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Abstract 29 

The combination of plasma and heterogeneous catalysis has been considered as an attractive and 30 

promising process for the synthesis of fuels and chemicals. In this work, plasma-catalytic reforming 31 

of biogas is carried out over Ni/γ-Al2O3 catalysts with different Ni loadings (6 wt.%, 8 wt.% and 10 32 

wt.% Ni) in a novel rotating gliding arc (RGA) plasma reactor. In the plasma reforming of biogas 33 

without a catalyst, the CH4 conversion can reach up to 52.6% at a CH4/CO2 molar ratio of 3:7 and a 34 

total flow rate of 6 L/min. The combination of the RGA with the Ni/γ-Al2O3 catalysts enhances the 35 

performance of the plasma biogas reforming: increasing Ni loading enhances the conversion of CH4 36 

and the maximum CH4 conversion of 58.5% is achieved when placing the 10 wt.% Ni/γ-Al2O3 37 

catalyst in the downstream of the RGA reactor. The presence of the 10 wt.% Ni/γ-Al2O3 catalyst in 38 

the RGA reactor also increases the H2 yield by 17.6% compared to the reaction in the absence of a 39 

catalyst. A comparison of biogas reforming using different plasma technologies shows that the RGA 40 

plasma provides a higher conversion, significantly enhanced processing capacity and reduced 41 

energy cost for biogas conversion and syngas production. In addition, compared to biogas 42 

reforming using other non-thermal plasmas (e.g. dielectric barrier discharge), the RGA reforming 43 

process produces much cleaner gas products in which syngas is the major one. 44 

Keywords: Rotating gliding arc (RGA); Plasma-catalysis; Biogas reforming; Syngas 45 
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1. Introduction 59 

Biogas generated from wastewater treatment, anaerobic digestion of biomass, and landfills has 60 

been regarded as a promising renewable energy source to respond to the global energy and 61 

environmental challenges. Biogas mainly consists of combustible CH4 and non-combustible CO2, 62 

and can be used for generating heat and power. However, due to the presence of CO2, low calorific 63 

value (LCV) of biogas is one of the major barriers of biogas development in the combined heat and 64 

power (CHP) generation [1-3]. Different technologies have been developed for the upgrading of 65 

biogas to bio-methane, which is an excellent fuel for a large number of applications and can also be 66 

used as raw material for the production of chemicals. However, biogas upgrading is an energy and 67 

capital intensive process.  68 

Reforming of biogas (also called dry reforming) without prior CO2 separation is considered as an 69 

attractive and sustainable alternative to produce syngas (CO and H2), which is an important 70 

chemical feedstock for the production of a range of platform fuels and chemicals [4]. However, 71 

biogas reforming is a thermodynamically unfavorable reaction and high operating temperatures 72 

(>700 
o
C) are required to obtain reasonable conversions of stable and inert molecules CO2 and CH4, 73 

which incurs high energy cost of the process. A range of supported metal catalysts (e.g. Ni, Co, Pt, 74 

Pd, etc) have been used to lower the activation energy of biogas reforming reaction [5,
 
6]. Ni based 75 

catalysts have been widely used in this reaction considering their activity, availability and cost 76 

[7-10]. However, rapid catalyst deactivation due to coke formation and deposition remains a major 77 

challenge in the reforming of CH4 and CO2, and limit the use of this process on a commercial scale 78 

[11,12].        79 

Non-thermal plasmas offer an attractive and relatively unexplored alternative as means for the 80 



synthesis of fuels and chemicals, offering a unique way to enable thermodynamically unfavourable 81 

reactions (e.g. biogas reforming) to occur at atmospheric pressure and low temperatures. 82 

Non-thermal plasmas show a unique non-equilibrium character and can generate highly energetic 83 

electrons and a variety of chemically reactive species including radicals, excited atoms, molecules 84 

and ions, which are capable of initiating a variety of physical and chemical reactions, the dominant 85 

pathways being determined by plasma processing conditions. Various non-thermal plasmas have 86 

been investigated for converting biogas into syngas, including dielectric barrier discharge (DBD) 87 

[13-15], corona discharge [16], glow discharge [17], microwave discharge [18] and gliding arc (GA) 88 

[12]. However, in the absence of a catalyst, a range of products could be produced in the plasma 89 

reforming reaction with lower selectivity towards desirable products (e.g. syngas) compared to that 90 

achieved using traditional catalytic process, which limits the use of plasma process in an industrial 91 

scale [19].  92 

Recently, hybrid plasma-catalytic process has attracted significant interest for the synthesis of 93 

value-added fuels and chemicals due to combined advantages of fast and low temperature reaction 94 

by non-thermal plasmas and selective synthesis from catalysis. This novel hybrid process has great 95 

potential to generate a synergistic effect, resulting from the physical and chemical interactions 96 

between the plasma and catalyst, to enhance the conversion of reactants and the selectivity/yield of 97 

the desired products, whilst reducing the energy consumption of the plasma-catalytic process 98 

[20-22]. Song et al. [23] reported that the CO selectivity was increased by 23.7% in the plasma 99 

biogas reforming over a Ni/γ-Al2O3 catalyst in a DBD reactor, compared to the plasma reaction 100 

without a catalyst. Similar result was obtained by Long et al. [24] using a plasma-jet reactor. Tu 101 

et al. [14] investigated the effect of three different catalyst packing methods on the plasma-catalytic 102 



dry reforming of CH4 over Ni/Al2O3 catalysts in a DBD reactor at ~250
 o

C. They found that 103 

partially packing the Ni/Al2O3 catalyst with a low calcination temperature (300
 o

C) in the DBD 104 

significantly enhanced plasma-catalyst interactions, thus generating a synergistic effect with 105 

doubled CH4 conversion and H2 yield compared to the plasma reaction without a catalyst under the 106 

same conditions. Most of previous works on plasma-catalytic reforming of biogas have been carried 107 

out using dielectric barrier discharges as it is easy to integrate catalysts with a DBD reactor. 108 

However, the energy efficiency of the plasma reforming process using a DBD even with a catalyst 109 

is still significantly lower than those using gliding arc plasmas [25].  110 

In this study, a novel rotating gliding arc (RGA) reactor, co-driven by a tangential gas flow and a 111 

magnetic field, has been developed for the conversion of biogas into value-added fuels and 112 

chemicals. With the combined effects of swirling flow and Lorentz force, the arc can rotate rapidly 113 

and steadily around an inner cone-shaped electrode, providing a stable and large three-dimensional 114 

plasma region with enlarged retention time of the reactants, which favours chemical reactions. Our 115 

previous works have shown that the use of the RGA plasma can significantly enhance the 116 

performance (e.g. conversion and energy efficiency) of plasma chemical reactions for the synthesis 117 

of fuels and chemicals, compared to traditional gliding arcs with knife-shaped electrodes or other 118 

non-thermal plasmas (e.g. DBD) [26-28]. The combination of the rotating gliding arc with suitable 119 

catalysts has great potential to further enhance the energy efficiency of the plasma reforming 120 

process and make it more attractive. However, it is a great challenge to integrate catalysts with 121 

either flat gliding arc or rotating gliding arc due to a high gas flow. Up until now, very limited work 122 

has been dedicated to the combination of gliding arc discharge with catalysts for the synthesis of 123 

fuels and chemicals, while the integration of the RGA with a catalyst has not been reported. In this 124 



work, Ni/γ-Al2O3 catalysts with different Ni loadings (6 wt.%, 8 wt.%, and 10 wt.% Ni) are 125 

developed and investigated in the plasma-catalytic reforming of biogas in the RGA reactor. The 126 

properties of the catalysts are analyzed using a range of catalyst characterization techniques 127 

including surface area analyzer, inductivity coupled plasma (ICP), X-ray diffraction (XRD) and 128 

transmission electron microscopy (TEM) to better understand the effect of these catalysts on the 129 

plasma reforming reaction.  130 

 131 

2. Experimental 132 

2.1 Catalyst preparation and characterization 133 

The catalysts used in this study are prepared by excess volume impregnation. Pelletized γ-Al2O3 134 

with a particle size of 3 to 5 mm (Shanghai Jiuzhou Chemicals Co.) is used as support. The support 135 

is firstly impregnated with an aqueous solution of nickel nitrate and then stood overnight after 136 

sufficient agitation. The obtained samples are dried in air at 120 °C and then calcined at 400 °C for 137 

6 h. Prior to plasma-catalytic biogas reforming reaction, the catalysts are reduced in a H2 flow at 138 

500 °C for 2 h. 139 

The surface properties of the catalysts including pore size distribution and specific surface area 140 

are measured using a surface area analyzer (AUTOSORB-1-C, Quantachrome). The actual nickel 141 

loading of the catalysts is determined using an inductively coupled plasma instrument (ICP, 142 

iCAP6300, Thermo Scientific). The catalyst samples are extracted by concentrated nitric acid and 143 

hydrochloric acid for the ICP analysis. The XRD patterns of the catalysts are recorded by an X-ray 144 

diffractometer (Rigaku Ultima IV) equipped with Cu–Kα radiation (45 kV tube voltage and 40 mA 145 

tube current) in the scanning range 2θ between 10° and 80°. TEM (Tecnai G2 F20 S-TWIN) 146 

javascript:void(0);


analysis is used to examine the catalyst morphology and to estimate the size of Ni particles 147 

dispersed over the catalytic surface. The average Ni particle size can be estimated by measuring the 148 

size of at least 100 Ni particles. 149 

2.2 Experimental setup  150 

Fig. 1 shows a schematic diagram of the experimental setup for the plasma-catalytic 151 

reforming of biogas. The RGA reactor consists of a conical inner electrode (anode) and a 152 

grounded cylindrical outer electrode (cathode), both made of stainless steel. The narrowest gap 153 

between the two electrodes (for arc ignition) is 2 mm. The feed gas is injected into the reactor 154 

through a three tangential inlet structure, to generate a swirling flow. A more detailed 155 

description of the RGA reactor can be found in our previous work [26].  156 

A high voltage DC power source (380 V/10 kV WWL-SS) is connected to the RGA reactor to 157 

generate plasma and a 40 kΩ resistance is used as a current limiter. During the experiments, the 158 

output voltage of the power source is kept constant at 10 kV. A mixture of CH4 and CO2 with a 159 

fixed CH4/CO2 molar ratio of 3:7 is used as reactants.  160 

Gas products are analyzed by a gas chromatography (GC9790A, Fuli Analytical Instrument), 161 

equipped with a thermal conductivity detector (TCD) and a flame ionization detector (FID). A 162 

catalyst bed is placed in the downstream of the plasma arc, while the distance between the tip of 163 

the inner electrode and the catalyst bed is kept at 1.5 cm. Thus, the catalyst bed can partly 164 

interact with the rotating arc.  165 

 166 



 167 

Fig. 1. Schematic diagram of RGA plasma-catalytic experimental setup 168 

2.3 Parameter definition and calculation 169 

The CH4 conversion X(CH4) and CO2 conversion X(CO2) are defined as follows: 170 

  4
4

4

moles of CH  converted
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The selectivity towards hydrogen S(H2), carbon monoxide S(CO) and by-products S(CxHy), and 173 

the yield of H2 and CO can be calculated by: 174 
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The H2/CO molar ratio is defined as follows: 180 

2
2

moles of H  produc

moles of CO pr

ed
H /CO=

oduced
                                       (8) 181 

The specific energy consumption (SEC) for syngas production is calculated using the following 182 

equation: 183 

2

electricity consumption per unit time

moles of H  produced+moles of CO pr
SE

od
C(

uc
kJ/mol = %

ed
) 100

         (9) 184 

 185 

3. Results and discussion 186 

3.1 Catalyst characterization 187 

Table 1 shows a fairly good agreement between the nominal and analyzed Ni content (by ICP), 188 

confirming the reliability of the method for the preparation of the catalysts. The weight of the 189 

catalyst sample used for each test is 50 mg. 190 

Table 1. Ni content of the catalysts determined by ICP 191 

Catalyst Sample weight (mg) Ni content (wt.%) 

6 wt. % Ni/γ-Al2O3 50.8 6.16 

8 wt. % Ni/γ-Al2O3 50.2 8.17 

10 wt. % Ni/γ-Al2O3 50.6 10.00 

 192 

The specific surface area of the catalysts is calculated by using the BET (Brunauer, Emmett and 193 

Teller) method, while the pore diameter distribution of the catalysts is determined from the 194 

adsorption isotherm. As shown in Fig. 2, the pore diameter distribution of the Ni catalysts is 195 



significantly different to that of the catalyst support (γ-Al2O3), while the change of Ni loading has a 196 

weak effect on the pore diameter distribution of the Ni/γ-Al2O3 catalysts. Table 2 presents the 197 

specific surface area, pore volume, and average pore diameter of the Ni catalysts and support. These 198 

results show that increasing Ni loading decreases the specific surface area and pore volume of the 199 

catalysts. However, the average pore diameter of these Ni/γ-Al2O3 catalysts is larger than that of 200 

γ-Al2O3 support. This difference might be attributed to the diffusing of Ni particles into smaller 201 

pores of the γ-Al2O3 support during the catalyst preparation. [29].  202 
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Fig. 2. Pore diameter distribution of the γ-Al2O3 support and Ni/γ-Al2O3 catalysts 205 

Table 2. Physicochemical properties of the γ-Al2O3 support and Ni/γ-Al2O3 catalysts 206 

 207 

Catalyst 
Specific surface area  

(m
2
/g) 

Pore volume 

(cm
3
/g) 

Average pore diameter 

(nm) 

γ-Al2O3 245.9 0.556 9.04 

6 wt. %Ni/γ-Al2O3 176.5 0.488 11.07 



8 wt. %Ni/γ-Al2O3 167.5 0.463 11.05 

10 wt. %Ni/γ-Al2O3 148.3 0.438 11.80 

 208 

Fig. 3 presents the XRD patterns of the reduced Ni/γ-Al2O3 catalysts. All the catalysts show 209 

similar diffraction patterns with a clear γ-Al2O3 structure at 2θ = 19.28°, 31.30°, 37.36°, 45.52°, 210 

60.80° and 66.88°. The peaks of metallic Ni at 44.42°, 51.60° and 76.08° are also visible but with a 211 

slight different peak widths.  212 

The average crystallite size of Ni particles can be determined using the Scherrer equation 213 

0.89 180

cos
d

B



 


                                                     (10) 214 

where d is the mean Ni crystallite diameter, λ is the X-ray wavelength and B is the full width half 215 

maximum (FWHM) of the Ni peak. The average Ni particle size of the catalysts with different Ni 216 

loadings (6 wt. %, 8 wt. %, and 10 wt. %) is 10.5 nm, 10.1 nm, 9.6 nm, respectively. It is believed 217 

that the formation of smaller Ni particles on the catalyst could contribute to enhanced dispersion of 218 

Ni particles on the catalyst surface, and consequently enhance the activity of the catalyst, a 219 

statement supported by the results of plasma-catalytic biogas reforming in the following sections. 220 
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Fig. 3. XRD patterns of the reduced Ni/γ-Al2O3 catalysts before reaction 222 

Fig. 4 shows the TEM images of the 10 wt. % Ni/γ-Al2O3 catalyst. Highly dispersed metallic Ni 223 

particles can be clearly observed. We find that the average Ni particle size of the 10 wt.% 224 

Ni/γ-Al2O3 catalyst is around 10 nm, which is in good agreement with the result determined using 225 

the Scherrer equation.  226 

 227 

 228 

Fig. 4. TEM images of 10 wt.% Ni/γ-Al2O3 catalyst 229 

 230 



3.2 Plasma biogas reforming without catalyst 231 

Total feed flow rate is an important operating parameter: it is proportional to the processing 232 

capacity of the reactor and relates inversely to the retention time of the reactants in the plasma zone. 233 

Fig. 5 shows the effect of total feed flow rate on the performance of the plasma biogas reforming in 234 

the absence of a catalyst. Clearly, the conversion of CH4 and CO2 declines from 52.6% and 39.2% 235 

to 31.6% and 19.6%, respectively, when increasing the total feed flow from 6 to 20 L/min. It is 236 

found that the retention time of the reactants in the plasma zone, determined as the plasma volume 237 

(estimated by visual observation of the discharge zone) divided by total flow rate, significantly 238 

decreases from 101.8 to 30.5 ms when changing the total flow rate from 6 to 20 L/min, which 239 

reduces the chance of CO2 and CH4 reacting with energetic electrons and reactive species. On the 240 

other hand, increasing the total flow of CO2 and CH4 decreases the specific energy density of the 241 

plasma at a constant plasma power. The combined effects lead to the decreased conversion of CO2 242 

and CH4 although the converted reactants increase when increasing the feed flow rate (Fig. 5a).  243 

H2 and CO are the major gas products in the plasma biogas reforming, while small amounts of 244 

C2H2 and C2H4 are also formed, as shown in Fig. 5b. The selectivity of these products declines 245 

slightly with rising total feed flow. In addition, the amount of C2H6 is almost negligible in the RGA 246 

reforming of biogas, with a selectivity of below 0.02%. Previous studies have shown that C2H6 is 247 

the dominant C2 hydrocarbons in plasma biogas reforming using DBD reactors [14,30,31], while 248 

C2H2 and C2H4 are the dominant hydrocarbons in the plasma reforming of biogas using gliding arc 249 

discharges. Compared to DBD, gliding arc discharge has a significantly higher electron density 250 

which could change the reaction pathways (e.g. dehydrogenation of ethane) and consequently shift 251 

the distribution of C2H2, C2H4 and C2H6 in C2 hydrocarbons. In the plasma biogas reforming 252 



without a catalyst using a DBD, in addition to the production of syngas, a range of C2-C4 253 

hydrocarbons are formed as by-products with low selectivity, which also decrease the energy 254 

efficiency for syngas production. In this work, we find that the rotating gliding arc discharge could 255 

generate much cleaner gas products of which syngas is the main one with limited amounts of C2H2 256 

and C2H4. Similar results were also obtained in an AC flat gliding arc reactor [12,25,32]. 257 

Fig. 5c shows the yield of H2 and CO and the variation of the H2/CO molar ratio as a function of 258 

total flow rate. The yield of H2 and CO declines from 17.6% and 24.5% to 8.1% and 8.3%, 259 

respectively, while the H2/CO molar ratio slightly increases from 0.43 to 0.58 when the total flow 260 

rate rises from 6 to 20 L/min. The results indicate that a lower total flow rate is beneficial for the 261 

conversion of reactants and the production of more syngas. The H2/CO molar ratio of the syngas 262 

obtained is suitable for the further synthesis of long chain hydrocarbons through a Fischer-Tropsch 263 

process. In addition, no obvious carbon deposition is observed in the plasma reaction at a CH4/CO2 264 

molar ratio of 3:7 265 

 266 
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(c) 272 

Fig. 5. Effect of total flow rate on (a) conversion and converted amount of CH4 and CO2, (b) 273 

selectivity of H2, CO, C2H2 and C2H4, and (c) yield of H2 and CO, and H2/CO molar ratio 274 

 275 

The reaction mechanism in the plasma reforming of biogas is very complex because of the 276 

formation of energetic electrons, excited molecules, radicals and ions, and the interactions of these 277 

species with reactants and their intermediates. Generally, electron-impact reactions account for most 278 

of the plasma-induced chemical reactions since electrons are far lighter than heavy particles [33]. 279 

CO2 dissociation in non-thermal plasmas can be stimulated by the vibrational or electronic 280 

excitation of CO2 molecules and dissociative attachment of electrons. It is well known that the 281 

vibrational excitation mechanism (Eq. (11-12)) is the most effective reaction route for CO2 282 

dissociation in non-thermal plasmas. At average electron energy of 1-2 eV, the electrons produced 283 

in plasma mostly provide excitation of low vibrational levels CO2
*
(
1
Σ

+
). Then vibrational- 284 

vibrational (VV) relaxation processes lead to the population of highly excited vibrational states with 285 



non-adiabatic transition 
1
Σ

+
→

3
B2 and dissociation. When electron energies in plasma are high, the 286 

electronic excitation via Eq. (13) can be a dominant pathway for CO2 dissociation, resulting in the 287 

formation of electronically excited CO. Note that - although the energy threshold of the dissociative 288 

attachment (Eq. (14)) is lower than that of dissociation through electronic excitation - the 289 

contribution of dissociative attachment is not significant, due to its low cross-section (≈10
-18

 cm
2
) 290 

[34,35]. 291 

* 1 1 1

2CO ( ) CO( ) O( D)                 a ( E 7  e V )                 (11) 292 

* 1 * 3 1 3

2 2 2CO ( ) CO ( B ) CO( ) O( P)        a( E 5 . 5  e V )    (12) 293 

1 3 3

2e CO ( ) CO(a ) O( P) e               a( E = 1 1 . 4 5  e V )   (13) 294 

2e CO CO O                            a( E 4 . 4  e V )                  (14) 295 

The dissociation of CH4 is even more complicated than that of CO2 in non-thermal plasmas, since 296 

methane molecule consists of five atoms and has more complex vibration modes. Based on the 297 

previous experimental and modeling studies on plasma dry reforming of methane, electron impact 298 

dissociation of CH4 to produce CHx (x=1-3) via Eq. (15-17) has been considered as the most 299 

important reactions for methane consumption [14,36,37]. In addition, the excited oxygen atoms 300 

O(
1
D) created in Eq. (11) are able to participate in a secondary reaction stepwise abstracting H from 301 

CH4 molecules via Eq. (18) [38,39]. Here Ea is the electron threshold energy.  302 

4 3e CH CH H e             a ( E 9  e V )                             (15) 303 

4 2 2e CH CH H e              a( E 1 0  e V )                           (16) 304 

4 2e CH CH H H e            a( E 1 1  e V )                            (17) 305 

1

4 3O( D) CH CH OH                                           (18) 306 

   307 



3.3 Plasma-catalytic reforming of biogas 308 

To evaluate the effect of the Ni/γ-Al2O3 catalysts on the plasma reforming of biogas, the plasma 309 

reaction with pure γ-Al2O3 support and without a catalyst is also carried out for comparison. The 310 

total flow rate of the feed gas is fixed at 6 L/min and the corresponding gas hourly space velocity 311 

(GHSV) is 13000 h
-1

 in the plasma-catalytic biogas reforming.  312 

Compared to the plasma biogas reforming without a catalyst, placing the γ-Al2O3 support in the 313 

downstream of the RGA reactor slightly increases the conversion of CH4 and CO2, but decreases the 314 

yield of H2 and CO, as shown in Fig. 6. The coupling of the plasma with the Ni/γ-Al2O3 catalysts in 315 

the RGA reactor enhances the conversion of CH4 compared to the biogas reforming in the absence 316 

of a catalyst. In addition, the conversion of CH4 increases with the increase of the Ni loading and 317 

reaches the maximum of 58.5% using a 10 wt.% Ni/γ-Al2O3 catalyst, which could be attributed to 318 

the increased catalytic activity due to decreased Ni particle size and enhanced Ni dispersion on the 319 

catalyst surface at a higher Ni loading. Packing the Ni catalysts in the RGA reactor also increases 320 

the H2 yield from 17.6% (without catalyst) to 20.7% due to enhanced CH4 conversion. However, the 321 

presence of the Ni catalysts in the RGA reactor has a weak effect on the conversion of CO2 322 

conversion compared to the plasma-alone reaction. Similar results were also reported in previous 323 

studies using DBD or gliding arc [14] [40]. In this study, we find the effect of the Ni catalysts on the 324 

conversion of reactants is not significant, which might be ascribed to the partly interactions between 325 

the rotating arc and the catalyst as the catalyst bed is placed in the downstream of the plasma arc 326 

and might not be fully interacted with the plasma arc. In addition, the presence of the catalyst bed in 327 

the downstream of the rotating arc might also affect the propagation of the arc and plasma 328 

properties when the arc contacts with the catalyst bed, which in turn affects the plasma chemical 329 



reactions.    330 

Fig. 6c presents the influence of the catalysts on the SEC of the biogas reforming process. 331 

Compared to the reforming reaction using plasma-alone, the SEC of the plasma-catalytic reforming 332 

process is decreased when placing the Ni catalysts in the downstream of the RGA reactor. However, 333 

the presence of the γ-Al2O3 support in the reactor increases the SEC of the process compared to the 334 

reforming reaction using plasma-alone.  335 
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Fig. 6. Effect of catalysts on: (a) the conversion of CH4 and CO2, (b) the yield of H2 and CO, and (c) 343 



specific energy consumption 344 

 345 

In the plasma-catalytic reforming of biogas, both gas phase reactions and surface reactions 346 

contribute to the dissociation and activation of CH4 and CO2, thus enhancing the conversion of 347 

biogas and syngas production [31,41]. There is a strong agreement in the literature that the 348 

mechanism of dry reforming of methane over a catalyst surface is bi-functional: CH4 adsorption and 349 

dissociation mainly occurs on active metal surfaces, while CO2 activation is promoted by the 350 

presence of surface defects [42]. In this study, CH4 can be adsorbed and dissociated on the Ni 351 

particles formed over the catalyst surface. As shown in Fig. 6, increasing the Ni loading from 6% to 352 

10% enhances the conversion of CH4 and hydrogen yield. In addition, the average Ni particle size 353 

of the catalyst is decreased when increasing the Ni loading, which could enhance the dispersion of 354 

Ni particles on the catalyst surface. Both reduced Ni particle size and enhanced Ni dispersion lead 355 

to the enhanced catalytic activity. There is a clear relationship between the Ni loading and catalytic 356 

activity for CH4 adsorption, dissociation and desorption. In the plasma-catalytic process, the 357 

generated intermediates on the catalyst surface might also interact with reactive species in the gas 358 

phase. It is generally accepted that CO2 chemisorption and dissociation on a transition metal surface 359 

is dominated by electron transfer and requires the formation of an anionic CO2
-
 precursor [43]. 360 

However, we find the influence of the Ni catalysts on the conversion of CO2 is very weak in the 361 

plasma-catalytic reforming of biogas, which suggests that CO2 adsorption and dissociation on the 362 

Ni surfaces and γ-Al2O3 support could be very limited. In addition, the yield of H2 is lower than that 363 

of CO in the plasma reforming of biogas regardless the use of a catalyst (Fig. 6b), which might be 364 

attributed to the occurrence of reverse water gas shift reaction (Eq. (19)) as water droplets are 365 



observed in the experiment. Moreover, no obvious carbon deposition is found, as the excess CO2 in 366 

the biogas provides an oxidizing atmosphere, which guarantees the activity and stability of the 367 

catalyst to a large extent. 368 

2 2 2CO H CO H O                 (19) 369 

Table 3 shows a comparison of the performance of biogas reforming using different non-thermal 370 

plasmas. We use the SEC as a key performance indicator in the comparison without considering the 371 

cost of catalysts. Although high product selectivity could be achieved in biogas reforming using 372 

corona and DBD plasmas, their SEC is at least one order of magnitude higher than the reforming 373 

process using the RGA reactor in this work. In addition to the lowest SEC for biogas reforming, the 374 

RGA system provides a relatively high conversion of CH4 (58.5%) and CO2 (39.5%), associated 375 

with a moderate selectivity of H2 (35.3%) and CO (56%). Moreover, the RGA reactor provides a 376 

much larger processing capacity compared to traditional GA reactors with knife-shaped electrodes 377 

as well as other non-thermal plasmas (e.g. DBD). Clearly, the RGA reactor combined with catalysts 378 

has great potential for future industrial applications. 379 

 380 

Table 3. Comparison of biogas reforming using different non-thermal plasmas 381 

 382 

Plasma 

reactor 
Catalyst 

Flow rate 

(mL/min) 

CH4/CO2 

molar ratio 

Power 

(W) 

Conversion 

(%) 

Selectivity 

(%) SEC 

(kJ/mol) 
Reference 

CH4 CO2 H2 CO 

Corona None 43 1:1 46.3 62.4 47.8 70 66.8 1798 [44] 

Corona Zeolites 25 1:1 8.4 56.3 22.8 - 9.1 4022 [45] 

DBD Ni/γ-Al2O3 30 1:1 38.4 44 26 ~95 ~95 2292 [46] 

DBD Ni/γ-Al2O3 50 1:1 50 38 21.2 27.6 45.3 5723 [14] 



GA None 150 7:3 - 21.5 5.7 57.1 14.9 1685 [3] 

GA None 1000 1:1 190 ~40 ~31 ~62 ~50 608 [47] 

RGA Ni/γ-Al2O3 6000 3:7 490 58.5 39.5 35.3 56 291.1 This work 

 383 

Further improvement of the performance of the biogas reforming process can be expected by 384 

developing new reactor designs or innovative plasma-catalyst coupling approaches to enhance the 385 

interactions between the plasma and catalyst to further decrease the energy consumption of the 386 

plasma process, e.g. fluidised bed plasma-catalyst reactor or coating catalysts on the electrodes. 387 

Using pulsed power sources has great potential to further enhance the energy efficiency for the 388 

conversion and syngas production. Catalyst has been regarded as a key in plasma-catalytic chemical 389 

reactions. However, compared to thermal catalytic reforming of biogas, a very limited number of 390 

catalysts have been examined in plasma-catalytic reforming of biogas especially in the combination 391 

with a gliding arc discharge. The knowledge of selecting suitable catalysts for this reaction is very 392 

limited. Screening a range of catalysts that have been found effective in thermal catalytic reforming 393 

of biogas in the plasma-catalytic process is essential. Design and developing new, highly active and 394 

stable catalysts suitable for plasma-catalytic reforming of biogas is a key to push beyond the current 395 

state-of-the-art.  396 

 397 

4. Conclusion 398 

In this study, the rotating gliding arc plasma coupled with a downstream Ni/Al2O3 catalyst bed 399 

has been developed for the conversion of CO2-rich biogas into syngas. The effect of the Ni/Al2O3 400 

catalysts with different Ni loadings on the performance of the plasma biogas reforming process has 401 



been investigated in terms of the conversion of reactant, selectivity and yield of syngas, as well as 402 

the energy efficiency of the process. In the plasma reforming without a catalyst, the highest CH4 403 

conversion of 52.6% is achieved at a CH4/CO2 molar ratio of 3:7 and a total flow rate of 6 L/min. 404 

The major products are H2 and CO with small amount of C2H2 and C2H4. Compared to biogas 405 

reforming using other non-thermal plasmas (e.g. DBD), the RGA reforming process produces much 406 

cleaner gas products in which syngas is the major one. The flow rate of the reactants is found to 407 

significantly affect the conversion of CH4 and CO2 and the yield of syngas due to the change of 408 

retention time of the reactants in the plasma zone and specific energy density. Compared to the 409 

plasma reforming without using a catalyst, the coupling of the RGA with the Ni/Al2O3 catalysts 410 

placed in the downstream of the reactor enhances the performance of the reforming process. The 411 

results show that increasing the Ni loading from 6 wt% to 10 wt.% enhances the conversion of CH4 412 

and hydrogen yield, which can be attributed to the enhanced catalyst activity due to the reduced Ni 413 

particle size and enhanced dispersion of Ni particles on the catalyst surface when using a higher Ni 414 

loading amount. The maximum CH4 conversion of 58.5% and H2 yield of 20.7% are achieved when 415 

the 10 wt.% Ni/γ-Al2O3 catalyst is placed downstream of the RGA reactor. Compared to traditional 416 

knife-shaped gliding arc plasma or other non-thermal plasmas, the RGA reactor used in this work 417 

provides a relatively higher conversion of biogas and a much larger processing capacity with 418 

significantly enhanced energy efficiency of the process. 419 
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