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Abstract  

Non-thermal plasma is considered a promising and attractive approach for the removal of tars 

from biomass gasification to deliver a clean and high quality syngas (a mixture of H2 and 

CO). In this study, an AC gliding arc discharge (GAD) reactor has been developed for the 

conversion of toluene as a tar model compound using nitrogen as a carrier gas. The presence 

of steam in the plasma reaction produces OH radicals which open a new reaction route for the 

conversion of toluene through a stepwise oxidation of toluene and intermediates, resulting in 

a significant enhancement in both the conversion of toluene and the energy efficiency of the 

plasma process. The effects of steam-to-carbon (S/C) molar ratio, toluene feed rate and 

specific energy input (SEI) on the performance of the plasma steam reforming of toluene 

have been investigated. The optimal S/C molar ratio was found to be between 2 and 3 for 

high toluene conversion and energy efficiency. The maximum toluene conversion of 51.8% 

was achieved at an optimal S/C molar ratio of 2, a toluene feed flow rate of 4.8 ml/h and a 

SEI of 0.3 kWh/m
3
, while the energy efficiency of the plasma process reached a maximum 

(~46.3 g/kWh) at a toluene feed flow rate of 9.6 ml/h and a SEI of 0.19 kWh/m
3
. H2, CO and 

C2H2 were identified as the major gas products with a maximum syngas yield of 73.9% (34.9% 

for H2 and 39% for CO). Optical emission spectroscopy has been used to understand the role 

of steam on the formation of reactive species in the plasma conversion of toluene. The 

possible reaction pathways in the plasma conversion of toluene have also been proposed by 

combined means of the analysis of gas and liquid samples and OES diagnostics.  
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1. Introduction  

Biomass has been highlighted as a key renewable feedstock to respond to the vital societal 

need for a step change in the sustainability of energy production which is required to combat 

climate change. Gasification of biomass wastes represents a major sustainable route to 

produce syngas (H2 and CO) from a source which is renewable and CO2-neutral [1]. The 

product gas possesses ease of handling, storability and has great potential for the synthesis of 

value-added fuels and chemicals. The product gas can also be used in furnaces, boilers, gas 

engines, gas turbines and fuel cells. However, one of the major challenges in the gasification 

process is the contamination of the product syngas with tar, particulate matter and other 

pollutants. Tar is the key problem for biomass gasification and is a complex mixture of 

condensable hydrocarbons. The tar content of the syngas resulting from the gasification of 

biomass can range from 1 g/m
3
 up to 100 g/m

3
, depending on the gasifier type. The formation 

of tar causes major process and syngas end-use problems, including tar blockages, plugging 

and corrosion in downstream fuel lines, filters, engine nozzles and turbines. These problems 

have resulted in high operational costs and even plant shut-down. It is worth noting that most 

high efficiency syngas end-use applications such as gas turbines require a low tar content of 

less than 5 mg/m
3
, orders of magnitude below the tar content in raw syngas. In addition, the 

tars contain a range of polycyclic aromatic hydrocarbons, some of which have been shown to 

be carcinogenic. The impact of high tar content in the product gas stream from biomass 

gasification is a major barrier to the deployment of the technology particularly where very 

clean gas streams are required such as for high efficiency internal combustion engines and 

gas turbines and in the future for fuel cells. Therefore, efficient removal of tars from the 

product gas is crucial in biomass gasification processes [2-4].    

 



Various gas cleaning processes have been proposed for the removal of tars from biomass 

gasification, including thermal cracking [5, 6], mechanical separation [7, 8] and catalytic 

reforming [9-11]. Thermal cracking process requires very high temperatures (>800 
o
C) to 

decompose tars, incurring a high energy cost. Removal of tars from syngas with a physical 

separation process will decrease the overall processing efficiency and cause secondary 

environmental pollution. Catalytic reforming can convert tars into valuable products at 

relatively lower temperatures (~600 
o
C) compared to thermal cracking process [12]. However, 

rapid deactivation of the catalysts by sintering, poisoning and carbon deposition due to the 

complex composition of tars has been a major challenge for industrial applications.  

 

Non-thermal plasma technology provides an attractive and promising alternative to the 

conventional approaches for the conversion of tars into clean fuels at a relatively low 

temperature [13, 14]. In non-thermal plasmas, the overall gas temperature can be as low as 

room temperature, while the electrons are highly energetic with a typical energy of 1-10 eV. 

As a result, non-thermal plasma can easily break most chemical bonds and overcome the 

disadvantage of high temperature required by thermal or catalytic processes, and enable 

thermodynamically unfavourable chemical reactions to occur under ambient conditions [15]. 

High reaction rate and fast attainment of steady state in a plasma process allows rapid start-up 

and shutdown of the plasma process compared to other thermal treatment technologies, which 

significantly reduces the overall energy cost and offers a promising route for clean fuel 

production [14, 15]. Up until now, very limited work has been focused on the use of a non-

thermal plasma gas cleaning process for the removal of tars from the gasification of biomass 

or waste. Elott et al. developed a microwave plasma torch for the conversion of tars into CO, 

carbon and H2  at high temperatures, incurring high energy cost [16].  Nair et al. used a high 

voltage (80 kV) pulsed corona for the removal of model tar compounds – a mixture of 



naphthalene and phenol [17]. However, the energy cost of this plasma cleaning process was 

still high as 20% of the electrical power generated from biomass gasification was used for the 

pulsed plasma process. Gliding arc discharge (GAD) has been considered as a transitional 

plasma and can be generated by applying an electrical field across two or more electrodes in a 

laminar or turbulent gas flow [18]. A gliding arc system offers high flexibility for working in 

a wide range of flow rates and elevated power levels (up to several kV) efficiently. It is worth 

noting that the electron density (10
23

 -10
24 

m
-3

) in a gliding arc is close to that of a thermal 

plasma and is significantly higher than that of other non-thermal plasmas (e.g. DBD and 

corona) [14]. These distinguishing features result in high energy efficiency of the plasma 

process for chemical reactions, and have great potential for the removal of tars from biomass 

gasification [19]. Most previous studies focused on the effect different operating parameters 

had on the performance of the tar removal process. However, few analysed the by-products 

and intermediates in the plasma reforming of tar to better understand the underlying reaction 

pathways and mechanisms in the plasma process.  

 

In this paper, an AC gliding arc plasma gas cleaning system has been developed for the 

removal of tars from biomass gasification. Toluene has been chosen as a model tar compound 

since it represents a major stable aromatic product in the tars formed in high temperature 

biomass gasification processes [20]. N2 has been used as a carrier gas in the plasma gas 

cleaning process. The effect of different processing parameters (e.g. steam-to-carbon (S/C) 

molar ratio, toluene feed rate and specific energy input (SEI)) on the reaction performance 

(e.g. toluene conversion, yield of products and energy efficiency) has been investigated. 

Optical emission spectroscopy (OES) has been used to understand the role of steam on the 

formation of reactive species (e.g. CH, CN, NH and OH) in the plasma chemical reactions. In 

addition, the possible reaction mechanisms and pathways involved in the plasma conversion 



of toluene have been discussed by combined means of OES and the analysis of gas and liquid 

products. 

 

2.  Experimental  

2.1 Experimental setup 

Fig. 1 shows the schematic diagram of the experimental setup. The gliding arc reactor 

consisted of two stainless steel semi-ellipsoidal electrodes (60 mm long and 18 mm wide) 

fixed in an insulating bracket and symmetrically placed on both sides of a gas nozzle with a 

diameter of 1.5 mm. The shortest electrode gap (electrode throat) was fixed at 2 mm, while 

the vertical distance between the nozzle exit and electrode throat was 3 mm. N2 was used as a 

carrier gas (BOC, zero grade, 99.999% purity) and injected into the GAD reactor with a flow 

rate of 3.5 l/min. Toluene (C7H8, purity >= 99%, Aldrich) with a flow rate of 3.6 - 9.6 ml/h  

and water (0 - 20 ml/h) were injected into a pipe by high-resolution syringe pumps (KDS 

Legato,100). As a result, the concentration of toluene can be changed from 9.5 g/Nm
3
 to 23.4 

g/Nm
3
, which is within the range of tar concentrations from the gasification process using 

different gasifiers [3]. The mixed stream (toluene with water) was then heated to 160 
o
C in a 

copper pipe with an inner diameter of 4 mm (40 cm in length), equipped with a temperature 

controller system, to generate a steady-state vapour before flowing into the reactor. The 

plasma reactor was connected to an AC high voltage power supply with a maximum peak to 

peak voltage of 10 kV and a frequency of 50 Hz. The arc voltage was measured by a high 

voltage probe (Testec, TT-HVP 15 HF), while the arc current was recorded by a current 

monitor (Magnelab, CT-E 0.5-BNC). All the electrical signals were sampled by a four-

channel digital oscilloscope (Tektronix, MDO 3024).  



 

Fig. 1 Schematic diagram of the experimental setup 

 

2.2 Method of analysis and the definition of parameters 

The products were sampled when the plasma reaction reached a stable condition. The gaseous 

products were analyzed by a gas chromatography (Shimadzu, GC-2014) equipped with a 

thermal conductivity detector (TCD) and a flame ionization detector (FID). A cooling trap 

was placed at the exit of the plasma reactor to collect the condensable products in the effluent. 

The collected liquid samples were analyzed by a GC-MS (Agilent GC 7820A, MSD) and 

qualitatively identified using the mass spectral library from the National Institutes for 

Standards and Technology (NIST). Emission spectra of the gliding arc discharges under 

different conditions were recorded by an optical fibre connected to a Princeton Instruments 

ICCD spectrometer (Model 320 PI) with a focal length of 320 mm.  

 

For the steam reforming of toluene, the discharge power (P) of the plasma process was 

calculated by the integration of arc voltage and arc current, as shown in Eq. (1).   
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The toluene conversion XC7H8 was defined as the ratio of the carbon in the carbon-containing 

gas products (CO, C2H2, C2H4, C2H6 and C3H8) to the carbon in the input toluene, 
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The specific energy input of the discharge was defined as the ratio of the discharge power to 

the total feed flow rate, as shown in Eq. 6. 
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The energy efficiency (EE) of the plasma process was determined by the following equation: 
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3. Results and Discussion 

3.1 Effect of steam on the plasma conversion of toluene 

The plasma conversion of toluene was carried out at a constant toluene flow rate of 4.8 

ml/min and a discharge power of 43.5 W with and without steam, as shown in Fig. 2 (a). 

Clearly, introducing steam into the plasma reaction significantly enhanced the toluene 

conversion from 5.4 % without steam to 41.6 % with steam, whilst the energy efficiency of 



the plasma process was increased by a factor of 8. A similar effect on the plasma chemical 

reactions from the introduction of water has also been reported in previous studies. Chun et al 

reported the presence of water promoted the decomposition of benzene in a gliding arc 

reactor [21]. Yang et al. also found that a humid N2 plasma exhibited a better performance for 

the destruction of naphthalene compared to the plasma reaction using dry N2 as a carrier gas 

[22].  

 

Adding steam in the N2 plasma leads to the formation of OH radicals through electron-impact 

dissociation of H2O (R1) and collisions of H2O with N2 excited species (R2), 

2 H O + e H + OH + e   (R1) 

2 2 2 H O + N  N + H + OH   (R2) 

 

Where N2
*
 refers to nitrogen excited species N2 (A

3
), N2 (a

’
) and N2 (B). 

 

The generated OH radicals could oxidize toluene (R3 and R4) and intermediates, which 

provides a new reaction pathway for direct and indirect decomposition of toluene, resulting in 

a significantly enhanced toluene conversion and energy efficiency compared to the plasma 

toluene conversion without steam. The formation of OH in the plasma steam reforming of 

toluene can be confirmed by the presence of OH bands in the spectrum of the N2/C7H8 /H2O 

GAD (Fig. 3).  

6 5 3 6 5 2 2 C H CH  + OH C H CH + H O    (R3) 

6 5 3 2 6 5 3 2 C H CH  + OH + N C H (OH)CH + N                                                               (R4) 

In addition, the presence of steam in the plasma conversion of toluene generated more gas 

products including H2, CO, C2H6, C2H4, C2H2 and C3H8. For instance, the yield of H2 (6.3 %) 

was significantly increased by a factor of 5 when adding steam in this reaction. No CO was 



detected in the plasma toluene conversion without steam. However, a high yield of CO 

(29.8 %) was achieved in the plasma steam reforming of toluene, which suggests that OH 

might play an important role in the stepwise oxidation reactions, eventually forming CO. It is 

also interesting to note that no CO2 was detected in the gas products regardless of whether 

steam was used in the reaction, while CO2 is a common by-product in the oxidation of 

toluene using air plasmas [23].  

  

 

(a) 

 

(b) 



Fig. 2 Effect of steam on (a) toluene conversion and energy efficiency; (b) yields of primary 

gaseous products (toluene flow rate: 4.8 ml/h; discharge power 43.5 W). 

 

Optical emission spectroscopy was used to investigate the formation of different reactive 

species in the plasma reforming of toluene with and without steam. Fig. 3 shows the typical 

spectra of the GAD plasmas using pure N2, N2/C7H8 and N2/H2O/C7H8. In the N2/C7H8 

plasma without steam, strong CN (
2 2XB   ) violet and second order violet bands can be 

clearly observed, which might be generated through the following reactions (R5-R7):  

 N2 + C2 → CN + CN  (R5) 

 N + CH2 → CN + H2  (R6) 

 N + CH → CN + H  (R7) 

The formation of CN might also be linked with carbon deposition in the plasma reaction [24].  

 N2 + C → CN + N  (R8) 

The hydrogen Balmer series Hα  centred at 653.9 nm and C2 swan bands in the spectral range 

of 460-520 nm can also be found, while the intensity of Fulcher band H2 (
3 3

ud ga    ) in 

the range of 580-650 nm was much weaker compared to that of CN bands.  

 



 

Fig 3. Spectra of optical emission from GAD (a) N2 GAD plasma; (b) N2/C7H8 GAD plasma; 

and (c) N2/C7H8 /H2O GAD plasma (C7H8 flow rate: 4.8 ml/h; N2 flow rate: 3.5 l/min; H2O 

flow rate: 14.3 ml/h) (600 G/mm grating, exposure time 0.3 s). 

 

Adding steam in the plasma reforming of toluene significantly changed the emission 

spectrum of the plasma due to the formation of different reactive species in the plasma 

process. The presence of the OH (
2 2A X   ) band in the spectrum of the N2/C7H8 /H2O 

GAD confirms the dissociation of water through the major reactions R1-R2. Introducing 

steam into the plasma reforming of toluene significantly reduced the relative intensity of the 

CN bands but increased the intensity of N2 (
3 3C u B g   ) second positive system (350-

360 nm). In addition, the spectrum showed a NH (
2 2A X  ) band at 336.1 nm, which 

could be produced form the reactions of N atoms with H2O or OH radicals via reactions R9-



10 as NH band did not appear in the spectrum of the N2/C7H8 plasma without steam [25]. 

This phenomenon also suggests that the formation of NH via direct reactions between N2 and 

H2 might be ineligible. Moreover, the emissions of CO (
1 1A X  ) at 200-220 nm and 

CH (
2 + 2C X   ) at 314.3 nm were also observed. The presence of NO (

2 2A X   ) 

bands in the range of 230-250 nm suggests that the following reaction might be possible (R11 

and R12). 

2N + H O NH + OH  (R9) 

 N + OH → NH +O (R10) 

N + OH NO + H  (R11) 

NH + O NO + H  (R12) 

 

3.2 Effect of S/C molar ratio on the reforming process 

The effect of S/C molar ratio on the performance of the plasma reforming of toluene has been 

investigated to better understand the role of steam in this reaction. Fig.4 (a) presents the 

variation of toluene conversion and energy efficiency when changing the S/C molar ratio 

from 1 to 3.5 at a fixed toluene feed rate of 4.8 ml/h. Clearly, increasing the S/C molar ratio 

initially enhanced the toluene conversion of the plasma steam reforming of toluene and 

reached a maximum value of ~42.2% at an S/C molar ratio of 2-3, beyond which the toluene 

conversion gradually decreased to 38.3% at an S/C molar ratio of 3.5. Lim et al. also reported 

an optimal S/C molar ratio of 2-2.5 to achieve the maximum conversion of naphthalene and 

benzene in the conversion of light tars using a GAD [26]. The energy efficiency of the 

plasma process showed a similar evolution and reached the maximum (~27.3 g/kWh) at the 

S/C molar ratio of 2-3. The yield of gaseous products strongly depends on the S/C molar ratio 

with the optimal S/C molar ratio being 2-3. For instance, the highest yields of H2 and CO 

were 30.4% and 35.1%, respectively, obtained at an S/C molar ratio of 2-3. However, 



increasing the S/C molar ratio gradually decreased the yield of C2H2 from 12.8% to 5.3%. A 

higher S/C molar ratio could generate more OH radicals which participate in the oxidation of 

toluene and intermediates, thus reducing the chance of toluene ring cleavage by free electrons 

and N2 excited species to release C2H2. Trushkin et al also reported that an increase in flow 

humidity leads to a noticeable increase in the yield of CO and a suppression of acetylene 

yield [27]. Compared with major gas products H2, CO and C2H2, only a small amount of 

C2H4, C2H6 and C3H8 were formed in the plasma steam reforming of toluene with a total 

yield of no more than 1% under all experimental conditions.  

 

 

(a) 

 

(b) 



Fig. 4 Effect of S/C molar ratio on (a) toluene conversion and energy efficiency; (b) yields of 

primary gaseous products (C7H8 feed rate: 4.8 ml/h; SEI: 0.19 kWh/m
3
) 

 

Clearly, humidity has a significant effect on toluene conversion in the plasma process. To 

better understand the role of S/C molar ratio on the reaction pathways in the plasma steam 

reforming of toluene, the effect of different S/C molar ratios on the relative intensity of three 

key radicals (CH, CN and OH) was investigated, as presented in Fig. 5.  Clearly, increasing 

the S/C molar ratio from 1 to 3.5 significantly increased the relative intensity of OH. The 

presence of OH radicals in the plasma reaction opens a new route for toluene decomposition 

through step-wise oxidation of toluene and intermediates, resulting in an enhanced 

conversion and energy efficiency, as shown in Fig. 2. Meanwhile, the relative intensity of CN 

dropped significantly when increasing the S/C molar ratio. CN radicals could be produced 

from the reactions of N2 with C2 (R5). Fig. 4 shows that increasing the S/C molar ratio 

suppressed the formation of C2 in the plasma reaction, which might also limit the formation 

of CN radicals. In addition, less carbon deposition was observed when adding steam into the 

plasma reforming of toluene, which might also reduce the production of CN as one possible 

route for CN formation could be the reaction between N and carbon (R8). The intensity of 

CH radical initially increased with the S/C molar ratio and reached a peak at an S/C ratio of 

2.5, and then dropped with further increase of the S/C ratio. The evolution of the CH intensity 

with the S/C molar ratio is very similar to the effect of S/C ratio on the conversion of toluene 

(Fig. 4), which indicates that CH might be mainly produced from the dissociation of CH3 and 

CH2 by electrons and N2 excited states, and closely associated with the decomposition of 

toluene in this reaction.   

 



 

Fig.5 Optical emission intensity of three species in N2/H2O/C7H8 plasma as a function of 

water vapour amount (C7H8 feed rate: 4.8 ml/h; SEI: 0.19 kWh/m
3
). 

 

3.3 Effect of toluene feed rate on the steam reforming process 

Fig.6 (a) shows the effect of toluene feed rate on the toluene conversion and energy 

efficiency of the plasma process at a constant discharge power of 43.5 W. The conversion of 

toluene decreased from 47.7 % to 35.8 % when increasing the toluene feed rate from 3.6 to 

9.6 ml/h, whereas the energy efficiency of the plasma process was doubled (from 23.1 to 46.3 

g/kWh), which means more toluene was decomposed at a higher toluene feed rate. The yield 

of H2 and CO followed the same tendency as the toluene conversion, and decreased from 

31.9 % and 33.4 % to 22.6 % and 25 %, respectively, with the increase of toluene feed rate 

from 3.6 to 9.6 ml/h. C2H2 was found to be a major gas product with a maximum yield of 

13.3 %, while the total yield of other hydrocarbons was lower than 1%.  

 



 

(a) 

 

(b) 

Fig. 6 Effect of toluene feed rate on: (a) toluene conversion and energy efficiency; (b) yields 

of main gaseous products (discharge power: 43.5 W; S/C=2) 

 

3.4. Effect of SEI on the reforming progress 

SEI is one of the most important parameters affecting plasma chemical reactions as it is 

closely related to the power input to the plasma process. The influence of SEI on the reaction 

performance of the plasma toluene reforming is shown in Fig. 7.  The SEI of the plasma is 

varied in the range of 0.17 - 0.30 kWh/m
3 

by changing the discharge power from 37 to 68 W 

at a constant total flow rate of 0.23 Nm
3
/h. The toluene conversion increased continuously up 



to 51.8% at a SEI of 0.30 kWh/m
3
. A similar tendency was reported in tar conversion either 

using plasma alone or using plasma-catalysis [26, 28, 29]. Increasing SEI also enhanced the 

production of syngas. For instance, the yield of H2 was enhanced by about 36 % when the 

SEI increased from 0.17 to 0.3 kWh/m
3
. Note that the yield of C3 saturated hydrocarbon was 

almost independent of SEI in the tested range. Previous studies showed that increasing 

plasma power at a constant excitation frequency effectively enhances the electric field, 

electron energy and gas temperature in the discharge zone [14]. All of these properties may 

contribute in different ways to the enhanced toluene conversion and syngas production. In 

addition, increasing the discharge power produces more chemically reactive species (e.g. OH, 

N and N2 excited states) which participate in the conversion of toluene and intermediates in 

the plasma reaction. The maximum energy efficiency of 27.0 g/kWh was obtained at the 

lowest SEI of 0.17 kWh/m
3
, which is greater than that obtained using a microwave plasma 

(4.52 g/kWh) [16] and a GAD plasma (20.9 g/kWh) in previous studies [21]. In addition, 

increasing SEI resulted in a reduction in energy efficiency of the plasma reaction, although 

the conversion of toluene was increased.  

 

(a) 



 

(b) 

Fig. 7 Effect of SEI on (a) toluene conversion and energy efficiency; (b) yields of main 

gaseous products (toluene flow rate: 4.8 ml/h; S/C=2). 

 

3.5 Comparison of process performance using different plasmas 

Table 1 shows a comparison of the energy efficiency (E) and conversion efficiency (X) for 

the conversion of model tar compounds (toluene, benzene and naphthalene) using different 

non-thermal plasmas. It is clear that the energy efficiency (46.3 g/kWh) for the conversion of 

tar in this work is much higher than that of most of the other plasma processes. Notably, the 

energy efficiency of the process using gliding arc is significantly higher than that using DBD 

or corona discharge, which might be attributed to higher electron density in the gliding arc 

discharge. Our previous study showed that the electron density (~10
23

 m
-3

) in the gliding arc 

discharge is several orders of magnitude higher than that in the DBD (10
16

-10
19

 m
-3

) and 

corona discharge (10
15

-10
19

 m
-3

) [14]. As shown in Table 1, very high toluene conversion 

efficiency (99%) can be achieved using the microwave plasma at an inlet toluene 

concentration of 4.2 g/Nm
3
. However, the corresponding energy efficiency of this process 

was only 4.5 g/kWh, which is significantly lower than that obtained in this work. A balance 

between tar conversion and energy efficiency in the plasma process is significantly important 



for the development and deployment of an efficient and cost-effective plasma process for tar 

removal.  

 

Further enhancement in the conversion and energy efficiency of tar reforming using a gliding 

arc plasma can be expected from the optimization of reactor geometry, power supply and 

plasma operating parameters. For instance, developing a rotating gliding arc reformer with a 

3-dimendional configuration can ensure that all the reactants pass through the plasma area, 

which can increase the reaction time of the reactants in the plasma and significantly enhance 

the reaction performance [14, 22]. Furthermore, the reaction conditions, such as the power 

source and electrode material, as well as the types and concentration of the carrier gas, can be 

better controlled to optimize the performance of gliding arc plasmas. Previous studies have 

demonstrated that the waveform of applied voltage can not only control the applied electric 

field, which affects the density of the energetic electrons and the reactive species generated, 

but can also improve the energy transfer with subsequent improvement of the energy 

efficiency of the plasma process [30]. This conclusion was supported by a simulation study, 

which showed that the energy efficiency of a plasma reactor can be enhanced by a factor of 4 

when using rectangular pulse instead of a sinusoidal voltage [31]. The combination of plasma 

with highly active catalysts might provide a promising solution to generate a synergistic 

effect, which can further enhance the reaction productivity and energy efficiency of the 

plasma process.  

 

 

 

 

 



Table 1 Comparison of reaction performance of tar removal by different plasmas 

Process Tar 
Working 

Gas 

Tar 

Content 

(g/Nm
3
) 

Q 

(m
3
/h) 

SEI 

(kWh/m
3
) 

X 

(%) 

E 

(g/kWh) 
Ref 

AC GAD C6H6 Humid N2 4.3 1.0 0.17 82.6 20.9 [21] 

Microwave  

Torch 
C7H8 20%Ar+N2 4.2 1.07 0.93 99.0 4.5 [16] 

DC GAD C10H8 O2 1.3 0.4 0.47 92.0 3.6 [32] 

3-electrode 

GAD 
C10H8 Humid N2 14.3 1.1 1 79.0 47 [22] 

DBD with 

MnO2/γ-Al2O3 
C7H8 Dry Air  1.0 0.12 0.01 98.0 0.7 [33] 

Positive Corona  C7H8 Dry Air 0.8 0.02 0.19 15.0 2.5 [34] 

AC GAD C7H8 Humid N2 23.5 0.23 0.19 35.8 46.3 
This 

work 

 

 

4.  Reaction mechanisms  

To understand the reaction mechanisms and pathways in the plasma steam reforming of 

toluene, liquid-phase end-products were qualitatively analyzed using GC-MS, as shown in 

Fig. 8 and Table 2. In this reaction, benzonitrile, benzene (butoxymethyl), 

benzenpropanenitrile and benzene were identified as the major liquid compound. The 

production of these N-containing organic compounds suggests that NHx (x=1 and 2) and CN 

radicals participate in the reactions through their recombination with intermediates from 

toluene decomposition. In addition, naphthalene was clearly identified as a dominant 

polycyclic product, which might be formed from the combination of cyclopentadienyl 

radicals [37]. Remarkably, linear product panaxynone was also detected, resulting from the 

cleavage of a toluene ring followed by the recombination or hydrogenation of the 

intermediates, including methyl, bi-radical HC=CH and acetylene.   

 



 

Fig. 8 GC/MS analysis of liquid sample after plasma steam reforming of toluene (toluene 

flow rate: 4.8 ml/h; S/C=2; SEI: 0.19 kWh/m
3
). 

 

Table 2 Products identified in liquid sample by GC-MS 

 
  

 

Benzene Aniline Phenol Naphthalene 

 
 

 

Benzonitrile Benzene (butoxymethyl) Benzene (isocyanomethyl) 

     

 

N-hydroxy-2-phenyl-acetamide Benzenpropanenitrile 

 



The destruction of low concentration toluene in the nitrogen GAD can be initialized through 

two major reaction pathways: H-abstraction of the methyl group and breaking the benzene 

ring through reactions induced by energetic electrons and N2 excited states such as N2 (A
3
) 

and N2 (a
’
), shown in R13-R20.  

 

6 5 3 6 5 2C H CH e C H CH H e       (R13) 

6 5 3 6 4 3C H CH e C H CH H e       (R14) 

6 5 3 6 5 3C H CH e C H CH e      (R15) 

6 5 3 5 6 2 2C H CH e C H C H e      (R16) 

*

6 5 3 2 6 5 2 2C H CH + N C H CH + H + N    (R17) 

*

6 5 3 2 6 4 3 2C H CH + N C H CH + H + N    (R18) 

*

6 5 3 2 6 5 3 2C H CH + N C H + CH + N   (R19) 

*

6 5 3 2 5 6 2 2 2C H CH + N C H + C H + N   (R20) 

 

Previous experimental and modelling studies showed the importance of N2 excited states in 

the destruction of low concentration gas pollutants in nitrogen or air plasmas [38, 39]. 

Trushkin et al. developed a kinetic model to understand the decomposition of toluene (100-

400 ppm) in a nitrogen pulsed discharge. Their results showed that toluene is mainly 

decomposed via its reactions with N2 excited species, such as N2 (A
3
) and N2 (a

’
) [40]. Yu et 

al. demonstrated that the destruction of naphthalene (20-140 ppm) in a gliding arc reactor is 

mainly initialized through its reactions with nitrogen excited states, while the electron impact 

reactions play a weak role in the decomposition of naphthalene. This can be evidenced by a 

lower naphthalene decomposition in the Ar/O2 gliding arc compared to that using the N2/O2 

GAD [32].  



In the plasma steam reforming of toluene, the produced OH radicals from steam can oxidize 

toluene and intermediates, opening a new reaction pathway for the destruction of toluene, 

resulting in the enhanced conversion and energy efficiency of the plasma process. H2, CO and 

C2H2 were identified as the major gaseous products in the plasma steam reforming of toluene 

in this study. Hydrogen can be formed through the recombination of two H atoms, which are 

more likely generated from a methyl group (R13 and R17) than from a benzene ring (R14 and 

R18) as the dissociation energy of C-H bonds (3.7 eV) in the methyl group are the weakest 

bonds in the toluene molecules [35]. The toluene ring cleavage by free electrons or N2 excited 

species to form C2H2 and C5H6 could be the major route for the production of acetylene in 

this process (R16 and R20) due to the high yield of C2H2. C2H4, C2H6 and C3H8 are generally 

formed through the neutral-neutral recombination of radicals (e.g. CH3, CH2, C2H5, etc), as 

shown in R21-R23. However, only trace amounts of these gaseous products were detected in 

the plasma reforming of toluene, which suggests the following reactions are unimportant. 

 

CH3+ CH3 → C2H6  (R21) 

CH2 + CH2 → C2H4  (R22) 

CH3+ C2H5→ C3H8  (R23) 

 

The recombination of CH3 with H can form CH4 (R24). However, no CH4 was detected in the 

plasma conversion of toluene with or without steam, suggesting that this reaction (R24) is 

ineligible.  

H + CH3 → CH4  (R24) 

 

The possible mechanism of toluene decomposition is schematically shown in Fig. 9. The 

dissociation energy of the C-H bond in methyl is 3.7 eV, which is smaller than that of the C-



H bond in the aromatic ring (4.3 eV), the C-C bond between methyl group and aromatic ring 

(4.4 eV), the C-C bond in the aromatic ring (5.0-5.3eV) and the C=C bond in the aromatic 

ring (5.5 eV) [41]. Therefore, the primary pathway of toluene decomposition could be the H-

abstraction from the methyl group by nitrogen excited species or energetic electrons [36]. The 

generated benzyl radicals (I) from the H-abstraction of methyl could react with OH to form 

benzaldehyde (II), which can be further oxidized to form benzoic acid. These aromatic 

intermediates can also be decomposed through collisions with energetic electrons and 

reactive species to produce phenyl radicals (III) [42]. In addition, C-C bonds between methyl 

and benzene ring can be easily broken by nitrogen excited species and energetic electrons, 

generating phenyl radicals. As shown in Fig. 9, phenol radicals could react with H, OH, NH2 

and CN radicals, forming benzene (IV), phenol (V), aniline (VI) and benzonitrile (VII), 

respectively, all of which were identified by GC-MS after the plasma reaction. The 

recombination of methyl and benzyl radicals produces ethylbenzene, which is followed by 

further reaction with CN to form benzene (isocyanomethyl) (VIII). Blin-Simiand et al. 

reported that the possibility of the reaction [43]between CN and phenyl was higher than that 

between CN and methyl-phenyl in the destruction of toluene using a DBD [44]. Toluene can 

also be ruptured by the dissociation of C-C bonds of the aromatic ring with a dissociation 

energy of 6.0 eV, resulting in the direct cleavage of the aromatic ring to produce bi-radical 

HC=CH (IX) and methyl-cyclobutadiene (X) [44]. The other route of toluene conversion 

might be induced by the oxidation of the aromatic ring, producing hydroxycyclohexadienyl 

type peroxy radicals (XI) [23], which has been confirmed in the previous modelling and 

experimental studies [23, 42, 43, 45]. This unstable reactive compound can form a peroxide 

bridge radical, which is a precursor for both the carbonyl and epoxide routes. The carbonyl 

reaction route opens a ring of toluene via a series of oxidation steps by O/OH radicals to form 

a relatively stable epoxide (XII) [23]. In addition, the epoxide radicals can also be 



decomposed by energetic electrons or reactive species, consequently forming syngas and H2O. 

The possible reactions could be the scission of 2, 3-carbon or 1, 2-carbon bond of epoxide, 

leading to the formation of oxalic acid (XIII), formic acid (XIV), and eventually producing 

CO and H2. 

 

Fig. 9 Possible reaction pathways for toluene destruction 



 

5. Conclusion  

The conversion of toluene as a model tar compound from biomass gasification was carried 

out in an AC gliding arc discharge reactor at atmosphere pressure. Adding steam to the 

plasma toluene reaction significantly enhanced the conversion of toluene and the energy 

efficiency of the plasma process due to the formation of OH radicals which open a new 

reaction route for the decomposition of toluene through a stepwise oxidation of toluene and 

intermediates. The effect of different process parameters on the performance of the plasma 

steam reforming of toluene was also investigated in terms of the toluene conversion, yield of 

products and energy efficiency of the plasma process. The performance of the plasma process 

strongly depends on the S/C molar ratio with the optimal S/C molar ratio being 2-3. The 

maximum toluene conversion of 51.8% was achieved at an optimal S/C molar ratio of 2, a 

toluene feed flow rate of 4.8 ml/h and a SEI of 0.3 kWh/m
3
, while the energy efficiency of 

the plasma process reached a maximum (~46.3 g/kWh) at the same S/C molar ratio, but a 

higher toluene feed flow rate (9.6 ml/h) and a lower SEI (0.19 kWh/m
3
). H2, CO and C2H2 

were identified as the major gas products, while a trace amount of hydrocarbons (C2H4, C2H6 

and C3H8) with a total yield of less than 1% were also detected in the effluent. The S/C molar 

ratio also has a significant influence on the yield of gaseous products. The maximum syngas 

production (73.9% gas yield) was achieved at the same condition as that for the maximum 

toluene conversion. However, increasing the S/C molar ratio gradually decreased the yield of 

C2H2 from 12.8% to 5.3% at a toluene feed flow rate of 4.8 ml/h and a SEI of 0.19 kWh/m
3
. 

Higher S/C molar ratio could generate more OH radicals for the stepwise oxidation of toluene 

and intermediates, reducing the chance of toluene ring cleavage by free electrons and N2 

excited species to release C2H2. In addition, a small amount of liquid by-products were also 

collected after the plasma steam reforming of toluene. The possible mechanisms and reaction 



pathways in the plasma conversion of toluene have been proposed and discussed in detail 

based on the analysis of the gas and liquid samples and the formation of reactive species (e.g. 

CH, OH, CN and NH) using OES under different experimental conditions.  
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