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Abstract

This research aim was to investigate the production of Hj-rich syngas from simulated biogas waste using a
developed gliding arc plasma minireactor integrated with nickel-based catalysts. The effect of different
catalyst types of NiO/Al,O3, NiO/MS 5A and NiO/ZSM-5 zeolite on overall system performance was
investigated. Different support types significantly affected physical and chemical properties of prepared
catalyst and had the dominant roles on the biogas plasma reforming in different ways. The integration of
NiO/Al,O3 catalysts into gliding arc plasma minireactor gave the remarkable enhancement of H, product in
syngas with high H, selectivity and H,/CO molar ratio of 63.59% and 2.91, respectively. Using NiO/Al,O3
catalyst in this plasma system lead the synergistic effect on H, selectivity, as compared the only plasma
system. NiO/ZSM-5 catalyst provided the highest CHy conversion of 19.29% and also gave the minimum
consumed energy of system (E¢=6.14x10"1® W-s/molecule of biogas converted and Eg=5.52x10"18
W-s/molecule of syngas produced). The gliding arc plasma minireactor of this work performed the biogas
reforming better than other low-temperature plasma such as conventional dielectric barrier discharge system.
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1 Introduction for heating or lighting applications, and to power

combustion engines for electricity generation.

Nowadays, many researches have been focused to
reduce CO, and CHy greenhouse gases, which caused
a big problem concerning global warming effect.
Biogas is one of greenhouse gas routes which
generated via anaerobic digestion of organic waste.
In general, biogas waste mainly consists of CHy (55—
70%), CO, (30—45%) and traces of other gases [1].
Biogas can be widely used as a fuel source including

Nevertheless, an addition of CO, separation unit
before use is necessarily required because high CO,
content lead to lower the heating value of fuel. CO,
emission from separation causes the increasing
greenhouse effect problem. Hence, researches have
been brought these two gases (CO, and CHy) to
utilize and to upgrade the value. Syngas production
from gases containing CH4 and CO; is an interesting
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route. Since syngas is a gas mixture having primarily
of hydrogen (H;) and carbon monoxide (CO), which
can be used as raw materials for producing various
chemicals such as methanol, ammonia, formaldehyde
and synthetic liquid fuel via Fischer-Tropsch process.
Especially for H,, it can be used as fuel for generating
electricity [2]. The process widely used in the industry
for syngas production is steam reforming process
[3]-[5]. Also, CO; reforming of methane or Dry
Methane Reforming (DMR) is another one of reforming
processes for syngas production.
CH4 + COp — 2CO +2Hy;  AHpggi = 247 kJ/mol
However, this process still has the problems i.e.
operation at high temperature and pressure, slow
response time and catalyst deactivation. Low-
temperature plasma technology is very interesting
ones which can be applied in syngas production
because it can activate the reaction to occur at
ambient temperature and atmospheric pressure. Also,
the reaction has fast response time [2]. Under
applying a high voltage plasma system, gas phase is
broken down to form highly reactive species of
electrons, highly excited atoms and molecules (ions,
radicals, photons and neutral particles). The
collisions between these highly energetic species
enable reactions to proceed within plasma [5]. There
are several types of low-temperature plasma used for
various chemical reactions including microwave
discharge, corona discharge, spark discharge,
dielectric barrier discharge and gliding arc discharge.
Gliding arc discharge is considered an ideal
technique for conversion of hydrocarbons because it
provides a high energy density discharge with a
relatively low bulk gas temperature [6]. Moreover, a
number of papers [7]-{10] reported that a combination
of low-temperature plasma technology with catalyst
can enhance reactant conversion, product distribution
and consumed energy. In our previous work [7], we
have successfully employed the designed mini-Gliding
Arc Discharge (GAD) reactor for investigating the non-
oxidative methane reforming with Ni loaded on porous
silica-alumina plate. Thus, this research continued to
develop the configuration of GAD plasma-catalyst
minireactor for biogas reforming study, with concerning
the integration of different catalyst support types with
gliding arc discharge plasma.
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Figure 1: Photographs of prepared catalysts (a) NiO/

Al,O3, (b) NiO/MS 5A and (¢) NiO/ZSM-5.

2 Materials and Methods
2.1 Catalyst preparation

5% wt. of NiO loaded on three different catalyst
supports (alumina bead, molecular sieve 5A
pellet and ZSM-5 zeolite pellet) were prepared
by incipient wetness impregnation method with
using NiNOj3 aqueous solution as a metal
precursor. Al,O3 bead was supplied by Fluka
Chemical Corp., Molecular Sieve 5A° or MS
SA pellet was supplied by Sigma-Aldrich Corp.
and ZSM-5 zeolite (Si/Al=60) pellet was supplied
by Hutong Global (China) Co., Ltd. Firstly, the
proper amount of Ni(NO3),-6H,0 (QREC Chemical
Co., Ltd.) was dissolved in the sufficient deionized
water, and then the NiNOj3 solution was slowly
dropped on supports. After impregnation, all catalysts
were dried overnight at 110°C and calcined in air at
500°C for 5 h. Figure 1(a)—(c) illustrated the sample of
prepared catalysts i.e. NiO/Al,O3, NiO/MS 5A and
NiO/ZSM-5.

2.2 Catalyst characterization

Catalyst samples were characterized by surface area
analyzer (Autosorb-1 MP, Quantachrome) and
Scanning Electron Microscope equipped with
Energy Dispersive Spectrometer (SEM-EDS, JEOL
JSM-IT300LV), in order to correlate physical and
chemical characteristics with catalytic properties.
Specific surface area, total pore volume and average
pore radius of unloaded and loaded catalysts on three
kinds of support were determined by N, adsorption
using Brunauer-Emmett-Teller (BET) method. Surface
morphology of catalysts was identified by SEM, and
elemental distribution on catalyst sample surface was
analyzed by EDS.
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2.3 Catalytic plasma reforming testing

Experimental setup of GAD plasma system for
biogas reforming testing under catalytic-plasma
condition was shown in Figure 2. The developed
GAD plasma-catalyst minireactor which was shown
in Figure 3 was made of two acrylic plates as reactor
wall, with a width of 10.5 cm, a length of 13.5 cm,
an outside thickness of 1.5 ¢cm, and an inside thickness
of 0.5 cm [7]. There were two diverging curve-
shaped electrodes, made from stainless steel sheet
with a thickness of 1.5 mm and electrode gap
distance of 4.5 cm. A rubber sheet was placed
between lower acrylic plate and electrode sheet
on both sides to seal the reactor. Feed gas (CH4:CO,
of 70:30), supplied by Linde Co., Ltd., was
introduced into GAD minireactor. Solid catalyst in
spherical and cylindrical shape forms was placed
into a holder, made from silicone rubber sheet (width
of 3 cm, length of 6 cm), and then was packed
on the back side of the minireactor. 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 supply unit was turned
on. The AC power supply unit was used to generate the
gliding arc discharge in the reactor. The input voltage
and frequency were controlled by a function
generator (GW Instek, GFG-8020H). A power
analyzer (Lutron, DW6090) was used to measure
power, current and output voltage. The operating
condition was fixed at a feed flow rate of 25 c¢cm3/
min, an input frequency of 300 Hz, an applied
voltage of 16.25 kV. The product gas was taken
for composition analysis 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.

2.4 Evaluation and analysis of system performance

The biogas (CH, or CO;) conversion is defined in
Equation (1).

SAMPLING
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SIMULATED BIOGAS MINIREACTOR

Figure 2: Experimental schematic of catalytic plasma
reforming system.

Figure 3: Photograph of gliding arc plasma minireactor
in this work.

% biogas conversion =
(moles of biogas in - moles of biogas out)(100) (1)
(moles of biogas in)

The selectivity for syngas (H, and CO) is
calculated based on moles of H-containing reactant
(CHy) converted as stated in Equation (2) and moles
of C-containing reactant (CH4 and CO,) converted,
as stated in Equation (3), respectively. Also, H,/CO
molar ratio is defined in Equation (4).

% H; selectivity = (moles of H, produced) (100)
(2 x moles of CH, converted)

@
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% CO selectivity =
(moles of CO produced) (100) 3)
(moles of CHa converted + moles of CO2 converted)

H2/CO molar ratio = moles of Hz produced 4)
moles of CO produced

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

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

where P = power (W), N = Avogadro’s number
(6.02x10% molecules-gmol!), M = rate of biogas
converted or of syngas produced molecules
(gmol-min")

3 Results and Discussion
3.1 Catalyst characterization result

Table 1 illustrated the analysis results of specific
surface area, total pore volume and average pore
radius by Surface Area & Pore Analyzer. It showed
that the given data of three catalyst support types
were comparatively different. Surface area of Al,O3,
ZSM-5 and MS 5A supports (unloaded catalysts)
were about 272, 249 and 18 m2/g, respectively. The
surface area seemed to be not much different when
NiO was loaded on support surface, except for Al,O3
support. The specific surface area of NiO/Al,O3
catalyst was reduced by ~100 m2/g, as compared to
unloaded Al,0j3. In different way, the total pore
volume tended to decrease when loaded NiO on
support surface for all three types of support, due to
deposition of NiO crystal phase over support surface.

Table 1: Specific surface area, total pore volume and
average pore radius of prepared catalysts

Type of Surface Area | Pore Volume | Pore Radius

Catalyst (m2/g) (cm3/g) (A°)
Al,O4 272.19 0.5646 41.48
NiO/Al,O4 170.11 0.3977 46.75
MS 5A 17.83 0.0881 98.91
NiO/MS 5A 16.72 0.0837 100.10
ZSM-5 247.69 0.2561 20.68
NiO/ZSM-5 250.25 0.2371 18.95

Figure 4: SEM micrographs of prepared catalysts (a)
AlyO3, (b) NiO/Al03, (c) MS 5A, (d) NiO/MS 5A,
(e) ZSM-5 and (f) NiO/ZSM-5.

Figure 4 (a)—(f) illustrated SEM micrographs of
catalyst samples including unloaded and NiO-loaded
Al,O3, MS 5A and ZSM-5 catalysts. It is clearly seen
that surface morphology of NiO-loaded catalysts had
difference from ones of unloaded catalyst, implying
NiO could be deposited on support surface. Figure 5
(a)—(c) showed SEM micrographs and EDS area
mappings of Ni element on different NiO-loaded
catalysts. It found that the dispersion of Ni element
over MS 5A surface was highest while NiO/ZSM-5
appeared the lowest dispersion of Ni element. It
indicated that different types of catalyst support
significantly affected the dispersion of Ni element.

Table 2 presented the quantitative elemental
analysis results from EDS technique. The percentage
of weight and atomic weight of Ni element on all
NiO-loaded catalyst surface were in a range from
about 6 to 10%, and from 2 to 4%, respectively.
Nevertheless, NiO/MS 5A catalyst had the highest
percent weight and atomic weight of Ni and O
elements, which corresponded to the Ni dispersion
result by EDS in Figure 5(b), as mentioned earlier.
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Figure 5: SEM micrographs and EDS area mappings
of Ni element on different support catalysts (a)
NiO/Al,03, (b) NiO/MS 5A and (¢) NiO/ZSM-5.

Table 2: Percent weight and atomic weight of Ni and
O elements on different supports

Type of Weight (%0) Atomic weight (%)
catalyst - -
Ni O Ni (@]
NiO/Al,04 8.56 42.28 3.16 57.31
NiO/MS 5A 10.27 45.88 3.78 61.89
NiO/ZSM-5 5.57 43.03 2.04 57.88

3.2 Catalytic plasma biogas reforming result

In order to understand the influential role of different
catalyst types on the overall performance of biogas
plasma reforming and discharge behavior, a series of
experiments were performed in GAD plasma-catalyst
minireactor. Six types of catalyst samples including
Al,03, NiO/Al,O3, MS 5A, NiO/MS 5A, ZSM-5 and
NiO/ZSM-5 were thoroughly examined in this study.
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Figure 6: Effect of different catalyst types on biogas
conversion.

3.2.1Effect of different catalyst types on biogas conversion

Figure 6 illustrated the effect of different catalyst
types on CH4 and CO;, conversions. The result
showed that when using unloaded Al,O3 and
NiO/ZSM-5, the obtained values of CH4 conversion
were greater than the only plasma system (no
catalyst) while NiO/Al,O3 provided the less ones. For
MS 5A, NiO/MS 5A and ZSM-5, CHy conversion
seemed to be close with the only plasma system
Regarding the result of CO, conversion, all types of
catalyst gave lower CO, conversion than only plasma
system. The lowest CO, conversion was found in MS
5A. In case of MS 5A, CO2 conversion was minus
value. In addition to the comparative result of CHy
and CO;, conversions between unloaded and NiO-
loaded catalysts, it can be seen that NiO-loaded
Al,O3 gave CHy and CO2 conversions lower than
unloaded Al,O3 while NiO-loaded MS 5A provided
the close value of CHy conversion and lower CO,
conversion, as compared to unloaded MS 5A. Herein,
only ZSM-5 catalyst support exhibited the
improvement of CHy and CO, conversions when
loading NiO. NiO/ZSM-5 catalyst provided the
highest CH4 and relatively high CO, conversions of
19.29% and 5.07%, respectively.

3.2.2 Effect of different catalyst types on syngas
selectivity and Ho/CO molar ratio

Figure 7 illustrated the effect of different catalyst
types on Hy and CO selectivities. It found that when
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Figure 7: Effect of different catalyst types on syngas
selectivity.

Figure 8: Effect of different catalyst types on H,/CO
molar ratio.

using NiO/Al,03 and ZSM-5, the obtained values of
H, selectivity were higher while H, selectivity was
lower when using Al,O3, MS 5A, NiO/MS 5A and
NiO/ZSM-5, as compared to the only plasma system.
For the result of CO selectivity, CO selectivity was
slightly increased from the only plasma system when
using NiO/Al,O3, MS 5A, NiO/MS 5A and ZSM-5.
For the comparison of Hy and CO selectivities
between unloaded and NiO-loaded catalysts, the
result revealed that only Al,O5 support could enhance
these selectivities when NiO was loaded on Al,O3
surface. However, H, and CO selectivities were less
when using NiO/ZSM-5, as compared to unloaded
ZSM-5. For MS 5A support, H, selectivity seemed to
be close with unloaded MS 5A when using NiO/MS
5A, and CO selectivity was less. From the results, it
indicated that, the integration of NiO/Al,O5 catalyst
with gliding arc discharge performed the positive

effect to syngas seletivity, especially selectivity for
H,. NiO/Al,053 catalyst provided the highest H,
selectivity of 63.59%. Moreover, in Figure 8, Hy/CO
molar ratio were in range of 2.01-2.91. Interestingly,
NiO/Al,O3 catalyst gave the hydrogen-rich syngas
with the highest H,/CO molar ratio of 2.91.

3.2.3 Effect of different catalyst types on specific
energy consumption

Table 3 illustrated the specific energy consumption in
terms of either per molecule of biogas converted (Ec)
or per molecule of syngas produced (Eg). The result
showed that, the energy consumption per molecule of
biogas converted was more required when using
catalysts in this studied GAD plasma system, except
for NiO/ZSM-5. The minimum Ec was at 6.14x1018
W-s/molecule of biogas converted when using
NiO/ZSM-5. For the result of specific energy
consumption per molecule of syngas produced, both
catalyst-plasma system and only plasma system
provided the close value, and Es was in range of
5.51x10°18-6.11x10-'% W-s/molecule of syngas
produced. Similar to E¢, the minimum Eg was at
5.52x10718 W-s/molecule of syngas produced when
using NiO/ZSM-5.

Table 3: Effect of different catalyst types on energy
consumption

Type of Catalyst Energy Consumption
(x108W-s/molecule)

Ec Es

No catalyst (plasma only) 7.36 5.98
AL, 735 6.1
NiO/Al,O4 8.57 5.51
MS 5A 8.75 6.07
NiO/MS 5A 8.04 6.02
ZSM-5 8.04 5.81
NiO/ZSM-5 6.14 5.52

4 Conclusions

This developed gliding arc discharge plasma
minireactor can perform the biogas reforming for
syngas production under catalyst-plasma condition.
The different catalyst types have their specific effect
on the overall performance of biogas reforming and
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discharge behavior in different ways. The integration
of NiO/Al,0O3 catalyst with this gliding arc discharge
performed the significant changes on biogas
conversion, syngas selectivity, H,/CO ratio and
energy consumption, suggesting that some
interaction between the two metal oxides of
NiO/Al,O5 catalyst might be concerned.
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