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Abstract

In this study, a packed-bed dielectric barrier discharge (DBD) reactor was developed to investigate the removal of

biomass tar in a fuel gas atmosphere. Toluene was used as the tar surrogate and the catalyst used was a Nickel-based

catalyst (Ni/γ-Al2O3) because of its high activity and low cost. In addition, other two kinds of packing materials (glass

pellets and γ-Al2O3 pellets) were employed to make a comparison with the Ni/γ-Al2O3 catalyst. The research has focused

on the removal efficiency of toluene and the effects of carrier gas, reaction temperature, Ni loading and concentration

of toluene. The results indicated that two supplementary packing materials could not realize an effective removal of

toluene. On the contrary, Ni/γ-Al2O3 combined with plasma showed a significant synergetic effect and hence a great

toluene removal potential. On one hand, the removal efficiency initially decreased within the temperature range of

200 – 300 °C and then significantly increased within the temperature of 300 – 400 °C during plasma-catalytic process.

At the optimal temperature of 400 °C, the toluene removal efficiency could reach the maximum values of 80.2 %, 91.7 %

and 100.0 % when the Ni loading was 3, 5 and 10 wt%, respectively. On the other hand, an increase in the inlet toluene

concentration slightly reduced removal efficiency but increased the energy efficiency, reaching the highest value of

16.9 g/kWh. The introduction of plasma enhanced the methanation reaction of the fuel gas occurring in the catalytic

process, which was favorable at high temperatures. Based on these findings, the mechanisms and pathways of toluene

destruction in the plasma-catalytic process were proposed and elucidated.
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1. Introduction

With the rapid depletion of fossil fuels and the growing aggravation of the subsequent greenhouse effect, biomass

as an important renewable energy source has received considerable attention over the recent years. In terms of energy

utilization efficiency and simplification of application, biomass gasification can be regarded as one of the most

promising technologies which converts biomass to a fuel gas or synthesis gas [1]. The fuel gas can be combusted in gas

engines and turbines to generate electricity and heat, while the high quality synthesis gas can be used for fuel cells and

Fischer-Tropsch synthesis [2, 3]. However, there are many undesirable byproducts/pollutants formed during the

gasification process, for instance, fly ash, NOx, SO2 and tar. Tar, one of the most troublesome contaminants in the fuel

gas or synthesis gas [4], is a complex mixture of condensable hydrocarbons and will condense when the process

temperature is lower than its dew point, resulting in fouling, clogging and corrosion problems in subsequent process

units such as pipes, filters and engines[5]. Therefore, tar removal or cracking to light gaseous components is an

essential process for the efficient use of the raw fuel gas derived from biomass gasification.

Many purification methods, including mechanical separation, thermal cracking and catalytic reforming, have been

used for tar removal in biomass gasification processes [6]. Mechanical separation is a wide common approach, while

it causes secondary environment pollution and some energy loss [6]. Thermal cracking of tars requires a very high

temperature (>1000 °C) to obtain the good performance, resulting in a higher energy consumption and lower energy

efficiency [7]. Catalytic reforming of tars is regarded as a more attractive tar removal technology, due to its potential

in converting tars into valuable light gaseous products at low temperatures and regulating the H2/CO ratio in the

synthesis gas. However, it still faces two major challenges: firstly, the reaction process is endothermic, consequently,

high temperature is likely required to achieve the optimal results; secondly, there is an unavoidable disadvantage

during the reaction process that catalysts can be easily deactivated by coke deposition, sintering and poisoning [8].

Recently, the application of non-thermal plasma technology has attracted significantly attention due to its capability

of activating reactive molecules at ambient pressure and room temperatures. In a non-thermal plasma, although the

gas temperature remains in the range of room temperature, the temperature of energetic electrons can reach 104-105

K. In such case, the sufficient energy can break chemical bonds of reactive molecules and, produce a variety of reactive

species including free radicals, excited atoms, ions, and molecules [9]. Several investigations on tar removal using non-

thermal plasma, including dielectric barrier discharge (DBD) [10-12], pulsed corona discharge [13] and gliding arc

discharge [14, 15], have been conducted. It has been reported that the plasma process can very efficiently eliminate

tars or tar model compounds at low temperatures but the high energy consumption and the low selectivity of desired

products may restrict its applications [12, 14]. The introduction of a catalyst to a non-thermal plasma tar reduction

process can be a promising approach to solve the aforementioned issues by combining the advantages of non-thermal
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plasma and catalyst [16]. The combination of plasma and catalyst has the potential to generate a synergetic effect,

which can lower the activation energy of tar cracking and improve the conversion of reactants, the selectivity of desired

products, and consequently enhance the energy efficiency of the plasma-catalytic process [17-19]. The synergetic

effect was successfully achieved in a tar removal process when using a pulse corona discharge reactor combined with

γ-Al2O3 [20]. In a plasma process, the background gas (referring to carrier gas) is a very important factor, which exerts

significant effect on both physical and chemical properties of plasma, such as the discharge current, species and

numbers of reactive components, resulting in the variation of reaction performance [21, 22]. Abdelaziz et al. [23] found

that the presence of oxygen could increase the positive pulse repetition rate but decrease the positive pulses amplitude

of micro-discharges due to the electronegativity of oxygen, and the highest decomposition efficiencies of naphthalene

was obtained in pure nitrogen in a surface dielectric barrier discharge reactor. Yu et al. [24] studied the effect of

different carrier gases on the electrical characteristics of gliding arc discharge and naphthalene destruction. They found

that the argon plasma had the highest discharge current but the lowest destruction efficiency, and the highest

decomposition rate was obtained in oxygen plasma. However, most of previous studies on tar removal in plasma

processes have used noble gas like nitrogen or helium as the carrier gas for tar, which is very different from the real

fuel gas derived from biomass gasification. Few studies have investigated the removal of biomass tar in a fuel gas

atmosphere by combining plasma and catalyst, and hence the tar removal behavior and the synergetic effect in the

plasma-catalytic process are not really understood.

The present study aims to demonstrate the tar in a fuel gas atmosphere can be effectively removed by the

combination of plasma and catalyst at a low energy input. In this work, a coaxial packed-bed DBD reactor has been

designed and built for the removal of tar. Toluene was selected as a typical tar model compound as it is one of the main

important compounds with high thermal stability among the biomass gasification tars. A synthetic fuel gas similar to

that obtained from biomass gasification was adopted as the carrier gas. The effect of carrier gas (fuel gas or nitrogen),

reaction temperature, Ni loading and concentration of toluene were investigated. In addition, other two packing

materials, glass pellets and γ-Al2O3 pellets, were employed to make a comparison with the Ni/γ-Al2O3 catalyst. The

exhaust gas and liquid products were analyzed quantitatively or qualitatively to get insight into the possible destruction

pathways of toluene.

2. Experimental

2.1. Catalyst preparation

The Ni/γ-Al2O3 catalysts with different Ni loadings (3, 5, and 10 wt %) used in this work were prepared by a wet

impregnation method. The commercial γ-Al2O3 pellets (diameter 2-4 mm) were calcined at 550 °C for 3 h in air
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atmosphere prior to use. The appropriate weight of γ-Al2O3 was added to aqueous solution of Ni(NO3)2·6H2O and

impregnated for overnight at ambient temperature. Subsequently, the catalyst precursor was dried at 120 °C for 6 h,

and then calcined at 400 °C for 4 h in air atmosphere.

2.2. Catalyst characterization

The BET surface, pore volume and average pore diameter of catalysts were measured by N2 adsorption/desorption

isotherms at -196 °C using a surface area analyzer (Micromeritics, ASAP2010). Before the measurement, the catalysts

were degassed at 200 °C for 8 h under vacuum. Powder X-ray diffraction (XRD) measurements were performed on an

X-ray diffractometer instrument (PANalytical, X’pert Pro MPD) with Cu Kα radiation operated at 40 kV and 40 mA. H2-

temperature programmed reduction (H2-TPR) measurements were carried out on a TPR instrument (Quantachrome,

ChemStar). Before the measurement, 50 mg sample was preheated in an Ar stream at 300oC for 30 minutes and then

cooled to 40 oC. H2-TPR was conducted with a gas mixture of 10 vol.% H2 in Ar at a flow rate of 50 mL/min. The

temperature was raised from 40 oC to 900 oC with a heating rate of 10 oC/min.

2.3. Experimental setup

A schematic diagram of the experimental setup is shown in Fig.1. The experimental system consists of four units,

including the toluene generation unit, DBD plasma reactor, electrical measurements unit and chemical analysis unit.

Gaseous toluene was obtained by passing a nitrogen gas stream through a toluene bubbler submerged in a water bath

kept a constant temperature. The Nitrogen stream containing gaseous toluene and carrier gas (fuel gas or nitrogen)

were fully mixed in the mixing chamber before feeding to the DBD reactor. The fuel gas applied in this study was

composed of 15 vol% of H2, 18 vol% of CO, 12 vol% of CO2, 1.5 vol% of CH4 and 53.5 vol% of N2, which simulates the

real fuel gas derived from biomass gasification [25]. The flow rates of different gases were regulated by a set of mass

flow controllers (MFC, Sevenstar, D07-series). The total flow rate and the concentration of toluene were kept at 0.06

m3/h (based on room temperature and atmospheric pressure) and 600 ppmv (2.2 g/m3), respectively, in this study

unless otherwise mentioned.

The DBD plasma reactor is made of a cylindrical corundum ceramic tube with the inner diameter of 20 mm and outer

diameter of 25 mm. The outer surface of the corundum ceramic tube is wrapped by a 200 mm long stainless steel mesh

as the outer electrode, and the stainless steel mesh is connected to the ground through a capacitor (0.1 μF). A stainless 

steel rod (diameter 5 mm) as the inner electrode is placed along the axis of the tube. The discharge gap between the

inner electrode and the corundum ceramic tube is 7.5 mm with a corresponding discharge volume is 58.9 ml. Three

kinds of packing materials, including Ni/γ-Al2O3 catalysts, commercial glass pellets (diameter 3 mm) and γ-Al2O3 pellets,
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were used in this work. In the experiments, the packing materials were directly placed in the discharge zone. To hold

the packing materials, a stainless steel sieve plate was fixed at the end of inner electrode and located 30 mm below

the lower border of the discharge zone, and the region between the edge of the discharge zone and the stainless steel

sieve was filled with quartz sands (diameter 1-2 mm). To investigate the effect of reaction temperature, the DBD reactor

was placed inside a temperature-controlled tubular furnace. The reaction temperature was measured by a K-type

thermocouple located on the outside reactor tube wall at the midpoint of the discharge zone. When Ni/γ-Al2O3

catalysts were selected as the packing material in the experiments, the catalysts were reduced in situ in flowing pure

hydrogen at 400 °C for 2 h before each experiment.

The DBD plasma reactor was driven by an AC high voltage power supply (Nanjing Suman, CTP-2000K) with a peak

voltage of 30 kV and a frequency of 5-20 kHz. The frequency was kept at 9 kHz in this study. The V-Q Lissajous method

was used to determine the discharge power in the DBD plasma reactor. The charge stored in the reactor was

determined by measuring the voltage across the capacitor (0.1 μF). The high voltage applied to the DBD reactor was 

measured by a high voltage probe (Tektronix, P6015A). The signals of the applied voltage and the charge were recorded

with a digital oscilloscope (Tektronix, DPO2024B). The discharge power of the DBD reactor was calculated by

multiplying the area of Lissajous diagram with the frequency [26].
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Fig.1. Schematic diagram of the experimental setup

2.4. Methods of analysis

The composition of the exhaust gas was analyzed by a gas chromatography (GC, Shimadzu, GC-2014) equipped with

a flame ionization detector and a thermal conductivity detector for the analysis of N2, H2, CO, CO2, CH4, C2H2, C2H4 and

C2H6. The concentrations of toluene and benzene (one of the products generated by toluene destruction) were

analyzed by another on-line GC (Fuli, 9790) equipped with a flame ionization detector (FID). During each experiment,
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an ice trap, consisting of two absorption bottles filled with 100 ml hexane and placed in an iced water trap, was placed

at the exit of the reactor to collect the liquid products. The liquids product dissolved in hexane was analyzed by an off-

line gas chromatography-mass spectrometry (GC-MS, Thermo Fisher, Trace 1300-ISQ) equipped with a DB-5 capillary

column.

The toluene removal efficiency, tar removal efficiency and selectivity of benzene are defined as follows:

(%)௧௢௟௨௘௡௘ߟ =
[்]೔೙ି[்]೚ೠ೟

[்]೔೙
× 100% (1)

(%)௧௔௥ߟ =
[்]೔೙ି([்]೚ೠ೟ା[஻]೚ೠ೟)

[்]೔೙
× 100% (2)

஻ܵ(%) =
଺[஻]೚ೠ೟

଻([்]೔೙ି[்]೚ೠ೟)
× 100% (3)

Where [ܶ]௜௡, [ܶ]௢௨௧ represent the concentration of toluene at the inlet and the outlet of the reactor, respectively,

and ௢௨௧[ܤ] means the concentration of benzene at the outlet.

The specific energy input (SEI) of the plasma discharge, i.e. the ratio of the input energy to the gas flow rate, is defined

as follows:

SEI(J/L) =
௉ವ (ௐ )

ொ(௅/௠ ௜௡)
× 60 (4)

Where ஽ܲ represent the discharge power, and Q is the gas flow rate.

When evaluating the energy efficiency, both the DBD discharge energy and the additional heating energy from the

furnace were taken into account to make the evaluation practically meaningful. Therefore, the energy efficiency of the

toluene removal is defined as:

E(g/kWh) =
[௠ ]ೝ೐೘ ೚ೡೌ೗(௚/௠ ௜௡)

[௉ವ (ௐ )ା௉೅(ௐ )]×଺଴/ଷ଺଴଴଴଴଴
(5)

Where ்ܲ is the heating power required to heat the gas stream from room temperature to target temperatures and

[݉ ]௥௘௠ ௢௩௔௟are the grams of toluene removed per minute.

All measurements were conducted after the reaction reached a stable stage. After each experiment, the reactor was

heated to 600 °C for 1 h in air atmosphere to remove carbon deposition and other contaminants formed in the

experiment. The experimental data in this paper were the average value of three repeating runs which conducted

within each experiment, their relative errors were found to be less than 5% and their error bars described by standard

deviation were presented in each figure.

3. Results and discussion

3.1.Catalyst characterization

The specific surface area and pore structure of the packing materials used in this study are shown in Table.1. Clearly,
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the specific surface area of glass pellet is substantially lower than other packing materials. Moreover, for Ni/γ-Al2O3

catalysts, it can be seen that the specific surface area and the pore volume decrease with the Ni loading, and the

support (γ-Al2O3) has the highest specific surface area and pore volume of 94 m2/g and 0.343 cm3/g, respectively.

Table 1. Specific surface area and pore structure of packing materials

Packing material Specific surface area

(m2/g)

Pore volume

(cm3/g)

Average diameter

(nm)

Glass pellet <1 - -

γ-Al2O3 94 0.343 7.3

3 wt%Ni/γ-Al2O3 82 0.328 8.0

5 wt%Ni/γ-Al2O3 76 0.289 7.6

10 wt%Ni/γ-Al2O3 72 0.281 7.8

The XRD patterns of the γ-Al2O3 and the Ni/γ-Al2O3 catalysts before and after the reduction are shown in Fig.2. The

main peaks at 2θ = 37.3º, 39.5º, 45.8º and 67º are observed and attributed to γ-Al2O3. After the calcination of the

catalyst precursor, the characteristic peaks of crystalline NiO can be detected at 2θ = 37.2º, 43.3º, 62.9º and 75.4º in 

the fresh Ni/γ-Al2O3 catalyst. When Ni/γ-Al2O3 catalyst was reduced at 400 °C, it was evident that the peaks for NiO

crystallites disappeared from the pattern and the new peaks were found at 2θ = 44.3º, 51.6º and 76.3º, which are 

ascribed to the formation of metallic Ni.
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Fig.2. XRD patterns of (a) the support; (b) 10 wt% Ni/γ-Al2O3 before reduction; (c) 10 wt% Ni/γ-Al2O3 after reduction

Fig.3 shows the TPR curves of Ni/γ-Al2O3 catalysts with different Ni loading (3 wt.%, 5 wt.% and 10 wt.%). There
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mainly exist the reduction peaks of Ni2O3 (350oC-400oC)[27, 28] and NiO (400oC -900oC)[27-29]. The reduction peaks

of 379oC (3wt.% Ni), 366oC (5wt.% Ni) and 368oC (10wt.% Ni) are assigned to the reduction of Ni2O3 species. Clearly, as

the Ni loading increases, the amount of Ni2O3 species gradually decreases, while the amount of NiO species gradually

increases. The reducible NiO species can be divided into four types: α, β1, β2, γ[29]. As shown in Fig.3, the 3wt.% Ni/γ-

Al2O3 has four reduction peaks in the range of 400oC -900oC. The peak located at 464oC is assigned to α-type NiO species, 

which are free nickel oxides species and have a weak interaction with the Al2O3 support. The β-type NiO species has a 

stronger interaction with the Al2O3 support than α-type NiO species, and can be divided into β1-type and β2-type. The 

peaks at 611oC and 696oC could be attributed to the reduction of β1-type and β2-type NiO species, respectively. The 

high-temperature reduction peak (815oC) is assigned to γ-type NiO species, which are ascribed to the stable nickel 

aluminate with a spinel structure. When the Ni loading increased to 10wt.%, it can be observed that the reduction

peaks of α-type, β1-type and β2-type NiO species shifted to lower temperatures, from 464oC, 611oC and 696oC to 436oC,

494oC and 624oC, respectively. This indicates that the interaction between NiO species and the support becomes

weaker with the increase of the Ni loading in Ni/γ-Al2O3 catalysts.
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Fig.3 TPR curves of Ni/γ-Al2O3 catalysts with different Ni loading

3.2.Effect of carrier gas and packing material

The removal of toluene was carried out in the DBD reactor with glass pellets and γ-Al2O3 pellets as the packing

material, respectively. Fig.4 shows that the removal efficiency of toluene as a function of the specific energy input (SEI)

of the plasma discharge in two different carrier gases – fuel gas and N2. Obviously, the toluene removal efficiency in

the DBD reactor increases with SEI regardless of the differences of packing materials and carrier gases. In the case of

N2 atmosphere, the toluene removal efficiency of γ-Al2O3 pellets reactor increased from 41.6 % to 74.6 % within the
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SEI range of 206-810 J/L, while for the glass pellets reactor it was 13.6 % -59.2 % within the SEI of 217-862 J/L. For the

fuel gas atmosphere, the toluene removal efficiency of the glass pellets reactor increased from 7.6 % to 33.5 % with

the increase of SEI from 181 J/L to 716 J/L. As for the γ-Al2O3 pellets reactor, the toluene removal efficiency varied from

28.3 % to 56.7 % when SEI changed from 202 J/L to 826 J/L. The presence of the packing material in the discharge zone

enhances the electric filed intensity especially at the contact positions between pellets and, shifts the discharge type

to a combination of micro-discharges in void spaces and surface discharge on the pellets surface [30, 31]. Higher SEI

means more gas breakdowns and energetic electrons generated at the pellets surface and in void spaces during single

discharge period, which is favorable to the removal of toluene in the DBD plasma reactor [26].

Moreover, the removal performance of the γ-Al2O3 pellets reactor is much better than that of the glass pellets reactor

in N2 atmosphere, as shown in Fig.4. At the SEI of 800 J/L, compared to the toluene removal efficiency of 55 % in the

glass pellets reactor, the toluene removal efficiency was elevated up to 74 % when using γ-Al2O3 pellets as the packing

material. In addition, a similar phenomenon was also observed in the fuel gas atmosphere. For example, at 700 J/L,

the toluene removal efficiency was 33 % and 53 % for the glass pellets reactor and γ-Al2O3 pellets reactor, respectively.

The phenomenon is attributed to the different properties of the two packing materials, such as permittivity, specific

surface area and pore structure. Zheng et al. [26] found that the packing materials with higher permittivity could store

more energy in a single discharge period, which can accelerate the plasma-chemical process and obtain a better

chemical performance in a packed-bed DBD reactor. The γ-Al2O3 pellets possess a higher permittivity than the glass

pellets. In addition, larger specific surface area and pore volume can absorb more toluene molecules and prolong the

residence time, which increases the effective collisions between toluene molecules and reactive species generated in

the plasma process, resulting in a better removal performance. As shown in Table 1, the specific surface area and pore

volume of the γ-Al2O3 pellets were much larger than those of the glass pellets. Therefore, the reactor packed with the

γ-Al2O3 pellets achieved a higher toluene removal efficiency in the DBD plasma reactor.
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using glass pellets and γ-Al2O3 pellets as packing materials (Reaction conditions: total gas flow rate =0.06 m3/h,

reaction temperature = 200 °C，toluene concentration = 600 ppmv)

Furthermore, it is worth noting that the toluene removal efficiency in the fuel gas atmosphere was significantly lower

than that in N2 atmosphere at a constant SEI. In the γ-Al2O3 pellets reactor, the removal efficiency of toluene was 55 %

in the fuel gas atmosphere at the SEI of 800 J/L, while the toluene removal efficiency of 74 % was achieved in N2

atmosphere under the same SEI condition. Previous studies showed that the reaction of tar molecules with the excited

N2 molecules was of great importance in the cleaning process due to its high reaction rate [32, 33]. In the fuel gas

plasma, the addition of such gases as CO, CO2, H2 and CH4 to N2 offers extra reactive species like O radicals, H radicals

and CH3 radicals, which provide additional channels for toluene removal. However, because of the low reaction rate of

tar molecules with the extra reactive species as well as the existence of terminating species for excited N2 molecules

in the fuel gas [32], the removal process in the fuel gas atmosphere was not as effective as that in pure N2 atmosphere.

As a result, more energy is required to achieve a desired removal performance in a fuel gas atmosphere.

3.3.Effect of reaction temperature

The reaction temperature is a very important factor in a plasma process and can affect both the performance of the

chemical reactions and the physical properties of the discharge. Previous studies have found increasing temperature

enhances the destruction efficiency of volatile organic compounds and decreases energy consumption in plasma

processes [34, 35]. The effects of the reaction temperature on the toluene removal in the packed-bed DBD reactor

coupled with different packing materials are shown in Fig.5. It can be seen from Fig.5 that the removal efficiency of
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toluene has differing dependences on the reaction temperature with two packing materials. For both packing materials,

the toluene removal efficiency decreased with the temperature at the lower temperature range of 200 – 250 °C.

Increasing temperature exerts negative effect on the permittivity of dielectric medium and packing materials, which

causes the decrease of plasma intensity [18]. Thus, the toluene removal efficiency decreases with the increase of

temperature at the lower temperature range. At higher temperatures (250 – 400 °C), the observed differing impacts of

temperature on the toluene removal efficiency means different reaction mechanisms in the plasma processes with

different packing materials.

In the case of the glass pellets reactor, the toluene removal efficiency reached the minimum value of 13.9 % at 250 °C,

and gradually increased to 24 % when the temperature was increased from 250 °C to 400 °C. As the glass pellets have

no catalytic activity, the removal of toluene depends on the balance between the decrease of plasma intensity and the

increase of removal reaction rate with rising temperature. The small increase in the toluene removal efficiency after

the reaction temperature reached 300 °C shown in Fig.5 indicates the positive effect induced by increasing reaction

rate is comparable to the negative effect induced by decreasing plasma intensity. For the γ-Al2O3 pellets reactor, the

removal efficiency continued to decline with temperature, from 34.3 % at 250 °C to 11.2 % at 400 °C. This indicates the

removal behavior of the γ-Al2O3 pellets reactor is different from that of the glass pellets reactor. The observed lower

toluene removal efficiency at higher temperatures was due to the recombination of the dissociated fragments to

reproduce toluene molecules at higher temperatures [13]. Moreover, the characteristics of the γ-Al2O3 pellets such as

catalytic activity and adsorption properties might be beneficial for the recombination. Possible routes for the

recombination of the dissociated fragments are shown in Reactions (6-8) [15]:

H + C7H7 → C7H8 (6)

CH3 + C5H5 → C7H8 (7)

C2H2 + C5H6 → C7H8 (8)

In this case, with the increase of temperature, decreasing plasma intensity as well as weakening destruction reaction

rate induced by the recombination reactions led to the decrease in the toluene removal efficiency.
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These results indicate that the combination of DBD plasma with the glass pellets or the γ-Al2O3 pellets cannot

effectively remove toluene in the fuel gas atmosphere even with the processes being operated at high temperatures.

This is mainly attributed to the low or no catalytic activity of the glass and γ-Al2O3 pellets for tar destruction.

Nickel-based catalysts have been widely applied for tar destruction due to their high activity, abundance and low

price [8]. In this work, the Ni-impregnated γ-Al2O3 as a packing material coupled with DBD plasma was conducted to

destruct toluene in the fuel gas atmosphere. In addition, the destruction of toluene using Ni/γ-Al2O3 catalyst alone was

conducted for comparison. In a plasma-catalysis process, due to different destruction mechanisms, the temperature

dependence curve of pollutant destruction can generally be split into two different parts [36, 37]. At low temperatures,

the pollutant destruction is dominated by the plasma gas phase chemistry and has a small temperature dependence.

When the temperature is above a threshold value, the thermal activation of the catalyst becomes to be important and

pollution destruction shows a strong dependence on temperature. As shown in Fig.6, the temperature dependence

curve of toluene removal is consistent with above explanation. When the temperature was below 300 °C, less than 40 %

removal efficiency of toluene was achieved and the removal efficiency decreased with temperature because of the

decreasing plasma intensity. Above 300 °C, the toluene removal efficiency significantly increased with temperature. At

400 °C, compared to the case of Ni/γ-Al2O3 catalyst alone, the combination of Ni/γ-Al2O3 catalyst and DBD plasma

significantly enhanced the toluene removal efficiency, reaching 91.7% from 32.7 % which was achieved with the

catalyst alone case. As mentioned above, the combination of plasma and catalyst has the potential to generate
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synergetic effect. The synergetic effect can be confirmed if the removal performance achieved with plasma-catalysis is

better than the simple sum of those using plasma alone and catalysis alone [19]. In this study, the toluene removal

using glass pellets as the packing material can be regarded as the destruction achieved by plasma alone because of no

catalytic activity of glass pellets. As shown in Fig.6, at 400 °C, the toluene removal efficiency of 91.7 % was obtained in

the plasma-catalytic process, which is much higher than the sum of those using DBD plasma alone and Ni/γ-Al2O3

catalyst alone, hence indicating the occurrence of the synergetic effect under this condition (400 °C). However, no

obvious synergetic effect was observed when the temperature was at 300 -350 °C. Within the temperature range of

200-250 °C, the toluene removal efficiency in the plasma-catalytic process was higher than the sum of those using

plasma alone and catalyst alone, however, this was mainly attributed to the difference between the packing materials

(glass pellets and Ni/γ-Al2O3 catalyst) rather than the synergetic effect. Obviously, the synergetic effect has a close

relationship with temperature. At low temperatures, no obvious synergetic effect is obtained due to low catalytic

activity. With the increase of temperature, the synergetic effect is achieved when the temperature is above a threshold

value, where both plasma process and catalytic activity are important.
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Fig.6. Effect of reaction temperature on the toluene removal efficiency using DBD coupled with Ni/γ-Al2O3 and Ni/γ-

Al2O3 catalyst alone (Reaction conditions: total gas flow rate = 0.06 m3/h, toluene concentration = 600 ppmv, specific

energy input = ~350 J/L, Ni loading = 5 wt%, carrier gas: fuel gas)

In the experiments, the high concentration of benzene was detected at the outlet when the plasma-catalytic process

was operated at high temperatures. Benzene is a typical compound of tars, and it is often used as a surrogate tar in

previous researches due to its high thermal stability and simple structure [5]. In tar removal processes, gaseous

products with lighter molecular weights such as H2, CH4, and C2H2 are the desired products but benzene is not a desired
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product. As described by equation (2), the tar removal efficiency in this work is defined as the ratio of the removed

amount of tars (toluene and benzene) to the initial tar concentration (toluene concentration at the inlet), and hence it

evaluates the ability of converting toluene into light gaseous products in the plasma-catalytic process. Fig.7 shows the

selectivity of benzene and the tar removal efficiency in the plasma-catalytic process as a function of the reaction

temperature. It can be seen that the temperature has great effects on both the selectivity of benzene and the tar

removal efficiency. The selectivity of benzene increased with temperature from 200 °C to 350 °C, reaching the

maximum value of 68.3 %, and then notably decreased to 28.7 % at 400 °C. The thermal activation of catalyst plays a

crucial role in the production of benzene. With the temperature rising, the increasing catalytic activity is beneficial to

benzene production in the toluene removal process, improving the selectivity of benzene. The high catalytic activity at

temperatures higher than 350 °C can further crack benzene into lighter products, which causes the decrease of the

selectivity of benzene. For the tar removal efficiency, it declined from 35 % to 6 % as the temperature was raised from

200 °C to 350 °C, and then significantly increased to 61 % at 400 °C. At low temperatures, the decreasing toluene

removal efficiency causes the decrease of tar removal efficiency with the rising temperature. At 350 °C, although the

toluene removal efficiency slightly increased to 29.3 % (Fig.6), a large amount of benzene generated in plasma-catalytic

process led to the continuous decreasing of tar removal efficiency. At temperatures above 350 °C, the synergetic effect

of plasma and catalyst significantly improves the toluene removal efficiency, and the decreasing selectivity of benzene

means toluene is inclined to be cracked into lighter products at such a high temperature. Thus, the highest tar removal

efficiency was achieved at 400 °C. Higher reaction temperatures have not been used in this study due to the

temperature limitation of the DBD reactor, however, it can be deduced from the above results that a higher tar removal

efficiency and a lower selectivity of benzene can be obtained if the reaction temperature is increased further above

400 °C.
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Fig.7. Effects of reaction temperature on the selectivity of benzene and tar removal efficiency in plasma-catalytic

process (Reaction conditions: total gas flow rate = 0.06 m3/h, toluene concentration = 600 ppmv, specific energy

input = ~350 J/L, Ni loading = 5 wt%, carrier gas: fuel gas)

3.4.Effect of Ni loading

The effect of Ni loading on the toluene removal efficiency at different reaction temperatures is shown in Fig.8. Clearly,

there is a little difference in the toluene removal behavior of catalysts with different Ni loadings (3 wt%, 5 wt% and 10

wt%). The toluene removal efficiency with 3 wt% Ni/γ-Al2O3 and 10 wt% Ni/γ-Al2O3 decreased to the same minimum

value of 17 % at 300 °C after the temperature was increased from 200 °C, and then increased to 80.2 % and 100 % at

400 °C, respectively. Moreover, it is worth noting that the toluene removal efficiency had an order of 3 wt% > 5 wt% >

10 wt% below 300 °C, while a reverse phenomenon was found when the temperature was above 300 °C. As suggested

by the TPR results, the higher Ni loading weakens the interaction between NiO species and the support, which increases

the fraction of reducible NiO at 400oC, consequently forming more Ni particles on the catalyst surface. Jo et al. [38]

found that the presence of conductive particles on the surface of catalyst reduced the overall electric field in DBD

plasma, resulting in the decrease of plasma intensity. Moreover, as mentioned above, the removal of toluene is

dominated by the plasma chemical reactions and has a dependence on plasma intensity at low temperatures.

Therefore, it can be assumed that a higher loading of Ni exerts greater negative effect on plasma intensity when

compared to a lower Ni loading, leading to a lower removal performance with higher Ni loading catalyst at low

temperatures. However, at high temperatures, the catalytic activity plays an important role in the destruction of

toluene. The higher Ni loading of catalyst means more active sites formed on the catalyst surface, which is conducive

to the toluene removal. Therefore, a higher toluene removal efficiency is obtained for the catalyst with a higher Ni

loading at high temperatures.
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process (Reaction conditions: total gas flow rate = 0.06 m3/h, toluene concentration = 600 ppmv, specific energy

input = ~350 J/L, carrier gas: fuel gas)

Fig.9 presents the effect of Ni loading on the selectivity of benzene and tar removal efficiency at varying reaction

temperatures. The selectivity of benzene for 10 wt% Ni loading experienced an increase with rising temperature,

reaching the peak value of 66.3 %, and then significantly decreased as the temperature was above 350 °C, which is

similar to that of 5 wt% Ni loading (Fig.7). Besides, the increasing and decreasing rates of 10 wt% Ni loading were

greater than those of 5 wt% Ni loading due to the formation of more active sites on 10 wt% Ni/γ-Al2O3 surface. However,

for the 3 wt% Ni loading, the selectivity of benzene increased from 6.6 % to 37.7 % when the temperature increased

from 200 °C to 400 °C. The differing trends observed for 3 wt% and 10 wt% Ni loadings can be explained as follows: the

production of benzene was enhanced by the rising temperature, while the 3 wt% Ni/γ-Al2O3 had not enough active

sites to further crack benzene into lighter products, leading to the continuous increase of the selectivity of benzene. In

the case of the tar removal efficiency, the catalysts with different Ni loadings (3 wt% and 10 wt%) experienced a

decrease and then an increase with increasing temperature, having the same reflection point of 300 °C. Moreover, the

tar removal efficiency of the 10 wt% Ni loading was 5-10 % lower than that of the 3 wt% Ni loading below 350 °C. At

400 °C, the plasma-catalytic process achieved 98 % tar removal efficiency for 10 wt% Ni/γ-Al2O3 whereas only 50 % was

obtained for 3 wt% Ni/γ-Al2O3 at this temperature. These results show that higher Ni loadings and temperatures are

beneficial to achieve a higher tar removal efficiency in the plasma-catalytic process.
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Fig.9. Effect of Ni loading on the selectivity of benzene and tar removal efficiency as a function of reaction

temperature in plasma-catalytic process (Reaction conditions: total gas flow rate = 0.06 m3/h, toluene concentration

= 600ppmv, specific energy input = ~350 J/L, carrier gas: fuel gas)

3.5.Effect of toluene concentration

The effects of the toluene concentration on the toluene removal efficiency and energy efficiency are presented in

Fig.10. The toluene removal efficiency decreased from 92.7 % to 88.1 % when the toluene concentration was increased

from 400 ppmv to 1200 ppmv. When the SEI, total gas flow rate and reaction temperature are fixed, the amount of

electrons and active species in the plasma should be constant and hence, each toluene molecule shares fewer electrons

and active species with an increase in the toluene concentration, resulting in a decrease in the toluene removal

efficiency. In addition, the toluene concentration also exerts an important effect on the energy efficiency of toluene

removal in the plasma-catalytic process. As shown in Fig.10, the energy efficiency (E) increased linearly from 5.9g/kWh

to 16.9 g/kWh as the toluene concentration was changed from 400 ppmv to 1200 ppmv.
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process (Reaction conditions: total gas flow rate = 0.06 m3/h, reaction temperature = 400 °C, heating power = 8.1W,

specific energy input = ~350 J/L, Ni loading = 5 wt%, carrier gas: fuel gas)

3.6.The analysis of exhaust gas

The removal of toluene in the plasma-catalytic reactor with the fuel gas as carrier gas is a very complex process. A

variety of reactions are involved in this process, including the reactions of all gas components in the carrier gas and

causing the concentration variations of each component in the fuel gas. Fig.11 presents the concentrations of H2, CO,

CO2 and CH4 at the outlet of the reactor as a function of reaction temperature. Clearly, for both the catalyst alone

process and the plasma-catalytic process, the gas concentrations at the outlet changed with the reaction temperature.

The concentrations of H2 and CO at the outlet decreased with temperature but a reverse trend was found for CH4 and

CO2 in both the plasma-catalytic process and the catalyst alone process. For the plasma-catalytic process, the lowest

concentrations of H2 and CO, 8.5 % and 12.3 %, respectively, were achieved at 400 °C, while the maximum

concentrations of CH4 and CO2 of 4.4 % and 15.5 %, respectively, were reached at the same temperature (Fig.11a). For

the catalyst alone process, the lowest concentrations of H2 and CO of 9.8% and 13.6%, respectively, and the maximum

concentrations of CH4 and CO2 of 3.5% and 14.3%, respectively, were achieved at 400 °C (Fig.11b), In this case, the

destruction of toluene could not exert great influence on the content of fuel gas due to the low concentration of

toluene. According to the previous studies, the great change of compositions in the fuel gas is ascribed to two kinds of

important reactions: methanation reactions and water gas shift reaction [39, 40], as shown in Reactions (9-11):

Methanation reactions:

CO + 3H2 → CH4 + H2O (9)
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CO2 + 4H2 → CH4 + 2H2O (10)

Water gas shift reaction:

CO + H2O → H2 + CO2 (11)

It can be seen that methanation consumes H2, CO and CO2 and produces CH4, thus significantly affects the

concentration of H2 and CH4. Besides, in the methanation process, the methanation of CO2 is completely suppressed

as long as CO remains in the fuel gas [41]. Thus, we can conclude that the H2 consumption is caused predominantly by

CO methanation. In addition, the water gas shift reaction causes the further decrease of CO and increases the

concentration of CO2. When the temperature was increased from 200 °C to 400 °C, the methanation rate was

accelerated, which enhances the consumption of CO and H2, correspondingly leading to the rising of the concentrations

of CH4 and CO2. Furthermore, by comparing Fig.11a and Fig.11b, it can be seen that the concentration of CH4 in the

plasma-catalytic process is higher than that in the catalyst alone process regardless of the reaction temperature.

Therefore, the introduction of plasma enhanced the methanation reactions of the fuel gas occurring in the catalytic

process
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Fig.11. Concentrations of H2, CO, CO2 and CH4 at the outlet as a function of reaction temperature in plasma-catalytic

process (a) and catalytic alone process (b) (Reaction condition: total gas flow rate = 0.06 m3/h, toluene concentration

= 600 ppmv, specific energy input = ~350 J/L, Ni loading = 5 wt%, carrier gas: fuel gas)

The production of substitute natural gas (SNG) through the methanation of bio-syngas has attracted extensive

attention recently [42, 43]. In this work, in addition to the removal of toluene, the methanation of the fuel gas was

achieved in the plasma-catalytic process. For instance, at 400 °C, the concentration of CH4 at the outlet was nearly

three times higher than that at the inlet, and the corresponding CO conversion was 31.4 %. Besides, we found the
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combination of plasma and catalyst could effectively enhance the performance of methanation in the fuel gas, as

shown in Fig.11. However, the fuel gas derived from biomass gasification usually has a low H2/CO ratio of 0.3-2 [42],

which is too low for good methanation reactions. Moreover, the low H2/CO ratio has a negative influence on catalyst

lifetime due to the severe carbon deposition on the catalyst surface [40]. In the present study, the H2/CO ratio of fuel

gas is 0.8, resulting in the low CO conversion. Moreover, the gradual decrease of toluene removal efficiency was

observed after 2 h of reaction in the plasma-catalytic process at 400 °C, which is believed to be due to the severe

carbon deposition. Thus, further efforts need to be applied to enhance the stability of catalyst and improve the

performance of methanation in the plasma-catalytic process. For example, by means of H2O addition to the fuel gas,

the H2/CO ratio can be adjusted by water gas shift reaction to an appropriate value, resulting in the decrease of carbon

deposition and the improvement of CO conversion and CH4 selectivity [39].

Two other gaseous products, C2H2 and C2H6, were also detected at the outlet of the reactor. The same gaseous

products have been found in toluene destruction using gliding arc discharge plasma [14]. Fig.12 shows the

concentrations of C2H2 and C2H6 at the outlet of the plasma-catalytic reactor and the catalyst alone reactor as a function

of reaction temperature. With increasing temperature, the concentration of both C2H2 and C2H6 increased at first,

reaching the maximum values of 829 ppmv and 215 ppmv, respectively, at 300 °C, and then decreased again in the

plasma-catalytic process. A similar trend was observed in the catalyst alone process, but the maximum values were

obtained at 350 °C for C2H2 and C2H6. C2H2 and C2H6 were not found with the catalyst alone process at 200 °C but low

concentrations of C2H2 and C2H6 were detected at the outlet of the plasma-catalytic process. This phenomenon can be

attributed to the dissociation of toluene induced by the plasma process. Urashima et al. [44] suggested that the

destruction of toluene in the plasma could be subdivided into two kinds of major reactions: abstraction of the methyl

group and breaking of benzene ring induced by excited molecules and energetic electrons, as shown in Reactions (12-

14)：

C7H8 → C6H5CH2 + H (12)

C7H8 → C6H5 + CH3 (13)

C7H8 → C5H6 + C2H2 (14)

C2H6 is formed through the recombination of two CH3 radicals. At high temperatures, the high concentration of C2H2

and C2H6 formed in the plasma-catalytic process could not completely ascribed to the dissociation of toluene induced

by excited species because of the low tar removal efficiency at this temperature. The high concentration of C2H2 and

C2H6 at the outlet of the catalyst alone reactor confirms the result (Fig.12). Other reactions in this complex system

could also generate C2H2 and C2H6 For example, C2H2 and C2H6 are the main by-products in dry reforming of methane

[19].
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Fig.12. Concentrations of C2H2 and C2H6 at the outlet as a function of reaction temperature in plasma-catalytic

process and catalytic alone process (Reaction condition: total gas flow rate = 0.06 m3/h, toluene concentration = 600

ppmv, specific energy input = ~350 J/L, Ni loading = 5 wt%, carrier gas: fuel gas)

3.7.Reaction mechanisms

To understand the reaction mechanisms and pathways of toluene destruction in the plasma-catalytic process, the

liquid by-products collected in the hexane solution were qualitatively analyzed by GC-MS, as shown in Table.2. Only six

types of organic by-products were detected, which are benzene, ethylbenzene, 1,2-dimethyl-benzene, 1,3- dimethyl-

benzene, 1-ethyl-3-methyl-benzene and naphthalene. These by-products are all aromatic hydrocarbons and there were

no oxygenates detected in the liquid by-products. Benzene, ethylbenzene and naphthalene have also been detected in

other toluene destruction processes by other researchers using gliding arc discharge [14, 15]. It is worth noting that

the concentrations of the by-products whose molecular weights are larger than toluene are several orders of

magnitude lower than that of toluene, and this means a very small proportion of toluene was converted to high-

molecular weight products in the plasma-catalytic process. These by-products are generated from the recombination

of intermediate molecular fragments derived from the dissociation of the toluene molecules. As mentioned above, the

free radicals such as benzyl (C6H5CH2), phenyl (C6H5), ethyl (C2H5), methyl (CH3) and H are generated in plasma-catalytic

process. In addition, H-abstraction from the benzene ring cannot be completely disregarded although the C-H bonds

in the benzene ring are stronger than that in the methyl group. Thus, the methyl-phenyl (C6H4CH3) radicals are also

obtained in the toluene removal process. The by-products are obtained by the recombination of these free radicals.

Table.2. Product identified in liquid sample by GC-MS
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H3C
CH3

CH3

Benzene Ethylbenzene 1,2-dimethyl-benzene

CH3

CH3

CH3

CH3

1,3- dimethyl-benzene 1-ethyl-3-methyl-benzene Naphthalene

The possible reaction pathways of toluene removal in the plasma-catalytic process are schematically shown in Fig.13.

The C-H bond in methyl of toluene can be easily broken by excited species, energetic electrons and catalytic effect to

produce benzyl radicals [15, 45]. The recombination of benzyl and methyl radicals produces ethylbenzene. In addition,

the methyl-phenyl generated from H-abstraction from benzene ring of toluene recombine with methyl and ethyl

radicals to generate 1,2-dimethyl-benzene (1,3-dimethyl-benzene) and 1-ethyl-3-methyl-benzene, respectively.

Toluene can be ruptured by the dissociation of C-C bonds between methyl and benzene ring, generating phenyl radicals.

As shown in Fig.13, phenyl radicals react with H radicals to form benzene, and benzene is further decomposed to form

H2 and CO. At the same time, the addition of acetylene to phenyl radicals produces phenylacetylene, which is followed

by further reaction with acetylene to form naphthalene [46]. Moreover, the other routes of toluene removal may be

induced by the dissociation of C-C bonds of the benzene ring, leading to the formation of bi-radical HC=CH and methyl-

cyclobutadiene, and eventually producing acetylene, CO and H2.
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Fig.13. Possible reaction pathways for toluene destruction in the plasma-catalytic process

4. Conclusions

In this study, the removal of toluene in the fuel gas has been carried out using a DBD reactor combined with different

packing materials, and the effects of carrier gas, reaction temperature, Ni loading and toluene concentration on the

toluene removal have been investigated. Moreover, the analysis of the exhaust gas and liquid products are conducted.

The conclusions can be summarized as follows:

(1) In a plasma process, the removal of toluene in the fuel gas atmosphere requires more energy input than that in N2

atmosphere.

(2) Temperature is an important factor in a plasma-catalytic process. A significantly increased toluene removal

efficiency as well as the obvious synergetic effect can be observed when the reaction temperature is above a

threshold value. A high reaction temperature is required to achieve a desirable tar removal efficiency.

(3) The combination of plasma and catalyst can effectively remove toluene in a fuel gas atmosphere. Toluene removal

efficiency of 91.7 % and energy efficiency of 16.9 g/kWh were achieved in the DBD reactor combined with 5 wt%

Ni/γ-Al2O3. Moreover, the use of the catalyst with higher Ni loadings led to a better performance.

(4) The methanation of the fuel gas was observed in the toluene removal process, which could be enhanced by the
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plasma-catalytic process as well as the increased temperature. However, the low H2/CO ratio of the fuel gas

resulted in low CO conversion and severe carbon deposition.

(5) Two gaseous products of C2H2 and C2H6 were found at the outlet of the plasma-catalyst reactor, which were

believed to be partly derived from the dissociation of toluene in the plasma process.

(6) The liquid products were generated from the recombination of intermediate molecular fragments derived from

the dissociation of toluene molecules, some of the intermediate compounds were identified and the possible

mechanisms and pathways of toluene destruction were proposed and elucidated.
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