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A B S T R A C T   

In this study, steam reforming of toluene was carried out in a dielectric barrier discharge (DBD) plasma reactor 
combined with Ni/γ-Al2O3 catalysts. The effect of reaction temperature, calcination temperature of catalysts, and 
relative permittivity of packing materials, on the reaction performance and synergistic effect of plasma catalysis 
was investigated. The results showed that toluene conversion decreased initially and then increased with 
increasing temperature, due to a decreasing average reduced electric field and increasing catalytic activity at 
higher temperatures. At 450 ◦C, the process achieved a high toluene conversion of 87.1%, a total gas yield of 
72.6%, and an energy efficiency of 18.2 g/kWh, demonstrating the potential of this approach for sustainable 
hydrogen production. Catalysts prepared at lower calcination temperatures or with higher relative permittivity 
packing materials perform better, owing to the larger Ni surface area available for catalytic reactions and the 
higher surface discharge facilitating the occurrence of surface reactions. In addition, the synergistic capacity in 
terms of toluene conversion and gas production exhibited a positive relationship with the metal surface area of 
catalysts and the relative permittivity of packing materials, while the relationship between reaction temperature 
and toluene conversion was negative.   

1. Introduction 

Recently, with the increasing depletion of fossil fuels and growing 
awareness of global warming, biomass has received increasing attention 
as an abundant and CO2-neutral renewable energy source [1]. Gasifi
cation is one of the most promising technologies for converting biomass 
waste into fuel gases comprising H2, CO, CH4 and CO2, given the high 
volatile matter content and low N, S and ash content of biomass feed
stocks, as well as its operational simplicity and flexibility of use [2,3]. 
The fuel gas can be fed into gas engines or turbines to generate elec
tricity and/or heat, or it can be further processed to produce hydrogen or 
syngas for fuel cells and Fischer-Tropsch synthesis, respectively [3]. 
However, during the gasification process, undesirable byproducts such 
as NH3, NOx, tar and fly ash are inevitably generated, with tar being one 
of the most troublesome contaminants [4]. Tar is typically a complex 
mixture of condensable hydrocarbons containing monocyclic to poly
cyclic aromatic hydrocarbons and oxygen-containing compounds that 
can condense on the available surface as operating temperatures fall 

below its dew point, resulting in clogging and corrosion problems [5,6]. 
Additionally, the tar content is highly influenced by the gasifier type and 
operating conditions, ranging from 0.5 to 100 g/m3, which usually ex
ceeds the permissible maximum of various downstream devices [7]. For 
example, the acceptable tar content of gasification fuel gas fed into in
ternal combustion engines and gas turbines is typically below 100 mg/ 
m3 and 5 mg/m3, respectively [8]. Therefore, efficient removal or con
version of tar is critical for the use of the gasification fuel gas. 

Several methods for tar removal have been proposed, including 
mechanical separation, thermal cracking, and catalytic reforming. The 
use of mechanical separation could result in secondary environmental 
pollution and the loss of energy contained in tar [6]. In thermal cracking 
processes, high operating temperatures (>1000 ◦C) are typically 
required to achieve desirable performance, resulting in high energy 
consumption [9]. Although catalytic reforming can convert tar into 
valuable products at relatively low temperatures, its industrial appli
cation still faces two major challenges: firstly, high reaction tempera
tures (>600 ◦C) are still required, resulting in high energy costs; and 
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second, rapid deactivation of the catalysts due to sintering and carbon 
deposition compromises processing stability [10]. 

In addition to the aforementioned approaches, non-thermal plasma 
(NTP) technology is receiving increasing interest as a potential alter
native for tar removal due to its ability to activate reactants under mild 
conditions [11,12]. In NTPs, the energetic electrons have a typical 
temperature of 1–10 eV, which is high enough to initiate chemical re
actions, while keeping the gas temperature low [13]. Several types of 
NTP have been used for tar removal, including dielectric barrier 
discharge (DBD) [14–17], corona discharge [18,19], gliding arc 
discharge [20–22] and microwave discharge [23,24]. According to the 
literature, the advantages of using NTP for tar removal include high tar 
conversion, mild reaction conditions, and operational simplicity and 
convenience. However, the relatively high energy consumption and low 
selectivity toward the desired products may limit its industrial 
applications. 

The introduction of heterogeneous catalysis into NTP, known as 
plasma catalysis, provides a promising approach to addressing the 
aforementioned issues through catalyst functionalities such as lowering 
activation energy and tuning product selectivity [25,26]. There are two 
configurations for the combination of NTP and solid catalysts: one-stage 
and two-stage. The one-stage configuration means that the catalyst is 
placed directly in the discharge zone, partially or completely filling the 
discharge gap, whereas the two-stage configuration means that the 
catalyst bed is typically placed next to the plasma reactor, with the one- 
stage configuration being the most common for plasma-catalytic tar 
removal [11]. Great efforts have been made to couple different types of 
NTP with catalysts for tar removal, such as corona discharge coupled 
with Ni/SiO2 [27], DBD coupled with Ni/Al2O3 [28], Ni/ZSM-5 [29], 
Fe/Al2O3 [30], Mn@13X [17] and NiFe/(Mg, Al)Ox [31], and gliding arc 
discharge coupled with Ni/Al2O3 [20] and Ni-Co/Al2O3 [32], among 
others. When compared to the plasma-only system, the coupling process 
significantly improves tar conversion, selectivity and yield of target 
products and energy efficiency. Moreover, comparable performance can 
be achieved at low temperatures when compared to catalyst-only cases. 
Clearly, plasma catalysis is a promising alternative for achieving effec
tive tar conversion under mild conditions. 

The most attractive advantage of plasma catalysis is the potential to 
generate a synergistic effect by integrating NTP and catalyst, whereby 
the reaction performance achieved in the coupling system is better than 
the sum of those achieved in plasma-only and catalyst-only modes. Mei 
et al. combined gliding arc discharge and Ni-Co catalysts for steam 
reforming of mixed tar model compounds (toluene and naphthalene), 
and a synergistic effect was successfully obtained in terms of tar con
version, energy efficiency, and yield and selectivity for H2, CO2 and CH4 
[32]. In our previous study, toluene removal was carried out in a DBD 
reactor coupled with Ni catalysts using a simulating gasification gas. At 
400 ◦C, the highest toluene removal of 91.7% was achieved, which was 
significantly higher than the sum (58.1%) of those obtained in the 
catalyst-only and plasma-only processes [33]. The synergistic effect is 
resulted from the complicated interactions between NTP and solid cat
alysts, and a detailed understanding of the synergistic effect is critical to 
facilitate the design and optimization of plasma reactors and catalysts, 
thus achieving better performance at a lower energy consumption. 
However, there has been very little research into the synergistic effect of 
plasma catalysis, particularly for tar removal. For instance, the rela
tionship between the synergistic effect and key factors such as operating 
conditions and catalysts is unclear. 

In this work, plasma-catalytic steam reforming of tar was carried out 
using a DBD reactor. Toluene was selected as a model tar compound as it 
is one of the main compounds with high thermal stability in tar products 
[34], and Ni/γ-Al2O3 was used as a catalyst because of its high activity 
and low cost. The effects of three key factors (reaction temperature, 
calcination temperature of catalysts and relative permittivity of packing 
materials) on reaction performance and synergistic effect were investi
gated. Moreover, the characteristics of both the discharge and the 

catalyst were investigated using various approaches to gain a better 
understanding of the synergistic effect in the plasma-catalytic reforming 
of tar. 

2. Experimental 

2.1. Catalyst preparation 

The Ni/γ-Al2O3 catalysts used in this work were prepared using a 
wetness impregnation method. Before use, the commercial strip-shaped 
γ-Al2O3 support (diameter × length: 3 × (4 – 10) mm, specific surface 
area: 169 m2/g, Jiangsu Jingjing New Materials Co., Ltd, China) was 
calcined in air at 550 ◦C for 3 h before being crushed and sieved to 
particle sizes of 40–60 mesh. An appropriate weight of γ-Al2O3 was 
added to an aqueous solution of Ni(NO3)2⋅6H2O and impregnated 
overnight at room temperature. Following impregnation, the catalyst 
precursor was dried at 120 ◦C for 10 h and before being calcined in an air 
atmosphere for 4 h at different temperatures (450, 500, 550 and 600 ◦C). 
The as-prepared catalysts were labeled as NA(x), where x represents the 
calcination temperature. The accurate Ni loading was determined to be 
8.9 wt% using the inductively coupled plasma optical emission spec
troscopy (ICP-OES). 

2.2. Catalyst characterization 

The specific surface area and pore volume of the catalysts were 
determined by N2 adsorption/desorption isotherms at − 196 ◦C using a 
surface area analyzer (ASAP 2010, Micromeritics). Prior to the mea
surement, the samples were degassed at 200 ◦C for 10 h under vacuum. 

Powder X-ray diffraction (XRD) measurements were performed on an 
X-ray diffractometer (PANalytical, X’pert Pro MPD) equipped with a Cu 
Kα (λ = 0.154 nm) radiation source (40 kV and 40 mA) in the scanning 
range of 10-80◦. The average crystallite size of Ni nanoparticles (NPs) 
was calculated by Scherer’s equation [35]: 

DNi = K × λ/(β × cosθ) (1)  

where the dimensionless shape factor K is 0.9, and β is the full width at 
half maximum of the Ni (200) peak at 51.7◦. 

H2-temperature programmed reduction (H2-TPR) measurements 
were carried out on a TPR instrument (ChemStar, Quantachrome). 
Before the measurement, 50 mg of sample was preheated in a He stream 
at 300 ◦C for 30 min before being cooled to room temperature. The 
reaction chamber was then filled with 50 mL/min of 10 vol% H2/Ar gas 
while the temperature was raised from 40 to 900 ◦C at a heating rate of 
10 ◦C/min. 

The CO2 and NH3 temperature programmed desorption (CO2-TPD 
and NH3-TPD) were performed on a TPD instrument (ChemStar, 
Quantachrome). Prior to the adsorption, 150 mg of sample was reduced 
at 650 ◦C in 10 vol% H2/Ar (50 mL/min) for 1 h and then cooled to 50 ◦C 
in He flow. The sample was subsequently heated to 50 ◦C or 100 ◦C for 
CO2 or NH3 adsorption, respectively. The adsorption of CO2 or NH3 was 
conducted by flowing pure CO2 or 7.9 vol% NH3/He (50 mL/min) 
through the sample, respectively. After adsorption for 1 h, the sample 
was purged with the He flow until baseline stabilization, and then 
heated up to 800 ◦C with a heating rate of 10 ◦C/min in the He flow (50 
mL/min). The corresponding TPD spectra were obtained by monitoring 
the desorbed CO2 or NH3 using a thermal conductivity detector. 

The pulse chemisorption of CO was carried out on a chemisorption 
apparatus (AutoChem II 2920, Micromeritics). Prior to the measure
ment, 0.5 g of sample was reduced at 650 ◦C for 1 h in a 10 vol% H2/Ar 
(50 mL/min) atmosphere and then cooled to 50 ◦C in He flow. The CO 
chemisorption was operated by injecting 0.5 mL of 8 vol% CO/He and 
repeating the procedure every 6 min until the CO peaks became iden
tical. The CO uptake was measured by a thermal conductivity detector 
and used for the calculation of the Ni metal surface area using the 
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following equation [36]: 

SANi
(
m2/g-catal.

)
= X × SF × N × RA (2)  

where X is the CO uptake in moles per gram of catalyst (mol/g-catal.), SF 
is the stoichiometric factor (1), N = 6.023 × 1023 Ni atoms/mol, and RA 
is the atomic cross-sectional area of Ni (0.0649 nm2). 

In addition, the dispersion degree (%D) and the average particle size 
(dNi) of Ni were calculated by the following equations [37]: 

%D = 1.17 × X/(W × f ) (3)  

dNi(nm) = 97.1/%D (4)  

where W is the weight percentage of nickel, and f is the reduction 
degree. 

Thermogravimetric analysis (TG, STA409PC, NETZSCH) combined 
with a mass spectrometry (MS, QMS403, NETZSCH) was used to char
acterize the spent catalysts. The samples were heated from 40 ◦C to 
900 ◦C at a heating rate of 10 ◦C/min and an air flow rate of 30 mL/min. 

The FTIR spectra of spent catalysts were recorded by an infrared 
spectrometer (INVENIO-S, Bruker) in the range of 400–4000 cm− 1 with 
a resolution of 4 cm− 1. Before the measurement, 1 mg of each sample 
was mixed with 100 mg of KBr (purity > 99%, Aladdin), and the mix
tures were pressed into wafers with a diameter of 13 mm. 

Catalyst surface analysis was performed on an XPS instrument 
(ESCALAB 250Xi, Thermo Fisher) equipped with an Al (Kα) (hv =
1486.6 eV) X-ray radiation source. All binding energies were calibrated 
based on the C1s hydrocarbon peak at 284.6 eV. 

2.3. Experimental setup 

Fig. 1 shows a schematic diagram of the experimental setup. The 
DBD reactor consists of a cylindrical corundum ceramic tube (i.d. 19 
mm, o.d. 25 mm) wrapped with a 50-mm-long stainless-steel mesh as the 
outer electrode. A stainless-steel rod (diameter 16 mm) is placed along 
the axis of the tube as the inner electrode. Hence, the discharge gap is 
1.5 mm with a corresponding discharge volume of ~4.1 mL. The cata
lysts were held in place by a stainless-steel sieve attached to the end of 
the inner electrode, and quartz sand (40–60 mesh) was used to fill the 
region between the lower edge of the discharge zone and the stainless- 
steel sieve. In the experiments, 0.4 g of catalyst (about 0.8 mL), 1 mL 
of packing material (quartz, corundum, zirconia ceramics or silicon 
carbide) and 3 mL of quartz sand, all having the same particle size of 
40–60 mesh, were placed at the discharge zone after being fully mixed. 
Then, plasma catalysis and catalyst-only modes can be achieved by 

turning the plasma on and off, respectively. In addition, the catalyst can 
be replaced by quartz sand with the same particle size to evaluate the 
performance of a plasma-only mode. The DBD reactor was placed inside 
a tubular furnace with a temperature range of room temperature to 
750 ◦C. The reaction temperature was measured using a K-type ther
mocouple located on the outside reactor tube wall at the midpoint of the 
discharge zone after the reaction reached a stable stage. The catalysts 
were reduced in situ in a flowing 10 vol% H2/N2 at 650 ◦C for 1 h before 
the experiments. After each experiment, the reactor was cleaned by 
heating it to 700 ◦C for 1 h in an air atmosphere to remove carbon 
deposition and other contaminants formed during the reactions. 

Toluene and H2O were pumped into the mixing chamber by two 
syringe pumps (LSP01-1A, Longer Pump) with a flow rate of 5.196 μL/ 
min and 11.64 μL/min, respectively, to attain a constant steam/carbon 
(S/C) molar ratio of 2. Subsequently, toluene and H2O were vaporized 
and mixed with 133 mL/min carrier gas (N2) in a mixing chamber with a 
temperature of 250 ◦C before being fed into the DBD reactor. The pro
duced gas stream passed through two absorption bottles, which were 
connected in-line and placed in an ice water bath. The former one 
contained 50 mL of n-hexane or isopropanol solvent to collect uncon
verted toluene or condensable byproducts, respectively, while the latter 
was left empty to collect entrained droplets. To avoid condensation of 
water vapor, toluene and liquid products, the pipeline between the 
mixing chamber and the inlet, as well as the pipeline connecting the 
outlet to the absorption bottle and the vent were heated to 200 ◦C during 
the experiments. 

The plasma was generated by an AC high voltage power supply (CTP- 
2000 K, Nanjing Suman) with a peak voltage of 30 kV and a frequency of 
5–20 kHz. The frequency was kept at 7.5 kHz in this work. The applied 
voltage (V) of the DBD reactor was measured by a high voltage probe 
(P6015A, Tektronix). The charge (Q) and current were obtained by 
measuring the voltage drops on a capacitor (0.1 μF) and a resistor (200 
Ω), respectively. These signals were recorded by a digital oscilloscope 
(DPO2024B, Tektronix). In this work, the discharge power was deter
mined by multiplying the area of the V-Q Lissajous diagram with the 
frequency and was fixed at 13 ± 0.5 W. 

2.4. Methods of analysis 

The unconverted toluene and by-product (benzene) collected by the 
n-hexane-containing bottle in 5 min were analyzed using gas chroma
tography (GC, GC-2014, Shimadzu) equipped with a capillary column 
(AE-PEG-20 M, ATEO) and a flame ionization detector. The gas products 
were analyzed by an online gas chromatography system (GC, Micro 
GC490, Agilent) equipped with two thermal conductivity detectors, as 

Fig. 1. Schematic diagram of the experimental setup.  

B. Xu et al.                                                                                                                                                                                                                                       



Chemical Engineering Journal 464 (2023) 142696

4

well as a Molsieve 5A and PoraPLOT Q column. After a 1 h reaction, 
liquid products were collected by the isopropanol-containing bottle and 
analyzed by an off-line gas chromatography-mass spectrometry instru
ment (GC–MS, Thermo Fisher, Trace 1300-ISQ) equipped with a DB-5 
ms column (Agilent). Further details on the GC and GC–MS measure
ments are presented in Table S1. 

The toluene conversion Xtoluene and energy efficiency E were deter
mined by following equation: 

Xtoluene (%) =
[T]in − [T]out

[T]in
× 100 (5)  

E (g/kWh) =
[m]removal

P × 60/3600000
(6)  

where [T]in and [T]out represent the molar concentration of toluene at 
the inlet and outlet, respectively, and P represents the discharge power 
in watt and [m]removal represents the grams of toluene removed per 
minute. 

Note that the external heat power was not taken into account in the 
calculation of energy efficiency, in consistence with previous works 
[29,30,38]. 

The yield Y and selectivity S of the products, and the total gas yield 
YT were calculated by equations 7–12. As we cannot measure the con
version of H2O in this study, the selectivity of H2 cannot be determined. 

YH2 (%) =
[H2

]

out

4 × [T]in + [H2O]in
× 100 (7)  

YCOx (%) =
[COx]out

7 × [T]in
× 100 (8)  

YCxHy (%) =
x ×

[
CxHy

]

out

7 × [T]in
× 100 (9)  

SCOx (%) =
[COx]out

7 ×
(
[T]in − [T]out

) × 100 (10)  

SCxHy (%) =
x ×

[
CxHy

]

out

7 ×
(
[T]in − [T]out

) × 100 (11)  

YT (%) =
[H2]out + [CO]out + [CO2]out + [CH4]out + [C2

]

out + [C3]out

[T]in + [H2O]in

× 100
(12)  

where [H2]out, [COx]out, [CxHy]out are the molar amounts of H2, COx (CO 
and CO2) and CxHy (CH4, C2H2, C2H4, C2H6, C3H6, C3H8 and C6H6) at the 
outlet, respectively, and [H2O]in is the molar amount of H2O at the inlet. 
C2 contains C2H2, C2H4 and C2H6, and C3 includes C3H6 and C3H8. 

The carbon balance BC of the plasma catalytic process was deter
mined by equation (13). 

BC (%) =
∑

SCxHy (x = 1, 2, 3, 6) (%) + SCOx (x = 1, 2) (%)

(13)  

The synergistic capacity SC was used to evaluate the intensity of the 
synergistic effect between plasma and catalysts and calculated by 
equation (14). 

SCξ(%) =
ξp+c − ξp − ξc

ξp + ξc
× 100 (14) 

Where ξ can be the toluene conversion, and the yield and selectivity 
of gas products. The subscripts, p + c, p and c, represent the perfor
mances obtained by plasma catalysis, plasma-only and catalyst-only, 
respectively. 

3. Results and discussion 

3.1. Effect of reaction temperature 

3.1.1. Reaction performance 
Fig. 2a shows the toluene conversion obtained in the plasma-only, 

catalyst-only and plasma catalysis modes at different reaction temper
atures. Quite different removal behaviors are observed among these 
processes. In the catalyst-only system, the conversion of toluene 
increased progressively with increasing reaction temperature, reaching 
a maximum of 45.4% at 450 ◦C. However, in the plasma-only system, the 
toluene conversion gradually decreased from 96.5% at 200 ◦C to 67.1% 

Fig. 2. Effect of reaction temperature on toluene conversion (a), total gas yield (b) and energy efficiency (c) (Catalyst: NA(500); Packing material: quartz).  
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at 450 ◦C. In the plasma catalysis process, the conversion of toluene 
reached a maximum of ~100% at 200 ◦C, then remained at ~95% in the 
temperature range of 250 ◦C to 350 ◦C, then declined to 79.4% at 400 ◦C, 
followed by a rise to 87.1% at 450 ◦C. Consistent with the change trend 
of the conversion, the energy efficiency of plasma catalysis first 
decreased and then increased with increasing temperature, ranging from 
16.6 to 20.8 g/kWh (Fig. 2b). Fig. 2c shows the effects of reaction 
temperature on total gas yield. In contrast to the decreasing trend 
observed in the plasma-only mode, an increase in total gas yield with 
temperature is observed in both catalyst-only and plasma catalysis 
modes, especially above 350 ◦C, indicating that the efficient production 
of gas products is strongly dependent on catalysts. At 450 ◦C, the 
maximum gas yields for catalyst-only and plasma catalysis were 39.2% 
and 72.6%, respectively. As a result, the combination of NTP and cata
lysts at 450 ◦C achieved 87.1% toluene conversion, 72.6% total gas yield 
and 18.2 g/kWh energy efficiency, outperforming the plasma-only and 
catalyst-only modes. 

The effect of reaction temperature on the selectivity and yield of gas 
products and benzene is presented in Figs. S1, S2 and S3. In the plasma- 
only system, the selectivity and yield of gas products and benzene 
maintain below 14% within the temperature range of 200–400 ◦C, with 
CO and H2 being the main products. When the temperature increased to 
450 ◦C, the selectivity and yield of CO, H2, and C2 dropped significantly 
to 2%, becomes the dominating component in produced gases. In the 
catalyst-only case, due to the increasing catalytic activity, at higher 
temperatures all gas products obtain higher selectivity and yield values, 
which are much higher than those in the plasma-only mode. H2, CO, CO2 
and benzene were the major products, and particularly, the selectivity of 
benzene was even up to 45%, which is an unsatisfactory result consid
ering the steam reforming pursuing the production of combustible gases. 
In plasma catalysis, the selectivity and yield of CO, CO2 and H2, at 
temperatures below 350 ◦C, maintain less than 10%, and then increase 
markedly with rising temperature, obtaining the maximums, most of 
which are higher than those obtained by catalyst-only. Meanwhile, the 
plasma catalytic process greatly lowers the selectivity of benzene, CO, 
H2 and CO2 being the main products. For instance, at 450 ◦C, the CO 
selectivity is up to nearly 50% with a corresponding yield of about 45%, 
together with the selectivity of benzene of less than 10%. 

At temperatures below 350 ◦C, plasma catalysis shows satisfactory 

results in converting toluene (Fig. 2), but its poor performance in 
generating gas products indicates that most of the toluene is converted 
into liquid products and/or carbon deposition. This carbon deposition is 
an unwanted byproduct that can reduce the catalytic activity by 
blocking active sites and lowering the discharge power, leading to a 
decline in plasma catalysis performance [28]. To gain a better under
standing of reaction products, liquid products and carbon deposition 
produced at temperatures of 200 ◦C and 450 ◦C were analyzed. Re
searchers conducted GC–MS analysis of liquid products and TG-MS, 
FTIR, and XPS analysis of spent catalysts, and the results are shown in 
Fig. S5, Table S2, and Fig. S6. At 200 ◦C, most of the toluene was con
verted into carbon deposition, which was mainly composed of aliphatic 
carbon and easier to eliminate. At 450 ◦C, the increasing catalytic ac
tivity improved the oxidation reactions of carbonaceous species, leading 
to a decrease in the amount of carbon deposits and a corresponding 
increase in CO and CO2 production. Additionally, at both temperatures, 
a small portion of the removed toluene was converted into liquid 
products with a molecular weight greater than benzene. The number 
and relative area of O- and N-containing compounds were higher at 
200 ◦C than at 450 ◦C. These liquid products were formed through re
actions between intermediates and fragments or radicals, such as CN and 
OH radicals [39]. 

Previous studies have shown that changes in reaction temperature 
can affect the physical properties of plasma and influence its chemistry 
[40,41]. Thus, we investigated the discharge characteristics of the DBD 
at different temperatures. The packed-bed effect in this study resulted in 
a combination of filamentary discharge and surface discharge. The 
introduction of packing material pellets reduced the available discharge 
volume, leading to the formation of filaments only in the void between 
the pellets and the reactor wall. Furthermore, an increased electric field, 
due to polarization effects and charge accumulation, was found to be 
mainly located around the contact points between the pellets, where 
surface discharge was formed and propagated along the surface [42,43]. 
Fig. 3 shows the electrical signals of the DBD operating at different 
temperatures with a fixed discharge power. The current signal of the 
discharge was quasi-sinusoidal with multiple superimposed current 
pulses per half-cycle of the applied voltage. When the reaction tem
perature increased from 200 ◦C to 450 ◦C at the same discharge power, 
the magnitude of the current pulses decreased, but the displacement 

Fig. 3. Electrical signals of the DBD at different reaction temperatures: Applied voltage signals (a), current signals (b), V-Q Lissajous curves (c) and E/n (d) (Catalyst: 
NA(500); Packing material: quartz). 
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current increased correspondingly, as well as the applied voltage 
decreasing from 10.4 kVpk-pk to 8.8 kVpk-pk (as shown in Fig. 3a and b). 
These changes indicate that filamentary discharge weakened while the 
component of surface discharge increased at high temperatures [42,44]. 

Fig. 3c shows the Lissajous curves of the DBD at different reaction 
temperatures while keeping the discharge power constant. As the tem
perature increases, the shape of the curve transforms from a parallelo
gram to an oval, indicating changes in the discharge characteristics. The 
Lissajous curve enables us to determine the the onset voltage (Uon) and 
the effective capacitances of the dielectric barrier (Cd) and the total 
system (Ctot). Using these parameters, we can calculate the capacitance 
of the gas (Cg), the breakdown voltage in the gas gap (Ub), and the 
average reduced electric field (E/n). The calculation process is detailed 
in section 6 of the Supporting Information. Table S3 summarizes the 
estimated parameters at different temperatures. Fig. 3d shows the E/n 
decreases from 96.8 Td to 80.7 Td as the temperature increases from 
200 ◦C to 450 ◦C. This phenomenon has also been observed in plasma- 
assisted cellulose reforming [40] and plasma CH4 reforming [41]. 

Furthermore, the mean electron energy at different E/n values can be 
calculated using the Boltzmann equation and BOLSIG+ [45–47], as 
shown in Fig. 4a. The mean electron energy increases with rising E/n, 
however, as temperature increases in the range of 200–450 ◦C, it pro
gressively declines from 1.95 eV to 1.50 eV. This decline in mean elec
tron energy weakens the plasma chemistry trigger, which negatively 
impacts the reaction performance of plasma. In the plasma toluene 
steam reforming process, important active species such as excited N2 
molecules, OH and O radicals initiate and drive reactions [38,48]. 
Hence, the rate coefficients of the electron impact reactions leading to 
the formation of these species were calculated using BOLSIG+, and are 
shown in Fig. 4b. The rate coefficient of all reactions increases with 
increasing E/n, implying that higher rate coefficients can be achieved at 
lower temperatures. This result suggests that higher reaction tempera
tures are not favorable for generating excited species and radicals that 
can effectively decompose toluene. 

The analysis presented above allows us to draw several conclusions 
regarding reaction performance. In plasma catalysis, the destruction of 
toluene depends heavily on plasma intensity at low temperatures. The 

decreasing E/n caused by rising temperatures lowers the mean electron 
energy, reducing the production of active species, and subsequently 
leading to a decrease in conversion. The higher E/n values are more 
favorable for ring cleavage of aromatic intermediates and toluene, 
which is mainly initiated through reactions with energetic electrons and 
excited N2 [49,50]. This could explain the higher aliphatic nature of the 
carbon deposits formed at low temperatures. At high temperatures, the 
increased catalytic activity plays a crucial role in toluene destruction, 
reversing the declining trend in conversion. Furthermore, the efficient 
formation of gaseous products is strongly dependent on catalysis, and a 
significant increase in gas production can only be observed at high 
temperatures where catalytic activity has notably increased, accompa
nied by a correspondingly significant decrease in carbon deposits. 

3.1.2. Synergistic effect 
The synergistic effect of the process was evaluated by analyzing the 

toluene conversion and total gas yield. Fig. 5a displays the values of 
synergistic capacities at different reaction temperatures. Synergistic 
capacities were calculated to evaluate the synergistic effect for toluene 
conversion and gas production. The results showed that the synergistic 
effect can only be achieved at temperatures below 350 ◦C for toluene 
conversion with a capacity of about 4%. However, the synergistic ca
pacity decreases with increasing temperature from 350 to 450 ◦C. On the 
other hand, for gas production, the synergistic capacities remained 
negative at around − 50%, at temperatures between 200 and 350 ◦C. The 
synergistic effect increased with temperature, reaching about 65% at 
450 ◦C. Fig. S8 presents the synergistic capacities calculated using 
selectivity and yield of gas products. No synergistic effect was observed 
in terms of both selectivity and yield of all gas products at temperatures 
lower than 350 ◦C. At higher temperatures, the synergistic effect was 
concentrated in the yield of the main gas products (H2, CO and CO2), and 
the synergistic capacity significantly increased with temperature. 

The relationship between reaction temperature and the synergistic 
capacity in terms of toluene conversion and gas production is shown in 
Fig. 5b. The temperature dependence curve can be divided into two 
parts based on a threshold temperature of 350 ◦C. Below 350 ◦C, 
although the linear fitting method cannot achieve a satisfactory result, 

Fig. 4. Calculated mean electron energy (a) and rate coefficients of electron impact reactions (b) at different E/n (Catalyst: NA(500); Packing material: quartz).  

Fig. 5. Effect of reaction temperature on the synergistic capacity calculated using toluene conversion and total gas yield (a), and correlation between the reaction 
temperature and the synergistic capacity (b) (Catalyst: NA(500); Packing material: quartz). 
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the low slope of the fitted straight line suggests a weak temperature 
dependence of the synergistic capacity in this temperature range. Above 
350 ◦C, however, the relationship between temperature and synergistic 
capacity is linear and significant. The synergistic capacity in toluene 
conversion and gas production shows negative and positive temperature 
dependence, respectively. 

The catalytic performance of the catalyst and discharge character
istics of the DBD suggest that increasing the temperature from 200 ◦C to 
450 ◦C enhances the formation of surface discharge and decreases the E/ 
n. By contrast, the activity of the catalyst increases significantly above a 
threshold temperature of 350 ◦C (Figs. 2 and S2). The threshold tem
perature for the rapid increase in catalytic activity is consistent with the 
threshold temperature for the change in synergistic capacity. This sug
gests that the variation in catalytic activity plays a more important role 
in the generation of the synergistic effect compared to the discharge 
characteristics. 

In summary, the synergistic effect of plasma catalysis in the steam 
reforming of toluene is largely determined by the catalytic activity of the 
catalyst and is therefore greatly influenced by the reaction temperature. 
The synergistic effect is most pronounced at temperatures above 350 ◦C 
and is particularly noticeable in terms of gas production. Above this 
threshold temperature, there is a strong linear relationship between the 
synergistic capacity and the reaction temperature, with a negative cor
relation in toluene conversion and a positive correlation in gas 
production. 

3.2. Effect of calcination temperature of catalysts 

3.2.1. Reaction performance 
The effect of calcination temperature on the performance of catalysts 

and the synergistic effect in steam reforming of toluene is discussed in 
this section. The experiments were conducted at 450 ◦C, which is the 
most suitable operating temperature for the plasma-catalytic process in 
this study. It is worth mentioning that the results obtained in the plasma- 
only mode in this section are equivalent to the results obtained at 450 ◦C 
in the previous section. This was achieved by replacing the catalyst with 
quartz sands to create a plasma-only mode in the study. Fig. 6a shows 
the effect of different calcination temperatures on toluene conversion. It 
can be seen that an increase in calcination temperature leads to a 

decrease in both the catalyst-only and plasma-catalytic modes of con
version. For example, when the packing material is changed from NA 
(450) to NA(600), the conversion in the catalyst-only mode drops from 
84% to 27% and in plasma catalysis it decreases from 100% to 43%. This 
is accompanied by a significant decrease in energy efficiency, from 20.9 
g/kWh to 9.0 g/kWh (Fig. 6b). The 100% toluene conversion and 20.9 
g/kWh energy efficiency achieved with NA(450) as a catalyst is a 
competitive result, especially in DBD systems, compared to similar 
works listed in Table S5. The total gas yield is presented in Fig. 6c. In the 
catalyst-only mode, the yield ranges from 25% to 40% and NA(500) and 
NA(600) give the maximum and minimum, respectively. In plasma 
catalysis, the total gas yield decreases significantly with the increase in 
the calcination temperature of the catalyst, from 85% with NA(450) 
packing to 35% with NA(600) packing. The results suggest that the use 
of a catalyst with a low calcination temperature is favorable for both 
toluene conversion and gas production in plasma catalysis. 

The results show that the selectivity and yield of gas products and 
benzene are influenced by the calcination temperature of the catalysts 
used (Figs. S11 and S12). As the calcination temperature of the catalysts 
increases, the selectivity of CO and benzene increases (Fig. S11), while 
the selectivity of CO2 achieves the highest value with NA(500). The yield 
of CO, CO2 and H2 decreases with the increasing calcination tempera
ture of the catalysts used. The selectivity and yield of CH4, C2, and C3 is 
less than 2% and is not significantly influenced by the change of cata
lysts packed. In plasma catalysis, the selectivity of CO is kept at 50–60% 
and the benzene selectivity is significantly reduced compared to the 
catalyst-only process. The yield of the main gas products decreases with 
increasing calcination temperature of the catalysts. 

Apparently, the calcination temperature of catalysts strongly 

Fig. 6. Effect of calcination temperature of catalysts on toluene conversion (a), total gas yield (b) and energy efficiency (c) (Reaction temperature: 450 ◦C; Packing 
material: quartz). 

Table 1 
Specific area, pore volume and mean pore size of the catalysts.  

Catalysts BET surface area (m2/ 
g) 

Pore volume (cm3/ 
g) 

Mean pore size 
(nm) 

γ-Al2O3  169.2  0.48  11.3 
NA(450)  141.0  0.41  11.5 
NA(500)  139.4  0.40  11.5 
NA(550)  135.0  0.40  11.8 
NA(600)  134.8  0.40  11.9  
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influences the reaction performance of plasma catalysis in terms of 
removal capacity and gas production. To better understand this effect, 
various characterization techniques, such as BET, XRD, H2-TPR, CO2–/ 
NH3-TPD and CO pulse chemisorption, were employed. As shown in 
Table 1, with increasing calcination temperature from 450 ◦C to 600 ◦C, 
the surface area of the catalyst decreases slightly from 141.0 m2/g to 
134.8 m2/g, while the mean pore size rises from 11.5 nm to 11.9 nm. The 
XRD patterns of the reduced catalysts are presented in Fig. 7a. The main 
peaks at 44.3◦, 51.6◦ and 76.3◦ correspond to metallic nickel, and the 
calculated nickel particle sizes (6.1 and 6.8 nm) are slightly influenced 
by the calcination temperature. Fig. 7b shows the H2-TPR profiles of the 
catalysts calcined at different temperatures. The three main peaks, the 
low-, medium- and high-temperature peak, correspond to free NiO 
species, the NiO specie with stronger interactions with the support, and 

stable nickel aluminate with a spinel structure, respectively [51]. The 
increase of calcination temperature results in a shift of the low- and 
medium-temperature peaks to higher temperatures, as well as an in
crease in the intensity of the high-temperature peak. It indicates that a 
high calcination temperature strengthens the interaction between NiO 
species and the support, which is unfavorable for the reduction of NiO 
species during the activation treatment and leads to a decreased 
reduction degree of the catalysts. The basic and acidic properties of the 
catalysts were characterized by CO2– and NH3-TPD, and the results are 
shown in Fig. 7c and d. Clearly, the CO2 desorption curves show two 
broad peaks, corresponding to the desorption of weakly and strongly 
adsorbed CO2. Similarly, the NH3 desorption curves show three peaks, 
associated with weak and medium/strong acid sites [52]. Table 2 
summarizes the base/acid site distribution and density of the catalysts 
after the curves were deconvoluted. Interestingly, the variation in 
calcination temperature did not significantly affect the acidic and basic 
properties of the catalysts. This is likely because the basicity and acidity 

Fig. 7. XRD patterns (a), H2-TPR profiles (b), CO2-TPD (c) and NH3-TPD (d) profiles of the catalysts.  

Table 2 
Basic and acidic site distribution of the catalysts.  

Catalysts Base site distribution and 
density 

Acid site distribution and density  

L (%) H (%) Total L (%) M (%) H (%) Total    

(μmol/g)    (μmol/g) 
NA(450)  61.2  38.8 131.3  24.9  66.5  8.6 460.9 
NA(500)  55.6  44.4 133.4  45.6  48.2  6.2 403.5 
NA(550)  59.4  40.6 134.2  31.1  56.8  12.1 416.5 
NA(600)  60.7  39.1 129.6  38.8  48.3  12.9 401.8 

Note: L (50–350 ◦C) and H (350–700 ◦C) represent the low- and high- 
temperature peak respectively in CO2-TPD; L (100–300 ◦C), M (300–450 ◦C) 
and H (450–700 ◦C) represent the low-, medium- and high-temperature peak 
respectively in NH3-TPD. 

Table 3 
CO pulse chemisorption result of the catalysts.  

Catalysts Reduction 
degree (%)a 

CO 
uptake 
(μmol/g) 

Ni surface 
area (m2/ 
g-catal.) 

Dispersion 
(%) 

Ni 
particle 
size (nm) 

NA(450)  87.8  31.1  1.22  2.34  27.7 
NA(500)  78.2  26.6  1.04  2.24  28.9 
NA(550)  50.7  22.1  0.86  2.87  22.5 
NA(600)  30.2  14.0  0.55  3.06  21.1  

a Reduction degree was estimated using the ratio of the peak area below 
650 ◦C with respect to the total peak area in H2-TPR profile. 
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of the Ni/Al2O3 catalysts primarily arise from the alumina support 
[35,53]. As the γ-Al2O3 support used in this study was already calcined 
at 550 ◦C before use, calcining the precursor within the 450–600 ◦C 
range did not induce a notable or regular change in the basic and acidic 
properties of the catalysts. CO pulse chemisorption analysis was used to 
determine the Ni surface area, dispersion and particle size, and the re
sults are presented in Table 3. The Ni surface area decreased with 
increasing calcination temperature, from 1.22 m2/g-catal. of NA(450) to 
0.55 m2/g-catal. of NA(600). Notably, the lowest dispersion was ob
tained with NA(500) instead of NA(450). Despite this, increasing the 
calcination temperature appeared to enhance the metallic dispersion. 
On the other hand, the Ni particle sizes had an opposite trend to the 
dispersion with sizes ranging from 21.1 to 28.9 nm. 

As previously mentioned, increasing the calcination temperature 
resulted in only minor variations in pore structure, base and acid 
properties, with a linear decrease in Ni surface area and nonlinear 
changes in dispersion and Ni particle size. In the catalyst-only case, the 
progressively decreasing conversion observed with increasing calcina
tion temperature can be attributed to the decrease in Ni surface area, 
which leads to a reduction in available active sites, limiting toluene 
destruction. On the other hand, the change in total gas yield induced by 
the calcination temperature of the catalysts can be explained by Ni 
particle size (or dispersion), given the similar change trend. It is well- 
known that the size or dispersion of metal particles significantly influ
ence catalyst selectivity and, therefore, the product distribution [54,55]. 

Additionally, in the plasma-catalytic process, the similar and decreasing 
trend in both conversion and total gas yield implies that the Ni surface 
area plays a crucial role in determining the reaction performance of 
plasma catalysis. 

3.2.2. Synergistic effect 
Fig. 8a shows the synergistic capacities calculated using toluene 

conversion and total gas yield for the different catalysts. No synergistic 
effect is observed in terms of toluene conversion. Catalysts calcined at 
higher temperatures tend to have lower synergistic capacities, except for 
NA(450). However, a clear synergistic effect is achieved in gas pro
duction regardless of the catalyst, with the synergistic capacity 
decreasing in the order of NA(450) > NA(500) > NA(550) > NA(600). 
The synergistic capacities for gas product selectivity and yield are pre
sented in Fig. S9, showing that the synergistic effect in selectivity is 
mainly concentrated in NA(450), while for yield, a noticeable but 
weakening synergistic effect is observed at higher calcination temper
atures. No synergistic effect is obtained for benzene and light hydro
carbons, except for CH4. 

As discussed earlier, the intensity of the synergistic effect appears to 
be closely related to the Ni surface area, which is supported by the 
negative correlation observed between the synergistic capacity in gas 
production and the calcination temperature of the catalysts. To inves
tigate this relationship further, the correlation between Ni surface area 
and the synergistic capacity was analyzed for both toluene conversion 

Fig. 8. Effect of calcination temperature of catalysts on the synergistic capacity calculated using toluene conversion and total gas yield (a), and correlation between 
the Ni surface area of catalyst and the synergistic capacity (b) (Reaction temperature: 450 ◦C; Packing material: quartz). 

Fig. 9. Effect of packing material on toluene conversion (a), total gas yield (b) and energy efficiency (c) (Reaction temperature: 450 ◦C; Catalyst: NA(500)).  
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and gas production, and the results are presented in Fig. 8b. Notably, the 
synergistic capacities obtained using NA(450) were not considered, as 
toluene was not detected at the outlet, making it difficult to estimate the 
actual values of toluene conversion and total gas yield. The results show 
a clear positive and linear correlation between Ni surface area and the 
synergistic capacity, suggesting that a higher Ni surface area is associ
ated with a stronger synergistic effect. This finding can be explained by 
the fact that a higher Ni surface area provides more active sites, which 
increases the probability of generating a synergistic effect. 

3.3. Effect of relative permittivity of packing materials 

3.3.1. Reaction performance 
The effect of the relative permittivity of packing materials was also 

investigated. Four packing materials were employed: quartz, corundum, 
zirconia ceramics, and silicon carbide, all of which were calcined at 
950 ◦C for 6 h prior to use. Table S6 lists the composition and relative 
permittivity of these packing materials. The relative permittivity in
creases in the order of quartz < corundum < zirconia ceramics < silicon 
carbide, with silicon carbide having the highest relative permittivity of 
200.3, which is much greater than that of the other materials. 

The conversion obtained with different packing materials is pre
sented in Fig. 9a. In catalyst-only experiments, the conversion remains at 
about 45% regardless of the packing material used, indicating that these 
materials have little thermal catalytic activity for toluene steam 
reforming. In the plasma-only mode, the use of high relative permittivity 
packing materials results in a decrease in conversion from about 67% 
with quartz packing to about 40% with silicon carbide packing. How
ever, packing high relative permittivity materials in the plasma catalysis 
system leads to a slight increase in toluene conversion, and accordingly, 
the energy efficiency slightly increases from 18.2 g/kWh with quartz 
packing to 20.0 g/kWh with silicon carbide packing, as shown in Fig. 9b. 

Taking into consideration the limited catalytic activity of the packing 
materials in the catalyst-only process, their effect on product generation 
is minimal and not considered significant. The impact of packing ma
terials on the total gas yield is shown in Fig. 9c. In plasma-only exper
iments, the use of silicon carbide as the packing material results in the 
lowest total gas yield, while the other materials have similar values. 
However, under plasma catalysis, a noticeable difference in gas 

production is observed, particularly in the case of silicon carbide, which 
exhibits the highest total gas yield of about 90%, compared to the values 
of less than 80% obtained with other materials. Overall, the use of 
packing materials with high relative permittivity has both detrimental 
and promoting effects on the reaction performance of the plasma-only 
and plasma catalysis modes, respectively. 

The effects of packing materials on the selectivity and yield of gas 
products and benzene in the plasma-only and plasma catalysis modes are 
illustrated in Figs. S14 and S15. In the plasma-only mode, there is only a 
slight variation in the selectivity and yield of gas products and benzene 
among quartz, corundum, and zirconia ceramics, while the use of silicon 
carbide leads to a significant decrease in the selectivity and yield of 
produced gases, along with a corresponding increase in benzene selec
tivity and yield. In the case of plasma catalysis, the differences in gas 
production among packing materials are more pronounced, particularly 
for silicon carbide, which results in higher CO and CH4 selectivity, as 
well as higher H2, CO, CO2, and CH4 yields, while also lowering the 
benzene selectivity and yield. 

To further understand the effect of the relative permittivity of the 
packing materials, the discharge characteristics of the DBD packed with 
different materials are also characterized. Fig. 10 shows the electrical 
signals of the DBD packed with different materials and operated at a 
fixed discharge power. With the exception of silicon carbide, which 
shows the highest applied voltage of 9.2 kVpk-pk, other materials have 
values of around 8.8 kVpk-pk. As the relative permittivity of the packing 
materials used increases, the magnitude of current pulses gradually 
decreases, but the displacement current increases accordingly, espe
cially in the case of silicon carbide. This phenomenon indicates that the 
use of packing materials with high relative permittivity could increase 
the component of surface discharge in DBD [42]. Higher relative 
permittivity materials are more effectively polarized, resulting in a 
stronger locally enhanced electric field, especially around the contact 
points between pellets [56]. Thus, surface discharge on the surface of 
pellets is easily ignited when using high relative permittivity packing 
material. Fig. 10c exhibits Lissajous curves of the DBD with different 
materials packing at a constant discharge power. Quartz, corundum, and 
zirconia ceramics have almost identical Lissajous curves, but that of 
silicon carbide is quite different. Table S4 summarizes discharge pa
rameters calculated through different Lissajous curves, and the E/n is 

Fig. 10. Electrical signals of the DBD with different materials packing: Applied voltage signals (a), current signals (b), V-Q Lissajous curves (c) and E/n (d) (Reaction 
temperature: 450 ◦C; Catalyst: NA(500)). 
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shown in Fig. 10d. Quartz, corundum, and zirconia ceramics have 
almost the same E/n values, which are much higher than that obtained 
with silicon carbide. Obviously, the three materials that possess close 
values of relative permittivity have close discharge parameters, but due 
to the large difference in relative permittivity, silicon carbide gets quite 
different values. 

Based on the discharge characteristics results presented, it appears 
that in the plasma-only mode, the decrease in toluene conversion and 
total gas yield when using silicon carbide can be attributed to a decline 
in E/n. However, in the plasma catalysis mode, the results show that the 
use of silicon carbide leads to higher toluene conversion and total gas 
yield. This improvement is likely due to the increased surface discharge 
in the presence of silicon carbide. 

3.3.2. Synergistic effect 
Fig. 11a shows the synergistic capacities on conversion and total gas 

yield using different packing materials. The results indicate that all 
packing materials exhibit a synergistic effect in terms of gas production, 
with silicon carbide showing the highest synergistic capacity at around 
120%, while the other materials have values around 70%. However, for 
toluene conversion, the synergistic effect is only observed in the case of 
silicon carbide, while the other materials show negative synergistic ca
pacities around − 15%. 

We also investigated the effect of packing material on the synergistic 
capacities calculated based on the selectivity and yield of gas products, 
as shown in Fig. S10. The results indicate that the synergistic effect is 
observed in the selectivity of CO, as well as in the yield of H2, CO, and 
CO2. In particular, silicon carbide exhibits higher and lower synergistic 
capacities in the yield of main gas products and benzene, respectively, 
compared to other packing materials. Moreover, for light hydrocarbons 
the synergistic effect is mainly observed in the selectivity and yield of 
CH4 and C3 hydrocarbons. 

We further examined the correlation between the relative permit
tivity of packing materials and the synergistic capacity in terms of 
toluene conversion and gas production, as shown in Fig. 11b. The results 
indicate that the synergistic capacity exhibits a positive and strong 
linear correlation with the relative permittivity of the packing materials. 
This finding suggests that the use of a packing material with high rela
tive permittivity could enhance the synergistic effect. 

The observed correlation may be attributed to the increased surface 
discharge in the case of packing materials with high relative permit
tivity. The greater surface discharge component implies that more area 
on the catalyst surface is covered by the discharge, as reported in pre
vious studies [43]. Additionally, the active species generated by 
discharge and involved in surface reactions through Langmuir- 
Hinshelwood or Eley-Rideal mechanisms are considered key drivers of 
the synergistic effect [26]. However, most of the active species produced 
by discharge activation have a short lifetime [57]. Therefore, increasing 
the discharge-covered area on the catalyst surface could increase the 
probability of active species participating in surface reactions, thereby 
intensifying the synergistic effect. 

In summary, the choice of packing material has a significant impact 
on the synergistic effect in plasma-catalytic processes, affecting the 
selectivity and yield of gas products. Moreover, using a packing material 
with high relative permittivity could lead to a stronger synergistic effect 
due to the increased surface discharge and higher probability of active 
species participating in surface reactions. 

4. Conclusions 

In this study, we investigated the performance of plasma-catalytic 
steam reforming of toluene in a DBD plasma reactor combined with 
Ni/γ-Al2O3 catalysts. The results showed that the toluene conversion 
and gas production were affected by the reaction temperature, catalyst 
calcination temperature, and packing material relative permittivity. At 
low reaction temperatures, the toluene conversion mainly depended on 
the intensity of the plasma, while gas production was limited. However, 
at high reaction temperatures, the increased catalyst activity promoted 
toluene conversion and enhanced the oxidation of carbonaceous species, 
leading to a greater production of gas products. The process achieved a 
high toluene conversion of 87.1%, a total gas yield of 72.6%, and an 
energy efficiency of 18.2 g/kWh at 450 ◦C. Furthermore, we found that 
the synergistic capacity of plasma catalysis was positively correlated 
with the metal surface area and relative permittivity of the packing 
materials, and negatively correlated with the reaction temperature in 
terms of toluene conversion. However, gas production had a positive 
correlation with reaction temperature. These findings suggest that using 
catalysts with lower calcination temperatures and packing materials 
with higher relative permittivity can improve the process efficiency. 
Overall, this work highlights the potential of plasma-catalytic steam 
reforming of toluene for sustainable hydrogen production and provides 
insights into optimizing the process parameters. 
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