions 

[50], suggested that some H2O and CO32- anions were integrated into the structure 

during the rehydration process of the samples, which could be adsorbed from the 

air or/and liquid water. However, compared with other rehydrated samples at 600–

800 °C under both water vapour and liquid water, the samples rehydrated from 

C900-LDO showed relatively lower and less sharp bands at 3470 cm-1 and 1365 

cm-1. This suggested the relatively weak ability of adsorbing CO2 and H2O for 

C900-LDO, coinciding with the observed lower rehydration tendency of the C900-

LDO samples. In addition, different from the as-synthesized LDH, an obvious band 

at about 3700-3710 cm-1 appeared, which belongs to the brucite (Mg(OH)2) phase 

[27]. Moreover, it is sharper for materials rehydrated after calcination at higher 

temperatures. The same bands are observed in the rehydrated LDO in liquid 

condition as shown in Fig. 2.7B, illustrating the fact that the same functional groups 

were formed, even though the reactions happen in a different water phase. 
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2.3.7. SEM images 

Fig. 2.8. SEM images of LDH, calcined LDO, and 24 h rehydrated samples in different 
conditions. 

SEM images (Fig. 2.8 and Fig. A.7) described the morphological changes of the 

LDH after calcination and rehydration for 24 h and 6h. The micrograph of 

synthesized LDH illustrated that aggregation occurred with small pieces of 

irregular layered structures forming small lumps of micrometre size. After 

calcination at 600 °C, the layered structure collapsed into smaller size particles. 

Increasing calcination temperature to 700–900 °C, C700-LDO, C800-LDO and 

C900-LDO resulted in similar morphology with no obvious differences, namely a 

spongy appearance in accordance with its porous nature. Rehydrated in water 

vapour for 24 h, the C600-LDO-24h and C700-LDO-24h samples formed 

aggregates of smaller plate-like particles, which were smoother on the surface than 

the C600-LDO-6h and C700-LDO-6h (Fig. A.7E and F); C800-LDO-24h and 

C900-LDO-24h showed another typical LDH morphology, consisting of large 
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amounts of loosely cumulated layered flake-like particles. The particles were more 

tightly integrated than those rehydrated for 6 h (Fig. A.7G and H). For samples 

rehydrated in liquid water, larger aggregates of crystal plate-like particles with 

layered structures appeared in all the samples at different rehydration hours (Fig. 

2.8 and Fig. A.7A-E), which were generally packed more closely than in the 

situation of water vapour. The conglomerated system affected the adsorption 

properties of samples [51]. The morphology differences could explain the lower 

specific surface areas of the samples rehydrated for 24h and the somewhat higher 

specific surface area for C800-LDO-24h and C900-LDO-24h. Nevertheless, the 

changes in the morphology with different rehydration times and water conditions 

seemed to have no obvious effect on the crystallographic characteristics of the 

rehydrated LDH as proven by XRD (Fig. 2.2). 

2.4. Conclusions 

MgAl-LDH (molar ratio Mg:Al = 3:1) and its derived mixed metal oxide are widely 

applied in different fields. However, after calcination even at high temperatures up 

to 900 °C, the metal oxides obtained could rehydrate into LDH, although with 

different properties, which could affect their application. We created a water 

vapour phase condition which was close to atmospheric storage conditions, to 

study the differences between moist vapour-rehydrated samples with those 

rehydrated in liquid water. XRD measurements provided direct evidence for the 
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rehydration of the LDO calcined at high temperatures (600–900 °C) in both water 

vapour and liquid water conditions. The LDH phase could be formed from all these 

LDOs after (possibly less than) 6 h rehydration. Based on the disappearance of the 

MgO reflection, the vapour phase hydration was found as fast as the liquid phase 

in the case of LDO calcined at 600 °C. However, at higher calcination temperatures 

of 700-900 °C, the vapour phase hydration showed a slower rehydration rate than 

the liquid phase. In addition, the rehydrated samples featured different properties 

from the as-synthesized LDH. The infrared spectra after rehydration display extra 

signals due to Mg(OH)2 formation. Moreover, the specific surface areas, 

morphologies, crystal sizes and thermal decomposition behaviour of all the 

rehydrated samples were, at least partially, different from the as-synthesized 

samples, which suggested that, although the process of rehydration created a 

similar LDH, it doesn’t include a full memory effect, rehydrating it exactly into the 

former LDH with the same properties. Moreover, the difference in these properties 

was found to be dependent on the applied calcination temperature and the 

conditions of rehydration being vapour or liquid phase. TG-MS showed that the 

rehydration process also includes the adsorption of CO2 from the air or dissolved 

in liquid water to form LDHs containing carbonate, like the as-synthesized LDH. 

Finally, it was shown that the rehydration happens slowly, but occurs within hours 

after LDO formation, even under atmospheric water vapour and room temperature 

conditions, which were close to the environment for putting unsealed, non-purged 

samples under atmospheric conditions in the lab. Therefore, it is recommended to 
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store calcined LDH (LDO) samples carefully in a moist-free environment, 

preventing their progressive change into an altered structure. As in this paper, only 

metals of Mg and Al with a ratio of 3 have been studied, it does not warrant 

extrapolation of the results to LDH-derived LDOs with other compositions. 

Nevertheless, based on the results, we recommend evaluating the rehydration 

behaviour under gas and if needed liquid phase conditions with respect to 

application, but also under storage conditions (i.e. room temperature and humid 

air). 
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Abstract  

Plasma-based CO2 conversion has attracted increasing interest. In this chapter, we 

investigate different conditions by introducing additional gases such as N2, N2/CH4 

and N2/CH4/H2O into the CO2 feed gas within a gliding arc plasmatron. We aim to 

provide valuable insights for potential synergistic applications in post-plasma 

catalysis (PPC) systems for which the temperature and plasma exhaust gas 

compositions are crucial as they are the feed gas conditions for the post-plasma 

catalysis and thus determine the design of the PPC system, adjusted to the plasma 

conditions applied and the catalytic reactions envisioned. To achieve this, we 

measured the temperature at various points after the plasma discharge. Adding only 

N2 to CO2 improves the CO2 absolute conversion from 4% (with 100% CO2) to 13% 

(with 20% CO2), while the addition of CH4 resulted in a further dramatic increase 

in CO2 conversion to 44% (in a CO2/CH4/N2 mixture of 1:1:8) at a total flow rate 

of 10 L/min. This conversion can be further enhanced upon decreasing the gas flow 

rate, reaching 61% at a flow rate of 6 L/min. By varying the CO2/CH4 ratio from 

0.6 to 1.67 while keeping N2 at 80% and a gas flow rate of 8 L/min, the CO2 

conversion slightly increased from 51% (CO2/CH4 = 0.78) to 58% (CO2/CH4 = 0.6). 

However, the addition of H2O (at a gas flow rate of 8 L/min and CO2/CH4 = 1) 

reduced the CO2 conversion from 55% (0% relative humidity, RH) to 22% (100% 

RH). In contrast, the H2/CO ratio showed an increasing trend from 1.45 to 2, 

demonstrating the benefit of H2O addition for downstream processing of the 
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formed syngas. Moreover, the addition of H2O was also beneficial to reduce the 

energy cost (EC) from 5.8 (0% RH) to 3 (40% RH) kJ/L. Regarding the 

temperature at 4.9 cm from the outlet of the plasma, the addition of N2 was 

favourable as it resulted in higher temperatures, albeit with reduced plasma flame 

stability. A slight increase in temperature was also observed with higher gas flow 

rates, but the CO2/CH4 ratio had no significant effect on temperature. The obtained 

temperature profiles provide insights into the impact of feed composition on 

plasma exhaust gas temperature and where to position a post-plasma catalysis bed, 

in order to benefit from heat recovery by integrating post-plama catalysis with 

warm plasma-based processes.  
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3.1 Introduction 

In the past decades, accumulating evidence has demonstrated that the increasing 

emission of greenhouse gases is leading to global warming [1]. Specifically, the 

concentration of CO2 in the atmosphere has risen significantly, surging from 362 

ppm at the end of the last century to 420 ppm in June 2023, based on the data from 

the “National Oceanic and Atmospheric Administration (NOAA) Global 

Monitoring Laboratory” (https://gml.noaa.gov/ccgg/trends/). Therefore, numerous 

techniques are being developed to capture CO2 and convert it into value-added 

fuels or chemical products [2–6]. Several different chemical processes, including 

CO2 splitting (Eq.(3.1)), CO2 methanation with H2 (Eq.(3.2)), and CO2 dry 

reforming of methane (DRM) (Eq.(3.3), have been investigated for the conversion 

of CO2 either directly or in combination with other molecules like CH4, H2, or/and 

H2O [7–9]. However, as a relatively stable molecule, the activation of CO2 remains 

a significant challenge for many (catalytic) reactions. Thermally, direct CO2 

splitting is energy-consuming and only favourable at quite high temperatures. For 

instance, at 2000 K, it is estimated that to achieve a CO2 conversion of 1.5%, the 

energy cost (EC) will be about 7.9 MJ/mol and the final energy efficiency (EE) is 

just 4.4% [10]. 

CO2 → CO + 1 2⁄ O2,   ∆H0 = 283kJ/mol                                        (3.1) 

CO2 + 4H2 → CH4 + 2H2O,   ∆H0 = −165kJ/mol                       (3.2) 

CO2 + CH4 → 2CO + 2H2 ,   ∆H0 = 247.3kJ/mol                           (3.3) 

https://gml.noaa.gov/ccgg/trends/
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In recent years, plasma technology has been widely applied in CO2 conversion 

because it can activate the gas molecules by electron impact excitation, ionization 

and dissociation via electrical energy supply. This creates excited species, ions and 

radicals that can form new molecules [10,11]. Compared with conventional 

thermal approaches, electrical energy is transferred to the gas, making it a 

promising technology for the ongoing energy transition in chemical production 

[12–17]. Furthermore, plasma can be integrated with catalysts to create a hybrid 

plasma catalysis process, which holds promise for enhancing CO2 conversion, 

improving energy efficiency and chemical product selectivity [14,18–20]. A lot of 

research on CO2 conversion is performed with various kinds of plasmas, including 

a dielectric barrier discharge (DBD) [21], microwave (MW) [22] and spark or 

gliding arc (GA) discharge [11,23]. Among these plasma techniques, gliding arc 

plasma is promising, because it operates at atmospheric pressure and is known as 

one of the most energy-efficient plasma reactors (electron energy ~ 1 eV, which is 

ideal to activate CO2 [11]). Moreover, the GA creates heat in the plasma zone, with 

temperatures up to a few 1000 K [24,25], which influences the reactions and allows 

for post-plasma catalysis in the exhaust stream of the plasma reactor, recovering 

(at least part of) the heat of the plasma process [26–28]. 
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Several different types of GA plasmas have been designed, e.g. classical 2D GA 

[29], 3D rotating gliding arc (RGA) [30,31], 3D gliding arc plasmatron (GAP) [11] 

and dual-vortex plasmatron (DVP) [25]. The classical 2D GA plasma is widely 

studied, however, it exhibits some drawbacks, as it is incompatible with industrial 

applications because of its 2D flat electrodes. Furthermore, not all the gas passes 

through the arc, and thus it is not fully activated. Finally, a relatively high gas flow 

rate is needed to sustain the arc gliding process, which gives rise to a short gas 

residence time in the plasma. To overcome these problems, several 3D gliding arc 

plasma reactor designs have been developed over the years, as mentioned above, 

in which the gas flows tangentially into the reactor, forming a stable vortex gas 

flow [11,30,32]. Furthermore, recently, a novel DVP reactor was designed and 

tested, enabling to separate the arc into two directions with longer residence time 

and highly turbulent flow [25]. 

 

Ramakers et al. studied the conversion of CO2 in the GAP reactor, yielding as 

highest CO2 conversion 8.6% and an energy efficiency EE of 30% at an energy 

cost EC of 39 kJ/L [11]. The group PLASMANT also investigated DRM in the 

GAP, achieving absolute CO2 and CH4 conversions of about 24% and 42%, or 

effective conversions of about 18% and 10%, respectively, at a CH4 fraction of 25% 

in the gas flow, corresponding to an EC of 10 kJ/L and an EE of 66% [23]. In a 

later study, the same group reported DRM upon the addition of N2 and O2 in the 
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same GAP reactor, and obtained absolute CO2 conversions between 31% and 52%, 

and CH4 conversions between 55 and 99%, corresponding to a total EC of 13 – 20 

kJ/L (or 3.4 - 5.0 eV/molecules), depending on the gas mixture [33]. Recently, the 

addition of only N2 to the DRM process was studied, and it was found that 20% N2 

addition yields CO2 and CH4 absolute conversions of 29 and 36%. However, these 

values rise notably upon N2 addition, up to 48% for CO2 and 61% for CH4 at 80% 

N2 [34]. However, although the influence of gas composition on conversion and 

energy efficiency was described, the impact on temperature generated in the 

plasma exhaust was not experimentally measured in relation to the feed gas 

composition. This is however important when integrating plasma with post-plasma 

catalysis. 

 

To fully make use of the heat produced by GA plasma, research has been focused 

on establishing synergistic effects of heterogeneous catalysis in combination with 

the plasma. Zhang et al. reported a combination of GA plasma with a post-plasma 

catalyst bed with TiO2 for CO2 splitting [35]. Simulation of the addition of a post-

plasma catalyst bed indicated that a strong backflow was formed and experiments 

confirmed an enhancement in reaction performance. Notably, when the distance 

between the plasma reactor outlet and the catalyst bed was only 5 mm, fluctuations 

in CO2 conversion and EE occurred at flow rates lower than 4 L/min. A synergistic 

effect was observed because the presence of TiO2 enhanced the CO2 conversion 
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from 4.6 to 10.8% and the EE from 5.4 to 12.6% at a gas flow rate of 2 L/min. In 

another study, a 25% increase in CH4 conversion, a 20% increase in CO2 

conversion, around 30% increase in H2 yield and about 22% increase in EE were 

achieved when combining a NiO/Al2O3 catalyst with a GA plasma in DRM [36]. 

Significant improvements were obtained when a GA plasma was combined with 

Ni/CeO2/Al2O3 catalyst post-plasma and extra heating was supplied to the catalyst 

by a tubular furnace [37]. However, when there was no extra heating, the 

performance of the plasma with the catalyst was almost the same as the plasma 

alone. This could be explained because of the low temperature (around 300-500 °C) 

of the plasma gas effluent, at which range the catalyst was inactive for DRM. When 

the tubular furnace was heated, a synergistic effect of plasma and catalyst resulted 

in an increase in CO2 and CH4 conversion from about 25% to 59% and from 39% 

to 70%, respectively. Hence, apart from the importance of the plasma exhaust gas 

composition serving as feed gas to the post-plasma catalyst bed, the temperature at 

the outlet of the plasma GAP reactor is also important when combining it with a 

post-plasma catalysis bed. Nevertheless, to our knowledge, little literature reported 

on the variation of temperature after plasma in relation to the gas composition used. 

 

In this chapter, we employed a GAP setup, which was reported before [38], to 

investigate the impact of additional gases, such as N2, CH4, and H2O vapour on the 

CO2 conversion on both exhaust gas composition as well as exhaust gas 
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temperature as a function of distance to the GAP. We aim to provide suggestions 

for selecting optimal conditions for the DRM reaction in our later research, 

combining GAP with post-plasma catalysis (see next chapters). Here, both exhaust 

gas composition, serving as feed gas for the catalytic reaction post-plasma, as well 

as heat transferred to the catalyst bed, are important features, which should be 

optimized simulataneously. Moreover, we recorded the temperature after the 

plasma, offering insights into where to position the catalyst to optimally transfer 

the heat originating from the plasma to the catalyst, enabling it to catalyze the 

conversion of remaining unreacted reactants and/or products (e.g. syngas) in the 

plasma exhaust to useful chemicals in the post-plasma system. 

3.2 Experimental 

3.2.1 Gliding arc setup 

The GAP setup used in the experiments was previously reported in detail, although 

some changes in the tubular post-plasma reactor tube part have been made [11,38]. 

Generally, it is a 3D gliding arc plasmatron in which the gas flow enters through 

several tangential inlets and forms a vortex flow. The vortex flow helps to stabilize 

the arc formed inside the reactor and forces the gas to first flow in a forward vortex 

(till the closed end of the reactor), after which it forms a smaller reverse vortex that 

flows through the plasma [38]. The cathode and anode are separated by an insulator 

made of Teflon and alumina ceramics. The post-plasma reactor tube is made of 
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quartz with a length of 200 mm and a diameter of 64 mm. Three tubes with a 

diameter of 10 mm are connected at the side of the reactor for thermocouples to be 

inserted at different positions (Fig. 3.1). The power supply for the reactor is a DC 

source type (APS – Advanced Plasma Solutions). The plasma voltage and current 

were measured by a high-voltage probe (Pintek HVP-15HF) and a current sense 

resistor of 3 Ω, respectively. The signals of voltage and current were collected by 

a two-channel digital storage oscilloscope (Tektronix TDS 2012C). The current 

was fixed at 0.25 A. 

 

Fig. 3.1. Photograph of the GAP set up with plasma on (gas flow rate:10 L/min, CO2/N2 = 1) 
and thermocouples at different positions (4.9 cm, 9.8 cm and 14.6 cm). 
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3.2.2 Temperature collection 

Three thermocouples, which were placed at different positions (4.9 cm, 9.8 cm, 

and 14.6 cm) after the GAP reactor outlet (Fig. 3.1), were inserted into the post-

plasma reactor tube to measure the temperature post-plasma. A four-channel 

datalogger thermometer (HH-521BT) was used to collect the temperature values. 

3.2.3 Gas flows 

Mass-flow controllers (Bronkhorst) were used to control the amount of CO2, CH4, 

and N2 entering into the GAP. The purity of CO2 and CH4 is 99.5% and that of N2 

is 99.999%. When the mixture of CO2/N2 was used, the total gas flow rate was 10 

L/min and the CO2 amount varied from 0 to 10 L/min. When using the gas mixture 

of CO2/CH4/N2, the total gas flow rate varied between 6 L/min and 12 L/min. The 

gas ratio of CO2/CH4 was changed from 0.6 to 1.67, keeping the mixture gas flow 

rate and N2 flow rate fixed at 8 L/min and 6.4 L/min, respectively. 

 

Considering H2O dissociation can produce oxygen atoms and possibly H2 in the 

plasma, the H2O is introduced to the DRM feed gas, aiming at increasing the H2 

fraction in the product mix (leading to a higher syngas ratio, which is beneficial for 

further Fischer-Tropsh or methanol synthesis [28,39]) and decreasing the possible 

carbon deposition (coking) [40]. Deionized water was put into a sealed cylinder 

connected with N2 and pressed into a controlled evaporator mixer (CEM, 
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Bronkhorst). The amount of water mixed with the feed gas was controlled by a 

liquid flow controller. The temperature for heating the H2O and gas mixture was 

70°C and the relative humidity (RH) varied from 0% to 100%. When using 

mixtures with water, the total gas flow rate was fixed at 8 L/min and the 

concentrations of CO2, CH4 and N2 were 10%, 10% and 80%, respectively. The 

H2O was added in the vapour phase with relative humidity (RH) of 10%, 40%, 70% 

and 100%, corresponding to 13 g/h, 58 g/h, 113 g/h, and 183 g/h H2O added 

through the liquid flow controller. After plasma and before the gas entering into 

the GC, a condenser tube was used and iced water went through it to stop 

unconverted H2O from entering into the GC. 

3.2.4 Product analysis 

The gas compositions of the feed gas and products at the outlet were analyzed by 

gas chromatography (GC) (Thermo Scientific, Trace 1300). The results were 

calculated by the equations below. 

3.2.4.1 Gas composition of CO2/N2 

For the CO2/N2 system, the absolute conversion of CO2, Xabs,CO2
 and effective 

conversion of CO2, Xeff,CO2
 were calculated with Eq. (3.4) and Eq. (3.5), 

respectively. CCO2,in
 was the concentration of CO2 measured going through the 
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GAP before the plasma was turned on. CCO2,out
 was the concentration of outlet 

gas. 

Xabs,CO2
(%) =

CCO2,in
− CCO2,out

CCO2,in

× 100%                                                (3.4) 

Xeff,CO2
(%) =  Xabs,CO2

(%) ∙ FractionCO2
                                                (3.5) 

where FractionCO2
 means the concentration of CO2 in the inlet gas. 

 

A correction factor α was introduced by Eq. (3.6). The correction was done with 

N2 as an internal standard to correct for any gas expansion [41]. In our system, as 

He is the carrier gas in the GC, it cannot be used, and neither can Ar, because its 

peak overlaps with that of O2. Therefore, N2 was used as the internal standard gas. 

In the mixture in the plasma zone, N2 was barely converted in the GAP (< 0.05%) 

and therefore it can be used as internal standard gas [34]. 

α =
N2,blank

N2,plasma
                                                                                                  (3.6) 

Where N2,blank and N2,plasma represent the amount of N2 measured before and 

after igniting the plasma. 

Therefore, the CCO2,out
 was corrected from the GC-measured value of CCO2,out,m

 

by the Eq. (3.7): 

CCO2,out
= α ∙ CCO2,out,m

                                                                                   (3.7) 

 



Chapter 3 Effect of Gas Composition on Temperature and CO2 Conversion in a Gliding Arc 
Plasmatron reactor: Insights for Post-plasma Catalysis from Experiments and Computation 

167 

 

The specific energy input (SEI) and energy cost (EC) for converting CO2 were 

calculated with Eq. (3.8) and Eq. (3.9). 

SEI(kJ/L) =
Plasma Power (kW) · 60 (s min⁄ )

Total gas flow rate (L min⁄ )
                                    (3.8) 

EC(kJ L⁄ ) =
SEI (kJ L⁄ )

Xeff,CO2

                                                                                 (3.9) 

3.2.4.2 Gas composition of CO2/CH4/N2 and CO2/CH4/N2/H2O 

For the calculation of the results in the CO2/CH4/N2 and CO2/CH4/N2/H2O systems, 

the formulas were used as derived by Pinhao et al. [42]. In the case of adding H2O, 

the amount of H2O utilized in the reaction was hard to quantify. Therefore, the 

atoms it offered were ignored in the calculation, which allowed us to only 

qualitatively analyze the effect of H2O addition. Another correction factor β was 

used via formula (3.10), which was introduced to account for the change in gas 

flow rate due to composition variation. 

β =
N2,in

CO2,in + CH4,in
                                                                                      (3.10) 

where N2,in, CO2,in, and CH4,in were the gas flow rate of N2, CO2, and CH4 in 

the feed gas, respectively. 

The value of factor α was corrected by β with Eq. (3.11): 

α =
N2,blank

N2,plasma

(1 + β) − β                                                                           (3.11) 

The concentrations were corrected with Eq. (3.12): 
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Ci,out = Ci,out,m(1 + β α⁄ )                                                                           (3.12) 

Where Ci,out,m means the concentration of sample i, i.e., CH4, CO2, CO, and H2, 

measured by the GC. 

 

The absolute and effective conversions of CO2 were calculated the same as 

equations (3.4 and 3.5), except that the CCO2,out
 was corrected by two factors (α 

and β) and calculated by Eq. (3.12). The absolute and effective conversions of CH4 

were calculated by equations (3.13 and 3.14). 

Xabs,CH4
(%) =

CCH4,in
− CCH4,out

CCH4,in

× 100%                                              (3.13) 

Xeff,CH4
(%) =  Xabs,CH4

∙ FractionCH4
                                                      (3.14) 

 

The C-based selectivity of CO and other chemicals including carbon atoms, the H-

based selectivity of H2, and the yield of CO, and H2 were calculated with Eq. (3.15) 

to Eq. (3.19): 

SH2
=

CH2,out

2 × (CCH4,in
− CCH4,out

)
× 100%                                                    (3.15) 

SCO =
CCOout

(CCH4,in
− CCH4,out

) + (CCO2,in
− CCH2,out

)
× 100%                   (3.16) 

SCxHyOz
=

x × CCxHyOz,out

(CCH4,in
− CCH4,out

) + (CCO2,in
− CCH2,out

)
× 100%            (3.17) 
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YCO =
FractionCH4

× Xabs,CH4
+ FractionCO2

× Xabs,CO2

(CCH4,in
− CCH4,out

) + (CCO2,in
− CCH2,out

)
× SCO         (3.18) 

YH2
= Xabs,CH4

× SH2
                                                                                      (3.19) 

The SEI was calculated via Eq. (3.8) and EC was calculated by the following Eq. 

(3.20): 

EC(kJ L⁄ ) =
SEI (kJ L⁄ )

Xeff,CO2
+ Xeff,CH4

                                                                   (3.20) 

3.3 Computational 

The simulation of the temperature distribution in the GAP DRM reactor was done 

by Senne Van Alphen from PLASMANT. The detailed description is shown in the 

Appendix B4 and B5. 
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3.4 Results and Discussion 

3.4.1 CO2 and CH4 conversion 
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Fig. 3.2. Absolute conversions of CO2 and CH4 as a function of gas composition, gas flow rate 
and RH. (A) CO2 conversion in CO2/N2 mixture: Total gas flow rate = 10 L/min, N2 fraction 
varying from 0% to 80%. (B) Total gas flow rate varied from 6 to 12 L/min, CO2/CH4/N2 = 
1/1/8. (C) Total gas flow rate = 8 L/min, N2 = 6.4 L/min, CO2/CH4 ratio varied between 0.6 
and 1.67. (D) Total gas flow rate = 8 L/min, CO2/CH4/N2 = 1/1/8, H2O amount varied between 
0% and 100% RH. 

To quantify the CO2 and CH4 conversions, the absolute and effective conversions 

of these two gases were defined. The absolute conversion (Fig. 3.2), or simply 

called “conversion”, gives a direct comparison between the different 

configurations, while the effective conversion (see Appendix, Fig. B.1) considers 
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the dilution of CO2 or CO2/CH4 in N2, which is relevant for application and 

economics as this limits and dilutes the product that is formed. 

 

Fig. 3.2 presents the absolute conversions of CO2 and CH4 in different gas mixtures. 

In the CO2/N2 gas composition, a significant increase in absolute conversion of 

CO2 is observed when N2 was added into CO2 from 0% to 80%, as shown in Fig. 

3.2A. The value especially increases significantly when the N2 fraction rises from 

60% to 80%. A maximum absolute conversion of 13% was obtained for a N2 

fraction of 80%. Therefore, N2 in the feed gas is beneficial for converting CO2. The 

reason for this was explained already in literature: the CO2 conversion in a GAP is 

most effective through the vibrational levels and the high N2 vibrational levels help 

to populate the CO2 vibrational levels [38]. It is interesting to note that at N2 

fractions of 50% and 60%, the CO2 absolute conversion remained almost the same. 

A possible explanation might be that the gas temperature (Fig, 3.7A) also remained 

almost unchanged, as the N2 fraction increased only 10% from 50% to 60%. 

Moreover, as the N2 fraction was above 60%, the CO2 conversion increased much 

more. The temperature data, as shown in Fig. 3.7A, shows a similar trend. It seems 

that the N2 promotion effect at fractions below 50% is weaker than at fractions 

above 60%. For the fraction between 50% and 60%, a combined effect results in 

the CO2 conversion and gas temperature remaining almost the same, which is 

probably because the energy transfer from N2 for increasing the gas temperature 
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(the mechanism for it is explained in the temperature part in section 3.4.4) 

compensates the energy needed for the rise in CO2 conversion. 

 

For the effective conversion of CO2, however, because of the decreasing CO2 

fraction in the mixture, it shows the opposite trend (see Appendix B, Fig. B.1A), 

with first a slight increase from 4% to 4.7% up to 20% N2 fraction, and then a drop 

to 2.7% with increasing N2 fraction. As the N2 fraction is lower than 50%, the 

increase in absolute CO2 conversion can, to some extent, compensate for the lower 

concentration of CO2, but with a higher N2 fraction, the rise in conversion is not 

enough to compensate for the drop of CO2 conversion [38]. 

 

At the same gas flow rate of 10 L/min, once CH4 is added into the mixture (Fig. 

3.2B), the absolute conversion of CO2 increases to 43%, more than three times the 

maximum value in the CO2/N2 mixture. Moreover, the conversion of CO2 increases 

upon decreasing gas flow rate, reaching its highest value of 61% at a flow rate of 

6 L/min. The reason that the highest conversion is obtained at the lowest flow rate 

is due to the longer residence time, giving sufficient time for more gas molecules 

to react in the plasma region. Besides this, the conversion of CH4 is always higher 

than that of CO2, because the energy needed for the plasma-based decomposition 

of CH4 is lower than that for CO2, due to the lower bond strength to break the C-H 

vs C=O bond (i.e., 4.48 eV vs 5.52 eV) [33]. This is different from what is observed 
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in a thermal catalytic DRM, in which the CO2 conversion rate is usually higher 

than that of CH4 due to the reverse water-gas shift reaction (RWGS, CO2 + H2 →

CO + 2H2O, ∆H0 = 41kJ/mol), consuming CO2 from the feedstock [43]. Since 

the ratio of CO2/CH4 did not change in Fig. 3.2B, the effective conversions of both 

CO2 and CH4 show the same trend as the absolute conversions, but the values are 

lower. As shown in Fig. 3.3B, although a higher CO2 conversion was obtained at 

lower flow rates, the cathode can be seriously damaged. Therefore, we used a gas 

flow rate of 8 L/min, at which the cathode was safe, to study how the CO2/CH4 

ratio affects the conversion results. 

 

Fig. 3.2C illustrates that a higher CO2/CH4 ratio slightly increases the absolute 

conversion of CH4 from 64% to 69%, while the conversion of CO2 first decreases 

a bit from about 58% (CO2/CH4 ratio of 0.6) to 51% (CO2/CH4 ratio of 0.78) and 

then stays generally constant. However, different from the absolute conversion, the 

effective conversion of CH4 decreases significantly from 40% to 26% as the CO2 

fraction increases, while the CO2 effective conversion shows an obvious increase 

from 22% to 32%. These conversion values are in line with previous results 

obtained for the GAP in CO2/CH4/N2 mixtures [34], but they give additional 

insights into how to adjust the CO2/CH4 ratio to achieve better results. 
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Fig. 3.3. Photographs of (A) clean reactor cathode, and (B) after reaction with a gas flow rate 
of 6 L/min, indicating clear damage of the cathode. 

Compared with DRM without water, adding water causes a serious drop in the 

absolute conversion of CO2, from 55% to 22% for RH ranging from 0% to 100% 

(Fig. 3.2D). This is attributed to the drop in electron density, as water is trapping 

the electrons [40]. Another reason is probably that the OH radicals produced by 

water splitting react with CO, forming CO2 again, as revealed by detailed chemical 

kinetics modelling for DBD plasma, where a similar effect was observed [44]. The 

CH4 conversion decreases less, from 68% to 58%. The effective conversions of 

CO2 and CH4 show the same, but less significant decreasing tendency. This is 

different from the literature, where it was reported that the CH4 conversion 

increases as the molar ratio of H2O molecules to carbon atoms increases from 0 to 

0.58 [40]. This may be due to the difference in CO2/CH4 ratio. They used a 1.5 

times higher ratio than what we used (ratio of 1). 
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In general, this section investigated the changes in (absolute) conversion of CO2 

when varying a number of parameters, i.e. gas composition, total gas flow rate and 

addition of H2O. Compared with the N2/CO2 situation, with a maximum CO2 

absolute conversion of 13%, the addition of CH4, leading to the DRM reaction, can 

increase its conversion to 43%. Besides this, decreasing the gas flow rate from 10 

L/min to 6 L/min can further increase the CO2 conversion to 61% with a CH4 

conversion of 76%. However, this low gas flow rate (6 L/min) can damage the 

GAP device. Therefore, a total gas flow rate of 8 L/min is better. Changing the 

ratio of CO2/CH4 in the DRM feed gas has limited influence on the CO2 and CH4 

conversion, while the addition of H2O caused a drop in CO2 conversion. Ultimately, 

optimal conditions for further GAP DRM are selected based on the conversions 

with a total gas flow rate of 8 L/min and gas composition of CO2:CH4:N2 of 1/1/8. 

3.4.2 Products selectivity and H2/CO ratio 
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Fig. 3.4. Selectivity of CO, H2, and C2H2 (left y-axes), as well as H2/CO ratio (green curves; 
right y-axes), as a function of gas composition, gas flow rate and RH. (A) Total gas flow rate 
varied from 6 to 12 L/min, CO2/CH4/N2 = 1/1/8. (B) Total gas flow rate = 8 L/min, N2 = 6.4 
L/min, CO2/CH4 ratio varied between 0.6 and 1.67. (C) Total gas flow rate = 8 L/min, 
CO2/CH4/N2 = 1/1/8, H2O amount varied between 0% and 100% RH. 

As is clear from Fig. 3.4A, the selectivities of CO and H2 both increase slightly 

upon increasing the gas flow rate, from 68% to 75%, and from 80% to 85%, 

respectively. In contrast, the selectivity of C2H2 first drops from 22 to 18% and 

then remains constant at around 19% upon higher gas flow rates. The H2/CO ratio 

shows a similar trend, as it decreases firstly from 1.6 to 1.5  and then remains 

constant at a ratio of 1.4. 

 

As the CO2/CH4 ratio increases from 0.6 to 1.67, the selectivity of CO keeps 

increasing from 45% to 93%, while the selectivity of H2 remains at a high level 

above 81% and fluctuates around 90%, and the selectivity of C2H2 decreases from 

31 to 11% (Fig. 3.4B). In previous research with the GAP [34], a constant CO2/CH4 
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ratio of 1 was used, and the focus was on the optimal effective conversion and EC, 

which were achieved with 20% N2. However, the CO and H2 selectivities were 

almost the lowest at this N2 fraction, compared with other N2 fractions. Our results 

indicate that these selectivities may be enhanced by increasing the CO2/CH4 ratio. 

 

Fig. 3.5 compares photographs of the post-plasma reactor tube when using 

CO2/CH4 ratios of 0.6 and 1.67. With a higher CO2 fraction, there was no visible 

carbon deposition on the inside wall of the reactor (Fig. 3.5A), while serious carbon 

deposition was visible when more CH4 was added to the feed gas (Fig. 3.5B). We 

believe this is because the carbon produced from methane ( CH4 → C + 2H2,

∆H0 = 75.6 kJ/mol) reacts directly with CO2 or with the oxygen atom produced 

by CO2, promoting CO production. Indeed, such reactions were demonstrated to 

happen also when placing a carbon bed after the GAP plasma reactor, as 

demonstrated by detailed chemistry modelling [45]. This also explains why the 

C2H2 selectivity decreases, as more C atoms recombine with O atoms to form CO 

rather than C2H2. Raman Spectroscopy, as shown in Fig. B2.1 (see Appendix B), 

was employed to analyze the composition of the carbon on the reactor’s inner wall. 

Distinct carbon signals were detected at around 1346 cm-1 (D band) and 1574 cm-

1 (G band), with an ID/IG value of 0.79. The D band appears due to the defects of 

the product, and the G band reflects the in-plane sp2 carbon vibrations. The value 

of ID/IG is used to evaluate the defects of the product: the larger the value, the 
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smaller the size of the product [46,47]. Additionally, a 2D band at 2678 cm-1 was 

observed, which is typically attributed to the overtone of the D band [47]. Although 

the conversions of CO2 and CH4 change only slightly for different CO2/CH4 ratios, 

relatively more H2 is produced than CO at a lower CO2/CH4 ratio, creating a 

maximum H2/CO ratio of 2.7. This is interesting for further use of the syngas via 

Fischer-Tropsch synthesis, for example, to produce methanol, for which the ideal 

H2/CO ratio is equal to 2 [48]. 

 

Fig. 3.5. Photographs of the post-plasma reactor tube, at a total gas flow rate of 8 L/min, N2 = 
6.4 L/min, for (A) CO2/CH4 = 1.67, and (B) CO2/CH4 = 0.6. 

The selectivity of CO increases significantly once H2O is added to the feed gas 

(Fig. 3.4C). Although it is expected that the CO selectivity will decrease due to the 

WGSR consuming CO, the results show an increase in CO formation. This can be 

explained by the higher number of O atoms produced from the H2O molecules, 

enhancing the oxidation of carbon-containing species (deposited carbon or 
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hydrocarbon species) into CO. This results in the general increasing trend of CO 

selectivity. Vice versa, the C2H2 selectivity decreases upon H2O addition. It has 

been investigated that the formation of hydrocarbons was strongly affected by the 

decomposition of CH4 into CH3, CH2, and CH. The addition of H2O limited the 

formation of CH, which was proven by optical emission spectrometry [40], leading 

to less C2H2 formation. Although the outlet water was collected, it was impossible 

to precisely estimate how much water participated in the reaction, because part of 

the water condensed and adhered to the walls of the cooling device. Therefore, the 

yield of H2 was used to exhibit the effect of adding H2O on the H2 production. The 

yield of H2 increased first from 55% without H2O to 80% with 70% RH, followed 

by a drop to 75% when the H2O percentage was increased further to 100% RH, 

which was still higher than without H2O addition. This suggests that, with respect 

to selectivity, in the case of a CO2/CH4 ratio of 1 and a total gas flow rate of 8 

L/min with 80% N2 in the mixture, 70% RH is a reasonable condition for the 

production of more H2 and CO. However, the H2/CO ratio shows a different trend, 

as it drops at first for 10% RH and then increases with increasing amount of H2O. 

This is because, at low H2O content, the CO yield increases more than that of H2, 

leading to a smaller difference in the yield of H2 and CO. This can be explained by 

the fact that the addition of a proper amount of H2O increases the H2 amount, 

following the water-gas shift reaction (CO + H2O → CO2 + H2, ∆H0 = −42.1 kJ/
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mol). At the same time, this also explains the lower CO2 conversion that was 

observed (Fig 3.2D). 

 

Generally, in the GAP DRM case, a higher gas flow rate yields a slight increase in 

the CO and H2 selectivity. However, increasing the CO2 amount is beneficial for 

improving the CO selectivity and reducing carbon deposition. Similarly, the 

addition of H2O also benefits the CO selectivity, which can reach around 100% 

with RH of ≥40%. Moreover, adding H2O into the GAP DRM system can yield 

more H2 which can be an efficient route to adjust the H2/CO ratio. However, water 

addition will negatively impact the CO2 conversion. In addition, for downstream 

processes, such as PPC directly connected to the plasma, the presence of water 

induces important requirements towards hydrolytic stability of the catalyst but 

limits carbon deposition for the applied catalyst. Hence, when requiring specific 

H2/CO ratios, changing the CO2/CH4 ratio would be an alternative to consider, 

possibly in combination with water. 
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3.4.3 Specific energy input and energy cost 
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Fig. 3.6. SEI and EC as a function of gas composition, gas flow rate and RH. (A) Total gas 
flow rate = 10 L/min, N2 fraction in CO2 varied from 0% to 80%. (B) Total gas flow rate varied 
from 6 to 12 L/min, CO2/CH4/N2 = 1/1/8. (C) Total gas flow rate = 8 L/min, N2 = 6.4 L/min, 
CO2/CH4 ratio varied between 0.6 and 1.67. (D) Total gas flow rate = 8 L/min, CO2/CH4/N2 = 
1/1/8, H2O amount varied between 0% and 100% RH. 

Fig. 3.6 illustrates the specific energy input (SEI) and energy cost (EC) for the 

various conditions investigated. When only N2/CO2 was used for the plasma 

reaction, the SEI fluctuated between 1.3 and 1.7 kJ/L (Fig. 3.6A), suggesting that 

the changes in the gas composition had only a small effect on the value of the SEI, 

as the current was fixed and the power changed only little with gas composition. 
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Different from the SEI, the EC generally exhibits an increasing tendency. With 

pure CO2, the EC is 17.1 kJ/L. This value decreases slightly to 15.1 kJ/L as the 

fraction of N2 increases to 20%. It rises however to 36.1 kJ/L at a higher N2 fraction 

of 40%, fluctuates around this value up to 60% N2 and then increases to 48 kJ/L 

with 80% N2 used. This is directly correlated to the lower effective CO2 conversion 

upon higher N2 fraction and is most likely due to the higher fraction of energy used 

to activate the N2 molecules rather than CO2. 

 

When increasing the gas flow rate and keeping the gas ratio of CO2/CH4/N2 at 1/1/8 

(Fig. 3.6B), the SEI decreases linearly, which is logical, as the SEI is inversely 

proportional to the gas flow rate (see Eq. (3.8)). However, the EC fluctuates 

between 5.6 and 6.2 kJ/L, with a maximum value at a gas flow rate of 6 L/min. As 

the EC is relatively stable, the gas flow rate seems to have little effect on the energy 

needed for molecules to be converted. More or less the same can be concluded 

about the effect of the CO2/CH4 ratio, because the SEI and EC steadily decrease 

only from 3.7 to 3.2 kJ/L and from 6.1 to 5.6 kJ/L, upon increasing the CO2/CH4 

ratio (Fig. 3.6C). The effect of different N2 contents on the EC for DRM, at a 

CO2/CH4 ratio of 1, was also studied in [34], and 20% N2 addition yielded the 

lowest EC, in line with our results (Fig. 3.6A). Moreover, the EC can be further 

slightly reduced by increasing the CO2/CH4 ratio, as indicated by our results (Fig. 

3.6C). 
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When H2O is added, the SEI and EC show similar trends (Fig. 3.6D): they decline 

significantly from 3.5 kJ/L and 5.8 kJ/L to 1.7 kJ/L and 2.9 kJ/L for 10% RH, 

followed by an increase to 1.9 kJ/L and 4 kJ/L, for 70% RH. Finally, a small 

decrease in SEI to 1.8 kJ/L but a slightly higher EC of 4.5 kJ/L is observed with 

100% RH. Generally, the introduction of H2O thus results in a lower SEI and EC 

for the conversion. 

 

In summary, in a CO2/N2 GAP plasma, the addition of N2 has little effect on the 

SEI, while the EC increases sharply upon rising N2 fraction, because some energy 

is used for the activation of N2 molecules. In case of DRM, increasing the gas flow 

rate results in a lower SEI. The EC shows a decreasing trend as well, but this trend 

is less steep than that of the SEI, due to the lower CO2 and CH4 conversion. 

Changing the CO2 and CH4 ratio has only a slight effect on the SEI and EC. 

However, the addition of H2O is beneficial for the SEI and EC, which decrease 

sharply. This seems a good way to optimize the energy utilization of the GAP DRM 

system when not too high amounts of H2O are added. 
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3.4.4 Temperature after the plasma 
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Fig. 3.7. Temperature at 4.9 cm, 9.8 cm, and 14.6 cm after the plasma reactor, for 10 min and 
20 min plasma operation, as a function of gas composition, gas flow rate and RH. (A) Total 
gas flow rate = 10 L/min, N2 fraction in CO2 varied from 0% to 100%. (B) Total gas flow rate 
varied from 6 to 12 L/min, CO2/CH4/N2 = 1/1/8. (C) Total gas flow rate = 8 L/min, N2 = 6.4 
L/min, CO2/CH4 ratio varied between 0.6 and 1.67. (D) Total gas flow rate = 8 L/min, 
CO2/CH4/N2 = 1/1/8, H2O amount varied between 0% and 100% RH. 

Fig. 3.7 illustrates the measured post-plasma temperature, at three different 

locations, for all conditions investigated. All experiments were repeated at least 

three times, and the detailed temperature data as a function of time, as well as more 

detailed information, are presented in Fig. B3.1-4. The following conclusions can 
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be drawn from them: (1) The more CO2 in the N2/CO2 system, the more stable are 

the temperatures measured after plasma, suggesting that CO2 is beneficial for 

giving a stable plasma flame. The reason that N2 addition increases the gas 

temperature is that the N2 molecules can acquire energy from the plasma, most of 

which cannot be used for chemical reaction due to the strong triple bond of N2, and 

it can only be vibrationally excited, after which the vibrational levels eventually 

relax their acquired energy, increasing the gas temperature [34]. (2) Adding CH4 

into the N2/CO2 system results in an unstable plasma flame but a generally stable 

temperature at the same position after the plasma. (3) The addition of H2O (RH ≥ 

40%) makes the plasma flame unstable in the first 10 minutes, resulting in a sudden 

decrease in temperature. This could be due to condensed H2O inside the cathode, 

formed during the flushing time. 

 

The temperatures after 10 and 20 minutes of plasma operation at all different 

conditions are summarized in Fig. 3.7. When N2 is added to CO2 (Fig. 3.7A), the 

temperatures increase at all three distances from the plasma exhaust. As the N2 

fraction increases, the temperature at 4.9 cm increases significantly from 324 °C 

with pure CO2 to 569 °C with pure N2. Although relatively stable in temperature 

up to 60% N2, a sharp increase happens when the N2 concentration is over 60%. 

Moreover, the temperatures at 10 and 20 minutes are almost the same, suggesting 
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that the temperature was stable after 10 minutes of plasma, which was also proven 

by the data in Fig. B3.1. 

 

Upon adding CH4 into the CO2/N2 mixture and fixing the gas ratio of CO2/CH4 to 

1 (Fig. 3.7B), the temperature at 4.9 cm first increases upon rising gas flow rate, 

reaching a maximum value of 516 °C at 10 L/min and then it drops to 481 °C at 12 

L/min. However, different from the CO2/N2 system, in which the temperature at 

9.8 cm and 14.6 cm showed the same trends as at 4.9 cm, the temperature at the 

lower position (9.8 cm) now drops from 417 °C at 8 L/min to 373 °C at 10 L/min, 

while at 14.6 cm it drops from about 330 °C at 8 L/min to 280 °C at 10 L/min. The 

lowest temperature at a distance of 9.8 cm and 14.6 cm was measured at a gas flow 

rate of 10 L/min. The higher temperature might have contributed to the higher 

conversions of CO2 and CH4 as the dry reforming reaction is endothermic. Besides 

this, as shown in Fig. 3.3B, the cathode melted at 6 L/min, which could be due to 

the lower heat loss produced by the plasma at these lower gas flow rates. 

 

At a fixed gas flow rate, changing the CO2/CH4 ratio causes some fluctuation in 

the temperature at 4.9 cm, in the range between 467 °C and 501 °C after 10 min 

plasma reaction (Fig. 3.7C). After 20 min, at the same positions, the reactions with 

higher CO2 fractions had lower temperature differences with the measurements at 

10 min, suggesting that more CO2 present in the gas flow yields more stable 
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temperatures. This is in accordance with the results in Fig. 3.7A, where higher CO2 

fractions resulted in lower but more stable plasma temperatures. 

 

Finally, upon H2O addition (Fig. 3.7D), the temperature at 4.9 cm first slightly 

increases and then decreases once the H2O content is over 70% RH. This could be 

due to the high heat capacity of H2O, which adsorbed more heat. At 100% RH, as 

shown in Fig. B3.4, the plasma was not stable anymore, leading to lower gas 

temperatures after the plasma in 10 min. Note that at 9.8 cm, with 40% RH, the 

temperature dropped from 427 °C to 380 °C (Fig. B3.4). The reason for this is 

however unclear. 

 

Hence, important conclusions can be drawn with respect to heat transfer when 

envisioning a combination of the GAP with post-plasma catalysis (see next 

chapters). The N2 dilution above 60% was found to affect the post-plamsa 

temperature significantly, while CH4 addition and RH have much less affect, 

although water addition with RH over 70% will cause a temperature drop. For  

distances to the plasma exhaust of 9.8cm and longer, the temperature drops to ~ 

400-450°C at 8 L/min. An important result based on the simulations (see Appendix 

Fig. B5.1-5.3) was that the heat is concentrated in the center of the tube, which 

might pose challenges towards uniform heating of the post-plasma catalyst bed. 
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3.5 Conclusion 

We have experimentally investigated the impact of the addition of N2, N2/CH4 

(varying gas flow rate and CO2/CH4 ratios), and N2/CH4/H2O on the CO2 (and CH4) 

conversion, product selectivity and EC in a GAP. We also measured the 

temperature at three different distances from the plasma exhaust (4.9 cm, 9.8 cm, 

and 14.6 cm), and we calculated the temperature distribution inside the GAP and 

in the post-plasma reactor tube by computational models, to provide insights for 

potential post-plasma catalyst applications with respect to exhaust gas composition 

serving as feed gas for the catalytic reaction post-plasma, as well as heat transferred 

to the catalyst bed. 

 

Generally, the following conclusions can be drawn: 

(1) The addition of N2 enhances the absolute conversion of CO2 from 4% without 

N2 to 13% with 80% N2, although the effective conversion decreases due to dilution 

of CO2. As a result of the latter, the EC increases significantly upon rising N2 

fraction. Considering that industrial gas emissions contain significant amounts of 

N2, a mixture with 80% N2 content, to achieve high absolute CO2 conversion, is a 

reasonable choice, while lower N2 contents may be more beneficial if the higher 

EC is the most critical parameter. Moreover, the temperature measured at the 

plasma exhaust is higher above 60% N2 dilution, providing more heat to the PPC 

system. 
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(2) The addition of CH4 in combination with N2 results in a more complex situation. 

At a fixed CO2/CH4 ratio of 1, decreasing the gas flow rate from 12 L/min to 6 

L/min causes a rise in the CO2 and CH4 conversions, selectivity of C2H2, ratio of 

H2/CO and EC. However, the selectivity of CO and H2 shows the opposite trend. 

Moreover, the low gas flow rate of 6 L/min damaged the cathode. Increasing the 

amount of CO2 in the mixture, hence increasing the CO2/CH4 ratio from 0.6 to 1.67, 

increased the absolute conversion of CH4, while the absolute conversion of CO2 

decreased. However, the effective conversion of CH4 and CO2 exhibited opposite 

trends. Besides this, the selectivity of C2H2, the H2/CO ratio, SEI, and EC all 

decreased with increasing fractions of CO2. Considering the damage of the GAP 

device at too low flow rates, and the obtained results for CO2 and CH4 conversion, 

CO and H2 selectivity, we believe that 8 L/min with CO2/CH4/N2 = 1/1/8 is quite 

an optimal condition. However, when using lower CO2/CH4 ratio, a higher H2/CO 

ratio for better downstream syngas processing can be reached, although the solid 

carbon deposition would become a point of attention as it might cause deactivation 

of a post-plasma catalyst. 

 

(3) The addition of H2O suppressed the conversion of CO2 and CH4, with a more 

pronounced effect on the former, leading to a decrease in the absolute CO2 

conversion from 55% at 0% RH to 22% at 100% RH. However, as the CH4 
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conversion was less affected, this improved the H2/CO ratio from 1.45 to 2. 

Furthermore, the SEI and EC both decreased significantly when H2O was added 

(between 10 and 40% RH) but then increased as the amount of H2O increased. 

Thus, H2O addition can help to improve the H2 production, albeit at the expense of 

CO2 conversion, which both help to increase the produced H2/CO ratio. This is 

beneficial for the further processing of syngas into other chemicals. Moreover, 

although not shown in this paper, the addition of H2O can help to decrease carbon 

deposition, which may help to prolong the lifetime of catalysts in a post-plasma 

catalytic DRM system. However, the amount of H2O addition should be carefully 

studied, as too much H2O will affect the plasma stability and the post-plasma 

temperature and will impact CO2 conversion negatively as well as EC (if above 

40%). This is interesting to study in future work. 

 

(4) Our measured temperature data suggest that N2 dilution above 60% will 

increase the outlet gas temperature. When adding N2/CH4 or N2/CH4/H2O, the 

exhaust gas temperatures fluctuated a bit, but no dramatic changes were observed, 

and the temperatures at three distances from the exhaust generally ranged between 

470-520 °C at 4.9 cm, 370-440 °C at 9.8 cm, and 330-350 °C at 14.6 cm. To make 

optimal use of the heat produced by the plasma, for activating post-plasma catalysts, 

the catalyst bed should thus be placed quite close to the GAP reactor exhaust. 

However, considering the catalyst stability and the effect of active sites sintering 
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at too high temperature, the distance should also not be too close to avoid 

destroying the catalyst. Therefore, the distance of the catalyst (bed) to the plasma 

exhaust should be carefully studied as well, which will be performed in Chapter 4. 

Furthermore, as CFD simulation showed concentration of the temperature in the 

core of the tube, solutions might be needed to distribute the heat more evenly. 

 

In summary, this chapter provides valuable insights into selecting suitable reaction 

conditions to achieve higher CO2 (and CH4) conversion, lower energy costs, and 

higher syngas production, also important for post-plasma catalysis, as the exhaust 

gas of the plasma serves as the feed gas for the post-plasma catalytic reaction and 

the combination of all reaction steps determines the energy cost to produce the end 

product (not yet including separation costs and energy losses when transferring 

electrical energy into plasma power). A gas flow rate of 8 L/min with a gas 

composition of CO2/CH4/N2 of 1/1/8 is chosen for the combination of GAP plasma 

DRM with catalysts. Furthermore, the measured and calculated temperature 

profiles offer valuable information to design and position a post-plasma catalyst 

bed, taking the temperature distribution and gradients over the post-plasma reactor 

tube into account, as well as the impact of gas composition (e.g. dilution) on the 

post-plasma temperature. It is suggested that the distance of the catalyst bed should 

be smaller than 4.9 cm, aiming to offer a temperature higher than 500 °C for the 
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catalyst layer, which may help the catalyst to exhibit its catalytic activity, although 

this is of course dependent on the reaction envisioned. 

 

We acknowledge Senne Van Alphen for performing the simulations and for writing 

the corresponding text. 
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4.1 Introduction 

As outlined in the introductory chapter, the transformation of CH4 and CO2 

typically necessitates processes at high temperatures (> 700 °C), which are 

achieved through conventional thermal catalysis. Plasma provides an alternative 

and unique environment where the energy from electrons can be utilized to break 

the strong bonds in molecules like CH4 and CO2. This process can make them more 

reactive, facilitating chemical reactions. Plasma-assisted catalysis is gaining 

attention in various fields for its potential to enhance reaction rates and selectivity, 

while reducing energy consumption and environmental impact [1–3]. The 

combination of catalyst and plasma can typically be categorized into two modes, 

as detailed in Chapter 1: in-plasma catalysis (IPC) and post-plasma catalysis (PPC). 

Given that this PhD research focuses on the use of a gliding arc plasmatron, which 

is characterized as a warm plasma with temperatures exceeding 700 °C, the PPC 

mode is particularly relevant and requires adaptation of the catalyst and catalyst 

bed to the plasma exhaust gas properties. In this context, the plasma acts as an 

electrically energized pre-converter of reactants, generating more reactive 

chemicals, which may include end products, and producing heat as a byproduct. 

Consequently, the design of the catalyst bed should optimize both the utilization of 

the heat generated by the plasma and the interactions with the reactive plasma-

treated mixture. 
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Existing research on post-plasma catalysis (PPC) for the Dry Reforming of 

Methane (DRM) reaction provides insightful findings. Martin-del-Campo et al. [4] 

explored the integration of two different Ni-based catalysts (loaded on Al2O3 and 

SiO2) with a rotating gliding arc plasma for DRM. Their results indicated that 

15NiO/Al2O3 catalyst addition reduced the CO2 and CH4 conversion, but increased 

the selectivity for CO and H2 marginally (from approximately 80% to 90% for CO 

and from 70% to 80% for H2). Zhu et al. [5] observed that adding a 10% Ni-loaded 

Ni/Al2O3 catalyst to the post-plasma stage marginally improved the CH4 

conversion from about 53% to 60%, while the CO2 conversion remained almost 

the same. However, introducing heat to the post-plasma reactor positively affected 

the catalytic performance. Liu and colleagues [6] investigated a warm post-plasma 

catalytic system with additional heating. The inclusion of a Ni/CeO2/Al2O3 catalyst 

in the warm post-plasma reactor tube, heated by the plasma's exhaust stream 

without extra heating, showed negligible improvement. However, significant 

enhancements in conversion – from 40% to 60% for CO2 and from 25% to 70% 

for CH4 – were achieved when external heating raised the post-plasma catalyst 

bed’s temperature to 850 °C. Comparison with the same catalyst for thermal 

catalytic DRM at 850 °C indicated that the conversion in warm post-plasma 

surpassed that of conventional thermal catalytic DRM at the same temperature. The 

studies performed in refs. [4–6] collectively suggest that without extra heating, 

there is no substantial improvement in CO2 and CH4 conversions. This observation 

forms the core of my research. Therefore, this chapter investigates various 
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parameters to achieve enhancements in the PPC performance for the DRM reaction, 

such as catalyst proximity to the plasma (to maximize heat transfer), catalyst 

quantity (assessing performance at constant catalytic temperatures), addition of 

extra heating (creating a higher thermal environment for the catalysts), and water 

addition (to minimize carbon deposition on the catalysts). 

4.2 Experimental 

4.2.1 Catalyst preparation and characterization 

A MgAl-LDH (Mg/Al molar ratio of 3) was used as support material, which was 

prepared via the co-precipitation method as described in Chapter 2. The 10 wt% Ni 

(Ni(NO3)2·6H2O as the metal source) was loaded on the powder MgAl-LDH (10 

g) by mixing them in an aqueous solution (200 mL deionized H2O) for 24 h under 

strong stirring. The obtained Ni/MgAl-LDH was dried at 80 ℃ overnight and 

calcined at 800 °C for 6 h. The obtained Ni-based mixed oxide catalyst was denoted 

as Ni/MO. The final light green powder was pressed into tablets at 5 MPa, then 

crushed and sieved with a sieve size of 30 – 40 mesh. Before utilization for plasma-

catalytic DRM, the catalyst was reduced at 800 °C for 6 h in a tube furnace with 

2% H2/Ar gas. The same size of filling material of α-Al2O3 was prepared by 

crushing and sieving the α-Al2O3 spheres (Alfa Aesar, 3/16 inch). The total weight 

of the catalyst and filling material (α-Al2O3) to be introduced into the catalyst bed 

was fixed at 5 g. Usually, 1 g of catalyst, mixed with 4 g of α-Al2O3 was used. 



Chapter 4 Adjusting the post-plasma catalysis conditions towards improved dry reforming of 
methane with a gliding arc plasmatron 

202 

 

When testing the effect of catalyst amount, a higher amount, such as 2 g of catalyst 

mixed with 3 g α-Al2O3 was used, keeping the total solid loading in the catalyst 

bed at 5 g. 

 

X-ray diffraction (XRD) and N2 sorption, as described in section 2.2.5 (degassing 

at 80 °C), were performed to determine the crystal phase and specific surface area 

of the Ni-LDH and Ni/MO. Hydrogen-temperature programmed reduction (H2-

TPR) and oxygen-temperature programmed oxidation (O2-TPO) were conducted 

to collect the reduction and oxidation data of the sample. The measurements were 

performed on a ChemStar TPX Chemisorption Analyzer from Anton Paar. 

Typically, 50 mg sample was pretreated at 350 °C for 1 h in 50 mL/min He. 

Subsequently, after cooling down to 50 °C, the O2-TPO was performed to fully 

oxidizing the sample with 5% O2/He gas at a flow rate of 50 mL/min. During the 

O2-TPO process, the temperature increased from 50 °C to 800 °C with a rate of 

10 °C/min. A maximum temperature of 800 °C was chosen not to exceed the 

calcination temperature, preventing changes made to the materials during analysis. 

After the cooling of the sample down to 50 °C by He, the H2-TPR procedure was 

conducted to 1000 °C with a rate of 10 °C/min while flowing 5% H2/Ar at 50 

mL/min. After the cooling of the sample down to 50 °C by He, another O2-TPO 

was carried out via the same procedure. 
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4.2.2 Plasma conditions 

Fig 4.1 shows the schematic diagram of the experimental setup. As described in 

Chapter 3, the general gas flow rate for the GAP DRM reaction was fixed to 8 

L/min. Herein, a gas composition of N2/CH4/CO2 = 8/1/1 was used. The flow rate 

of each feed gas was controlled by Bronkhorst mass flow controllers. A pressure 

gauge was connected to the reactant feedgas line entering the GAP, to measure the 

change of pressure in the feedgas. The plasma in the GAP was generated by a DC 

power supply (APS – Advanced Plasma Solutions) with a current of 0.25 A and a 

current sense resistor of 3 Ω. The voltage and current of the plasma were measured 

by a high-voltage probe (Pintek HVP-15HF). The data of voltage and current were 

collected by an oscilloscope (Tektronix TDS 2012C). The plasma power was 

calculated based on the voltage and current data collected. 
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Fig. 4.1 Schematic diagram of the GAP DRM experimental setup. The blue dash lines show 
the case when H2O was added via the CEM device. 

 

Fig. 4.2. Photograph of (A) a catalyst bed (T-bed), (B) a T-bed with an extra heating jacket, 
and (C) the insulation wrapped around the heating jacket to keep the heat. 

A catalyst bed (T-bed) was used, as depicted in Fig. 4.2A. To load the catalyst bed, 

a quartz wool layer was first placed on the metal grid of the catalyst bed. The 
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catalyst and α-Al2O3 filling material were mixed in a sample cup and then spread 

over the quartz wool. Another layer of quartz wool was placed on the top and an 

additional grid was used to secure it against displacement. The distance of the 

catalyst bed from the post-plasma was adjustable, ranging from 2 cm to 4 cm. 

 

An extra heating jacket equipped with a temperature control device (HEWID, 

Heizelemente GmbH) provided additional heat. Aluminium silicate insulation 

cotton wrapped around the heating jacket was added to maintain the temperature 

inside the post-plasma reactor tube. 

 

To reduce potential carbon deposition, that could deactivate the catalyst, H2O was 

introduced into the feed gas in some experiments, using a controlled evaporator 

mixer (CEM, Bronkhorst), as shown in Fig. 4.1. A digital mass flow controller 

(mini CORI-FLOW, Bronkhorst) regulated the H2O mixing, with a relative 

humidity range of 0 to 100%. The temperature for the H2O and mixed gas was set 

at 70 °C, and the catalyst bed was positioned at 3 cm post-plasma. 

 

The calculations for the performance metrics (such as conversion, selectivity, yield, 

energy cost, etc.) of the plasma-based DRM under various conditions were the 

same as those detailed in Chapter 3 and will not be repeated here. 
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4.2.3 Thermal catalytic DRM conditions 

The thermal catalytic activity of the catalyst was assessed in a fixed-bed reactor. 

The catalyst was uniformly pressed into tablets at 5 MPa, then crushed and sieved 

to a particle size of 150 – 200 μm. α-Al2O3 (Alfa Aesar, 3/16 inch) filling material 

was prepared to the same size. For the reaction, a combination of 10 mg Ni/MO 

catalyst and 100 mg α-Al2O3 was used, with a GHSV of 480 L·gcat-1·h -1. A gas flow 

rate of 80 mL/min, comprising a mixture of Ar/CH4/CO2 in an 8/1/1 ratio, was 

employed. Prior to initiating the reaction, the mixed material was placed in the 

fixed bed, and a 20% H2/Ar gas mixture at a flow rate of 80 mL/min was used to 

reduce the catalyst at 800 °C for 30 minutes. Subsequently, pure Ar gas was flowed 

through the reactor for an additional 30 minutes to eliminate any residual H2. While 

mainting the temperature at 800 °C, the feed gas was switched to 64 mL/min Ar, 8 

mL/min CH4, and 8 mL/min CO2. The GC then began recording the gases exiting 

the fixed bed. After over an hour, when the results stabilized, pure Ar was again 

used to purge any remaining reactants from the reactor while gradually lowering 

the temperature. Experiments at varying temperatures were subsequently 

conducted, decreasing from 800 °C to 400 °C. 
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4.3 Results and Discussion 

4.3.1 Catalyst characterization 
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Fig. 4.3. (A) XRD patterns of the Ni-LDH and calcined and reduced Ni/MO and (B) H2-TPR 
and O2-TPO of the calcined Ni/MO. 

The XRD patterns of as-prepared Ni-LDH and the Ni/MO catalyst (after 

calcination and reduction) are shown in Fig. 4.3A. For the Ni-LDH, peaks at 11.3°, 
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22.9°, 34.8°, 39.3°, 46.6°, 61.8° and 63.1° were noted, confirming the successful 

synthesis of the Ni-LDH phase. The introduction of Ni did not alter the LDH 

structure. The Ni/MO catalyst, produced after calcination and reduction, exhibited 

XRD patterns with peaks of Ni0 at 2θ values of 44.3°, 51.7° and 76.3°. Additionally, 

phases of MgO and NiO were detected in the Ni/MO catalyst. The appearance of 

NiO in the reduced Ni/MO can be due to a partial reoxidation of the Ni during the 

measurement. The H2-TPR was conducted to examine the reduction behaviour and 

the interaction between Ni and the support, as shown in Fig 4.3B. The TPR results 

revealed a single wide peak centered at approximately 880 °C, attributed to the 

reduction of Ni2+ species in the metal oxide to Ni0 [7]. The absence of other peaks 

indicates a uniform distribution of Ni and the lack of bulk crystallite NiO species 

formation. 
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Fig. 4.4 Nitrogen adsorption-desorption isotherms at -196 °C of the as-prepared Ni-LDH and 
the obtained Ni/MO after calcination. 



Chapter 4 Adjusting the post-plasma catalysis conditions towards improved dry reforming of 
methane with a gliding arc plasmatron 

209 

 

After calcination to produce the Ni/MO catalyst, the structure of the Ni-LDH 

changed. Fig. 4.4 shows the N2 sorption isotherm of the Ni-LDH and Ni/MO 

samples. The change in hysteresis at relative pressures > P/P0 0.45 confirm the 

change in morphology of the particles after calcination from a plate-like 

morphology to small particles with interstitial porosity. The apparent BET specific 

surface area of Ni-LDH was 117 m2/g. After calcination the resulting Ni/MO 

exhibited a larger specific surface area of 178 m2/g. As explained in section 2.3.5, 

this increase is attributed to the collapse of the layered structure and the loss of 

interlayer molecules or anions. 

4.3.2 Thermal catalytic DRM conversions 
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Fig. 4.5. Conversions of the Ni/MO catalyst in the thermal catalytic DRM reaction at different 
temperatures. As a comparison, the same amount of α-Al2O3 filling material was also tested 
under the same conditions. Experimental conditions: catalyst: 10 mg, gas flow rate: 80 mL/min 
(GHSV = 480 L·gcat-1·h -1) gas composition: Ar/CO2/CH4 = 8/1/1. 
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As shown in Fig. 4.5, the catalytic activity of the Ni/MO catalyst exhibited an 

increase with rising temperature. The highest conversion was achieved at 800 °C 

reaching 86% for CO2 and 96% for CH4, respectively. Notably, at all tested 

temperatures, the conversion of CH4 consistently exceeded that of CO2. This higher 

CH4 conversion can be attributed to the direct CH4 decomposition, forming coke, 

which blocks the active sites needed for CO2 activation [8]. This is supported by 

the carbon balance (Table 4.1) which is about 89% at 800 °C. The absence of other 

hydrocarbon products suggests that the missing carbon likely transitions to a solid 

carbon phase. Although the carbon balance indicates formation of solid carbon, the 

amount was too small to be detected with Raman and TGA-MS. Another potential 

side reaction is the Boudouard reaction (2CO → C + CO2, ∆H0 = −172 kJ mol⁄ ) 

which also leads to carbon deposition and produces CO2 which lowers conversion 

[9,10]. Moreover, a blank experiment with only α-Al2O3 as filling material was 

performed, proving that the filling material is inactive as no conversion of CO2 and 

CH4 was observed, as shown in Fig. 4.5. 

Table 4.1. Selectivity, yield, H2/CO ratio and carbon balance results of DRM with the Ni/MO 
catalyst in the thermal catalytic reaction 

Temperature 
(°C) 

Selectivity (%) Yield (%) H2/CO 
ratio C balance 

CO H2 CO H2 
800 88 100 81 80 0.9 89 
700 89 100 73 70 0.9 91 
600 92 100 48 41 0.8 96 
500 100 100 18 11 0.6 101 
400 100 100 3 1 0.3 103 
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4.3.3 Plasma DRM Results 

4.3.3.1 Effect of distance of the catalyst bed after the plasma 

The distance between the catalyst and the plasma outlet affects not only the 

temperature of the catalyst placement area, namely the heat transferred to the 

catalyst, but also affects the flow dynamics of the plasma gas. Changes in flow can 

lead to backflow, ultimately affecting the plasma results [11]. It should be noticed 

that the pressure gauge in the feed gas line did not show an obvious change in 

values for any of the experiments. 

 

Based on the study in the Chapter 3, the temperature at a distance of 4.9 cm can 

reach about 500 °C, which, however, is not high enough for the Ni/MO catalyst to 

show good catalytic performance, as suggested by the thermal catalytic DRM (see 

Fig, 4.5). Therefore, a shorter distance should be used, which was hypothesized to 

pass more heat from the plasma to the catalyst layer. Here, as shown in Fig. 4.1A, 

the distance of the Ni/MO catalyst bed from the plasma outlet was adjusted and 

varied from 2 cm to 4 cm. i.e. the distance of the bottom grid of the catalyst bed on 

which the catalyst is put. 
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Fig. 4.6. Conversion of CH4 and CO2 for DRM in the GAP catalytic system at different 
distances with Ni/MO catalyst or filling material of α-Al2O3. Gas composition: N2/CH4/CO2 = 
8/1/1, GHSV: 480 L·gcat-1·h -1. 

Fig. 4.6 shows the conversion results in the plasma alone case and the plasma with 

Ni/MO catalyst at different distances from the plasma outlet (2, 3 and 4 cm) or with 

α-Al2O3 at 4 cm distance. In comparison to the CO2 conversion in plasma alone, as 

the distance increased, its conversion fluctuated between 52% and 55% and 

remained almost the same considering the error. In contrast, with the catalyst, the 

conversion of CH4 exhibited an increasing trend as the distance increased. 

Nevertheless, the addition of Ni/MO catalyst caused a decrease of CH4 conversion 

from 67% in plasma alone to 63% in case of a distance of 2 cm. This decrease 

might be attributed to the fact that the addition of the T-bed close to the plasma 

caused a stronger backflow or changed the flow behaviour of the gas which 
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affected the plasma [11], resulting in a decrease in CH4 conversion This negative 

effect of the Ni-based catalyst (Ni/Al2O3 and Ni/SiO2) on the CO2 and CH4 

conversion during the GA plasma DRM system has also been reported [4,12]. 

Moreover, at a distance of 4 cm, the conversion of both CO2 and CH4 over the 

Ni/MO catalyst and the α-Al2O3 filler were almost the same, suggesting that the 

catalyst had no catalytic effect in this condition. 
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Fig. 4.7. Selectivity, yield, H2/CO ratio and atom balance for DRM in the GAP catalytic system 
at different distances with Ni/MO catalyst or filling material of α-Al2O3 at 4 cm. (A) selectivity 
of CO and H2, (B) Selectivity of C2H2 and C2H4, (C) Yield of CO and H2, and H2/CO ratio, 
and (D) C, H and O atom balance. (Calculation equations see Chapter 3) Gas composition: 
N2/CH4/CO2 = 8/1/1, GHSV: 480 L·gcat-1·h -1. 

The results of the selectivity of CO, H2, C2H2 and C2H4, the yield of H2 and CO 

and their ratio are shown in Fig. 4.7(A-C). It is interesting to observe that the 

addition of the catalyst improved the selectivity of H2. It first increased from 79% 

to 89% at 2 cm, and then decreased to a relatively stable range of 80 - 82% upon 

increasing distance (see Fig. 4.7A). However, when comparing the H2 and CO 

selectivity of the Ni/MO catalyst with that of the α-Al2O3 filler in the 4 cm case, 

they were nearly identical. This suggests that at this distance, the catalyst did not 

enhance their selectivity. Besides this, the addition of the T-bed to the system 

generally had a positive effect on the C2H2 and C2H4 selectivity, which increased 
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a bit from 18% for C2H2 and around 1.4% for C2H4 in the plasma alone case to a 

range of 20 - 22% for C2H2 and about 1.6 - 1.7% for C2H4. However, also in this 

case, a comparison of these results of the Ni/MO catalyst and α-Al2O3 filler 

suggested that the increase in selectivity of C2H2 and C2H4 at 4 cm stopped. Due 

to the slight increase of CH4 conversion and H2 selectivity, the yield of H2 increased 

from 53% to around 56% as the catalyst was added at a distance of 2 cm, resulting 

in a fluctuation of the H2 yield with distance of the catalyst bed, while the 

selectivity of CO decreased from 42% to 39% as the catalyst was added at a 

distance of 2 cm and increased to around 42% upon increasing distance. The final 

H2/CO ratio showed a similar trend as that of the H2 yield.  

 

Fig. 4.7D shows the atom balance of carbon, hydrogen and oxygen. The carbon 

balance in the plasma alone case was 93%, and it remained the same when 

considering the error in the calculations. In addition, the balance of hydrogen and 

oxygen was also lower than 100%, which implied the possibility of by-products 

like H2O and some other hydrocarbon compounds that could not be analyzed or 

quantified by our GC. 

 

The SEI is shown in Fig. 4.8 and demonstrates a stable energy input for all cases. 

A general value of 3.5 – 3.7 kJ/L was achieved. As the conversion of CO2 was 

almost unchanged and that of CH4 fluctuated a bit, the EC of the conversion 
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exhibited slight fluctuation between 5.9 and 6.3 kJ/L. A slight increase happened 

in all the cases with the addition of the T-bed with materials. 
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Fig. 4.8. Energy cost (EC, left y-axis) and specific energy input (SEI; right y-axis) (see 
formulas in Chapter 3) for DRM in the GAP catalytic system at different distances with Ni/MO 
catalyst or filling material of α-Al2O3 at 4 cm. Gas composition: N2/CH4/CO2 = 8/1/1, GHSV: 
480 L·gcat-1·h -1. 

The data presented in Fig. 4.6-4.8 lead us to conclude that introducing a T-bed with 

a catalyst has a limited effect on the outcomes, irrespective of distance, particularly 

in terms of conversions, although some enhancement in H2 selectivity was noted. 

However, in the case of the 4 cm distance, a direct comparison between the Ni/MO 

catalyst and the α-Al2O3 filler indicates that the catalyst did not exhibit any 

catalytic activity under these conditions. Several factors could contribute to this 

observation: (1) The catalyst quantity might be insufficient, implying that while 

there is a catalytic effect, it is too minor to be noticeable. (2) The temperature at 
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the catalyst's location might be inadequate, rendering the catalyst inactive. (3) 

Potential carbon deposition on the catalyst could lead to its deactivation before 

reaching its active temperature range (as indicated in Fig. 4.5, the temperature 

should be above 500 °C) where it can demonstrate catalytic activity. (4) Physical 

effects such as flow behaviour, including back flow, or quenching effects might be 

at play. Therefore, to exclude the factors at the levels of the catalyst, the subsequent 

sections will delve into these three first aspects to further explore ways to enhance 

the PPC DRM results. 

4.3.3.2 Effect of catalyst amount 

Increasing the amount catalyst for the DRM reaction, essentially resulting in lower 

GHSV values, has been shown to enhance the conversion of CO2 and CH4 to some 

extent [6]. Therefore, more Ni/MO was added to evaluate its impact on the DRM 

results in the PPC system. Besides this, due to the heavy workload to make more 

catalysts and considering the comparable catalytic performance of Ni-α-Al2O3 at 

high temperatures [13], 10 g Ni-α-Al2O3 spheres were tested in this system for 

DRM as well. The Ni-α-Al2O3 catalyst was prepared by impregnating α-Al2O3 

spheres (Alfa Aesar, 3/16 inch) with the same weight concentration of Ni (10 wt%) 

using the wet impregnation method. The calcination temperature and reduction 

process for the Ni-α-Al2O3 catalysts were identical to those used for the Ni/MO 

catalyst. The distance between the T-bed and the plasma was set at 3 cm. 
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Fig. 4.9. Conversion of CH4 and CO2 for DRM in the GAP catalytic system with different 
amounts of Ni/MO catalyst and 10 g Ni-α-Al2O3. Gas composition: N2/CH4/CO2 = 8/1/1. 

As shown in Fig. 4.9, the addition of Ni/MO catalyst from 1 g to 5 g led to a slight 

decrease in CO2 conversion from 55% to 53%, while the CH4 conversion 

experienced a minor increase from 65% to 68%. However, the use of 10 g Ni-α-

Al2O3 resulted in a more notable drop of CO2 conversion to 51% and a slight 

decrease in CH4 conversion to 67%. This outcome can be attributed to a 

combination of factors. Firstly, since the Ni-α-Al2O3 catalyst retained its spherical 

size of 3/16 inch, the use of 10 g Ni-α-Al2O3 catalyst may have led to an uneven 

distribution on the T-bed, which could have adversely impacted the plasma gas 

flow and, consequently, the DRM performance. Secondly, the characteristics of the 

10 g Ni-α-Al2O3, such as Ni distribution, Ni particle size, and the interaction 

between Ni and the support, might differ, which can influence the catalytic results. 
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Although it is worth investigating the origin of this difference, the catalytic effect 

is in any case too limited and thus, other aspects that might have a more substantial 

impact on the catalytic effect, were deemed more important to evaluate first (see 

the following sections and Chapter 5). Generally, the enhancement effect of this 

catalyst was not as significant as expected. 
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Fig. 4.10. Selectivity, yield, H2/CO ratio and atom balance for DRM in the GAP catalytic 
system with different amounts of Ni/MO catalyst or 10 g Ni-α-Al2O3. (A) selectivity of CO 
and H2, (B) Selectivity of C2H2, C2H4, and C3H8, (C) Yield of CO and H2, and H2/CO ratio, 
and (D) C, H and O atom balance. Gas composition: N2/CH4/CO2 = 8/1/1. 

When the amount of Ni/MO catalyst increased, the CO selectivity initially 

remained almost unchanged and then rose to 79%. In contrast, the H2 selectivity 

exhibited a different trend, as depicted in Fig. 4.10A. It initially increased from 80% 

to 85% and then subsequently decreased back to 80%. Hence, when > 5g is used, 

the CO and hydrogen selectivity become equal while at a lower weight of catalyst, 

relatively more hydrogen is formed. More catalysts of Ni-α-Al2O3 exhibited the 

same selectivity performance as 5 g Ni/MO, suggesting that increasing the catalyst 

amount, most likely, cannot enhance the selectivity results in these PPC conditions. 

As shown in Fig. 4.10B, the selectivity of C2H2 showed a decreasing trend as the 

catalyst amount increased, which was around 22% in the 1 g Ni/MO catalyst case 
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and declined to 15% in the 5 g Ni/MO case. In addition, it further decreased to 14% 

as 10 g Ni-α-Al2O3 catalyst was used. Moreover, the peak of propane appeared in 

the GC with selectivity of around 0.5-0.6% as 5 g Ni/MO and 10 g Ni- Ni-α-Al2O3 

were utilized. Due to the limited changes in the conversions, the yield of CO and 

H2 showed a similar trend to the selectivity. The H2/CO ratio initially increased 

from 1.4 to 1.5 and then decreased to 1.2. The atom balance showed fluctuations 

without a clear trend. As shown in Fig. 4.11, the SEI and EC were not affected by 

the increase of Ni/MO amount, while the EC increased a bit (from 6.1 to 6.4 kJ/L) 

as the catalyst and its amount changed to 10 g Ni-α-Al2O3. 
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Fig. 4.11. Energy cost (EC) and specific energy input (SEI) for DRM in the GAP catalytic 
system with different amounts of Ni/MO catalyst or 10 g Ni-α-Al2O3. Gas composition: 
N2/CH4/CO2 = 8/1/1. 

Generally, although the addition of more Ni/MO catalysts improved the selectivity 

of CO and decreased the selectivity of by-products like C2H2, it had little effect on 
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the conversions of CO2 and CH4 and did not reduce the EC for the reaction. 

Therefore, the catalyst amount may not be the reason for the limited or even 

absence of improvement for the PPC DRM, and further study is needed. The other 

two reasons, namely not enough heat and/or catalyst deactivation will subsequently 

be investigated. 

4.3.3.3 Extra heating effect 

The thermal catalytic experiments demonstrated that the temperature plays a 

crucial role in the activity of the catalyst. Therefore, an extra heating jacket was 

added to the outside of the reactor, which was wrapped with insulation materials 

to avoid heat losses (as shown in Fig. 4.2 B-C). In addition, the catalyst bed was 

moved to 2 cm from the plasma to provide a higher temperature environment for 

the catalyst. Three temperature points of the heating jacket, 150 °C, 200 °C, and 

250 °C, were tested. A thermocouple was bent into the catalyst layer to measure 

the temperature. The cases with different heating temperatures will be written in 

short as H-T, where T represents the temperature. 
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Fig. 4.12. Conversion of CH4 and CO2 for DRM in the GAP catalytic system at different extra 
heating temperatures. Gas composition: N2/CH4/CO2 = 8/1/1, GHSV: 480 L·gcat-1·h -1. 

With the application of extra heating, the CO2 conversion initially decreased from 

55% to approximately 53% when heating was added at 150 °C (H-150) and 200 °C 

(H-200). Subsequently, it increased to 57% as the heating temperature was raised 

to 250 °C (H-250). Conversely, the conversion of CH4 showed a consistent upward 

trend with the increase in temperature, rising from 65% without heating to 69% in 

the H-250 case. 
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Fig. 4.13. Selectivity, yield, H2/CO ratio and atom balance for the DRM in the GAP catalytic 
system at different extra heating temperatures. (A) selectivity of CO and H2, (B) Selectivity of 
C2H2 and C2H4, (C) Yield of CO and H2, and H2/CO ratio, and (D) C, H and O atom balance. 
Gas composition: N2/CH4/CO2 = 8/1/1, GHSV: 480 L·gcat-1·h -1. 
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An additional interesting observation was the increasing CO and H2 selectivity with 

the introduction of extra heating to the system, as shown in Fig. 4.13A. The 

selectivity for CO rose from 70% to 81%, and for H2 from 80% to 96%. Moreover, 

the higher temperature seemed not beneficial for the production of C2H2 and C2H4 

(see Fig. 4.13B). The C2H2 selectivity was around 22% without extra heating and 

it decreased as the temperature increased, reaching 13% in the H-250 case. The 

selectivity of C2H4 exhibited a similar but slightly weaker trend: it was about 1.7% 

without heating and declined to 1.1% at a heating temperature of 250 °C. A 

generally stable CO2 conversion and an increase in CH4 conversion and selectivity 

of CO and H2 contributed to an increase in CO and H2 yield, which were enhanced 

from 43% to 51% for CO, and from 52% to 67% for H2. However, their ratio 

slightly decreased from 1.41 to 1.38. 

 

The atom balance of C remained stable at around 96% (see Fig. 4.13D) suggesting 

the existence of carbon deposition and carbon-containing species that were not 

detected or quantified by our GC in all the cases, and no improvement was 

observed as the heating temperature was increased. The values of EC and SEI, as 

shown in Fig. 4.14, both increased as the temperature increased, suggesting a lower 

energy efficiency resulting from extra heating in this manner, not yet including the 

EC of adding the heat itself. 
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Fig. 4.14. Energy cost (EC) and specific energy input (SEI) for DRM in the GAP catalytic 
system at different heating temperatures. Gas composition: N2/CH4/CO2 = 8/1/1, GHSV: 480 
L·g-1h-1. 
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Fig. 4.15. Temperature measured in the catalyst layer in the GAP catalytic DRM system at 
different external heating temperatures. Gas composition: N2/CH4/CO2 = 8/1/1, GHSV: 480 
L·gcat-1·h -1. 
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In general, in our PPC DRM system, although extra heating can improve the 

selectivity of CO and H2 and seems to have some potential to enhance the 

conversion and selectivity at higher temperatures, the improvement is minor versus 

the possible economical impact due to the increased EC. Further study revealed 

that the real temperature was much lower than the set temperature, likely due to the 

high flow rates taking some heat and the possible low heat transfer effect because 

of the quartz wall. As shown in Fig. 4.15, introducing extra heating can efficiently 

enhance the surrounding temperature of the catalyst layer from 500 °C to around 

600 °C in the H-250 case. However, the promoting effect was less when the heating 

temperature was set at lower temperatures of 150 or 200 °C. In addition, before 

starting the plasma, when extra heating was set at 150 °C, the temperature of the 

catalyst layer could only reach 60 °C; for extra heating of 250 °C, the temperature 

increased to about 120 °C, which was much lower than the set temperature and is 

most likely caused by the high flow rates, as mentioned above. Hence, the extra 

energy added to the heat from the plasma exhaust is limited. However, the most 

important result is that these experiments prove that insufficient heat for the 

catalyst can be the possible reason why there is no or only limited improvement on 

the PPC DRM system. This suggests a low utilization efficiency of the heat 

produced by the plasma passing to the catalyst. Therefore, to enhance the 

conversions and selectivity and to fully utilize the heat from the plasma, a better-

designed reactor or catalyst bed is needed, which can either be efficiently combined 

with an extra heating system or which can collect more heat from the post-plasma 
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afterglow or a combination of both. Apart from this, the addition of H2O into the 

feed gas is still interesting to study, because it may decrease the possible 

deactivation of the catalyst due to carbon deposition, enabling the catalyst to show 

catalytic activity at these heat transfer condition. 

4.3.3.4 Addition of H2O  

Apart from the possibility of decreasing the catalyst deactivation by reducing the 

carbon deposition upon oxidation due to H2O, the addition of H2O into the dry 

reforming system can facilitate the production of H2 [14–17]. Therefore, H2O was 

added into the feed gas in the vapour phase by the CEM device as described in 

section 4.2.2. H2O in a relative humidity (RH) between 40% and 100% was added. 

The GHSV was set at 480 L·gcat-1·h -1. A comparison test with 5 g α-Al2O3 was 

done in both H2O conditions to get more information about the catalytic effect of 

the Ni/MO catalyst. 
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Fig. 4.16. Conversion of CH4 and CO2 for DRM in the GAP catalytic system with the addition 
of different RH. Gas composition: N2/CH4/CO2 = 8/1/1, GHSV: 480 L·gcat-1·h -1. 

As shown in Fig. 4.16, the addition of H2O decreases the conversion of CO2 and 

has a small negative effect on the conversion of CH4 at 100% RH. Specifically, the 

CO2 conversion decreased from 55% without H2O to 41% with the addition of 40% 

RH with the Ni/MO catalyst. However, comparing it with the α-Al2O3 case, the 

reason for the decline in conversion did not seem to be related to catalytic activity. 

When adding more H2O to 100% RH, the CO2 conversion dropped to 15% with 

the addition of the Ni/MO catalyst, which was even lower than the value of 23% 

obtained in the α-Al2O3 case. This suggested the detrimental effect of the catalyst 

in this condition, which can be attributed to the water gas shift reaction (WGSR, 

CO + H2O → CO2 + H2, ∆H0 = −41.2kJ/mol). For CH4, a decrease from 65% to 

around 62% conversion appeared as the H2O content added increased from 0% to 
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100% RH. Moreover, comparing the Ni/MO with the α-Al2O3, the CH4 conversions 

were almost the same, suggesting the absence of a catalytic effect for the CH4 

conversion. 
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Fig. 4.17. Selectivity, yield, H2/CO ratio and atom balance for DRM in the GAP catalytic 
system with the addition of different RH. (A) selectivity of CO and H2, (B) Selectivity of C2H2 
and C2H4, (C) Yield of CO and H2, and H2/CO ratio, and (D) C, H and O atom balance. Gas 
composition: N2/CH4/CO2 = 8/1/1, GHSV: 480 L·gcat-1·h -1. 

As the peak of H2O was hard to be analysed by the GC and a lot of H2O was 

condensed on the inside wall of the reactor, it was hard to know exactly how much 
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H2O was truly used in the reaction. Therefore, for the calculation of the H2 

selectivity and yield and H atom balance, CH4 was used as the only H source to 

offer a qualitative analysis of how the RH affected the results. 

 

With the addition of H2O, the selectivity of both CO and H2 increased (see Fig. 

4.17A). The CO selectivity increased from 70% to about 100% and remained stable 

at around 100% for both 40% RH and 100% RH, suggesting that a lower amount 

of H2O (40% RH for example herein) was already enough to achieve 100% CO 

selectivity. For the H2 selectivity, its value increased from 80% to around 112% 

upon 40% RH and further increased to about 124% with the addition of 100% RH. 

This phenomenon demonstrated that apart from the WGSR reaction, direct 

dissociation of H2O by the plasma contributed to the enhancement of H2 production 

as well. The main by-product C2H2 was also heavily affected by the addition of 

H2O, as shown in Fig 4.17B. It dropped from 22% to 7% with 40% RH and using 

the Ni/MO catalyst and further decreased to 5% when adding 100% RH. These 

values were slightly lower than those obtained with α-Al2O3, implying a small 

inhibition effect of the Ni/MO catalyst for C2H2 production. Compared with the 

decreasing trend of C2H2 selectivity, the C2H4 selectivity slightly increased from 

1.7% to 1.9% in the 40% RH case and to 2.1% in the 100% RH case.  

 

When looking at the yields, it first increased for CO with the addition of 40% RH 

due to the dramatic increase in CO selectivity, while it then decreased in the 100% 
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RH case because the CO selectivity remained at around 100% while the CO2 

conversion dropped significantly. A qualitative trend was shown that the H2 yield 

increased clearly from 52% without any H2O addition to 74% with the addition of 

40% RH and further increased to 77% with 100% RH. Thus a higher H2/CO ratio 

of 2.1 was achieved with Ni/MO in the 100% RH case. As the added H2O contains 

H and O atoms and because for calculating the atom balance, only CO2 and CH4 in 

the feed gas were included, the balance of H and O atoms was much higher than 

100%. Due to the existence of H2O, deposited carbon can be oxidized, resulting in 

a C balance reaching around 100%, i.e., higher than 96% in the absence of H2O. 
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Fig. 4.18. Energy cost (EC) and specific energy input (SEI) for the DRM reaction in the GAP 
catalytic system with the addition of different RH. Gas composition: N2/CH4/CO2 = 8/1/1, 
GHSV: 480 L·gcat-1·h -1. 

When H2O was added, the EC and SEI both decreased (see Fig. 4.18). A clear 

decrease in SEI appeared in the case of 40% RH with α-Al2O3 from 3.7 kJ/L 
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without H2O to 1.2 kJ/L, i.e., lower than 1.8 kJ/L with Ni/MO catalyst. The reason 

for this is unknown. Although the addition of 100% RH resulted in a lower SEI 

than in absence of H2O, the SEI was still higher than for the 40% RH case. In 

addition, the trends of EC values were the same as those of SEI with increasing 

H2O amount. This was reasonable because a low H2O amount yielded a higher total 

conversion of CO2 and CH4 and lower SEI values, suggesting less energy was 

needed to convert the CO2 and CH4. 

 

The addition of H2O into the DRM system was beneficial to decrease carbon 

deposition and increase H2 production, which resulted in a higher H2/CO (i.e., 

syngas) ratio. Moreover, it resulted in a lower EC compared with the absence of 

H2O. However, due to the limitation of reactor design and the GC, it was difficult 

to accurately quantify the products formed. However, when combined with Ni/MO 

catalyst, the CO2 conversion decreased a lot. This indicated that carbon deposition 

is not the reason why there is no improvement effect on the PPC DRM system or 

at least, it cannot be counteracted by the use of water, which might create additional 

issues due to the WGSR. 

4.4. Conclusion 

Several factors were examined to determine their impact on the Dry Reforming of 

Methane (DRM) in the Gliding Arc Plasmatron (GAP) post-plasma catalytic 
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system, including the distance between the catalyst and the plasma exhaust, the 

amount of catalyst used, the application of extra heating and the addition of H2O. 

The distance and quantity of the catalyst showed limited influence on the 

conversions of CO2 and CH4. However, for improving the selectivity of CO and 

H2, 1 g of Ni/MO catalyst positioned at a distance of 2 or 3 cm was found to be 

optimal for achieving higher values. The application of external heating enhanced 

the CH4 conversion from 65% to 69% in the H-250 scenario. Notably, there was a 

significant increase in selectivity, from 70% and 80% without heating to 81% and 

96% for CO and H2, respectively, in the H-250 case. Nevertheless, this 

improvement came with an increased energy cost from the external applied extra 

heating. Further analysis indicated that a considerable amount of heat was lost due 

to the inefficient design of the heating jacket in relation to the reactor. Introducing 

H2O into the feed gas effectively improved the selectivity of CO and H2 and 

reduced carbon deposition. However, this led to a considerable decrease in CO2 

conversion, dropping from 55% without H2O to just 15% with 100% relative 

humidity (RH) when using the Ni/MO catalyst, which was hypothesized to be at 

least partly due to the WGSR reaction. Moreover, part of the decrease in CO2 

conversion is not associated to the catalyst itself, as also the filling material showed 

a decrease in CO2 conversion. 

 

In summary, increasing the temperature of the catalyst bed was beneficial for the 

improvement of DRM in this GAP plasma system, indicating that the main reason 
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why the catalyst did not show catalytic performance is because there is not enough 

heat from the plasma outlet transferred to the catalyst. Therefore, either a better 

post-plasma reactor design to efficiently utilize the extra heating and/or a well-

designed catalyst bed to facilitate the collection of heat from the plasma is 

necessary for the post-plasma GAP system, which will be the focus of the next 

chapter. 
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Abstract 

A combination of a gliding arc plasmatron (GAP) reactor and a newly designed 

tubular catalyst bed (N-bed) was applied to investigate the post-plasma catalytic 

(PPC) effect for dry reforming of methane (DRM). In comparison, a traditional 

tray-type plasma catalyst bed (T-bed) was also utilized. The post-plasma catalytic 

effect of a Ni-based mixed oxide (Ni/MO) catalyst with a thermal catalytic 

performance of 77% CO2 and 86% CH4 conversion at 700 ℃ was studied. 

Although applying the T-bed had little effect on plasma-based CO2 and CH4 

conversion, an increase in selectivity to H2 was obtained with a maximum value of 

89% at a distance of 2 cm. However, even when only non-catalytic α-Al2O3 

packing material was used in the N-bed configuration, compared to the plasma 

alone and the T-bed, an increase of the CO2 and CH4 conversion from 53% and 67% 

to 69% and 83% was achieved. The addition of the Ni/MO catalyst further 

enhanced the DRM reaction, resulting in conversions of 79% for CO2 and 91% for 

CH4. Hence, although no insulation nor external heating was applied to the N-bed 

post plasma, it provides a slightly better conversion than the thermal catalytic 

performance with the same catalyst, while being fully electrically driven. In 

addition, an enhanced CO selectivity of 96% was obtained and the energy cost was 

reduced from ~ 6 kJ/L (plasma alone) to 4.3 kJ/L. To our knowledge, it is the first 

time that a post-plasma catalytic system achieves this excellent catalytic 

performance for DRM without extra external heating or insulation.  
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5.1 Introduction 

Simultaneously converting CH4 and CO2 through dry reforming of methane (DRM) 

has been a topic of significant interest for researchers worldwide for decades [1–

3]. Due to the high stability of CO2 molecules, the reaction is endothermic (CO2 +

 CH4 → 2CO + 2H2 , ∆H0 = 247 kJ mol⁄ ) which requires the reaction to usually 

happen at high temperatures over 700 °C. Furthermore, during the reaction, carbon 

deposition on the catalyst and catalyst sintering can lead to deactivation, thereby 

limiting its potential for further industrial application [1]. 

 

Among the various types of technologies to improve the state of the art, plasma, 

the fourth state of matter containing reactive species (electrons, ions, radicals, and 

excited molecules), provides a particularly unique pathway as it can use flexible 

and renewable electrical energy sources, and can relatively easily be scaled up [4–

7]. In its simplest case, plasma is a (partially) ionized gas, which is produced by 

gas flowing between two electrodes, between which there is an electric potential 

difference. This causes gas breakdown and the creation of free electrons and ions. 

The electrons collide with the gas molecules, producing other reactive species, such 

as radicals and excited molecules. This chemical species cocktail creates a reactive 

environment that facilitates the dissociation of stable molecules, such as CO2 and 

CH4 under DRM conditions [8]. The product obtained from the plasma DRM 

reaction mainly contains syngas (H2/CO), as well as hydrocarbons and oxygenates 
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[8–13]. Extensive investigation for plasma-based DRM has been done with various 

types of plasma technologies, such as dielectric barrier discharge (DBD) [10,14–

19], radio-frequency (RF) discharges [20–22], glow discharges [13,23], microwave 

(MW) discharges [24–27], corona discharges [28,29], and gliding arc (GA) 

discharges [8,30–35]. It is worth noting that the GA plasma is a promising plasma 

type for DRM, as it can generate electrons with an energy of around 1 eV, which 

is ideal for the CO2 vibrational excitation during the dissociation process [31,36,37]. 

 

However, the classical two-dimensional (2D) GA plasma is still facing limitations, 

such as limited conversion of 10 to 40%, because a considerable fraction of feed 

gas does not pass through the plasma region [37–41]. Therefore, new designs were 

developed with improvements of cylindrical electrodes and tangential gas 

entrances, which allow the formation of a vortex flow, resulting in longer residence 

times and eventually higher conversions of 14 to 65% [8,30–32,42,43]. Among 

them, a gliding arc plasmatron (GAP), developed by Nunnally et al. [44], showed 

high potential for DRM [8,30,31]. Nevertheless, the highest conversion is still in 

the range of 40 to 60% in the plasma alone case [30], which is lower than the typical 

value of around 90% achieved in thermal catalytic DRM at high temperatures 

above 750 °C [45–47]. Therefore, a method to improve its plasma performance is 

needed. Implementing a catalyst bed after the plasma, forming a post-plasma 

catalytic (PPC) system, can be a possible way to further improve the gas conversion.  
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Currently, for the GAP setup, no systematic study on PPC DRM was performed. 

But lessons can be learnt from other types of GA PPC DRM systems. Zhang et al. 

[48] showed by means of simulations that after adding a catalyst bed, a strong 

backflow of gas above the catalyst bed occurred, which partly flowed back to the 

plasma area, where it was further treated by the plasma. Li et al. [49] investigated 

the relation between distance and temperature in a GA plasma system and 

summarized how the distance between a catalyst bed and plasma affected the 

results of reforming biogas with a feed gas molar ratio of CH4:CO2:O2 = 3:2:1.8. 

They found that the catalyst mid-bed temperature elevated from 647 °C to 779 °C 

as the distance between the catalyst bed and the top of the plasma reactor cylinder 

decreased from 11 to 4 cm, which was attributed to the decrease of heat loss from 

the GA plasma when approaching the plasma area. Consequently, the conversions 

of CH4 and CO2 increased from 82% and 4% to 92% and 20%, respectively [49]. 

 

Martin-Del-Campo et al. [42] recently investigated the performance of DRM in a 

rotating gliding arc (RGA) plasma coupled with a spouted bed reactor system with 

and without catalysts. The authors found that the conversions of CO2 and CH4 for 

plasma alone were higher than those with catalysts. A possible reason was that the 

presence of a catalyst bed filled with materials interfered with the arc formation, 

which limited the formation of active species produced by the plasma [42]. On the 
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contrary, in another study reported by Zhu et al. [34], an enhancement in the 

conversion of CH4 from 52.6% to 58.5% was observed when the RGA plasma was 

combined with a Ni/γ-Al2O3 catalyst loaded with 10 wt% Ni, compared with 

plasma alone for DRM. However, the presence of the catalyst had almost no effect 

on the CO2 conversion. Liu and colleagues [50] reported that supplying extra heat 

to the catalyst reactor after plasma could be a possible way to improve the GA 

plasma-catalytic system. Compared to warm plasma alone (WP) (no catalyst), 

warm plasma catalysis without heating (WPC-NH) resulted in almost the same 

conversions of CO2 and CH4, suggesting that the Ni-based catalyst did not 

contribute to the DRM reaction, although it had good performance in the 

conventional thermal catalytic (CC) case. This was due to the low temperature of 

the after-plasma gas flow, which was only in the range of 350 °C to 500 °C, at 

which the Ni-based catalyst is inactive for DRM. Once extra heating was added at 

a temperature of 850 °C, the warm plasma catalysis with heating (WPC) case 

exhibited the highest conversions for both CO2 and CH4. Moreover, these values 

increased as the feed gas flow rate decreased, resulting in 94% CH4 conversion and 

91% CO2 conversion at a gas hourly space velocity (GHSV) of 3200 h-1. In another 

newly reported paper, Lian et al. [51] compared warm plasma co-reforming of 

dilute bioethanol and methane to produce hydrogen, with the warm plasma-

catalysis case, in which extra heating at 800 °C improved the carbon conversion 

from 66% to 97%, the hydrogen yield from 55% to 78% and the energy efficiency 
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from 80% to 85%. Their research suggested the importance of extra heating in the 

warm plasma-catalytic system, which also proves that temperature is an important 

parameter for post-plasma catalysis. Thus, the question comes up whether there is 

a solution able to transfer more heat from the plasma to the catalyst and improve 

the catalytic conversion, without any extra heating? This would indeed be the 

ultimate goal to obtain a fully electrically driven process including heat (energy) 

integration of the plasma to the post-plasma catalyst [52]. 

 

Due to its good performance in thermal catalysis (see Chapter 4), a Ni-based mixed 

oxide (Ni/MO) catalyst derived from LDH (layered double hydroxide) was coupled 

with a GAP reactor for DRM. Different from the tray-type catalyst bed (T-bed), 

we propose a newly designed tubular catalyst bed (N-bed) with the purpose to 

enhance mass and heat transfer to the catalyst bed, as this was hypothesized as the 

key reason for the absence of catalytic performance in Chapter 4, while heating 

was also highlighted essential by several references in the state-of-the-art, as stated 

above. Therefore, the N-bed was directly connected to the plasma chamber and 

positioned inside the post-plasma quartz tube, forming a double wall effect, which 

was hypothesized to avoid the need for insulation or external heating. The latter is 

a key difference and innovation in this chapter with respect to the state-of-the-art. 

To evaluate the impact of the catalyst bed design, only the type of catalyst bed (N-

type or T-type) was changed, while keeping the plasma operating conditions, gas 
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composition and catalyst identical. When using the N-bed at the same plasma 

conditions, we achieved excellent conversion results, i.e., 79% for CO2 and 91% 

for CH4, which were higher than the values obtained in the T-bed with catalyst (i.e., 

53% for CO2 conversion and 65% for CH4 conversion). In addition, the selectivity 

towards syngas increased to 96% for CO and 92% for H2. Moreover, compared 

with the plasma alone or T-bed with catalyst, the energy cost decreased by about 

28%. 

5.2 Experimental 

5.2.1 Catalyst preparation and characterization 

The support of MgAl-LDH was synthesized via the co-precipitation method as 

reported [53]. Then, 10 wt% Ni was loaded on the MgAl-LDH via the wet 

impregnation method, by contacting the MgAl-LDH with Ni(NO3)2.6H2O solution 

for 12 h while stirring, after which the Ni/MgAl-LDH was dried at 80 ℃ overnight 

and calcined at 800 °C for 6 h. The obtained Ni/MgAl mixed metal oxide (denoted 

as Ni/MO) powder was pressed into tablets at 5 MPa. Then, the tablets were 

crushed and sieved into a size of 0.4 – 0.6 mm. The obtained materials were 

reduced at 800 °C for 6 h with a flow rate of around 100 mL/min 2% H2/Ar gas 

with a heating rate of 10 °C/min before they were applied for reaction. α-Al2O3 

spheres (Alfa Aesar, 3/16 inch) were crushed and sieved into the same size fraction 

to be utilized as filling material. Before being used for reaction, the Ni/MO and α-
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Al2O3 were uniformly mixed in a bottle. For a fair comparison, both thermal and 

GAP catalytic DRM were performed at the same weight GHSV of 480 L·gcat-1·h -1. 

 

Thermogravimetric (TG) analysis was performed on a 100 mg mixture of catalyst 

and α-Al2O3 after plasma or thermal catalytic DRM reaction to analyze the carbon 

deposition on the catalysts, using a Mettler Toledo TGA/SDTA851e thermal 

balance coupled with a Hiden HPR-20 R&D Mass Spectrometer (MS). Specifically, 

the sample was heated to 1000 ℃ under a flow of 80 mL/min O2 with a heating 

rate of 10 ℃/min to determine the deposited carbon content. The MS signals for 

m/z within the range of 2 to 100 were collected. In addition, Raman spectra (Xplora 

Plus, Horiba Scientific) were recorded to understand the crystal structure of the 

carbon collected after plasma reaction from the reactor tube or on the catalyst. The 

Raman spectra were measured at a laser excitation wavenumber of 532 nm (with a 

filter value of 10%) in a spectral range of 100 – 3500 cm-1. 
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5.2.2 Plasma-catalytic DRM 

 

 

Fig. 5.1. (A) Schematic description of the newly designed tubular catalyst bed (N-bed), (B) 
photograph of the N-bed connected to the plasma-catalytic system, and (C) photograph of the 
traditional tray-type catalyst bed (T-bed) used in the plasma-catalytic system. 
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Experiments were performed with a GAP device, which was described in previous 

papers [36,54,55]. For the DRM, feed gas was supplied to the plasma with a 

composition of N2/CH4/CO2 = 8/1/1 (or 8/0.6/1) at a total gas flow rate of 8 L/min 

(Air Liquide, N2 purity 99.999%, CO2 purity 99.998%, and CH4 purity 99.995%). 

The flow rate of each gas was controlled by Bronkhorst mass flow controllers. The 

plasma in the GAP was generated by applying a high voltage to the cathode with a 

DC power supply (APS – Advanced Plasma Solutions). The voltage applied was 

measured by a high-voltage probe (Pintek HVP-15HF) and the current was 

obtained via a resistor of 3 Ω. The data of voltage and current were collected by a 

two-channel digital storage oscilloscope (Tektronix TDS 2012C). The current used 

for the plasma was around 0.25 A and the voltage was around 0.8 – 1.0 kV. The 

plasma power was calculated based on the measured voltage and current. 

 

The post-plasma reactor tube was made of quartz with an inside diameter of 6.4 

cm. There are six outlets at different positions on the reactor with a diameter of 1 

cm to allow extra gas to be added through them or implement thermocouples. 

Herein, they were all sealed by valves during the reaction process. A thermocouple 

is placed after the catalyst bed through the first outlet to record the temperature of 

the gas that passes through the catalyst bed. The distance from the thermocouple 

to the top of the quartz reactor is 4.9 cm (Fig. 5.1C). To add the catalyst just after 

the post-plasma exhaust, we developed a newly designed tubular catalyst bed (N-
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bed), as shown in Fig. 5.1A-B. Detailed pictures are shown in Fig C.1. The N-bed 

is directly connected to the anode of the plasma reactor by a stainless steel 

connector (detailed photographs, see Appendix C, Fig. C.1A-B). A tubular body 

with a diameter of 3.5 cm and height of 4.5 cm was utilized and at the bottom, a 

mesh was stacked inside where the catalyst can be placed on. In comparison, the 

tray-type catalyst bed (T-bed) was also utilized (Fig. 5.1C), which was made of a 

metal ring combined with a mesh tray and which can be adjusted in distance from 

the plasma exhaust. The distance between the T-bed and the plasma varied from 2 

cm to 4 cm and the reaction conditions were denoted as T-bed-Ɩ, where Ɩ is the 

distance in centimetre. 

 

For the plasma-catalytic DRM reaction, 1 g reduced catalyst with 4 g α-Al2O3 

filling material was mixed uniformly and placed in/on the catalyst bed for both 

configurations. In comparison, plasma alone or with 5 g α-Al2O3 filling material 

only was also tested at the same reaction conditions. A total gas flow rate of 8 

L/min with composition of N2/CO2/CH4 = 8/1/1 was applied to generate the plasma. 

A GHSV of 480 L·gcat-1·h -1 was obtained. Besides this, with the same gas flow rate, 

a higher CO2/CH4 ratio of 1.0/0.6 was also tested in the N-bed case. Furthermore, 

a blank experiment with only the N-bed was performed in this ratio. After starting 

the plasma, gas data was collected by a Thermo Scientific/Interscience Trace 1300 

file:///D:/01%20学习资料/00%20Thesis大论文/Supplementary%20Information-2023-08%20Final.docx
file:///D:/01%20学习资料/00%20Thesis大论文/Supplementary%20Information-2023-08%20Final.docx
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Gas Chromatograph (GC). Error bars were obtained by calculating the standard 

error on the calculated data from each loop of the GC data. 

5.2.3 Thermal catalytic DRM 

To compare with the plasma-catalytic DRM, the Ni/MO catalyst was also used in 

thermal catalytic DRM tests. For these experiments, the catalyst size fraction was 

0.25 – 0.4 mm, considering the size of the quartz tube reactor used. 10 mg 

unreduced Ni/MO catalyst and 100 mg α-Al2O3 with the same size fraction were 

mixed uniformly before they were filled into a quartz tube fixed bed reactor 

supported on quartz wool. Before starting the DRM reaction, the uniform mixture 

was reduced by 20% H2/Ar with a flow rate of 80 mL/min at 800 °C for 0.5 h. Then, 

the gas was changed to pure Ar with the same gas flow rate for another 0.5 h. To 

start the reaction, the gas was changed to a ratio of Ar/CO2/CH4 = 8/1/1 with a total 

gas flow rate of 80 mL/min to keep the same GHSV as in the plasma catalysis 

condition. After the reduction of the catalyst and flushing by Ar, the catalytic 

activity was measured at discrete temperature steps. The temperature was 

decreased point by point from 800 to 400 °C and pure Ar was utilized during the 

temperature-decreasing process. At each temperature point, the reaction was 

maintained for more than one hour and during this period the outlet gas was 

collected and analyzed by a Thermo Scientific Trace 1300 GC. 
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5.2.4 Gas analysis 

For the plasma-catalytic DRM system, the products were analyzed by the trace GC. 

Nitrogen was used as an internal standard gas. The definitions and formulas to 

calculate the conversions, carbon-based selectivity (for CO, C2H2, and C2H4) and 

carbon balance, hydrogen-based selectivity (for H2), yield, specific energy input 

(SEI), and energy cost are shown in the Appendix C. 

5.3. Results and discussion 

5.3.1 Thermal catalytic activity 

The thermal catalytic performance of the Ni/MO catalyst at various temperatures 

is shown in Fig. 5.2. To isolate the impact of the α-Al2O3 filling material from the 

catalytic effect, an experiment was conducted using 110 mg of α-Al2O3 following 

the same procedure. As shown in Fig. 5.2, both CO2 and CH4 showed 0% 

conversion in the temperature range of 400-800 °C. This confirms that α-Al2O3 has 

no catalytic effect on DRM within this temperature range. For the catalyst, its 

catalytic activity enhanced as the temperature increased. Maximum conversions of 

CO2 and CH4 of 86% and 96% were obtained at 800 ℃, which decreased to 77% 

and 86% for CO2 and CH4 as the temperature decreased to 700 ℃. The selectivity 

of CO and H2 (see Table C.1), however, did not change and remained around 88% 

for CO and 100% for H2. Moreover, the H2/CO ratio was 0.9 in both conditions. 
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Usually, if a side reaction due to the reverse water gas shift reaction (RWGS, 

CO2 + H2 → CO + H2O, ∆H0 = 41 kJ mol⁄ ) would happen in the DRM process, 

the conversion of CO2 would be expected to be higher than that of CH4. However, 

the conversion of CH4 was higher than that of CO2 at all temperature points 

measured. This may be explained by the occurrence of other side reactions. The 

first potential side reaction is the direct decomposition of methane into carbon and 

H2 (CH4 → C + 2H2 , ∆H0 = 75 kJ mol⁄ ), which promotes the consumption of CH4. 

Another side reaction can be the Boudouard reaction (2CO → C + CO2, ∆H0 =

−172 kJ mol⁄ ) which leads to carbon deposition and the formation of CO2 [45,56]. 
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Fig. 5.2. CH4 and CO2 conversions by the Ni/MO catalyst and α -Al2O3 during the thermal 
catalytic DRM reaction at different temperatures. In the α-Al2O3 case, the 10 mg catalyst was 
replaced by 10 mg α-Al2O3. Experimental conditions: catalyst: 10 mg, gas flow rate: 80 
mL/min (GHSV = 480 L·gcat-1·h -1), gas composition: Ar/CO2/CH4 = 8/1/1. 
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5.3.2 GAP plasma-catalytic activity 

The T-bed with an adjustable distance between the plasma and catalyst was applied, 

in addition to the N-bed configuration. To study the potential catalytic performance 

of the catalyst, excluding the filling effect of the post-plasma bed itself, 

experiments were compared with tests using only α-Al2O3 in the same total amount. 

Besides this, in the T-bed configuration, to keep the heat produced by plasma in 

the reactor, aluminium silicate insulation cotton was wrapped around the T-bed 

reactor, as shown in Fig. C.2. The performance of plasma-catalytic DRM in the T-

bed configuration is shown in Fig. C.3. Moreover, considering carbon deposition 

on the catalyst in the early plasma stage, which may lead to the deactivation of the 

catalyst and a decrease in the plasma-catalytic performance, a lower CH4/CO2 ratio 

of 0.6 was also tested in both T-bed and N-bed cases and compared to a ratio of 1, 

to study how it affected the results. These results are shown in the Appendix C (Fig. 

C.4-6). 
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5.3.2.1 Plasma-catalytic DRM with CH4/CO2 ratio of 1 
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Fig. 5.3. Conversions of CH4 and CO2 at different GAP post-plasma catalytic configurations. 
Gas composition: N2/CH4/CO2 = 8/1/1, GHSV: 480 L·gcat-1·h -1. 

The conversions of CO2 and CH4 for DRM in the GAP plasma-catalytic system at 

a CH4/CO2 ratio of 1 are shown in Fig. 5.3. These results illustrate that by adding 

the catalyst at a distance of 2 cm (T-bed-2 Ni/MO), the conversion of CO2 remained 

almost unchanged around 53-54%, while the CH4 conversion decreased from 66% 

to 63%. Upon increasing the distance between the catalyst bed and the plasma from 

2 cm to 3 cm, both the conversion of CO2 and CH4 increased a bit to 55% for CO2 

and 65% for CH4, although the increase of CO2 was within the error range. 

Although the increase of the CH4 conversion was higher than the error (from 63% 

to 65%), it was still slightly lower (65% vs 66%) compared to the plasma alone 
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configuration. When moving the distance further away from the plasma exhaust to 

4 cm, however, the CO2 and CH4 conversion became similar to the pure plasma 

case. The different tendency changes for CO2 and CH4 in the T-bed cases could 

imply that a possible backflow to some degree was beneficial for CO2 but inhibited 

to some extent the CH4 dissociation, but further research is needed to confirm this. 

The decreasing effect of Ni-based catalysts (loaded on Al2O3 and SiO2) on the 

conversions in plasma-catalytic DRM in a GA plasma system was also reported in 

literature [42] The influence disappeared when the distance of the T-bed to the 

plasma exhaust was increased to 4 cm, which could be due to a weakened effect of 

the backflow. Changing the catalyst with the filling material of α-Al2O3 and 

comparing it with Ni/MO at 4 cm distance showed no obvious changes in 

conversions, which implies that the catalyst had no catalytic activity at this distance. 

 

As suggested by Fig. 5.2 and the literature [50], higher temperatures benefit the 

catalyst to improve the DRM results. Therefore, a comparison experiment with 

insulation material wrapping around the reactor to avoid heat losses was conducted 

in the T-bed configuration (see photographs of the reactor in Fig. C.2). After being 

wrapped with insulation material, the temperature after the catalyst bed increased, 

although it remained limited to about 450 °C. However, when looking at the  

conversion and selectivity, no improvement was achieved (Fig. C3), as the 
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temperature still remains too low compared to what is needed to thermally activate 

the catalyst (Fig 5.2). 

 

Therefore, a new catalyst bed (N-bed) was designed to collect more heat from the 

GAP device, by directly connecting it with a metal connector to the plasma reactor 

segment and forming a double-walled configuration with the quartz tube around 

the smaller N-bed connected to the plasma, hypothesized as a means to prevent the 

need for external heating and insulation material to be added. Once the N-bed 

configuration was applied, even when only α-Al2O3 was used, the conversion of 

both CO2 and CH4 increased to 69% for CO2 and 83% for CH4. This cannot be due 

to catalytic activity, as it was proven that α-Al2O3 did not exhibit catalytic effects 

in previous studies. Therefore, we believe this is attributed to differences in the 

flow behaviour such as strong backflow, caused by the special design of the N-bed. 

Due to the sealed tubular body, all the gas is forced to go through the filling 

material before expanding in the wider quartz tube, and due to blocking effects (i.e., 

a slight increase in the feed gas pressure from about 0.25 bar to 0.3 bar, which was 

measured by a pressure gauge described in Chapter 4) by the catalyst bed, more 

gas is expected to form a stronger backflow, possibly resulting in a longer residence 

time for the reactants as well as radicals formed in the plasma region, which could 

explain the higher conversions. Although, as reported by Zhang et al. [48], the 

addition of a T-bed can cause backflow as well, the unsealed side part of the T-bed 
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could provide a pathway for the gas to go through, which weakens the backflow. 

Varying the distance of the catalyst bed post-plasma can to some degree affect the 

strength of the backflow. However, based on the results, the combined effect of 

backflow, other flow behaviour differences, and catalytic activity in the T-bed 

configuration is still negligible compared with the effect in the N-bed configuration 

with α-Al2O3. To exclude the effect of the presence of the N-bed itself from the 

packing and catalyst effect, it was added to the GAP DRM without any catalysts 

or filling materials inside (as shown in Fig. C.4). Compared with the plasma alone 

(no catalyst or α-Al2O3 filling material), the conversions of both CO2 and CH4 

remained almost the same. This proved that the N-bed itself did not cause any 

backflow of plasma gas without the addition of packing materials (either α-Al2O3 

or catalysts). 

 

In the presence of the Ni/MO catalyst, the CO2 conversion was further improved 

to 79% and that of CH4 increased to 91%. As the 1g α-Al2O3 was replaced by 1g 

Ni/MO catalyst with the same particle size, the distance between the catalyst or the 

α-Al2O3 and post-plasma are the same, suggesting the same gas backflow 

behaviour. Therefore, this improvement can be attributed to the thermal catalytic 

performance of the catalyst. In contrast to the T-bed, the design of the N-bed 

benefits from the catalyst, due to the direct connection of the catalyst bed to the 

plasma device, helping the transfer of mass and heat from the plasma to the catalyst 
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bed, which contributes to the heating of the catalyst. Furthermore, the metal 

connector helps the heat transfer from the electrode to the catalyst bed as well. 

Moreover, just like in the N-bed α-Al2O3 case, all the feed gas flows through the 

catalyst, while in the T-bed, some gas tends to go through the path of least 

resistance or pressure drop, which means part of the gas would pass directly from 

the side part of the T-bed rather than passing through the catalyst. This decreases 

the contact between feed gas and catalyst and finally leads to very limited, if any, 

catalytic activity. An additional positive effect might result from the double-walled 

configuration formed by the N-bed and the post-plasma cylinder (see Fig. 5.1B), 

in which the catalyst bed is embedded in a larger outer quartz reactor tube 

containing exhaust gas of the catalyst bed. This might insulate the heat of the N-

bed to some extent, as is also visible by the temperature differences at 4.9 cm for 

the T-bed and N-bed configuration (Fig 5.4 and Fig. C.6). Although, without the 

catalyst or α-Al2O3 filling material, this insulation (formed by the double-wall of 

the N-bed and inside the quartz wall) seems insufficient, as deduced from the 

experiment with the empty N-bed. 
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Fig. 5.4. Temperature of the gas after the catalyst bed, measured at 4.9 cm (shown in Fig. 1C). 
Gas composition: N2/CH4/CO2 = 8/1/1, GHSV: 480 L·gcat-1·h -1. 

As shown in Fig. 5.1B-C, the temperature at 4.9 cm post-plasma was measured by 

a thermocouple, which was placed after the catalyst bed once the catalyst was 

added. The temperature data shown in Fig. 5.4 illustrates that a higher temperature 

was achieved in the N-bed configuration, i.e., around 450 °C during the reaction 

process for the Ni/LDO catalyst, and even around 550 °C for the α-Al2O3. In the 

T-bed-3 Ni/MO catalyst case, the temperature was only around 250 °C. It indicates 

the temperature in the catalyst layer in the N-bed is higher than in the T-bed and 

this higher temperature promotes the catalyst, explaining its higher catalytic 

activity. As shown in Fig. C.2, in the T-bed case with insulation, the temperature 

after the catalyst bed can reach about 450 °C, similar with that in the N-bed with 
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Ni/MO, however, the latter had improved performance for GAP DRM. This 

illustrates that the design of the N-bed, which can cause better mass and heat 

transfer and might have a different impact on flow behaviour (slight change in feed 

gas pressure from 0.25 bar to 0.3 bar), plays a crucial role for the enhancements. 

Moreover, the fact that for α-Al2O3 in the N-bed, the temperature was higher than 

for the Ni/MO catalyst proves the catalytic effect of the catalyst, as DRM is an 

endothermic reaction, which leads to a decrease in the temperature. This 

phenomenon also appeared in the configuration with a CH4/CO2 ratio of 0.6 (Fig. 

C.6). 
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Fig. 5.5. (A) Selectivity of CO and H2, (B) Selectivity of C2H2 and C2H4, (C) Yield of CO and 
H2 and the H2/CO ratio, and (D) Energy cost of the conversion (left y-axis) and specific energy 
input (SEI) into the system (right y-axis) in different cases. Gas composition: N2/CH4/CO2 = 
8/1/1, GHSV: 480 L·gcat-1h-1. 

In contrast with the CH4 and CO2 conversion, which were little affected by the 

position of the catalyst in the T-bed, the selectivity of H2 and by-products (C2H2 

and C2H4) varied significantly, as shown in Fig. 5.5A-B. With the addition of the 

T-bed, at 2 cm, the selectivity of CO decreased from 69% to 66%, whereas that of 

H2 increased from 79% to 89% at this position. By increasing the distance to 3 cm 

and 4 cm, the selectivity of CO remained almost unchanged, whereas the H2 

selectivity decreased a bit to around 80%, i.e., to almost the same value as without 

T-bed and catalyst. When using the N-bed without a catalyst, the selectivity to H2 

was 78%, i.e., almost the same as with the plasma-alone configuration. However, 

the selectivity to CO was enhanced from 69% for plasma alone to 89% for the α-

Al2O3 filled N-bed. A further increase of the CO and H2 selectivity was obtained 
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with the addition of Ni/MO catalyst, resulting in the highest selectivity value of 96% 

for CO and 92% for H2, respectively. This can be due to the facilitating effect of 

the N-bed, which improves the mass and heat transfer to the catalyst and eventually 

promotes the catalyst, explaining its higher catalytic activity. 

 

An increase in the selectivity to C2H2 from 18% to 20-22% was observed when the 

T-bed was added (cf. Fig. 5.5B). Changing the distance and filling material 

(catalyst or α-Al2O3) caused the C2H2 selectivity values to fluctuate around 21%, 

suggesting that the distance and catalyst had limited effect on the C2H2 selectivity 

in the T-bed. However, the selectivity to C2H2 dropped from around 20-22% for 

plasma alone and the T-bed configurations, to 4% for the N-bed with Ni/MO 

catalyst and to 12% for the N-bed with α-Al2O3. The same decreasing trend 

happened for the C2H4 selectivity, which declined from around 1.6% (T-bed) to 

0.4% (N-bed with Ni/MO) and 0.8% (N-bed with α-Al2O3). These changes are in 

accordance with the selectivity-enhancing trend of CO and H2. On the one hand, 

this can be attributed to the catalytic effect of the catalyst. On the other hand, the 

efficient transfer of heat from the plasma to the inside region of the catalyst bed 

may cause a higher temperature environment, which may not be beneficial for the 

production of relatively unstable products like C2H2 and C2H4. Moreover, the 

backflow of gas into the plasma afterglow, containing reactive species, might 

provide a positive effect. 
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The yield of CO and H2 (Fig. 5.5C) shows that the highest yields were achieved in 

the N-bed case with catalyst, yielding 85% for CO and 84% for H2, respectively, 

while in the T-bed, for all cases, the CO and H2 yields were very similar as in the 

plasma alone case. However, the H2/CO ratio increased to 1.6 (for T-bed with 

catalyst at a distance of 2 cm), as compared to 1.4 in plasma alone configuration, 

due to the increase of selectivity towards H2. However, with the N-bed, the H2/CO 

ratio was lower than 1 (0.88 for N-bed with Ni/MO, and 0.89 for N-bed with α-

Al2O3). This can be attributed to two reasons. Firstly, the catalytic effect promotes 

the CO2 conversion and thus produces more CO (see also the thermal DRM result 

in Fig. 5.2). In addition, some deposited carbon might be converted into CO as the 

carbon balance increased to around 100% in the N-bed configuration (Fig. C.7A). 

 

The specific energy input (SEI) for the various configurations is plotted in Fig. 

5.5D (right y-axis), and illustrates that compared with plasma alone, upon addition 

of the catalyst bed, no matter whether T-bed or N-bed, the SEI is almost constant 

around the values of 3.6 – 3.8 kJ/L, as the plasma power and flow were constant. 

Therefore, since the conversions barely changed in the T-bed at different positions 

with Ni-LDO catalyst or α-Al2O3, the energy cost was stable in the range of 6.3 - 

6.4 kJ/L (see Fig. 5.5D: left y-axis). As the N-bed improves the plasma-catalytic 

conversions of CO2 and CH4, the energy cost values for the plasma-catalytic 
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process are lower, i.e., 5.0 kJ/L in the case of α-Al2O3 and 4.3 kJ/L for the Ni/MO 

catalyst. These results demonstrate that the N-bed can efficiently improve the GAP 

post-plasma catalytic DRM reaction. 

 

Considering the catalyst can be deactivated due to carbon deposition, which may 

also happen in this plasma-catalytic DRM system, the hypothesis was verified 

whether the catalyst can already be deactivated due to carbon deposition at the early 

plasma start-up before the temperature was reached at which the catalyst was active. 

For this reason, experiments with a lower CH4/CO2 ratio of 0.6 (gas composition: 

N2:CH4:CO2 = 8:0.6:1) were performed to compare the performance of the catalyst 

in the different catalyst beds (results see Fig. C.4-6). The results indicate that this 

is not the reason why the T-bed is not working properly (see conversion, selectivity, 

yield, SEI and energy cost data in Fig. C.4-5). The temperature after the T-bed and 

N-bed was collected as well (Fig. C.6), showing that the gas temperature after the 

N-bed was also higher than after the T-bed. Hence, the combined effects of the 

higher temperature, strong backflow or change in flow behaviour and double-

walled insulation formed by the specially designed structure must be an important 

reason why the N-bed works well and the T-bed was inactive. 

5.3.2.2 Carbon deposition and analysis 

Nevertheless, carbon deposition is one of the main drawbacks of catalyst 

deactivation in DRM. Therefore, it is meaningful to study the carbon deposition in 
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the plasma-catalytic DRM. The carbon balance of the plasma alone and coupled 

with catalysts for the different types of catalyst bed configurations for DRM are 

shown in Table C.2. It can be noticed that reducing the CH4/CO2 ratio from 1 to 

0.6 can decrease the loss of carbon, which, in the plasma alone case, increases from 

93% to 99%. This difference became negligible in the N-bed cases, as the carbon 

balance was 100% in both cases. Moreover, in the plasma alone or with T-bed 

configurations at a CH4/CO2 ratio of 1, some carbon can be collected by a paper on 

the inside wall of the post-plasma tube, which became negligible in the N-bed 

configurations. 
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Fig. 5.6. TG, DTG and the MS results of Ni/MO catalyst obtained after DRM reaction in 
different reactor configurations (In T-bed plasma configuration, the reaction time is around 35 
min, in N-bed configuration, the reaction time is around 45 min, and in the thermal catalytic 
reaction, the reaction time is the entire temperature range procedure). Gas composition: 
N2/CH4/CO2 = 8/1/1, GHSV: 480 L·gcat-1h-1. 
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TG in O2 gas coupled with MS was used to analyze the amount of carbon 

deposition on the catalyst after about 35-45 min of DRM reaction in the different 

reactor configurations at a CH4/CO2 ratio of 1 (see Fig. 5.6). Combined with the 

DTG result in Fig. C.8A, it can be seen that there was only about 2% total weight 

loss for thermal utilized Ni/MO catalyst at a temperature below about 400 °C. 

Enlarging the result of the MS at m/z = 44 (Fig. C.8B) indicates two peaks of CO2 

in the temperature range of 100-500 °C and 700-850 °C. The MS results at m/z = 

28 and 18 (Fig. C.8C) suggest the presence of H2O and the absence of CO as part 

of the weight loss. Much more weight loss was observed in both T-bed and N-bed 

post-plasma configurations. In the T-bed configuration, carbon was lost in a 

temperature range of around 300 °C up to about 550 °C, coinciding with about 3.6% 

weight loss. The MS data at m/z of 28 and 18 show that a small amount of CO was 

formed, visible from the sharp peak at around 400-500 °C, while no H2O signal 

was observed in this temperature range. Similar phenomena were found in the N-

bed case although with some difference. The weight loss occurred in a larger 

temperature range of around 350-800 °C with 3.8% weight loss and the CO peak 

was wider from about 420 °C to 650 °C. The TG results suggest that the carbon 

deposited on the catalyst mixture in the N-bed configuration had stronger 

interaction than those in the thermal catalytic or T-bed configurations or that the 

type of carbon formed was different. Furthermore, although in the thermal catalytic 

DRM, the least carbon deposition was found, the carbon balance was only 89%, 
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which is lower than the values in the T-bed and N-bed configurations (i.e., 96% 

and 100%, respectively). Several reasons may lead to this. A possible reason is that 

for the TG process, around 100 mg mixture of Ni/MO catalyst and α-Al2O3 sample 

was utilized, while this implies only 1/11 weight of catalyst in the thermal catalytic 

case (as 10 mg catalyst was mixed with 100 mg α-Al2O3) and in the T-bed and N-

bed configurations this value is 1/5 (as 1 g catalyst is mixed with 4 g α-Al2O3). 

Assuming all the carbon would be deposited on the catalyst, after correction, the 

carbon deposition should be around 4.4%, a bit higher than in the T-bed and N-bed 

configurations, which might indicate that in the entire temperature range of 800 °C 

down to 400 °C other volatile side products have been formed that were not 

calibrated for in the GC and hence do not appear in the carbon balance nor in the 

TGA if they do not adsorb on the catalyst in significant amounts. Besides this, 

considering that the carbon deposition in the N-bed configuration was 100%, this 

conflicted with the carbon loss in TG-MS. This could be caused by the carbon 

deposition before the plasma reaches its maximum conversion and thus 

temperature. Furthermore, as the internal standard gas N2 was present in the feed 

gas, it may have led to some larger errors in the results. Hence, the underlying 

reasons are not yet fully clear and require more research, which is outside the scope 

of this chapter, focusing on the benefits of the N-bed versus the T-bed. 
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The carbon collected in the plasma cases was further studied via Raman spectra 

(Fig. C.9). The spectra of the samples all exhibited typical carbon signals at around 

1346 cm-1 (D band) and 1574 cm-1 (G band), whereas the G band peak shifted to a 

higher wavenumber (1586 cm-1) for the N-bed and an even higher wavenumber 

(1601 cm-1) for the T-bed. Furthermore, the spectrum for plasma alone showed a 

2D band (2678 cm-1), attributed to the overtone of the D band. 

 

The ratio of the relative intensity of the D band to the G band (ID/IG) in the Raman 

spectrum (Fig C.9) is commonly used to quantify the defects and crystallinity of 

graphene samples. The low value of ID/IG indicates a high degree of graphitization 

of the samples [40,57,58]. For the three cases, the ID/IG values were approximately 

0.79 for plasma alone, 0.97 for the T-bed, and 1.12 for the N-bed, showing a 

decreasing trend of graphitization of the carbon formed. 

5.3.3 Comparison of our DRM results with various other plasma 

configurations 

Table 5.1. Operating conditions, CH4/CO2 conversion, CO/H2 selectivity and energy cost 
in various plasma reactors for DRM. 

Plasma Catalyst CH4/CO2 Power 
(W) 

Total 
flow rate 
(L/min) 

Conversion Selectivity Energy 
costa 
(kJ/L) 

Ref. 
CH4 CO2 CO H2 

GA - 3:7 165 7.5 13.1 8.4 31.4 69.5 14.4 [40] 
RGA Ni/γ-Al2O3 b 3:7 490 6 58.5 39.5 56 35.3 13 [34] 

GA + 
catalyst d 

Ni-based 
catalyst b 1:1 494 2.67 94 91 95 97 26.7 e [50] 

RGA 15 wt% NiO-
Al2O3 b 2:3 136 3.7 11.8 11.2 88.1 75.3 40.2 [42] 
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RGA - 1:1 1800 24 50.5 40.3 81.2 83.5 18.5 [43] 
Glow 
discharge - 1:3 n/a 1 94 64 n/a n/a 17 [13] 

DBD Ni-based 
metal oxide c 1:1 33-38 0.03 69 54 74.5 62.5 n/a [59] 

Spark 
plasma 

Ferroelectric 
(BaZr0.05Ti0.95
O3) c 

1:1 39 0.2 86 82.4 67.4 88.7 9.8 [60] 

MW - 1:2 700 2.1 79.4 44.8 58.4 50.1 n/a [24] 

GAP Ni-based 
metal oxide b 1:1 508 8 91 79 95 92 4.3 This 

work 
a Some energy cost data were reported in different units, therefore, they were calculated into 

the same unit, except Ref. [14] and [44] which were the data as reported. 
b Post-plasma catalysis (PPC) model; c In-plasma catalysis (IPC) model; 
d additional heating at 850 °C 
e The energy cost calculated based on CO2 and including both plasma energy cost and 
additional heating energy cost. 
GA: gliding arc; RGA: rotating gliding arc; DBD: dielectric barrier discharge; MW: 
microwave; GAP: gliding arc plasmatron. 
n/a: Data not reported or could not be determined from the data mentioned in the paper. 

The reactant conversion, product selectivity, and energy cost are important 

parameters to evaluate the performance of plasma-catalytic DRM. Therefore, we 

list these performance data in Table 5.1, along with the experimental conditions, 

i.e., catalyst (if used), CH4/CO2 ratio, gas flow rate, and plasma power, for various 

plasma reactors reported in the literature. Our obtained conversion of CH4 and CO2 

are higher than most of the reported values for GA, RGA, DBD, spark plasma and 

MW plasma, while at a significantly lower energy cost and using a higher gas flow 

rate. Although in the GA plasma with extra external heating to 850 °C, the 

conversion of CH4 and CO2 and the selectivity to CO and H2 were higher [50], the 

energy cost was also about 6 times higher. Considering the catalytic performance, 

our GAP post-plasma-catalytic DRM reaction with N-bed and Ni/MO catalyst is 

competitive to the current state of the art. 
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5.4 Conclusion 

We present a GAP plasma reactor in combination with a newly designed catalyst 

bed (N-bed), containing a Ni/MO catalyst derived from LDH, for post-plasma-

catalytic dry reforming of methane. The catalytic activity of the catalyst was 

evaluated and compared with a traditional fixed bed for thermal catalytic DRM and 

a maximum of 96% CH4 and 86% CO2 conversion were achieved at 800 °C. For 

the post-plasma-catalytic DRM reaction, two types of catalyst bed configurations 

(tray-type T-bed and newly designed N-bed) were applied to study how the catalyst 

bed design affects the results. We found that using a traditional tray-type catalyst 

bed (T-bed) had little effect on the conversion of CO2 and CH4, while the use of 

the newly designed catalyst bed (N-bed) can efficiently enhance both CO2 and CH4 

conversion, and CO and H2 selectivity, and decrease the energy cost at the same 

time, without external insulation or heating, providing a true, fully electrically 

driven process, transferring the heat produced in the plasma to the post-plasma 

catalysis. When using a CH4/CO2 ratio of 1, the highest conversions of CO2 of 79% 

and CH4 of 91%, in combination with a vast increase in selectivity to CO (96%) 

and H2 (91%), were obtained in the N-bed with Ni/MO catalyst present, which are 

comparable to those achieved in the thermal catalytic DRM at 800 °C. This 

improvement was proven to be caused by the catalytic activity of the catalyst, 

which was facilitated by the direct connection of the N-bed to the GAP plasma 

device, transferring more heat from the GAP device, activating the catalyst, while 
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also providing beneficial mass transfer and flow behaviour. The latter was deduced 

from the improved performance in the presence of α-Al2O3 filling in the absence 

of catalytic material, in combination with the lack of enhanced performance in case 

of an empty N-bed connected to the plasma. To our knowledge, this is the first time 

that excellent catalytic activity in a PPC system was observed without requiring 

extra external heating or insulation, which indeed illustrates the high potential of 

PPC systems towards process electrification and plasma energy, i.e. heat recovery. 
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General Summary 

LDH-derived catalysts are effective for the DRM reaction at high temperatures, 

and plasma can make DRM happen at atmospheric pressure and room temperature. 

Their combination is attractive as it is possible to achieve good DRM results at 

atmospheric configurations. To place this research into context, a detailed 

introduction is given in Chapter 1. The recent research in LDH-derived catalysts 

for DRM is introduced and summarized. Subsequently, two typical plasmas, i.e., 

dielectric barrier discharge (DBD) and gliding arc (GA) plasma, are described. 

Finally, several reported papers about these two types of plasma, assisted with 

LDH or LDH-derived catalysts for DRM, are analysed. 

 

In order to better understand the catalyst activity, we studied some basic properties 

of LDH and its derived material (LDO). In Chapter 2, the stability of LDO obtained 

from LDH at high calcination temperature is investigated. Commonly, after 

calcination at a temperature below 600 °C, the obtained LDO can be rehydrated 

into LDH. However, at higher calcination temperatures, the rehydration situation 

is rarely reported. In this chapter, the LDHs were calcined at temperatures between 

600 °C and 900 °C. The obtained LDOs were put into liquid water or vapour H2O 

condition at room temperature for 6 to 48 h. XRD characterization proved that all 
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the LDO can be rehydrated into LDH, both in vapour and liquid conditions, 

although faster in the latter case. At a calcination temperature of 900 °C, apart from 

the MgO phase, an additional phase of spinel appeared, which remained in the 

particles in both rehydration conditions. The difference in the as-synthesized LDH 

and rehydrated LDOs was investigated with FTIR, SEM, N2 sorption and TGA-

MS. The results illustrated that the process of rehydration of the LDO into LDH 

produced new LDH rather than reconstructing it into the as-synthesized LDH. This 

part of the study suggested that even after high-temperature calcination, the 

materials derived from LDH need to be carefully stored to avoid rehydration even 

at room temperature. 

 

Before using the plasma setup, a basic study was performed with the GAP device 

to decide the optimal configurations for the stable running of plasma and for the 

catalyst to realize its catalytic activity (Chapter 3). This chapter studied the 

configurations for the GAP plasma, such as gas flow rate, gas composition (N2/CO2, 

N2/CO2/CH4), CO2/CH4 ratio, and addition of H2O. In the N2/CO2 case, adding N2 

can improve the absolute conversion of CO2 from 4% (100% CO2) to 13% (80% 

N2 and 20% CO2). Another gas, namely CH4, can further improve the CO2 

conversion to 44% at a gas flow rate of 10 L/min with N2/CO2/CH4 ratio of 8/1/1. 

When decreasing the gas flow rate to 6 L/min with the same gas composition, the 

CO2 conversion increases to 61%. Varying the CO2/CH4 ratio between 0.6 and 1.7 
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at a fixed N2 amount (80%) and constant gas flow rate of 8 L/min, the CO2 

conversion fluctuated between 51% (CO2/CH4 = 0.78) and 58% (CO2/CH4 = 0.6). 

Adding H2O is not beneficial for CO2 conversion, which decreases from 55% to 

22% as the relative humidity (RH) increases from 0% to 100%. Moreover, the 

addition of H2O decreased the energy cost from 5.8 kJ/L (0% RH) to 3 kJ/L (40% 

RH). 

 

The temperature at different positions after the plasma is recorded, and can give 

detailed information for the future application of the catalysts. In an N2/CO2 gas 

composition configuration, the temperature is highly affected by the amount of 

CO2, i.e., the higher the CO2 concentration is in the feed gas, the lower the 

temperature is in the same position after the plasma. However, no significant effect 

of the CO2/CH4 ratio on the temperature is observed in the DRM (N2/CO2/CH4) 

conditions. Computational fluid dynamics (CFD) simulations were performed by 

Senne Van Alphen in PLASMANT to describe the distribution of temperature in 

the reactor. Although some deviation in absolute value exists, a similar general 

decreasing trend is observed. 

 

Several factors are examined to determine their impact on the GAP post-plasma-

catalytic DRM system, i.e. the distance between catalyst and post-plasma, the 

amount of catalyst used, extra heating (≤ 250 °C) and the amount of H2O added 
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(Chapter 4). We found that the distance and amount of catalyst have a limited effect 

on the CH4 and CO2 conversion. Nevertheless, the selectivity of CO and H2 is 

higher in the case of using 1 g Ni/MO catalyst with a distance of 2 or 3 cm. Extra 

heating to a temperature of 250 °C resulted in a rise of the conversion of CH4 to 

69%. Moreover, the selectivity of CO and H2 was found to be increased from 70% 

and 80% without heating to 81% and 96% in the H-250 case for CO and H2, 

respectively. However, the energy cost increased as well. Measuring the 

temperature at a certain position revealed that although extra heating was supplied, 

an inefficient combination of the heating jacket and reactor led to waste of the heat 

and no improvement in conversions. Furthermore, the addition of H2O into the feed 

gas was found efficient to improve the selectivity of CO and H2 and to decrease the 

carbon deposition. However, a serious drop in CO2 conversion was observed from 

55% to 15% upon H2O addition (from 0% to 100% RH), when using the Ni/MO 

catalyst. 

 

The parameter study in Chapter 4 suggested that in the current GAP system with a 

traditional catalyst bed, no improvement can be realized. However, thermal 

catalytic DRM implies that high temperature is beneficial for the catalyst to realize 

its catalytic activity. Therefore, either a new reactor design or catalyst bed, or 

higher external heating is needed. 
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In Chapter 5, we designed a new catalyst bed (N-bed) and applied it to the GAP 

reactor for post-plasma catalytic (PPC) DRM. Compared with the traditional 

catalyst bed (T-bed) used in Chapter 4, when the N-bed was used with a CH4/CO2 

ratio of 1, an increase in CO2 and CH4 conversion from 53% and 67% to 69% and 

83% was observed, even when only packing material of α-Al2O3 was used. After 

adding the Ni/MO catalyst, a further increase in conversion was found, achieving 

a CO2 conversion of 79% and a CH4 conversion of 91%. Therefore, although no 

insulation nor external heating was supplied to the N-bed GAP system, the N-bed 

still can provide slightly higher conversions than those in a thermal catalytic case 

at 700 °C, while being fully electrically driven. This improvement may be caused 

by the direct connection of the N-bed to the GAP plasma device, transferring more 

heat from the plasma device to the catalyst, and the double wall system formed by 

the embedding of the N-bed and the quartz reactor cylinder, supplying improved 

mass and heat transfer and insulation, helping to heat the catalyst to its active 

temperature range. Moreover, the CO selectivity increased to 96% and the energy 

cost was reduced from around 6 kJ/L in plasma alone configuration to 4.3 kJ/L. 

This discovery may generate some ideas for other researchers and even further 

application of post-plasma catalysis in different beneficial reactions. 
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Algemene samenvatting 

LDH-afgeleide katalysatoren zijn effectief voor droge reforming van methaan 

(DRM) bij hoge temperatuur, en plasma maakt DRM mogelijk bij atmosfeerdruk 

en kamertemperatuur. De combinatie van beide is aantrekkelijk, om goede DRM 

resultaten te bekomen bij atmosferische condities. Om dit onderzoek in context te 

plaatsen, wordt in hoofdstuk 1 een gedetailleerde introductie gegeven. Het recente 

onderzoek naar van LDH afgeleide katalysatoren voor DRM wordt geïntroduceerd 

en samengevat. Vervolgens worden twee typische plasma's beschreven, namelijk 

diëlektrische barrière-ontlading (DBD) en glijdende boogplasma (GA). Ten slotte 

worden verschillende gerapporteerde artikels over deze twee soorten plasma, 

ondersteund door LDH of van LDH afgeleide katalysatoren voor DRM, 

geanalyseerd. 

 

Om een beter inzicht te krijgen in de activiteit van de katalysator, hebben we enkele 

basiseigenschappen van LDH en zijn afgeleide materiaal (LDO) bestudeerd. In 

Hoofdstuk 2 wordt de stabiliteit van LDO verkregen uit LDH bij hoge 

calcineringstemperatuur onderzocht. Gewoonlijk kan het verkregen LDO na 

calcineren bij een temperatuur onder 600 °C worden gerehydrateerd tot LDH. Bij 

een hogere calcineertemperatuur wordt de rehydratatiesituatie echter zelden 
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gemeld. In dit hoofdstuk werden de LDH's gecalcineerd bij een temperatuur tussen 

600 °C en 900 °C. De verkregen LDO's werden gedurende 6 tot 48 uur bij 

kamertemperatuur in vloeibaar water of H2O damp conditie gebracht. XRD 

karakterisering bewees dat alle LDO kan worden gerehydrateerd tot LDH, zowel 

in damp- als vloeibare omstandigheden, hoewel sneller in het laatste geval. Bij een 

calcineringstemperatuur van 900 °C verscheen naast de MgO-fase een extra fase 

van spinel, die in beide rehydratatie-omstandigheden in de deeltjes achterbleef. Het 

verschil in deze gesynthetiseerde LDH en gerehydrateerde LDO's werd onderzocht 

met FTIR, SEM, N2 sorptie en TGA-MS. De resultaten illustreerden dat het proces 

van rehydratatie van de LDO in LDH nieuwe LDH produceerde in plaats van het 

te reconstrueren in de gesynthetiseerde LDH. Dit deelonderzoek suggereerde dat 

zelfs na calcineren bij hoge temperatuur de materialen die zijn afgeleid van LDH 

zorgvuldig moeten worden bewaard om rehydratatie te voorkomen, zelfs bij 

kamertemperatuur. 

 

Voordat de plasma-opstelling werd gebruikt, werd er basisonderzoek gedaan met 

de GAP-reactor om de optimale configuraties te bepalen voor een stabiele werking 

van plasma en voor de katalysator om zijn katalytische activiteit te realiseren. 

Hoofdstuk 3 bestudeerde de configuraties voor het GAP-plasma, zoals 

gasstroomsnelheid, gassamenstelling (N2/CO2, N2/CO2/CH4), CO2/CH4 

verhouding en toevoeging van H2O. In het geval van N2/CO2 kan toevoeging van 
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N2 de absolute conversie van CO2 verbeteren van 4% (100% CO2) naar 13% (80% 

N2 en 20% CO2). Een ander gas, namelijk CH4, kan de CO2 conversie verder 

verbeteren tot 44% bij een gasdebiet van 10 l/min met een N2/CO2/CH4 verhouding 

van 8/1/1. Bij het verlagen van het gasdebiet naar 6 L/min bij dezelfde 

gassamenstelling stijgt de CO2 conversie naar 61%. Door de CO2/CH4 verhouding 

te variëren tussen 0.6 en 1.7 bij een vast N2 gehalte (80%) en een constant gasdebiet 

van 8 L/min schommelde de CO2 omzetting tussen 51% (CO2/CH4 = 0.78) en 58% 

(CO2/CH4 = 0.6). Het toevoegen van H2O is ongunstig voor de CO2 omzetting, die 

daalt van 55% naar 22% naarmate de relatieve vochtigheid (RH) stijgt van 0% naar 

100%. Bovendien verlaagde de toevoeging van H2O de SEI en energiekosten van 

3.5 kJ/L (bij 0% RH) naar 1.6 kJ/L (bij 40% RH) en van 5.8 kJ/L (bij 0% RH) naar 

3 kJ/L (bij 40% RH). 

 

De temperatuur op verschillende posities na het plasma wordt geregistreerd, wat 

gedetailleerde informatie kan geven voor de toekomstige toepassing van een 

katalysator. In een configuratie met een N2/CO2 gassamenstelling wordt de 

temperatuur sterk beïnvloed door de hoeveelheid CO2: hoe hoger de CO2 

concentratie in het voedingsgas, hoe lager de temperatuur in dezelfde positie na 

plasma. Er wordt echter geen significant effect van de CO2/CH4-verhouding op de 

temperatuur waargenomen in de DRM-omstandigheden (N2/CO2/CH4). 

“Computational fluid dynamics” (CFD) simulaties worden uitgevoerd door Senne 
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Van Alphen (PLASMANT) om de temperatuursverdeling in de reactor te 

beschrijven. Hoewel er enige afwijking in absolute waarde bestaat, wordt een 

bevredigende overeenkomst in trend waargenomen tussen de simulatie en 

experimenten. 

 

Om te bestuderen welke parameters het post-plasma-katalytische DRM-systeem 

van de GAP beïnvloeden, worden de effecten van afstand, hoeveelheid katalysator, 

temperatuur (≤ 250 °C) en toevoeging van H2O onderzocht in Hoofdstuk 4. 

Onderzoek wees uit dat de afstand en hoeveelheid katalysator een beperkt effect 

hebben op de CH4 en CO2 conversie. Desalniettemin is de selectiviteit van CO en 

H2 hoger bij gebruik van 1 g Ni/MO-katalysator met een afstand van 2 of 3 cm. 

Extra verwarming tot een temperatuur van 250 °C voor de reactor wordt 

geprobeerd en de conversie van CH4 wordt verhoogd tot 69%. Bovendien blijkt de 

selectiviteit van CO en H2 te zijn toegenomen van 70% en 80% zonder verhitting 

tot 81% en 96% in het geval van H-250 voor respectievelijk CO en H2. Maar ook 

de energiekosten stegen. Nader onderzoek door de temperatuur op een bepaald 

punt te meten, wees uit dat hoewel er extra verwarming werd gegeven, een 

inefficiënte combinatie van de verwarmingsmantel en de reactor leidde tot 

verspilling van de warmte, en geen verbetering van de conversies. Bovendien bleek 

toevoeging van H2O aan het ontladingsgas efficiënt om de selectiviteit van CO en 

H2 te verbeteren en de situatie van koolstofafzetting te verminderen. Er werd echter 
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een duidelijke daling van de CO2 omzetting waargenomen van 55% naar 15% 

wanneer de RH werd verhoogd van 0% naar 100% bij gebruik van de Ni/MO-

katalysator. 

 

De parameterstudie in Hoofdstuk 4 suggereerde dat in het huidige GAP-systeem 

met een traditioneel katalysatorbed geen verbetering kan worden gerealiseerd. 

Thermisch katalytische DRM impliceerde echter dat hoge temperaturen gunstig 

zijn voor de katalysator om zijn katalytische activiteit te realiseren. Daarom is 

ofwel een nieuw ontwerp in de reactor of het katalysatorbed, ofwel een hogere 

externe verwarming nodig. 

 

In hoofdstuk 5 werd een nieuw katalysatorbed (N-bed) ontworpen en toegepast in 

de GAP-reactor voor post-plasma katalytische (PPC) DRM. Vergeleken met het 

traditionele katalysatorbed (T-bed) gebruikt in hoofdstuk 4, levert het N-bed voor 

een CH4/CO2 verhouding van 1, een toename van de CO2 en CH4 conversie van 

53% en 67% naar 69% en 83%, zelfs wanneer alleen pakkingsmateriaal van α-

Al2O3 werd gebruikt. Door toevoeging van de Ni/MO katalysator werd een verdere 

toename van de omzetting gevonden, tot een CO2 omzetting van 79% en een CH4 

omzetting van 91%. Daarom, hoewel er geen isolatie of externe verwarming werd 

geleverd aan het N-bed GAP systeem, kan de N-bed toepassing nog steeds iets 

hogere conversies bieden dan die in een thermisch katalytische behuizing bij 
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700 °C, terwijl ze volledig elektrisch wordt aangedreven. Deze verbetering kan 

worden veroorzaakt door de directe verbinding van het N-bed en de GAP 

plasmareactor, waardoor meer warmte van de plasmareactor naar de katalysator 

wordt overgedragen, en het dubbele wandsysteem dat wordt gevormd door de 

inbedding van het N-bed en de kwartsreactorcilinder. Hierdoor vindt verbeterde 

massa- en warmteoverdracht en isolatie plaats, waardoor de katalysator wordt 

verwarmd tot zijn actieve temperatuursbereik. Bovendien nam de CO selectiviteit 

toe tot 96% en werden de energiekosten verlaagd van ongeveer 6 kJ/L in de 

configuratie alleen met plasma tot 4.3 kJ/L. Deze ontdekking kan leiden tot enkele 

ideeën voor andere onderzoekers en zelfs tot verdere toepassing van post-plasma-

katalyse in verschillende andere chemische reacties. 
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Future outlook 

CO2 dry reforming of methane (DRM) has been an attractive field for decreasing 

the greenhouse gases CO2 and CH4,. Either the use of LDH-derived catalyst alone 

for thermal catalysis or to drive the reaction via electricity by plasma, especially 

gliding arc plasmatron (GAP), is attracting many researchers. The combination of 

them is also promising, in which thermal catalysts can make use of the heat 

produced by the GAP plasma, forming post-plasma catalytic DRM. However, 

many papers found in such post-plasma catalysis system limited enhancement if 

no external heating or insulation was applied. In this research, the improvement of 

the DRM performance (higher CO2 and CH4 conversion, higher syngas selectivity, 

and lower energy cost) is realized by the utilization of a newly designed catalyst 

bed (N-bed). This design enables the catalyst bed to be directly connected to the 

GAP device, which can facilitate the heat and mass transfer from the plasma to the 

catalyst bed. The greater transfer of heat from the plasma made the temperature for 

the catalyst layer high enough, so that the catalyst can perform its catalytic effect. 

Besides this, the double wall formed by the embedding of the N-bed and the quartz 

reactor cylinder might help heat insulation. 
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In general, for the whole post-plasma catalysis area, the discovery in this thesis 

makes the full use of heat produced by warm plasma (GAP herein) to become a 

reality. It expands the application of post-plasma catalysis. Therefore, some 

directions in this area can be studied in the future. 

1. As introduced in Chapter 1, promoted Ni-LDH-derived catalysts can have higher 

stability and coke resistance. Therefore, it is worth trying such promoted Ni/MO 

catalyst, which - compared to the Ni/MO catalyst - may further improve the results 

of DRM in this PPC GAP system. 

2. Although the performance of the N-bed PPC GAP system is a new discovery, 

considering no external heating or insulation is needed, the mechanism behind the 

improvement is not yet clear. It is believed that the direct connection and the double 

wall effect are beneficial for the improvement. However, more experiments with 

different lengths of the N-bed catalyst and computer simulations will help to 

understand clearly how and why this system works better than the traditional (T-

bed). 

3. The combination of N-bed and GAP plasma system for DRM suggests the 

possibility of post-plasma catalysis (PPC). Therefore, other thermal catalytic 

reactions can also be evaluated in this system. 
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In conclusion, this thesis gives a small discovery about the current state of the art 

of post-plasma catalysis (PPC) with warm plasma (GAP) for DRM. It also offers a 

possible direction for the further study of the PPC area to some degree. 

  



Appendix A: Supporting information for Chapter 2 

297 

 

Appendix A: Supporting information 

for Chapter 2 

5 10 15 20 25 30 35 40 45 50 55 60 65 70 5 10 15 20 25 30 35 40 45 50 55 60 65 70

5 10 15 20 25 30 35 40 45 50 55 60 65 70 5 10 15 20 25 30 35 40 45 50 55 60 65 70

 

 

In
te

ns
ity

Diffraction angle (2θ)

C600-LDO-24h

C700-LDO-24h

C800-LDO-24h

C900-LDO-24h

LDH

 

 

In
te

ns
ity

Diffraction angle (2θ)

Re-C600-24h

Re-C700-24h

Re-C800-24h

Re-C900-24h

LDH

LDH

C900-LDO-48h

C800-LDO-48h

C700-LDO-48h

 

 

In
te

ns
ity

Diffraction angle (2θ)

C600-LDO-48h

A

C D

B

LDH

Re-C900-48h

Re-C800-48h

Re-C700-48h  

 

In
te

n
si

ty

Diffraction angle (2θ)

Re-C600-48h

 
Fig. A.1. XRD patterns of as-synthesized LDH and samples rehydrated 24 h and 48 h from 
different calcined LDOs in water vapour (A and C) and liquid water (B and D). 
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Table A.1. Crystal lattice parameters of as-synthesized LDH and rehydrated LDHs are 
calculated from the peaks of the XRD patterns displayed in Figure 2.1A and Figure 2.2. The 
basal spacing is calculated by the formula c’ = 1/2·(d003 + 2d006). The unit cell parameters are 
calculated as follows: c-axis parameter c = 3·c’, lattice parameter a = 2·d110. 
 

Sample d(003) (Å) d(006) (Å) d(110) (Å) c‘ (Å) a (Å) c (Å) 
LDH 7.80 3.90 1.53 7.80 3.06 23.40 
C600-6h 7.74 3.84 1.52 7.71 3.05 23.13 
C600-12h 7.80 3.90 1.53 7.80 3.05 23.40 
C600-24h 7.80 3.89 1.53 7.79 3.06 23.36 
C600-48h 7.77 3.89 1.53 7.77 3.06 23.32 
Re-C600-6h 7.74 3.89 1.53 7.76 3.06 23.28 
Re-C600-12h 7.77 3.88 1.53 7.76 3.06 23.29 
Re-C600-24h 7.77 3.87 1.53 7.76 3.06 23.28 
Re-C600-48h 7.77 3.89 1.53 7.77 3.06 23.32 
C700-6h 7.69 3.84 1.52 7.68 3.04 23.05 
C700-12h 7.71 3.83 1.52 7.69 3.04 23.07 
C700-24h 7.80 3.90 1.53 7.80 3.05 23.40 
C700-48h 7.82 3.89 1.53 7.81 3.06 23.42 
Re-C700-6h 7.80 3.89 1.53 7.79 3.06 23.38 
Re-C700-12h 7.77 3.90 1.53 7.79 3.06 23.36 
Re-C700-24h 7.74 3.89 1.53 7.76 3.06 23.28 
Re-C700-48h 7.77 3.89 1.53 7.78 3.06 23.33 
C800-6h 7.71 3.78 1.52 7.64 3.04 22.92 
C800-12h 7.69 3.83 1.52 7.67 3.05 23.01 
C800-24h 7.77 3.88 1.53 7.77 3.05 23.30 
C800-48h 7.83 3.92 1.53 7.83 3.06 23.50 
Re-C800-6h 7.77 3.92 1.53 7.81 3.07 23.42 
Re-C800-12h 7.74 3.90 1.53 7.77 3.06 23.32 
Re-C800-24h 7.77 3.91 1.53 7.80 3.07 23.40 
Re-C800-48h 7.77 3.89 1.53 7.78 3.06 23.34 
C900-6h 7.64 3.83 1.55 7.65 3.11 22.94 
C900-12h 7.88 3.84 1.56 7.78 3.11 23.33 
C900-24h 7.91 3.86 1.55 7.81 3.10 23.44 
C900-48h 7.88 3.96 1.56 7.90 3.13 23.71 
Re-C900-6h 7.80 3.85 1.55 7.74 3.11 23.23 
Re-C900-12h 7.82 3.87 1.56 7.78 3.11 23.34 
Re-C900-24h 7.88 3.83 1.56 7.77 3.11 23.31 
Re-C900-48h 7.83 3.97 1.56 7.88 3.12 23.65 
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Fig. A.2. TG-MS of as-synthesized LDH 
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Figure A.3. includes the TG-MS of C600-LDO and the rehydrated samples 

for 6 h and 24 h in water vapour or liquid water. 

A. TG-MS of C600-LDO 

100 200 300 400 500 600 700 800 900 1000

0.00E+00

5.00E-09

1.00E-08

1.50E-08

2.00E-08

2.50E-08

3.00E-08

3.50E-08

4.00E-08

4.50E-08

200 400 600 800 1000
0.00E+000

1.00E-010

2.00E-010

3.00E-010

4.00E-010

5.00E-010

 

 

Temperature (°C)

230, 1.8E-10
890, 2.1E-10

TG-MS-CO2 (m/z 44)

Temperature (C)

TG-MS-H2O (m/z 18)

91.8

M
as

s 
Sp

ec
 R

es
p

o
n

se

An enlargement of TG-MS-CO2

TG

40

50

60

70

80

90

100

W
e

ig
h

t 
(%

)

 
B. TG-MS of C600-LDO-6h 
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C. TG-MS of C600-LDO-24h 
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D. TG-MS of Re-C600-6h 
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E. TG-MS of Re-C600-24h 
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Fig. A.3. TG-MS of C600-LDO and the rehydrated samples for 6 h and 24 h in water vapour 
or liquid water. 
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Fig. A.4. Nitrogen adsorption/desorption isotherms at -196 °C of LDO calcined at different 
temperatures rehydrated of 6h and 24h in vapour or liquid water condition with degassing 
temperature of 80 °C. 
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Table A.2. Specific surface area (degassing at 200 °C for 16 h) of samples obtained at different 
calcination temperatures and rehydration conditions. 

Sample SBET 
(m2/g) Sample SBET 

(m2/g) Sample SBET 
(m2/g) Sample SBET 

(m2/g) 

LDH 83 - - - - - - 

C600-LDO 215 C700-LDO 197 C800-LDO 180 C900-LDO 118 

C600-LDO-6h 149 C700-LDO-6h 183 C800-LDO-6h 173 C900-LDO-6h 146 

C600-LDO-24h 17 C700-LDO-24h 17 C800-LDO-24h 37 C900-LDO-24h 85 

Re-C600-6h 9 Re-C700-6h 6 Re-C800-6h 5 Re-C900-6h 36 

Re-C600-24h 5 Re-C700-24h 7 Re-C800-24h 5 Re-C900-24h 25 
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Fig. A.5. Nitrogen adsorption/desorption isotherms at -196 °C of as-synthesized LDH at 
degassing temperatures of 200 °C and 80 °C. 
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Fig. A.6. Nitrogen adsorption/desorption isotherms at -196 °C of LDO calcined at different 
temperatures rehydrated of 6h and 24h in vapour or liquid water condition with degassing 
temperature of 200 °C. 
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Fig. A.7. SEM images of rehydrated samples from LDO calcined at different temperatures and 
rehydrated in water vapour and liquid water for 6 h. A-D: rehydrated samples in liquid water; 
E-H: rehydrated samples in water vapour. All the SEM images are in a reference scale of 2 μm.
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Appendix B: Supporting information 

for Chapter 3 

B1. Effective conversions of CO2 and CH4 as a function of gas 
composition, gas flow rate and RH. 
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Fig. B1.1. Effective conversions of CO2 and CH4 as a function of gas composition, gas flow 
rate and RH. (A) CO2 conversion in CO2/N2 mixture: Total gas flow rate = 10 L/min, N2 
fraction varying from 0% to 80%. (B) Total gas flow rate varied from 6 to 12 L/min, 
CO2/CH4/N2 = 1/1/8. (C) Total gas flow rate = 8 L/min, N2 = 6.4 L/min, CO2/CH4 ratio: 0.6 - 
1.67. (D) Total gas flow rate = 8 L/min, CO2/CH4/N2 = 1/1/8, H2O amount: 0 - 100% RH.  
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B2. Raman spectrum of solid carbon product collected from the 
GAP DRM process 

0 500 1000 1500 2000 2500 3000 3500
0

50

100

150

200

250

300

350
In

te
ns

ity
 (a

.u
.)

Wavenumber (cm-1)
 

Fig. B2.1. Raman spectrum of the solid carbon product collected from the GAP DRM with a 
gas flow rate of 8L/min and gas composition of N2/CO2/CH4=8/0.6/1. 
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B3. Figures for temperatures at different conditions 
Fig. B3.1. N2/CO2 with constant gas flow rate of 10 L/min, but changing the 
amount of CO2 from 0 to 100%. 
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Fig. B3.2. N2/CO2/CH4 with different gas flow rates varying from 6 L/min to 
12 L/min, but with same gas ratio of N2/CO2/CH4=8/1/1. 
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Fig. B3.3. N2/CO2/CH4 with the same gas flow rate of 8 L/min, and N2 flow 
rate kept at 6.4 L/min, but the ratio of CO2/CH4 changed from 0.6/1 to 1/0.6. 
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Fig. B3.4. N2/CO2/CH4/H2O with the same gas flow rate of 8 L/min and the 
same gas ratio of N2/CO2/CH4=8/1/1, changing the amount of H2O from 0 to 
100% RH. The amount of H2O was calculated by a controlled evaporator 
mixer. 
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B4. Computational details 

To gain a deeper insight into the temperature profile inside the reactor, the GAP 

reactor and post-plasma reactor tube were simulated using computational fluid 

dynamics (CFD) for a 1/1/8 CO2/CH4/N2 gas mixture at a flow rate of 8 L/min. The 

geometry of the GAP reactor was simulated in 3D, which was required due to its 

complex geometry and tangential reactor inlets, as shown in Fig. B4.1A, while the 

geometry of the post-plasma reactor tube was simulated in a 2D axisymmetric 

model, due to its symmetrical shape, as shown in Fig. B4.1B. 
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Fig. B4.1. (A) Model geometry and finite element mesh of the GAP reactor in the 3D CFD 
model and (B) model geometry and finite element mesh of the post-plasma reactor tube in the 
2D axisymmetric CFD model. 

B4.1. Describing the gas flow 

The gas flow behaviour was described using the Navier Stokes equations for 

laminar flow, solving the following mass continuity and momentum continuity 

equations for a Newtonian fluid. 

𝜌𝑔

𝜕𝑢⃗ 

𝜕𝑡
+ 𝜌𝑔(𝑢⃗ ∙ 𝛻)𝑢⃗ = 𝛻 ∙ [−𝑝𝐼 + 𝜇(𝛻𝑢⃗ + 𝛻(𝑢⃗ )𝑇) −

2

3
𝜇(𝛻 ∙ 𝑢⃗ )𝐼 ] + 𝐹       (B1) 

𝜌𝑔

𝜕𝑢⃗ 

𝜕𝑡
+ 𝛻 ∙ (𝜌𝑔𝑢⃗ ) = 0                                                                                            (B2) 

Where 𝜌𝑔  stands for the gas density, 𝑢⃗  is the gas flow velocity vector, 

superscript T stands for transposition, 𝑝 is the gas pressure, 𝜇 is the dynamic 
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viscosity, 𝐼  the unity tensor and 𝐹  the body force vector (which includes forces 

like gravity, but was considered zero as they were not the driving force of the fluid 

flow in this model). 

B4.2. Calculating the heat balance 

The gas temperature was calculated by representing the plasma as a heat source 𝑄, 

using the following thermal balance equation: 

𝜌𝑔𝐶𝑝

𝜕𝑇𝑔

𝜕𝑡
+ 𝜌𝑔𝐶𝑝𝑢⃗  ∙ ∇𝑇𝑔 + ∇ ∙ 𝑞 = 𝑄ℎ𝑒𝑎𝑡                                                            (B3) 

Where 𝜌𝑔 stands for the gas density, 𝐶𝑝 for the isobaric heat capacity, 𝑇𝑔 is the 

gas temperature, 𝑢⃗  the gas velocity, 𝑄ℎ𝑒𝑎𝑡 the heat source term representing the 

heating from the plasma, and 𝑞  the conductive heat flux vector, which was 

calculated by: 

𝑞 = −𝑘𝑔∇𝑇𝑔                                                                                                              (B4) 

Where 𝑘𝑔 is the thermal conductivity of the gas. 

 

Within the chemically active zone of the plasma, gas heating occurs as a result of 

exothermic chemical reactions and the relaxation reactions of excited species, 

which was represented in equation (B5) by the heat source term 𝑄ℎ𝑒𝑎𝑡. This term 

was calculated using two different parameters, i.e. (i) the amount of power 

transferred to gas heating (𝑃ℎ𝑒𝑎𝑡, in W) and (ii) the plasma volume (𝑉𝑝𝑙𝑎𝑠𝑚𝑎, in m³), 

such that the ratio of the two yields the power density (𝑄ℎ𝑒𝑎𝑡, in W/m³): 
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𝑄ℎ𝑒𝑎𝑡 =  
𝑃ℎ𝑒𝑎𝑡

𝑉𝑝𝑙𝑎𝑠𝑚𝑎

                                                                                                      (B5) 

For 𝑃ℎ𝑒𝑎𝑡  (see equation (B6)) in quasi-thermal plasmas at atmospheric pressure, 

it is reasonable to assume that all the power absorbed by the electrons that did not 

go into chemical reactions is nearly fully transferred to gas heating [1,2], which 

allows the plasma power transferred to heating to be calculated using the 

experimental plasma power 𝑃𝑝𝑙𝑎𝑠𝑚𝑎, and the energy efficiency (EE; see below). 

The plasma power 𝑃𝑝𝑙𝑎𝑠𝑚𝑎  was calculated using the voltage-current 

characteristics of the plasma setup measured by the oscilloscope. 

Pℎ𝑒𝑎𝑡 = 𝑃𝑝𝑙𝑎𝑠𝑚𝑎(100% − 𝐸𝐸)                                                                              (B6) 

For 𝑉𝑝𝑙𝑎𝑠𝑚𝑎, both experimental measurements [3] and computational models [4–

6] have been used in previous work to determine the arc shape in the GAP reactor. 

Using this data as input, 𝑉𝑝𝑙𝑎𝑠𝑚𝑎 was calculated, assuming an arc diameter of 2 

mm. 

 

The experimental energy efficiency 𝐸𝐸 was calculated from the concentrations of 

the plasma products at the outlet: 

𝐸𝐸 =
𝛼 ∙ c𝐶𝑂

in ∙ 𝐻𝑓,𝐶𝑂 − (𝑋𝐶𝐻4
∙ 𝑐𝐶𝐻4

𝑖𝑛 ∙ 𝐻𝑓,𝐶𝐻4
+ 𝑋𝐶𝑂2

∙ 𝑐𝐶𝑂2

𝑖𝑛 ∙ 𝐻𝑓,𝐶𝑂2
)

𝑆𝐸𝐼(𝑘𝐽 𝐿−1) ∙ 𝑉𝑚𝑜𝑙(𝐿 𝑚𝑜𝑙−1)
            (B7) 
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Hf is the enthalpy of formation (𝐻𝑓,𝐶𝑂= -110,5 kJ mol-1; 𝐻𝑓,𝐶𝐻4
= -74,8 kJ mol-1; 

𝐻𝑓,𝐶𝑂2
= -393,5 kJ mol-1).) [7]. This formula only considers the main DRM products 

CO and H2 (𝐻𝑓,𝐻 = 0 thus not included in the formula). 

B4.3. Properties of the gas mixture 

As the gas undergoes chemical transformations in the plasma, the gas composition 

and thus the physical properties of the gas, change significantly. These effects were 

accounted for in the simulation by calculating the influence of the chemistry on the 

thermodynamic and transport properties of the gas that were of importance to the 

CFD calculation, i.e. the gas density (𝜌𝑔), the heat capacity (𝐶𝑝), heat conductivity 

(𝑘𝑔) and viscosity (µ). These properties were calculated for an N2/CO2/CH4 (8/1/1) 

mixture over a wide range of gas temperatures, using the Gri-mech 3.0 database 

[8], assuming thermal equilibrium. This approach avoids coupling a complicated 

chemistry set to the 3D flow simulations, which would take months to solve and 

lies out of the scope of this research. 

 

For these look-up tables, 𝐶𝑝 was calculated using [9]: 

𝐶𝑝 = ∑ 𝜔𝑖 ×
𝐶𝑝,𝑖

𝑀𝑖
𝑖

                                                                                                   (B8) 
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In which 𝜔𝑖  is the weight fraction of each component 𝑖  in the mixture at its 

equilibrium concentration at a given temperature, and 𝐶𝑝,𝑖 is the heat capacity at 

constant pressure of each of those species. 𝑀𝑖  was the weight of species 𝑖. 

𝑘𝑔 can be expressed as [9]: 

𝑘𝑔 = 0.5(∑ 𝑥𝑖𝑘𝑖

𝑖

+
1

∑ 𝑥𝑖
𝑘𝑖

⁄𝑖

)                                                                            (B9) 

Here, 𝑥𝑖  is the molar fraction of species 𝑖  in the gas mixture and 𝑘𝑖  is the 

thermal conductivity of species 𝑖, which was calculated using [9–12]:  

𝑘𝑖 = 2.669 × 10−6
√𝑇𝑀𝑖 × 103

𝜎𝑖
2Ω𝑘

×
1.15𝐶𝑝,𝑖 + 0.88𝑅𝑔

𝑀𝑖
                                 (B10) 

𝜎𝑖
  is the characteristic length of the Lennard-Jones potential of species 𝑖, and Ω𝑘  

is the dimensionless collision integral given by [9,11,12]:  

Ω𝑘 =
𝑏1

(𝑇∗)𝑏2
+

𝑏3

𝑒𝑥𝑝(𝑏4𝑇
∗)

+
𝑏5

𝑒𝑥𝑝(𝑏6𝑇
∗)

+
4.998 ∙ 10−40µ𝐷,𝑖

4

𝑘𝑏
2𝑇∗𝜎𝑖

6 , 𝑇∗ = 𝑇
𝜀𝑖

𝑘𝑏
 (B11) 

Here, 𝑏𝑥 are empirical constants, µ𝐷,𝑖
  is the dipole constant of species 𝑖, 𝜀𝑖  is 

the potential energy minimum value, and 𝑘𝑏  is the Boltzmann constant. These 

values are tabulated data taken from reported literature [9]. µ was calculated using 

[9,13]: 

µ =  ∑
µ𝑖

1 +
1
𝑥𝑖

∑ 𝑥𝑗𝜙𝑖𝑗
𝑛
𝑗=1,𝑗≠𝑖

𝑛

𝑖=1

,   𝜙𝑖𝑗 =
(1 + (µ𝑖 µ𝑗)⁄ 0.5 (𝑀𝑗 𝑀𝑖⁄ )

0.25
)2

(4 √2⁄ )(1 + 𝑀𝑖 𝑀𝑗⁄ )
0.5      (B12) 

In this equation µ𝑖  is the dynamic viscosity of each species 𝑖:[9,11,12]  
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µ𝑖 = 2.669 × 10−6
√𝑇𝑀𝑖 × 103

𝜎𝑖
2Ω𝐷

                                                                         (B13) 

Here, Ω𝐷  is expressed similar to Ω𝑘  in equation (14), via:[9,11,12]  

Ω𝐷 =
𝑏1

(𝑇∗)𝑏2
+

𝑏3

𝑒𝑥𝑝(𝑏4𝑇
∗)

+
𝑏5

𝑒𝑥𝑝(𝑏6𝑇
∗)

+
4.998 × 10−40µ𝐷,𝑖

4

𝑘𝑏
2𝑇∗𝜎𝑖

6 , 𝑇∗ = 𝑇
𝑘𝑏

𝜀𝑖
(B14) 

The gas density of the mixture was calculated using the ideal gas law:[9] 

𝜌𝑔 =
𝑝𝑀𝑁

𝑅𝑔𝑇
                                                                                                                 (B15) 

This formula uses the pressure 𝑝, the gas constant 𝑅𝑔, the temperature 𝑇 and the 

mean molar mass of the mixture 𝑀𝑁. 

B5. Computational results and considerations for the post-plasma 

catalyst bed 

Fig. B5.1 shows the temperature profile in the GAP reactor as calculated by the 3D 

CFD model. The figure shows that the gas temperature reaches values close to 3500 

K in the centre of the plasma, which is in line with the calculated gas temperatures 

for CO2 and CH4 plasmas in the GAP from previous work [4,5]. Once the gas 

reaches the outlet of the reactor, it has cooled down to a gas temperature of around 

1100 K. Fig. B5.2A shows the gas temperature profile beyond the GAP reactor in 

the post-plasma reactor tube, as calculated by the 2D axisymmetric CFD model. 

This profile shows how the gas cools down further as it leaves the reactor body and 

flows through the post-plasma reactor tube. From this profile, it is clear that the 
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heat of the exhaust gas is not transported evenly over the whole volume of the tube, 

but is concentrated in the centre of the reactor. This is attributed to the high gas 

flow velocity that is present as the gas flows out through the small reactor outlet, 

as demonstrated by the calculated gas flow velocity profile in Fig. B5.2B. The high 

gas flow drags the heat along through convective heat transport, leaving no time 

for the gas to diffuse in the radial direction through conductive heat transport. 

 

This has important implications for considering a post-plasma catalyst bed inside 

the tube, as catalysts located in the centre of the tube will experience a significantly 

higher temperature compared to catalysts near the edge of the tube. As the activity 

and stability of a catalyst are strongly dependent on the temperature, this is an 

important factor for the post-plasma catalyst process in combination with GAP 

reactors. For the implementation of a post-plasma catalyst bed, it could thus prove 

beneficial to disturb the centralized flow stream, by e.g. modifying the reactor 

outlet with a nozzle, introducing more gas mixing and/or more radial heat transport 

in the post-plasma tube. Introducing the catalyst bed in the tube will also, to some 

degree, already introduce some disturbance to the central flow stream. In addition, 

the experimental results of section 3.4.4 show a different temperature depending 

on the distance of the catalyst bed from the plasma exhaust. Finally, also the feed 

composition will influence temperature and exhaust gas composition, as 
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demonstrated by the above results and discussion in section 3.4.4, which can also 

affect the catalytic performance. 

 

Fig. B5.1. Calculated gas temperature profile in the GAP reactor for a 1/1/8 CO2/CH4/N2 gas 
mixture and a flow rate of 8 L/min. 

 
Fig. B5.2. (A) Calculated gas temperature profile and (B) calculated flow velocity profile in 
the post-plasma reactor tube for a 1/1/8 CO2/CH4/N2 mixture gas mixture and a flow rate of 8 
L/min. 
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Fig. B5.3. Comparison of temperature measured and modelled for the GAP reactor, as a 
function of distance from the reactor outlet, at a gas flow rate of 8 L/min and gas composition 
CO2/CH4/N2 = 1/1/8. 

Fig. B5.3 displays the axial temperature profile in the centre of the post-plasma 

reactor tube, as calculated by the 2D axisymmetric CFD model, and compared to 

the thermocouple measurements shown in paper Fig. 3.7, serving as a validation 

for the modelling results. While some deviation in absolute values is present and 

the trend is not the same, a decreasing temperature is observed in both the model 

and experiments. In general, these results can give us a better idea of where to place 

a post-plasma catalyst bed. Combined with the experimental results of thermal 

catalytic DRM [14–16], which indicated that a temperature above 500 °C is 

necessary for the catalysts to show catalytic activity, we recommend that the 

distance of a post-plasma catalyst bed should be below 5 cm. Considering the 
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closer the distance from the plasma exhaust, the higher the temperature will be, as 

well as the backflow effect caused by the addition of a catalyst bed [17], the 

distance of a post-plasma catalysis bed should be carefully investigated. 
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Appendix C: Supporting information 

for Chapter 5 

Table C.1. Selectivity, yield, H2/CO ratio and carbon balance results of DRM in the 
thermal catalytic reaction. 

Temperature 
(°C) 

Selectivity (%) Yield (%) H2/CO 
ratio C balance 

CO H2 CO H2 
800 88 100 81 80 0.9 89 
700 89 100 73 70 0.9 91 
600 92 100 48 41 0.8 96 
500 100 100 18 11 0.6 101 
400 100 100 3 1 0.3 103 

 

Table C.2. Carbon balance for different plasma and plasma-catalytic DRM configurations. 
Gas composition: N2/CH4/CO2 = 8/1/1 or 8/0.6/1, GHSV: 480 L·gcat

-1h-1. 

Configurations 
Carbon balance (%) 

CH4/CO2 = 1 CH4/CO2 = 0.6 
Plasma alone 92.9±0.7 98.7±0.8 
T-bed-3 Ni/MO 96.2±1.6 99.7±1.6 
N-bed Ni/MO 100.8±0.8 100.5±0.7 
N-bed α-Al2O3 100.2±1.0 100.2±0.6 
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Fig. C.1. Photographs of the N-bed. (A)&(B) the top and bottom sides of the connector. (C) 
tubular body of the N-bed. (D) bottom with metal mesh of the N-bed. (E) N-bed connection to 
the plasma device part. 
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Fig. C.2. Photographs of the GAP setup without (A) and with (B) insulation, and (C) 
temperature measured after the catalyst bed during the reaction. Gas composition: N2/CH4/CO2 
= 8/1/1, GHSV: 480 L·gcat-1·h -1. 
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Fig. C.3. Results of conversion and selectivity obtained in the T-bed configuration at a distance 
of 4 cm, with or without insulation in the system. Gas composition: N2/CH4/CO2 = 8/1/1, 
GHSV: 480 L·gcat-1·h -1. 
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Fig. C.4. Conversion of CO2 and CH4 in the GAP post-plasma-catalytic DRM at different 
conditions with a CH4:CO2 ratio of 0.6. Gas composition: N2: 6.4 L/min, CH4: 0.6 L/min, 
CO2:1 L/min (CH4/CO2=0.6), GHSV: 480 L·gcat-1·h -1.  
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Figure C.5. includes the Selectivity, yield, H2/CO ratio, SEI and EC results for 

a CH4/CO2 ratio of 0.6. 
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Fig. C.5. Selectivity, yield, H2/CO ratio, EC and SEI result for a CH4/CO2 ratio of 0.6 in the 
GAP PPC DRM reaction. (A) Selectivity of CO and H2, (B) Selectivity of C2H2 and C2H4, (C) 
Yield of CO and H2 and H2/CO ratio, and (D) Energy cost (EC) of the conversion and specific 
energy input (SEI) into the system in different configurations. Gas composition: N2: 6.4 L/min, 
CH4: 0.6 L/min, CO2:1 L/min (CH4/CO2=0.6), GHSV: 480 L·gcat-1·h -1.  
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Fig. C.6. Temperature of the gas after the catalyst bed, measured at 4.9 cm. Gas composition: 
N2: 6.4 L/min, CH4: 0.6 L/min, CO2:1 L/min (CH4/CO2=0.6), GHSV: 480 L·gcat-1·h -1. 
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Fig. C.7. Carbon balance in different cases. Gas composition: (A) N2/CH4/CO2 = 8/1/1, (B) 
N2/CH4/CO2 = 8/0.6/1, GHSV: 480 L·gcat-1·h -1. 
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Fig. C.8. (A) DTG of Ni/MO catalyst in different cases after reaction, (B) Enlarged figure of 
the MS result with m/z=44 for thermal Ni/MO catalysis, and (C) MS result (at m/z=28 and 18) 
of Ni/MO catalyst in different cases after reaction. Gas composition: N2/CH4/CO2 = 8/1/1, 
GHSV: 480 L·gcat-1·h -1. 
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Fig. C.9. Raman spectra of carbon produced under plasma or plasma-catalytic conditions. 
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Equations for calculation of the performance metrics in plasma-

based DRM: 

To calculate the performance metrics in case of CO2/CH4/N2 DRM, the formulas 

were used as reported in the literature [1]–[3] (references listed at the end Appendix 

C). Considering the gas expansion, the expansion factor can be determined by 

adding an internal standard gas to the outlet gas flow stream after the reactant gas 

has passed through the plasma. Internal standard gasses can in principle be N2, He, 

or Ar. However, in our case, He is impossible as it is the carrier gas of the GC. 

Neither can Ar be used, as its peak overlaps with the one of O2. For N2, in principle, 

it is also not a suitable gas, because it is used in the mixture which passes through 

the GAP reactor. However, considering the conversion of N2 in the GAP plasma 

DRM is barely converted (< 0.05%) [4], [5], it is used in our case as the internal 

standard gas. Two correction factors α and β were defined via the following 

equations: 

β =
N2,𝑖𝑛

𝐶𝑂2,𝑖𝑛 + 𝐶𝐻4,𝑖𝑛
                                                                                                (C1) 

where N2,𝑖𝑛, 𝐶𝑂2,𝑖𝑛, and 𝐶𝐻4,𝑖𝑛 were the gas flow rate of N2, CO2, and CH4 in 

the feed gas, respectively. 

The value of α is corrected by β with equation (C2): 

α =
N2,blank

N2,plasma

(1 + β) − β                                                                                       (C2) 
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Where N2,blank and N2,plasma represent the amount of N2 measured before and 

after starting the plasma. 

The concentrations were corrected with equation (C3): 

Ci,out = Ci,out,m(1 + β α⁄ )                                                                                        (C3) 

Where Ci,out,m means the concentration of sample 𝑖, i.e., CH4, CO2, CO, and H2, 

measured by the GC. 

 

The absolute conversion of CO2, Xabs,CO2
 and effective conversion of CO2, 

Xeff,CO2
 were calculated with equation (C4) and equation (C5), respectively. 

C𝐶𝑂2,𝑖𝑛
 was the concentration of CO2 measured going through the GAP before the 

plasma was turned on. C𝐶𝑂2,𝑜𝑢𝑡
 was the concentration of outlet gas. 

Xabs,CO2
(%) =

CCO2,in
− CCO2,out

CCO2,in

× 100%                                                          (C4) 

Xeff,CO2
(%) =  Xabs,CO2

(%) ∙ FractionCO2
                                                          (C5) 

where FractionCO2
 means the concentration of CO2 in the inlet gas. 

The absolute and effective conversions of CH4 were defined as equation (C6) and 

equation (C7): 

Xabs,CH4
(%) =

CCH4,in
− CCH4,out

CCH4,in

× 100%                                                           (C6) 

Xeff,CH4
(%) =  Xabs,CH4

∙ FractionCH4
                                                                   (C7) 
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The C-based selectivity of CO and other chemicals including carbon atoms, the H-

based selectivity of H2, and the yield of CO, and H2 were defined as equations from 

(C8) to (C12): 

SH2
=

CH2,out

2 × (CCH4,in
− CCH4,out

)
× 100%                                                              (C8) 

SCO =
CCOout

(CCH4,in
− CCH4,out

) + (CCO2,in
− CCH2,out

)
× 100%                            (C9) 

SCxHyOz
=

x × CCxHyOz,out

(CCH4,in
− CCH4,out

) + (CCO2,in
− CCH2,out

)
× 100%                  (C10) 

YCO =
FractionCH4

× Xabs,CH4
+ FractionCO2

× Xabs,CO2

(CCH4,in
− CCH4,out

) + (CCO2,in
− CCH2,out

)
× SCO                (C11) 

YH2
= Xabs,CH4

× SH2
                                                                                             (C12) 

 

The specific energy input (SEI) and energy cost (EC) were defined as equation 

(C13) and equation (C14). 

SEI(kJ/L) =
Plasma Power (kW) · 60 (s min⁄ )

Total gas flow rate (L min⁄ )
                                           (C13) 

EC(kJ L⁄ ) =
SEI (kJ L⁄ )

Xeff,CO2

                                                                                        (C14) 

For the balance of C atoms in the products versus in the reactants, the equation was 

as followed: 

BalanceC =
α ∙ (CCO2(out) + CCH4(out) + CCO(out) + 2 ∙ CC2(out) + 3 ∙ CC3(out))

CCO2(in) + CCH4(in)
  (C15) 
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