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ARTICLE INFO ABSTRACT

Keywords: Converting biomass into energy and fuels is considered a promising strategy for replacing the exhaustible fossil

Biomass pyrolysis fuels. In this study, we report on a tandem process that combines cellulose pyrolysis and plasma-assisted

Icle?“los.e reforming for Hy production. The hybrid pyrolysis/plasma reforming process was carried out in a two-stage
eforming

reaction system incorporating a coaxial dielectric barrier discharge (DBD) plasma reactor. The effects of
discharge power, steam, reforming temperature, and catalyst on the reaction performance were investigated. The
results show that low temperatures are preferred in the non-catalytic plasma reforming process, whereas high
temperatures are desired to achieve a high Hy yield and a high Hj selectivity in the plasma-catalytic reforming
system. The synergistic effect of plasma catalysis was dominant in the plasma-catalytic reforming process at
250 °C. In contrast, the catalyst, rather than the plasma, played a dominant role in the plasma-catalytic reforming
at higher temperatures (550 °C). Using Ni-Co/AlyO3 at a reforming temperature of 550 °C, a high Hp yield of
26.6 mmol/g was attainted, which was more than 8 times and about 100% greater than that obtained using
plasma alone and catalyst alone, respectively. This work highlights the potential of non-thermal plasmas in low-

Non-thermal plasmas
Plasma catalysis
H, production

temperature biomass conversion.

1. Introduction

There is an increasing demand for sustainable energy production that
relies on renewable energy sources and feedstocks to replace exhaustible
fossil fuels. Biomass is a promising renewable energy source because of
its abundance and the benefit of eliminating carbon dioxide from the
atmosphere through biomass growth [1-3]. It can be obtained from a
variety range of sources (e.g., wood, wood waste, agricultural crops,
municipal wastes, and animal wastes) [4]. In addition, biomass-based
fuels as an alternative to fossil fuels could help to mitigate severe
environmental issues such as global warming [5-7]. According to the
Office for National Statistics of the United Kingdom [8], biomass has
become the largest renewable energy source in the UK, accounting for
around 40% of renewable energy consumption and contributing to the
UK’s ambition to achieve net-zero carbon emissions by 2050. Biomass
can be burned directly for heat and electricity or transformed into
valuable liquid and gaseous fuels via a variety of processes including

* Corresponding authors.

thermochemical [2], biological [9], and electrochemical processes [10].
However, direct combustion of biomass as an energy source, on the
other hand, produces pollutants like NOx and SOy, as well as greenhouse
gases like CO,, exacerbating the environmental problems [11]. In
comparison, the route (e.g., pyrolysis/gasification) to convert biomass
into fuels is particularly appealing because it has the potential to pro-
duce valuable products such as hydrogen. Hydrogen has nearly three
times the energy capacity of gasoline and is regarded as the best alter-
native source of energy as it only produces H,O as a byproduct of
combustion [12]. Furthermore, H, is a critical feedstock in petroleum
refining [13], as well as the production of ammonia [14,15], methanol
[16], ethanol [17] and other chemicals [18].

Numerous studies on the pyrolysis/gasification of various biomass
(e.g., lignin, cellulose, and hemicellulose) have been conducted to date
[19-21]. However, contamination of products with tar is one of the
major challenges in thermochemical conversion of biomass (e.g., py-
rolysis/gasification). As a result, significant efforts have been made to
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integrate thermochemical (e.g., pyrolysis/gasification) conversion of
biomass with subsequent high temperature catalytic reforming for clean
hydrogen generation [22-24]. Previous works [23-26], for example,
reported the use of nickel-based catalysts in the pyrolysis/reforming of
biomass for enhanced hydrogen production with a low tar formation.
However, high temperatures are always required in these processes,
particularly in the reforming process, which consumes a significant
amount of energy. Wu et al. [23] employed a two-stage reaction system
for hydrogen production from pyrolysis/reforming of various biomass
feedstocks, with the temperature of the reforming process in the second
stage fixed at 800 °C, 300 °C higher than that used in the first stage
pyrolysis process. Furthermore, rapid catalyst deactivation caused by
coke deposition remains a significant challenge in the catalytic biomass
reforming process [27].

Non-thermal plasma (NTP) technology has recently attracted intense
interest of researchers in the reforming of tar, a common undesirable
product produced during biomass pyrolysis/gasification to produce
syngas or hydrogen [28-35]. NTP technology has the advantage of being
able to operate at lower temperatures than traditional catalytic pro-
cesses [36-38]. NTPs generate highly energetic electrons with a typical
electron energies ranging from 1 to 10 eV [39], while the plasma gas
temperature can remain as low as room temperature. The energetic
electrons in the plasma can easily break chemical bonds, resulting in an
avalanche of reactive species (e.g., ions, free radicals, and excited atoms
and molecules), allowing thermodynamically unfavorable reactions to
occur at atmospheric pressure and low temperatures. However, NTP-
based reforming processes are generally associate with low syngas
yield and selectivity [40]. This could be overcome by combining NTP
technology with the catalysis process, which has been successfully
employed in tar reforming using various types of NTP [28,30,41].
Among the various types of NTP, dielectric barrier discharge (DBD)
plasma has been most commonly used in the plasma-catalytic process
because it allows for effective catalyst packing into the discharge area
[42]. However, while most studies [28-34,43] have focused on plasma
reforming of model tar compounds (e.g., benzene, toluene, naphthalene)
derived from biomass gasification, few efforts [44-46] have been made
to integrate biomass thermochemical conversion with plasma reforming
for the production of hydrogen or syngas. Because cellulose accounts for
about 50% of dry biomass by weight [47], understanding biomass py-
rolysis and plasma-assisted reforming of cellulose is critical in devel-
oping efficient technologies for biomass conversion using plasma-based
technologies.

Herein, we developed a hybrid two-stage reaction system that uses
biomass pyrolysis followed by plasma-catalytic reforming to produce
hydrogen. The effects of discharge power, steam, and reforming tem-
perature on the gaseous products were investigated. Furthermore, a
v-Aly03 supported Ni-Co catalyst was used in the plasma-catalytic
reforming process, and the reaction performances at various operating
conditions in terms of hydrogen production were evaluated.

2. Experimental
2.1. Catalyst preparation

The catalyst was prepared using the incipient wetness impregnation
method, with a total metal loading weight ratio of 15 wt%. The metal
precursors were cobalt nitrate hexahydrate (Aladdin, 99.5%) and nickel
nitrate hexahydrate (Aladdin, 99.8%). First, a 3:1 Ni-Co ratio of cobalt
nitrate hexahydrate and nickel nitrate hexahydrate was dissolved in
deionized water with. The y-Al;03 support (Aladdin, 40-60 mesh) was
then added to the nitrate salt solution. The resulting slurry was contin-
uously stirred for 2 h before being aged at room temperature. It was then
dried at 110 °C for 6 h before being calcined at 600 °C for 3 h at a heating
rate of 5 °C. Prior to use, the catalyst was reduced for 3 h at 600 °C by
Hy/Ar mixed gas (100 mL/min; 15 vol% Hy).
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2.2. Experimental setup and procedures

Tandem cellulose pyrolysis and plasma-assisted reforming were
carried out in a fixed bed, two-stage reaction system, as shown in Fig. 1.
The first stage of cellulose pyrolysis was carried out in the first tube
furnace, while the second stage of plasma reforming was carried out in
the second furnace. To integrate the pyrolysis and plasma reforming
processes, a 600 mm long quartz tube (24.7 mm O.D. x 16.7 mm L.D.)
was used. Dry cellulose powder (0.5 g) was placed inside a quartz cru-
cible and held in the upper of the quartz tube in the first furnace during
the pyrolysis stage. A cylindrical DBD configuration was used in the
plasma reforming process, with the quartz tube serving as the dielectric
barrier. Specifically, a ground electrode was created by wrapping an 80
mm-long stainless-steel mesh around the quartz tube. A stainless-steel
rod (300 mm Length x 14.7 mm 0.D.) was used as a high voltage
electrode along the axis of the quartz tube, resulting in a 1 mm discharge
gap inside the quartz tube. To generate plasma in the discharge gap, an
AC sinusoidal high voltage power supply (CORONA Lab CTP-2000 K)
with a peak-to-peak voltage of 30 kV and a frequency of 10 kHz was
used. In the second furnace, a catalyst (1 g, 40-60 mesh, if used) was
placed in a portion of the discharge gap (plasma zone). The length of the
discharge area was 80 mm, while the length of the catalyst bed was 10
mm. A high voltage probe (Tektronix P6015A) was used to measure the
applied voltage. The voltage across an external capacitor (0.47 pF) was
measured by a voltage probe (Tektronix TPP0101) to determine the
amount of charge accumulated in the DBD, and a current monitor
(Pearson 2877) was used to measure the current. The electrical signals
were recorded by a four-channel digital oscilloscope (Tektronix MDO
3054, 500 MHz, 2.5 GS/s). The discharge power of the plasma system
was determined using a standard Q-U Lissajous figure method, where Q
is the charge on the external capacitor and U is the applied voltage [15].
The two-stage reaction system was continuously purged with nitrogen at
a gas flow rate of 100 mL/min.

The temperature of each process was monitored by a thermocouple.
A thermocouple was placed inside the quartz tube for the pyrolysis
process, while another thermocouple was placed on the external surface
of the quartz tube for the plasma-assisted reforming process to avoid
direct contact of the thermocouple with the high voltage electrode.

The experiment began with pre-heating the second furnace to a pre-
determined temperature, followed by the ignition of the plasma. The
first furnace was then heated to 550 °C at a heating rate of 30 °C/min to
begin the pyrolysis process. When the temperature of the quartz crucible
reached 150 °C in the first furnace, steam (if needed) was introduced
into the second reforming stage by a syringe pump at a flow rate of 5
mL/h. Products (including tars) produced during the pyrolysis process
were subsequently reformed in the plasma zone in the second stage. An
ice-water cooling liquid trap condensed the liquid products in the
effluent. The non-condensed gaseous products were measured using
both offline and online methods. For precise offline measurement, the
gases were collected after the effluent passed through an allochroic silica
gel dryer. The gaseous products in the sampling bag were then analyzed
by gas chromatography (Tianmei GC7900, China) equipped with a flame
ionization detector and a thermal conductivity detector. Moreover, the
gas products were analyzed online using an infrared syngas analyzer
(ETG Ltd., Italy) to determine the time evolution of the gas composition
during the reaction. In this case, the effluent gases from the dryer were
introduced directly to the online gas analyzer without the use of a gas
bag.

The yield of the gaseous products was calculated by the following
equation.
moles of product (mmol)

(€8]

Y TO 1/g. =
product (O] s mass of cellulose (g)

The selectivity of the gaseous products was given by:
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Fig. 1. Schematic diagram of the experimental setup.

moles of product (mmol)

Spr u %) =
produt (%) moles of all gaseous products (mmol)

x 100 2

3. Results and discussion

We first performed the tandem biomass pyrolysis and plasma
reforming process without the use of steam and a catalyst at a pyrolysis
temperature of 550 °C (1st stage) and a reforming temperature of 250 °C

(2nd stage). All gaseous products increased in yield as the power
increased, and the increasing trend was more noticeable for CO and Ha,
with CO increasing from 1.1 mmol/g to 3.7 mmol/g and Hj increasing
from 0.2 mmol/g to 1.7 mmol/g as the discharge power increased from
0 to 15 W (Fig. 2(a)). In comparison to the heating-only reforming
process (0 W in Fig. 2), using plasma in the reforming process signifi-
cantly increased CO and Hy yields by a factor of >3 and 8, respectively.
Other gaseous products such as CHyg, CO», and C; - C3 increased only
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Fig. 2. Effect of discharge power on (a) the yields of gaseous products without steam, (b) the selectivity of gaseous products without steam, (c) the yields of gaseous
products with steam, and (d) the selectivity of gaseous products with steam (Operating conditions: reforming temperature 250 °C; steam flow rate 5 mL/h if used;

no catalyst).
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slightly after the plasma was turned on. As shown in Fig. 2(b), the syngas
selectivity increased significantly from 42% (0 W) to 67% (15 W). The
selectivity of Hy increased with increasing power, whereas the selec-
tivity of CHy and C; - C3 remained nearly constant when the discharge
power was varied. However, even at the highest discharge power, the
maximum Hj yield was much lower than that obtained in the conven-
tional thermochemical process (e.g., 18.7 mmol /g at 800 °C with a Ni-
based catalyst) [23]. The previous research [29] suggested that intro-
ducing steam into the plasma reforming process can increase Hy pro-
duction via the water gas shift reaction (R1).

CO+H,0-CO, +H, (RD)

Figs. 2(c) and 2(d) show the effects of discharge power on the yield
and selectivity of gaseous products in the presence of steam at a
reforming temperature of 250 °C. Similar to the results obtained without
steam, the yields of all gaseous products increased with increasing
discharge power. Notably, when compared to the reaction without
steam, adding steam to the system significantly increased the Hy yield
and selectivity when the plasma was turned on. For example, after
introducing steam into the reforming process at a discharge power of 5
W, the yield and selectivity of Hy increased from 0.6 mmol/g to 2.2
mmol/g and from 14.4% to 33.7%, respectively. When steam was
introduced into the reforming process, it increased the yields of other
gaseous products as well as the total gas yield. The presence of steam in
the plasma process can generate H and OH radicals through water
dissociation by plasma-generated electrons (R2) and excited nitrogen
species No* such as No(A) (R4). The recombination of H radicals can
produce Hj (R5), while the OH radicals could oxidize tars from the first
stage pyrolysis process, yielding more gaseous products [29,48].
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Nz + e—>N2* +e (RS)

The highest Hy yield (5.0 mmol/g) was obtained in the plasma-
assisted steam reforming at the highest discharge power, as shown in
Fig. 2(c), whereas the H; yield dropped to only 0.3 mmol/g without
plasma. On the other hand, a high power did not favor a high Hy
selectivity. For example, at a discharge power of 10 W, the Hj selectivity
reached a maximum of 39% and slightly decreased when the discharge
power was increased to 15 W (Fig. 2(d)). Despite this, as shown in Fig. 2
(d), higher discharge power was beneficial to achieving a higher Hy
yield and total gas yield. Therefore, we set the discharge power to 15 W
in the subsequent experiments.

Previous research has shown that the reforming temperature is
critical in both conventional biomass catalytic reforming and plasma
reforming processes [25,34]. To optimize the Hy yield, we investigated
the effect of reforming temperature on gaseous products. As shown in
Fig. 3(a), the highest yields of CO, CHy4, Cy - Cg, and total gas were
attained at the highest reforming temperature of 550 °C, while the
highest H, yield was obtained at 250 °C. Furthermore, increasing the
reforming temperature slightly increased the CO selectivity, while Hj
selectivity decreased initially with increasing temperature and then
increased slightly when further increasing the temperature from 450 °C
to 550 °C (Fig. 3(b)). The highest H selectivity of 35% was obtained at
the lowest reforming temperature of 250 °C, and this value was cut in
half when the reforming temperature was raised to 450 °C. As Hy can be
produced by both the thermal and plasma processes in the plasma-
assisted reforming process with extra heating, the results suggest that
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Fig. 3. Effect of reforming temperature on (a) the yields of gaseous products with plasma at a discharge power of 15 W, (b) the selectivity of gaseous products and
total gas yield with plasma at a discharge power of 15 W, (c) the yield of gaseous products without plasma, and (d) the selectivity of gaseous products without plasma
(Operating conditions: steam flow rate 5 mL/h; no catalyst).
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increasing the reforming temperature may have a different effect on
these two processes, resulting in different hydrogen production.

We performed the biomass pyrolysis and reforming process without
turning on the plasma to further investigate the influence of reforming
temperature on the plasma-assisted reforming process. This allowed us
to understand the heating effect and how the gas yield varied with
increasing reforming temperature in the absence of the plasma. As
shown in Fig. 4(c), the yield of all gaseous products increased as the
reforming temperature increased without plasma. Raising the temper-
ature from 450 °C to 550 °C doubled the yields of CO, CHy4, and Cy - C3
and enhanced H; yield by a factor of four. These findings demonstrate
that high temperatures were advantageous for obtaining high yields of
gaseous products and high selectivity of Hy in the absence of plasma.
When the plasma was turned on, the Hy yield was reduced by 37.7%
when increasing the reforming temperature from 250 °C to 550 °C, as
shown in Fig. 4(a). This finding indicates that Hy production from cel-
lulose reforming could be improved by either increasing the reforming
temperature solely through the thermal process or by introducing
plasma into the reforming process at low temperatures.

To better understand the plasma-assisted reforming process, we
measured the compositions of gaseous products over time using an on-
line infrared syngas analyzer. Fig. 4 shows the time-resolved volume
proportions of gaseous products at different operating conditions. When
the reforming was carried out at 250 °C without plasma (Fig. 4(a)), CO
was detected firstly at around 12.5 min after starting the pyrolysis
process. CO5 and CH4 were then produced at around 15 min, while Hy
was generated much later at around 22 min when the temperature of the
pyrolysis process reached around 500 °C. In contrast, when the
reforming was performed at 550 °C without plasma (Fig. 4(b)), CO, CHy,
COo, and Hy were produced almost simultaneously at around 12.5 min
after starting the pyrolysis process, indicating that Hy was produced
from products generated in the first stage of pyrolysis. The same
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Fig. 4. Compositions of gaseous products over time under different conditions.
(a) 250 °C reforming temperature without plasma, (b) 550 °C reforming tem-
perature without plasma, and (c) 250 °C reforming temperature with plasma at
a discharge power of 15 W (Operating conditions: steam flow rate 5 mL/h;
no catalyst).
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phenomenon was observed in plasma-assisted reforming at 250 °C, as
shown in Fig. 4(c). When the reforming was performed at 550 °C
without plasma, the volume of H; in the effluent peaked at around 15
min and then quickly dropped to around 0% at 17.5 min. Differently, in
the plasma-assisted reforming at 250 °C (Fig. 3(c)), the volume pro-
portion of Hy peaked at around 15 min but then gradually decreased to
about 0% at around 30 min, indicating that Hy can be generated from a
wider range of pyrolysis products in the plasma-assisted reforming
process, generating more Hj than heating alone at 550 °C. This finding is
consistent with the off-line GC measurements (Fig. 3). Another notable
difference was that two peaks in the volume proportion of CH4 were
detected when the reforming was operated with heating alone at 550 °C,
as opposed to one peak detected in the plasma-assisted reforming at
250 °C. This distinction highlights the differences between high-
temperature reforming and plasma-assisted reforming.

The plasma contribution to the yields of gaseous products was then
investigated at different reforming temperatures. The plasma contribu-
tion was calculated by subtracting the yields of gaseous products ob-
tained through heating alone (data in Fig. 3(c)) from the yields attained
through both heating and plasma (Fig. 3(a)). The effect of heating on the
reaction was thus eliminated. Fig. 5(a) shows that the plasma contri-
bution decreased at higher reforming temperatures, and this trend was
most noticeable for the H; yield. The percentages of plasma contribution
and heating contribution during the plasma-assisted reforming process
are shown in Fig. 5(b). Increasing the reforming temperature consider-
ably reduced the percentage of plasma contribution to total gas yield. As
shown in Fig. 5(c), the percentage of plasma contribution to the Hs yield
dropped significantly from 94% to 24% as the temperature increased
from 250 °C to 550 °C. This finding implies that the total gas yield and
Hjy yield at the highest reforming temperature are primarily attributed to
the thermal effect rather than the plasma-induced promoting effect. In
the plasma-assisted reforming process with extra heating, Ho could be
produced by both the thermal and plasma processes. On the one hand,
increasing the temperature favored Hy production from the thermal
process, as illustrated in Fig. 3(c), where a higher temperature resulted
in a higher H, yield. High temperatures, on the other hand, have a
negative effect on Hy production in the plasma process. As a conse-
quence, due to a combination of the opposite effects (negative and
positive), the Hy yield in the plasma-assisted reforming process dis-
played irregular changes instead of simply decreasing or increasing,
when increasing the reforming temperature, as shown in Fig. 3(a). In
this study, the optimum reforming temperature of 250 °C, rather than
higher temperatures, was identified for Hy production in the tandem
cellulose pyrolysis and non-catalytic plasma reforming process. We then
set out to investigate why higher temperatures would be detrimental to
the plasma process.

Liu et al. [34] found that increasing the temperature had a similar
negative effect on plasma dry reforming of a model tar compound
(toluene) for syngas production. Maximum toluene conversion and
maximum yields of Hp, CO, and CO5 were attained at 300 °C rather than
higher temperatures of 400-500 °C in their study. They claimed that this
phenomenon was caused primarily by changes in plasma characteristics
due to the local thermal runaway of the quartz tube when the temper-
ature was raised to 400-500 °C. As a result of the changes in plasma
characteristics, fewer Ny and H,0 molecules were dissociated to free
radicals to react with pyrolysis products to produce gaseous products.
Saleem et al. [49] reported a higher conversion of toluene at a lower
reforming temperature in a DBD plasma reactor using CO; as a carrier
gas, and they proposed that the lower conversion at higher temperatures
could be attributed to faster re-association of O and CO radicals rather
than O radicals reacting with toluene at higher temperatures.

In this study, we found that the reforming temperature had a direct
influence on plasma characteristics. The peak-to-peak voltage across the
electrodes decreased with increasing reforming temperature at a con-
stant discharge power, as shown in Fig. 6(a). At a temperature of 250 °C,
the peak-to-peak voltage across the electrodes was 14.5 kV, more than
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Fig. 5. Effect of reforming temperature on (a) plasma contribution to gaseous product yield, (b) plasma contribution and heating contribution to total gas yield, and
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obtained by heating and plasma; the heating contribution was obtained directly from the heating alone process in Fig. 3(c); the percentage of plasma or heating
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double the voltage (7.1 kV) at 550 °C reforming temperature. The lower
breakdown voltage at a higher temperatures could explain the reduced
voltage across the electrodes at higher temperatures, which has been
experimentally confirmed by previous studies [50] and can be calcu-
lated using Paschen’s law. As a result, at high temperatures, a lower
voltage was required to achieve the same power. The voltage across the
electrodes has a direct influence on the electric fields, which can be
calculated using the Lissajous curves shown in Fig. 6(b). The detailed
method for calculating the mean electric field (E) and mean reduced
electric field (E/N) can be found in the literature [51,52]. Higher tem-
peratures resulted in lower mean electric fields and lower mean reduced
electric fields across the discharge gap, as displayed in Fig. 6(c). Thus, as
the reforming temperatures increased, the mean electron energy
decreased and these low-energetic electrons were less likely to break the
molecule bonds of the tars produced by the pyrolysis, resulting in fewer
gaseous products.

These findings suggest that a lower reforming temperature was
preferred in the two-stage cellulose pyrolysis and plasma reforming
process without a catalyst. To further improve the performance of the
two-stage reaction system, we used a Ni-Co/y-AlyO3 catalyst in the
second-stage plasma reforming process. Previous studies found that
bimetallic Ni-Co catalysts outperformed monometallic Ni and Co cata-
lysts in terms of both catalytic activity and coke resistance in either
conventional thermochemical biomass reforming or plasma-catalytic
biomass reforming [30,53]. In this study, we chose a Ni-Co/y-AloO3
bimetallic catalyst with a Ni-Co ratio of 3:1.

Fig. 7(a) shows the XRD pattern of the Ni-Co/y-Al,O3 catalyst. The Ni
metal phase has diffraction peaks at 20 = 44.6°, 51.8° and 76.5°, while
the diffraction peaks of Co can be found at 26 = 44.2°,51.4°and 75.7°
[54]. The diffraction peaks at 38.5°and 67.1° are assigned to y-AlOs3.
The SEM image and elemental distribution mapping show that sufficient
porosity was present, and Co and Ni species were uniformly distributed
on the surface of the support (Fig. 7b).

Fig. 8 shows that packing the catalyst into the discharge area
improved the total gas yield and H; yield regardless of the presence of
plasma. Indeed, without plasma, packing the catalyst into the discharge
gap enhanced the total gas yield by 117% compared to heating alone at a
temperature of 250 °C, whereas adding the catalyst only increased Hy
yield by 38%. In the presence of plasma, the H; yield increased from 5.0
mmol/g to 7.9 mmol/g after the catalyst was packed. It is worth noting
that the Hy yield obtained in the plasma-catalytic process was greater
than the sum of the plasma process and catalytic processes, indicating a
synergy effect between plasma and catalyst. The plasma contributions
were primarily responsible for the plasma-catalytic synergy, as shown in
Fig. 8(a). The selectivity of the gaseous products under different con-
ditions is displayed in Fig. 8(b), where the selectivity of all gaseous
products in the catalytic system was nearly identical to that in the non-
catalytic system regardless of the presence of plasma. The selectivity of
Hy (—35%) in plasma-assisted reforming was much higher than that
achieved without plasma.

Although the above results (Fig. 3) suggest that high temperatures
are not preferred for plasma reforming without a catalyst, this may not
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Fig. 8. Effect of catalyst on plasma-assisted reforming at different reforming temperatures: (a) (b) 250 °C and (c) (d) 550 °C (Operating conditions: catalyst 3:1 Ni-Co;

steam flow rate 5 mL/h).

be the case for the plasma-catalytic process because high temperatures
are always required in the conventional two-stage pyrolysis/catalytic
reforming process. To improve the performance and investigate the ef-
fect of reforming temperature on the plasma-catalytic process, a series of
experiments were carried out using the Ni-Co catalyst at a reforming
temperature of 550 °C.

Fig. 8(c) presents that the catalyst, rather than plasma played a
dominant role in the plasma-catalytic process at a reforming tempera-
ture of 550 °C, as opposed to 250 °C. At 550 °C, introducing plasma into
the non-catalytic steam reforming process only moderately improved
the Hy yield and the total gas yields by 32% and 44%, respectively,
compared to 324% and 1441% at 250 °C. Surprisingly, packing the
catalyst into the reforming part improved performance significantly.
After packing the catalyst at a reforming temperature of 550 °C, the Hy
yield and the total gas yield increased by a factor of 6 and 3, respectively.
In the presence of plasma, the Hj yield increased significantly to 26.6
mmol/g, the highest Hy yield in this study, and 8.6 times higher than
that achieved using plasma alone. The plasma-catalytic reforming pro-
cess achieved the highest Hy selectivity (50%) at a temperature of
550 °C, which was more than 10% higher than the catalytic reforming
process. At 550 °C, the presence of the catalyst notably increased the Hy
selectivity, which was quite different from that at a reforming temper-
ature of 250 °C. Similarly, a synergy effect was also observed in the
plasma-catalytic reforming process at a reforming temperature of

550 °C. High temperature favored Hy production and Hj selectivity in
the plasma-catalytic reforming process. The Hy yield at 550 °C was
comparable to that obtained using conventional thermochemical pro-
cesses [23], where the reforming temperature was significantly higher
(800 °C). This primary goal of this research was to optimize the oper-
ating conditions in the plasma-assisted reforming process. We believe
that designing more active reforming catalysts will improve H; yield in
the tandem biomass pyrolysis and plasma-catalytic reforming process.

4. Conclusion

In summary, we developed a tandem bioenergy process that com-
bines cellulose pyrolysis and plasma reforming for Hy production. The
influence of the Ni-Co/Al,O3 catalyst on the reaction performance in the
second-stage plasma reforming process was also investigated. In the
non-catalytic plasma system, the addition of steam to the reforming
process significantly increased the Hj yield and selectivity of Hy. Low
temperatures were preferred to enhance plasma contributions to the
reforming process due to the formation of a higher reduced electric field
and thus increased electron energies at lower temperatures. Online
analysis of the gaseous products reveals a clear distinction between
plasma contribution and temperature effect on the plasma reforming
process. Compared to the non-catalytic plasma reforming process,
packing Ni-Co/Al;O3 into the discharge gap increased the Hj yield by
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approximately 50% at a reforming temperature of 250 °C and the
reforming process was dominated by the plasma. In contrast, the catalyst
dominated the plasma-catalytic reforming process at a reforming tem-
perature of 550 °C. At this temperature, the highest H, yield of 26.6
mmol/g was obtained using the Ni-Co/Al;O3 catalyst, which was more
than 8 times and about 100% higher than that obtained using plasma
alone and catalyst alone. This study demonstrates that a high Hj yield
can be achieved using a plasma-catalytic process at a low reforming
temperature, indicating that plasma technology has a promising future
in biomass conversion.
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