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Biogas is a renewable energy produced due to the anaerobic decomposition of plants and animals. Biogas con-
tains a high amount of methane (CHy4), carbon dioxide (CO»), and trace amounts of hydrogen sulfide (HzS). It is
naturally released in the environment, and the composition varies depending on the source it is generated. The
primary focus of the study is to understand the influence of HyS on CH4 and CO; conversion during syngas
production. The effect of applied voltage on biogas reforming reaction with different dielectric materials (glass
beads, y-Al03, ZrO,, and quartz wool) packed in a discharge zone was investigated by using a dielectric barrier
discharge (DBD) non-thermal plasma reactor. The influence of gas composition and packed bed on the efficiency
of the biogas reforming reaction was investigated. After that, the biogas reforming reaction with packed
dielectric material was performed without H,S and subsequently with H,S (blended with N») while keeping the
residence time constant. It was observed that HyS has a significant effect on the conversion. The CH4 conversion
drastically dropped from 23% (without H,S) to 9% (with H3S), and CO; conversion dropped from 18% to 11 % at
22 kV with quartz wool packed DBD. Energy efficiency decreased from 3.12 mmol/kJ (without HsS) to 1.78
mmol/kJ (with H,S) with glass beads packed DBD. Moreover, HoS has more effect on CH4 conversion than CO».

1. Introduction CH4 in biogas to Hy and CO [4,5].

The world’s fossil fuel consumption has been increasing over the CH, +C0; ~2C0 + 2H; AH = 247 kI /mol ®
years, a.nd as a .result, f:arbon d10x1f1e (COy) concentration in the atn.w- CH, + H,0 —CO + 3H, AH = 206 kJ /mol (i)
sphere is also increasing substantially [1]. Consequently, controlling
CO4 emissions is crucial for maintaining the ecosystem. The two po- 1
tential greenhouse gases, CHs and CO, have many negative effects, CH,4 +§02 —CO + 2H,AH = —36 kJ / mol (iii)

including global warming [1]. Biogas is a renewable resource produced
by the anaerobic digestion of raw materials such as agricultural waste,
fertilizers, municipal waste, plant materials, sewage, and food waste.

Biogas is a renewable energy source and has the potential to meet
urban society’s energy demand. Syngas is an important chemical feed-

Human activities such as livestock farming, rice cultivation, and waste
accumulation in large landfills release significant amounts of biogas,
increasing CH4 and CO5 concentrations in the atmosphere [2]. Biogas
composition is based on its source, mainly 35-75% CH4, 25-50% CO2,
and traces of contaminants such as HsS [3].

CH4 can be transformed into heat and electricity using various pro-
cesses like dry reforming, steam reforming, and partial oxidation of
methane. Equations (i)-(iii) are the three basic strategies for converting
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stock for manufacturing liquid chemicals such as alcohols and hydro-
carbons via the Fischer-Tropsch process [6,7]. On a close look,
reforming biogas to syngas (CO and Hj) without CO, separation or
capture is an economical approach for biogas utilization and energy
production [8]. Furthermore, this technique can provide a renewable
energy source with no carbon emission into the atmosphere [9-11].
However, commercial-scale thermo-catalytic biogas reforming is inef-
ficient due to its high operating energy cost and highly endothermic
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Fig. 1. Schematic diagram of the experimental set-up.

nature. Also, catalyst deactivation is caused by carbon deposition,
particularly at high CH4/CO, ratios [12].

Non-thermal plasma (NTP) has been identified as a promising
alternative to traditional thermal catalytic processes for converting
biogas to valuable fuels and chemicals at low temperatures and atmo-
spheric pressure [13-16]. The primary advantage of NTP is its
non-equilibrium property, resulting in mean electron energies between
1 and 10 eV while the background gas temperature remains at ambient
conditions [17]. This electron energy range is optimal for exciting the
molecular and atomic species and breaking chemical bonds through
electron impact excitation, dissociation, and ionization [18,19]. How-
ever, combining a solid catalyst with non-thermal plasma leads to a
synergy between plasma and catalyst [13,14,20,21]. The catalytic
non-thermal plasma approach significantly improves the reactant con-
version, selectivity, and yield of desired products and process energy
efficiency. The transformation of biogas into value-added chemicals and
fuels by plasma catalysis involves physical and chemical reactions.

Furthermore, plasma and catalyst have a synergistic effect on
enhancing the selectivity and yield of the product molecules. However,
the biogas reforming reaction in the plasma reactor may result in coke
deposition on the catalyst’s surface, reducing the catalytic activity. The
reactor was packed with a dielectric material, and although carbon was
produced during the reaction, it does not affect the material’s perfor-
mance. In addition, the presence of HyS decreases the efficiency of the
process. In this context, using dielectric materials can avoid synergistic
effects and may withstand sulfur poisoning [14,22,23]. Various
non-thermal plasma reactors have been applied for biogas reforming,
including dielectric barrier discharge (DBD) reactor [24,25], corona
discharge [26,27], glow discharge [28,29], gliding arc discharge
[30-32]. DBD has grown in popularity for the low-temperature synthesis
of fuels and chemicals due to its simple design and upscaling [33].

Yuxuan Zeng et al. (2022) studied the biogas reforming with Ni-K/
Al,03 packed in the DBD reactor to improve CO2 and CH4 conversion
and obtained a syngas ratio of 2.7 at 340 °C [34]. Asencios et al. (2011)
performed biogas reform using NiO/MgO/ZrO; in the presence of air
and produced an Hy/CO ratio of 1.1 [35]. Xu et al. (2010) tested biogas
reformation in a fixed bed reactor using an inlet gas of CH4 and CO5 (1:1)
and obtained a syngas ratio of 0.9 at 800 °C [36]. Xin Tu et al. (2012)
obtained a syngas gas ratio of 0.91 when the applied power was 50 W
[16]. Even though several studies have been done on biogas reforming,
most have focused on a model gas combination without HS. In this
study, we explored the biogas reforming reaction, even in the presence

of HyS in a DBD reactor packed with dielectric materials such as glass
beads, y-Al203, ZrO9, and quartz wool. The main objective of this study
was to investigate the effect of HoS on biogas reforming reaction. With
the addition of HyS, the poisoning effect on the feed gas composition was
studied in terms of reduced CH4 and CO5 conversions and syngas ratio.
The plasma with the dielectric material process was studied and initially
with varying CH4/CO; molar ratio and packed bed effect.

2. Experimental section
2.1. Experimental set-up

Fig. 1 shows the dielectric barrier discharge reactor used for biogas
reforming. The flow rate was fixed at 70 mL min~!. A quartz tube with
an inner diameter of 18 mm with a stainless-steel mess wrapped around
the quartz tube serves as a ground electrode. An inner electrode of 9 mm
diameter placed at the center of the quartz tube serves as the high
voltage electrode, and the resulting discharge gap was 4.5 mm. The
discharge volume was 21 cm?, and the residence time of gas was 18 s. A
digital oscilloscope recorded the electrical signal (Rigol DS1104Z plus).
The dissipated power was calculated by the Q-U Lissajous method.
Initially, the reaction was performed with CO2 (30 mL min’l), CH4 (30
mL minfl), and N, (10 mL minfl) through the DBD reactor without
packing and packing with dielectric materials. After that, we added 10
mL of HyS (0.054%) to a mixture of CH4 and CO, while keeping the
residence time constant.

2.2. Gas analysis and parameter definitions

Gaseous products were analyzed by gas chromatography (Mayura
Analytical Pvt. Ltd.) equipped with a thermal conductivity detector. The
products were eluted using Molecular Sieve 5A and HayaSep-A columns.
The parameters were calculated from the following equations.

CH, converted (mmol/min)

CH, conversion (%) = x 100 (€D)

CH, input (mmol/min)

CO; converted (mmol/min)

COsconversion (%) = x 100 2)

CO,input (mmol/min)
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Table 1
Plasma parameters for biogas reforming in the absence of H»S.
Packing Applied Power Cq Q pk-pk dQ Up
material Voltage (kV) W) (1F) (@) (] &kV)
No packing 22 1.8 2.0 11.6 10.0 5.0
Glass beads 22 2.1 2.2 12.5 11.1 4.8
y-Al;03 22 2.8 2.3 12.7 12.0 4.5
ZrO, 22 2.9 2.3 12.8 12.3 4.8
Quartz wool 22 3.2 2.4 12.9 12.5 4.4
. CO Produced (mmol/min)
CO selectivity (%) = 100
selectivity (%) [CH, converted + CO, converted](mmol/min) .
3
., H,Produced (mmol/min)
H, selectivity (%) = 100 4
2 selectivity (%) 2 x CH, converted (mmol/min) x )
CO Produced 1/mi
CO yield (%) = O Produced (mmol/min) (5)
[CH, input + CO, input](mmol/min)
. H, Produced (mmol/min)
H, yield (%) = 100 6
2 yield (%) 2 x CH,input (mmol/min) % ©)
H, _ H,Produced (mmol/min) e
CO ~ CO Produced (mmol/min)
CB (%) = [CH,4 output + .COZ output] + CO produced (.mmol /min) % 100
[CH, input + CO, input |(mmol/min)
(C))

CH ted + CO, ted 1/mi
Energyefficiency (mmol/kJ) = [CH, converte +P0w2ef(()3\>’ )er ed](mmol /min)

1000
K —
60
9

3. Results and discussion
3.1. Discharge characteristics with various dielectric-packed materials

Biogas reforming reaction carried out in a DBD non-thermal plasma
reactor with dielectric materials such as glass beads, y-Al,O3 ZrO,
beads, and quartz wool. The discharge without packing, typically a
filamentary discharge, was created in the discharge zone. When a
dielectric material is packed into the whole discharge area, it creates a
packed-bed effect. It changes the discharge from a filamentary discharge
to a combination of a surface discharge and a filamentary discharge
[37]. Therefore, it is possible for the charge to build up on the surface of
the dielectric material. Because of this, the electric field strength and
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electron temperature have been enhanced. A DBD plasma with packing
materials produces more electrons with high energy. Most of the energy
is transferred to the various channels of excitation, ionization, and
dissociation of COy and CH4 [38]. The dissipated power during the
plasma discharge was calculated from the Lissajous method. The power
was increased with applied voltage increases in all the cases. Several
discharge parameters, such as dielectric capacitance, peak-to-peak
charge transfer, charge transfer per half cycle, and breakdown voltage,
were calculated from the Lissajous figure, which is shown in Fig. S1 and
listed in Table 1. The discharge parameters significantly changed when
we introduced dielectric materials into the DBD reactor compared to no
packed DBD. Even though the parameters of the discharge do not vary
much when different dielectric materials are used. Among all packed
materials, quartz wool packed DBD has been increased micro discharges
lead to high current pulses, producing highly energetic electrons during
the discharge. From Fig. 2a it was observed that DBD packed with
dielectric materials improved the electric field strength, so that power
increased in all packed conditions compared to no packed DBD. Quartz
wool packed DBD dissipated the highest power during the discharge.
Therefore, quartz wool has the lowest breakdown voltage among the
studied materials. When plasma ignites, gas breakdown occurs in the
discharge-on phase, but the discharge-off phase develops when a
displacement current is present in the circuit. Discharge characteristics
are also affected in the biogas reforming reaction with the addition of
H,S. The power dissipation was significantly reduced with H,S addition
to the gas mixture due to the poison effect of HoS, which is shown in
Fig. 2b.

3.2. Effect of dielectric materials on biogas reforming

The packed materials dielectric constant was determined using an
impedance analyzer (Wayne Kerr 6500 B). The experiment was carried
out at room temperature and in the frequency range of 20 Hz-1MHz. The
frequency-dependent dielectric constant plot data are shown in Figs. S2
and S3. The dielectric constant value of packed materials decreases with
increasing frequency and approaches unity at higher frequencies. This
result can be linked to the release of space charge polarization and
dipolar polarization as frequency increases. The varying dielectric con-
stant values of packed materials with frequency showed in Tables S2 and
S3. Dielectric constant and shape of packing materials play a major role
in the biogas reforming reaction. The best reaction performance was
achieved with quartz wool packed DBD. Even though quartz wool has a
dielectric constant of ~5, it is made up of fragile and flexible quartz
fibers and displayed intense discharges when high voltage was applied.
In glass beads, ZrO; beads, and y-Al,03 beads packed DBD reactor, the
available space for the formation of discharge becomes limited in the
discharge zone. Therefore, among all packed materials, quartz wool
packed DBD exhibited better reaction efficiency. The packing material’s
electric field strength directly affects the discharge’s physical
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characteristics and therefore plays a crucial role in the conversion
process.

3.3. Effect of the feed gas ratio and packed bed on biogas reforming

Biogas does not have a fixed composition of CH4 and CO,. Hence, we
analyzed two compositions of gas 1:1 (30 mL min~': 30 mL min™') and
2:1 (40 mL min~':20 mL min™") CHj4 to CO ratio. The rest was balanced
using nitrogen gas (10 mL min 1), keeping the overall flow rate of 70
mL min~’. The conversion of CH4 and CO; and syngas ratio (CO/Hj) was
observed to be most significantly influenced by biogas composition.
Higher CH4 and CO; conversion were achieved with a 1:1 ratio, possibly
less conversion was obtained due to the higher concentration of CH4 in
the feed gas of 2:1. Henceforth, we fixed this ratio (1:1) for further

reactions in the experiment. Next, we performed a reaction with two
different packed bed conditions, half and fully packed the discharge
zone with glass beads. Here, better CH4 and CO, conversions were
observed with fully packed DBD, probably due to the more intense
electric field between the beads and bead and quartz wall. The results
are depicted in Fig. 3. Therefore, the biogas reforming reaction was
performed with a 1:1 ratio, and the discharge zone fully packed with a
dielectric material to improve the reaction efficiency.

3.4. Effect of applied voltage on reactant conversion, selectivity, and
product yield in biogas reforming

The conversion of reactant molecules increases as applied voltage
increases. As seen from the data presented in Fig. 4, packed bed DBD
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provided higher conversion than no packed DBD throughout the range
of applied voltage. The packaging in the DBD reactor enhances
discharge strength and plasma parameters in the discharge zone. Hence,
packed bed DBD provides more conversion than no packing DBD.
Among all packed materials studied, DBD packed with quartz wool
resulted in more conversion of CH4 and CO». In the presence of quartz
wool, a higher number of current pulses are developed in the discharge
zone, improving the residence time effect. Because of this, there is an
increased possibility of more CH4 and CO5 molecules being present in
the discharge zone and converted into CO and Hy. Some studies reported
that higher hydrocarbons also form in this reaction. Debjyoti et al.
(2020) reported that this reaction also formed Cj, Cs, and C4 hydro-
carbons [34,39]. But in our study, we didn’t observe any other higher
hydrocarbons, probably due to analytical facilities limitations. The re-
action mechanism of CH4 dissociation and CO; dissociation are provided
in the supplementary information Sec.4.

The distribution of products is mainly influenced by the feed gas
composition and packed bed effect. The major products formed from this
reaction are CO and Hj. Higher selectivity of CO and Hy was achieved
with a packed DBD reactor compared with an empty DBD reactor, as
shown in Fig. 5. One interesting observation is that as the applied
voltage increased, the selectivity of both CO and H; decreased in all
cases. This may be due to the possibility of the Boudouard reaction in the
discharge zone [40]. Coke formation also takes place during the reaction
in the discharge zone, and it is deposited on the inner walls of the quartz
tube and the surface of the inner electrode. The poor selectivity of Hy in
this reaction is due to the less probable reverse water gas shift reaction,
and higher hydrocarbons also may form. However, these higher hy-
drocarbons were not detected in our GC.

From Egs. (5) and (6), we have calculated CO and H; yield without
HjS. CO and Hy yields increased with applied voltage in all the cases, as
shown in Fig. 6. The packed DBD generated more CO and Hj yield

compared to the no-packing DBD reactor. Quartz wool packed DBD
generated the highest CO and H; yield among all packed materials. The
CO and H; yield follow the order: quartz wool > ZrO2 > y-Al;03 > glass
beads > no packing.

3.5. Energy efficiency and carbon balance of packed materials towards
biogas reforming

The energy efficiency of a plasma reactor for gas conversion was
calculated using the number of moles of gas converted per unit of plasma
power (Eq. (9)). The energy efficiency was estimated at the maximum
discharge power in an empty plasma reactor and DBD packed with
dielectric materials, as shown in Fig. 7a. The maximum energy efficiency
obtained with glass beads is ~3.12 mmol/kJ. The packed DBD showed
more energy efficiency in all the cases compared to no packing. Even
though the energy efficiency does not vary much when different
dielectric materials are used. Energy efficiency follows the order: glass
beads > quartz wool > ZrO, > y-Al;03 > no packing. Carbon balance as
a function of the applied voltage is presented in Fig. 7b. However, the
lowest carbon balance of ~88% was observed with the quartz wool
packed DBD at the highest applied voltage. At the same applied voltage,
the empty reactor showed a higher carbon balance of ~94%. The carbon
balance decreased as the applied voltage increased in all the cases. The
main reason was the formation of solid carbon on the surface of the inner
electrode and walls of the quartz tube during the biogas reforming
reaction.

3.6. Influence of H»S on biogas reforming

3.6.1. H,S effect
After performing a biogas reforming experiment without H,S, similar
experiments were carried out in the presence of H,S to test the influence
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of HyS on the biogas reforming reaction under packed with dielectric
materials in the DBD reactor. CH4 and CO; conversion data are pre-
sented in Fig. 8. From Fig. 8a, it can be observed that CH4 conversion
drastically decreased from 23% (without HyS) to 9% (with HyS) with
quartz wool packed DBD, and Fig. 8b shows that the CO5 conversion
drastically decreased from 18% to 11% at 22 kV. A similar trend was
observed. The results show that the reaction’s gas composition has
poisoning effect prominently. Based on this conversion, we may
consider that the influence of H5S is more on CH4 than COo,

3.6.2. Influence of HsS on selectivity to syngas

The presence of HyS in the reaction mixture influences the Hy and CO
selectivity. We found that the HyS had minimal effect on selectivity in
our experiments. HyS has a more significant influence on conversion and
syngas gas ratio than selectivity. Fig. 9 depicts CO and Hj selectivity
with applied voltage.

3.7. Syngas ratio and energy efficiency of packed bed DBD for biogas
reforming

As shown in Fig. 10a, the product gas Ho/CO ratio in the packed DBD
was always greater than no packing DBD both in the absence of HyS and
the presence of HyS. The maximum syngas ratio of 0.18 was achieved
with glass beads packed DBD in the absence of HyS, as follows: glass
beads > quartz wool > ZrO > y-Al,O3 > no packing. The syngas ratio is
not very much different for different dielectric materials. After the
addition of HyS in the reaction mixture, the syngas ratio decreased in all
the cases due to the poison effect. Carbon formed during the reaction, a
less possible reverse water-gas shift reaction (Eq. (10)) and reverse
Boudouard reaction (Eq. (11)) may play a small role in the decreasing
syngas ratio. The presence of HjS affected the conversion of CH4 and
CO; during the reaction in both packed and unpacked DBD. Because of
this, the formation of Hy and CO are less; hence the syngas ratio
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decreased relative to the biogas reforming reaction without HyS. The
energy efficiency is also affected when H,S is added to the reaction
mixture, as shown in Fig. 10b. Because of the poison effect, in all the
experiments, energy efficiency decreased compared to the reactions
performed without H,S, as shown in Fig. 7a. From Fig. 10b packed DBD
shows better energy efficiency than no pack DBD. The order of energy
efficiency: ZrOy > quartz wool > glass beads > y-Al;03 > no packing.

CO, +H, -»CO + H,0 (10)

CO, +C =2CO an

4. Conclusions

This study showed that non-thermal plasma is a useful tool for
converting biogas into syngas under ambient conditions. The conversion
of CH4 and CO; is dependent on the discharge power with voltage
variations. The influence of feed gas ratio and packed bed conditions on
the conversion of CH4 and CO5 was studied. While increasing the applied
voltage, the total consumption of electric energy also rises, stimulating
the production of more high-energy electrons, ions, and free radicals,
resulting in a noticeable increase in the biogas conversion rate. The
dielectric materials packed DBD improved the reaction performance
compared to no packed DBD. The results indicate that reaction perfor-
mance mainly depends on the dielectric constant and shape of the ma-
terials. A DBD reactor packed with quartz wool has the best reaction
performance. The influence of HyS on reaction performance was inves-
tigated. It was observed that even with the addition of 0.054 mol% of
HjS, the CH4 and CO3 conversions were significantly reduced. Further-
more, due to its poisonous nature, HoS impacts the syngas ratio and
energy efficiency. As a result of the findings of this study, it is possible to
conclude that ignoring the presence of H,S while investigating biogas
reforming is not an accurate assumption.
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