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Abstract—The reforming of simulated biogas (70% CH4 and 
30% CO2) for syngas production was investigated under low-
temperature DBD plasma condition in the presence of nickel 
catalyst supported on glass wool. In DBD plasma-catalytic 
hybrid system, the influence of two different catalyst 
packings fully packed and partially packed into the plasma 
zone was comparatively evaluated the overall reaction 
performance and microdischarge behavior in terms of 
quantitative and qualitative analysis. The result showed 
hydrogen, H2 and carbon monoxide, CO (or syngas) as main gas 
products. The plasma system with partially packing of either 
NiO loaded glass wool or unloaded glass wool gave a beneficial 
effect in improving CH4 and CO2 conversions and reducing the 
specific energy requirement of system, as compared to the one 
with fully catalyst packing. This synergistic effect of partial 
catalyst packing is strongly due to the catalyst activation of 
reactive species from sole plasma and unreacted CH4 and CO2 in 
plasma zone for accelerated reforming reaction, resulting in 
higher conversions. Interestingly, in case of partially packing, 
the combination of Ni loaded glass wool with DBD plasma 
brought about the noticeable enhancement of H2 and CO 
selectivities, even though CH4 and CO2 conversions exhibited 
relatively low.  

Keywords: biogas, syngas, reforming, plasma-catalytic system  

I. INTRODUCTION 
Biogas production from wastes and renewable resources is 

growing interest in the present. Main components of biogas 
generally compose of 55-70% methane (CH4), 27-44% carbon 
dioxide (CO2), 1% or less hydrogen (H2), 3% or less hydrogen 
sulfide (H2S), and others [1]. Utilization of biogas is widely 
used as a fuel source for heating and electricity generation. 
However, an additional unit to separate CO2 before use is 
necessarily required since high CO2 content lowers the heating 
value of fuel. CO2 emission from separation unit also caused 
the increasing greenhouse effect problem. The conversion of 
biogas into syngas product via CO2 reforming process (Eq.1) 
is an interesting way to solve these undesired problems.  
CH4 + CO2              2CO + 2H2          H298K =  +247 kJ/mol   (1) 

The CO2 reforming or dry reforming is a process which 
can chemically convert biogas into syngas by heating or using 
catalyst. Syngas (H2+CO) can be used as raw material for 
producing chemicals such as methanol, ammonia and etc. It is 
also used as an intermediate in producing synthetic liquid 

fuels via Fischer-Tropsch process. But, up to now, this 
conventional process still has operational limitations of high 
temperature and pressure, and coking problem on catalyst 
surface [2]. 

Low-temperature plasma technology should be possibly 
an upcoming alternative that may overcome drawbacks of the 
reforming process because it can activate the reforming 
reaction to occur at ambient temperature and atmospheric 
pressure without external heating. Under applying a high 
voltage plasma system, gas phase is broken down to form 
highly reactive species (electrons, highly excited atoms and 
molecules, ions, radicals, photons and neutral particles) [3]. 
The collisions between these highly energetic species enable 
reactions to proceed within plasma. One interesting type of 
low-temperature plasma is a dielectric barrier discharge or 
DBD. The DBD itself is widely used in industrial application, 
especially for initiation of plasma chemical process. 
Additionally, recent studies on CO2 reforming of methane 
revealed that the combination of low-temperature plasma and 
solid catalyst has the potential to maximize the process 
performance. In dry reforming reaction, it normally actives 
with transition metal and VIII-B group (Rh, Pt, Ru, Ir and 
Ni). Among these catalysts, nickel catalyst is most favorably 
used in reforming process due to cheap price, easy 
availability, and high reactivity [4,5]. Furthermore, the effect 
of different catalyst packings within the DBD plasma 
reactor fully packing [2,6-9] and partially packing [2,8-10] 

is an attractive factor to study on the process performance. 
But, until now, this study is not widespread and still has few 
researches. Hence, our research has focused on an 
investigation of biogas reforming under DBD plasma-
catalytic hybrid system, and nickel catalyst supported on glass 
wool sheet is selected for this study. The influence of two 
different catalyst packing methods (fully and partially 
packings) into plasma zone of DBD reactor was preliminarily 
determined, in order to understand how the major role of 
chosen catalyst works in the studied plasma system.   

II. EXPERIMENTAL 

A. Catalyst Preparation  
Figure 1 illustrated catalyst samples i.e. glass wool, 

NiO/glass wool and Ni/glass wool, being used for reaction 
testing in the DBD plasma-catalytic hybrid system.  Fully and 
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partially packing sizes of glass wool sheet were prepared for 
unloaded glass wool and NiO loaded glass wool catalysts. 
NiO/glass wool was prepared by wet impregnation method 
using an aqueous solution of 0.5 M Ni(NO3)2·6H2O (QRëC 
Chemical Co., Ltd.) as metal precursor and glass wool (Ajax 
Finechem Pty Ltd.) as catalyst support. Firstly, glass wool 
sheet was immersed in Ni(NO3)2 aqueous solution for 3 hr. 
After that, the impregnated catalyst was dried at 110ºC for 2 
hr, and calcined in air at 500ºC for 3 hr. For Ni/glass wool, 
the calcined catalyst was further reduced under diluted H2 
atmosphere.   

 

 
 

Figure 1. Photograph of glass wool (a,b), NiO/glass wool (c,d) and Ni/glass 
wool (e) in form of fully and partially packing sheet sizes   

B. Catalyst Characterization Techniques 
Catalyst samples were characterized by X-Ray 

Diffractometer (XRD) and Scanning Electron Microscope 
(SEM), in order to correlate chemical and physical 
characteristics with catalytic properties. Structural 
characterization of catalysts were performed by XRD 
technique on model D8 advance: Bruker AXS, equipped with 
using Cu radiation (  = 1.5406 Aº), under 30 mA current and 
40 kV voltage. A continuous scan angle 2  was selected from 
10º to 80º with step of 0.02º and measurement time per step 
of 0.5 s. And surface characteristic of catalysts were tested by 
SEM (JSM-5910LV, operated at 15kV), equipped with an 
Energy Dispersive Spectrometer (EDS) for analyzing the 
elemental distribution on a sample surface.  
C. Reaction Testing  

Experimental setup of DBD plasma-catalytic hybrid 
system was shown in Fig. 2. Simulated biogas (70% CH4 and 
30% CO2), supplied by Thai Industrial Gas (Public) Co., Ltd., 
was introduced into DBD reactor as feed gas. Catalyst was 
packed between two electrode plates of DBD reactor, with 
two different packing methods fully packing (catalyst was 
packed into the entire area of plasma zone) and partially 
packing (catalyst was packed into one third of outlet plasma 
area and placed along the end part of bottom electrode plate). 
The flow rate of feed gas was controlled by digital mass flow 
controller (New-Flow, TLFC). The soap bubble flow meter 
used to measure the flow rates of feed and product gas. After 
the composition of feed gas was invariant with time, the 
power unit was turned on. The AC power supply unit was 
used to generate the dielectric barrier discharge in the reactor 
from the domestic AC of 220 V and 50 Hz. The output 
voltage and frequency were controlled by a function generator 
(GW Instek, GFG-802OH). A power analyzer (Lutron, 
DW6090) was used to measure power, current and output 

voltage at the low voltage side of the power supply unit. The 
high-side voltage was calculated by multiplying by a factor of 
130. The operating condition of this system was fixed at 35 
cm3/min of feed flow rate, 300 Hz of input frequency, 16.25 
kV of applied voltage and 4.25 mm of electrode gap distance. 
The gaseous composition of feed and product was analyzed 
by Gas Chromatograph (HP 6890), equipped with a HP-
PLOT Molecular Sieve 5A capillary column and thermal 
conductivity detector (TCD). During the reaction, the product 
gas was taken at least three times for each experiment. For 
any given experimental condition, reaction testing was run 
repeatedly three times, in order to confirm the reliability of 
experimental data.  
 

 
 

Figure 2. Schematic diagram of DBD plasma-catalytic hybrid system 
 

D. Reaction Performance Assessment 
The reactant conversion is defined as                                       
 

% Reaction conversion =       
          (moles of reactant in – moles of reactant out) (100)   (2) 

    (moles of reactant in)  
 

     The selectivities for H2 and CO are calculated based on 
moles of H-containing reactant (CH4) converted and moles of 
C-containing reactant (CH4 and CO2) converted, respectively. 
 

% Selectivity for H2 = 
           (moles of H2 produced) (100)                   (3) 

  (2 x moles of CH4 converted) 
% Selectivity for CO = 

        (moles of CO produced) (100)                    (4) 
(moles of CH4 converted + moles of CO2 converted) 

 

The specific energy consumption is calculated in a unit of 
W·s per biogas molecule converted or per syngas molecule 
produced, as stated in Eq. 5. 

 

Specific energy consumption = (P) (60) / (N) (M)           (5) 
 

 where P = power (W), N = Avogadro’s number (6.02x1023 
molecules·g-mol-1), M = rate of biogas converted or of syngas 
produced molecules (g-mol·min-1) 

III. RESULTS AND DISCUSSION 

A. Catalyst Characterization Results 
 

The XRD spectra of unloaded glass wool, NiO-loaded 
glass wool and Ni-loaded glass wool were compared in    
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Fig. 3. It presented that XRD pattern of unloaded glass wool 
did not found the diffraction peak of NiO and Ni phase (Fig. 
3a). For NiO-loaded glass wool after the calcination step (Fig. 
3b), it was carried out to appear NiO phase at the diffraction 
peaks of 38.2º, 43.3º, 62.4º and 75.4º. For Ni-loaded glass 
wool after the reduction step (Fig. 3c), the metallic Ni phase 
can be clearly seen the diffraction peaks at 2  = 45.0º, 52.2º 
and 77.0º. Figure 4 showed the SEM micrographs of catalyst 
samples both before and after reaction. It presented the 
surface characteristic of unloaded glass wool, NiO and Ni 
loaded on glass wool. For the catalysts before the reaction, 
loaded glass wool [4b,4c] found the unwell-dispersion of NiO 
and Ni phase on glass wool supporter. And the catalysts after 
the reaction [4d,4e,4f] showed coke deposition over  spent 
catalyst surface. 
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Figure 3. XRD patterns of unloaded glass wool (a), NiO-loaded glass wool 
(b), and Ni-loaded glass wool (c) 

        
 

        
 

 
Figure 4. SEM micrographs of fresh catalysts before reaction : glass wool (a), NiO/glass wool (b) and Ni/glass wool (c), and spent catalysts after reaction :    
glass wool (d), NiO/glass wool (e), and Ni/glass wool (f) 

 

B. Plasma-Catalytic Biogas Reforming   
In order to determine the influence of different catalyst 

packings, a series of experiments were performed under DBD 
plasma-catalytic hybrid system using five types of catalyst 
samples including F-glass wool, NiO/F-glass wool, P-glass 
wool, NiO/P-glass wool and Ni/P-glass wool. Noting here 
that, based on using two packing sizes of glass wool sheet, 
fully packing and partially packing are defined as F-glass 
wool and P-glass wool, respectively. 
 
Effect of Catalyst Packings on CH4 and CO2 Conversions 

Figure 5 showed that fully packing with both unloaded 
and NiO-loaded catalyst had lower CH4 and CO2 conversions 
than partially packing (except for Ni/P-glass wool). Also, the 
conversions of fully packing seemed to be less than no 
catalyst packing. It is certainly due to the fact that, fully 
packing into the plasma zone causes a significant reduction of 
microdischarge intensity in discharge volume. As well as, it 
interrupts the homogeneous plasma formation under less 

empty space of discharge volume. However, for partially 
catalyst packing with P-glass wool and NiO/P-glass wool, 
their results of CH4 and CO2 conversions significantly 
increased as compared to no catalyst packing, although some 
part of discharge volume was replaced with catalyst. It 
therefore confirmed that partial packing at the post-sole 
discharge zone provided a synergistic effect on reaction 
performance in the studied hybrid system, which similar 
result was also observed by Tu et al. and Pietruszka et al. 
[2,8] and different result was proposed by Wang et al. [9]. 
Synergistic effect seemed to enhance more probability of the 
molecule collision. Active catalyst may affect the reaction 
energy to be lower, resulting in easier CH4 and CO2 
molecules converted. Accordingly, it is possible that either 
reactive species generated from sole plasma zone or unreacted 
CH4 and CO2 molecules may be activated by catalysts to 
further react into others and convert them to be gaseous 
products. For a comparison between NiO/P-glass wool and P-
glass wool, it presented that NiO-loaded glass wool slightly 
improved CO2 conversion, resulting from the activity of 
added NiO phase on glass wool supporter.  

Before reaction 

After reaction 

a b c

d e d
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Figure 5. Effect of catalyst packings on CH4 and CO2 conversions 
 

In the other way, the comparative case of NiO/P-glass 
wool and Ni/P-glass wool, it found that NiO loaded catalyst 
(or unreduced catalyst) presented much greater conversions of 
both CH4 and CO2 than Ni loaded catalyst (or reduced 
catalyst). This result indicated that two proposed chemical 
pathways, as shown in Eqs. 6-10, might possibly occur with 
NiO phase being loaded on P-glass wool sheet. The first 
pathway proposed that H2 and CO (or syngas) were generated 
through dry reforming reaction (Eq. 6). The resulting H2 
subsequently reduced NiO phase to Ni metal and water (Eq. 
7). The parallel supposed pathway (or pathway 2), as shown in 
Eqs. 8-10, suggested that the reduction of NiO phase by CH4 
progressed through the dissociation of adsorbed CH4 on active 
sites of NiO surface to form active absorbed carbon (Cad) and 
H2 gas.The generation of active absorbed carbon in Eq. 8 can 
reduce NiO to be metallic nickel and CO (Eq. 9). Afterward, 
CO can further reduce NiO to form CO2 and Ni (Eq. 10) [11].  

Pathway 1 
CH4 +  CO2  H2 +  CO          (6) 
H2 +  NiO  H2O  +  Ni          (7) 

Pathway 2 
CH4   Cad  +  2H2          (8) 
Cad +  NiO  CO  +  Ni          (9) 
CO +  NiO  CO2  +  Ni        (10) 

 

The verification of both proposed pathways were tested by 
the XRD pattern of spent NiO/P-glass wool in Fig. 6. It 
corresponded to the proposed pathways, although the 
reduction of NiO phase by two proposed chemical pathways 
was not complete. Due to the fact that XRD pattern still found 
the remaining oxide form and the added phase of Ni metal in 
the XRD pattern, as compared to Fig. 6a. It was confirmed by 
the characteristic diffraction peaks of NiO phase at 37.4º, 
43.4º, 62.9º, 75.6º and 79.6º and Ni phase at 44.2º and 76.0º. 
In addition, X-Ray area mapping micrographs (Fig. 7) can 
confirmed the larger amount of coke dispersion over the 
surface of NiO/glass wool, as compared to Ni/glass wool. 
More coke formation (by product) relatively produced from 
the proposed pathways (referred to pathway 1 and 2), resulting 
in the higher conversion of reactant which corresponded to 
reactant conversion result of NiO/P-glass wool in Fig. 5. 

10 20 30 40 50 60 70 80

In
te

ns
it

y 
(c

ps
)

2 (Degree)

(b)

(a)  

NiO                Ni

 
 

Figure 6. XRD patterns of fresh (a) and spent (b) NiO-loaded glass wool 
catalysts 

            
 

                   
 

          
 
Figure 7. X-Ray area mapping micrographs of NiO/glass wool and Ni/glass wool catalysts after testing reaction 

On the other hand, the view point of Ni being loaded on 
glass wool, it had the decreasing conversions of CH4 and 
CO2. The main problem related with the normality of low 
temperature plasma system. Gas temperature of this plasma 

type is relatively low and catalyst generally became active at 
high temperature (approximately, 400-700ºC). Therefore it 
was not complete to activate Ni catalyst for high reactant 
conversion. 
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Effect of Catalyst Packings on H2 and CO Selectivities 
 

 

The comparative result of H2 and CO selectivities was 
demonstrated in Fig. 8. It can be seen that fully packing with 
both unloaded and NiO-loaded catalyst performed higher 
selectivity for syngas than partially packing but lower than no 
catalyst packing. Outstandingly, partially packing of Ni-
loaded catalyst contributes a remarkable enhancement for H2 
and CO productions, suggesting that the selective property of 
Ni/P-glass wool is appropriate for syngas production. It can 
be improved the plasma activation together with the catalyst 
in discharge zone and also controlled the product distribution. 
In contrast to NiO/P-glass wool is more favored to activate 
the radical coupling reaction for higher hydrocarbon 
productions as described the examples of proposing 
reaction from electron-impact dissociation of methane to 
generate CH3, CH2 and CH including with subsequent radical 
recombination reactions to form higher hydrocarbon in Eqs. 
11-20 [12] and H2O production in Eq. 7 from the pathway 1. 

 

43.61 47.19

39.42

30.77

68.55

45.07
38.09 42.89

30.80 30.43

54.36

43.54

0

10

20

30

40

50

60

70

80

90

Pr
od

uc
t s

el
ec

tiv
ity

 (%
)

H2 selectivity CO selectivityH2 selectivity CO selectivity

 
 

Figure 8. Effect of catalyst packings on H2 and CO selectivities 
 

Electron-methane collision 

e- + CH4         CH3 + H +e-         (11) 
e- + CH3         CH2 + H +e-         (12) 
e- + CH2         CH  + H +e-         (13) 
e- + CH         C     + H +e-         (14) 
 

Hydrocarbon formation 

CH + CH  C2H2         (15) 
CH2 + CH2  C2H4         (16) 
CH2 + CH2  C2H2 + H2        (17) 
CH3 + CH  C2H2 + H2        (18) 
CH3 + CH3  C2H6         (19) 
CH3 + CH3  C2H4 + H2        (20) 

 
Effect of Catalyst Packings on Energy Consumption 
 

Energy consumption result in Fig. 9 showed that it 
corresponded to the reactant conversion (Fig. 5). The partially 
catalyst packing with unloaded and loaded NiO on glass wool 
presented the lower energy consumption as comparing 
between both fully catalyst packing and sole plasma. For the 

comparison of NiO and Ni being loaded on glass wool sheet, 
it found the increasing specific energy consumption per 
molecule of syngas produced with Ni/P-glass wool. Since Ni 
catalyst needed more energy as the high temperature function 
to activate catalyst. The noticeable point for supporting this 
explanation was the increasing input power at Ni/P-glass 
wool condition; most input power was converted to heat 
transfer to catalytic material. It also slightly increased than 
those observed in the presence and absence catalyst at fixed 
condition as mentioned above. And NiO/P-glass wool 
condition required a lower energy than Ni because it can 
progress the reaction pathways at low temperature system as 
explained before.  
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Figure 9. Effect of catalyst packings on energy consumption per molecule of 
biogas converted (Ec) and per molecule of syngas produced (Es) 
 

IV. CONCLUSIONS 
The conversion of simulated biogas into syngas was 

experimentally investigated in DBD plasma-catalytic hybrid 
system. The result showed H2 and CO as main gas products. 
Two different catalyst packings fully packed and partially 
packed into the plasma zone showed the significant influence 
on overall reaction performances. Interestingly, in case of 
partially catalyst packing system with NiO and unloaded 
glass wool outstandingly led to enhance the increment in 
reactant conversions and the decrement in specific energy 
requirement of system, as compared to the one with fully 
catalyst packing. In addition, Ni/P-glass wool has been 
performed to increase H2 and CO selectivities due to the 
selective property of metallic Ni, even though CH4 and CO2 
conversions exhibited relatively low.  
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