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Abstract:    The naphthalene decomposition in a corona radical shower discharge (CRS) was investigated, with attention paid to 
the influences of voltage and initial naphthalene density. The OH emission spectra were investigated so as to know the naphthalene 
decomposing process. The by-products were analyzed and a decomposing theory in discharge was proposed. The results showed 
that higher voltage and relative humidity were effective on decomposition. The initial concentration affected the decomposing 
efficiency of naphthalene. When the initial naphthalene density was 17 mg/m3, the decomposition rate was found to be 70% under 
14 kV. The main by-products were carbon dioxide and water. However, a small amount of carbonic oxide, 1,2-ethanediol and 
acetaldehyde were found due to the incomplete oxidization. 
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1  Introduction 
 

Recently, controls of polycyclic aromatic hy-
drocarbons (PAHs) have attracted increased attention 
due to the progressively stringent environmental 
standard restriction (Aranda et al., 2009; Hwang et al., 
2009; Nishino et al., 2009). There are many tech-
nologies for PAHs removal, such as active carbon 
adsorption (Gong et al., 2007), electron beam method 
(Nichipor et al., 2002), and catalytic combustion 
(Mastral et al., 2001; García et al., 2006). One tech-
nique is called the corona radical shower (CRS) dis-
charge, in which nozzle-type electrodes are used for 
additional gaseous injection. O2, H2O, N2, NH3, and 
CH4 have been experimentally investigated as the 

additional gases to generate selectively initial radicals, 
which can react with pollutants. Studies on removal 
of pollutants such as NOx, SO2, and volatile organic 
compounds (VOCs) have been demonstrated (Ura-
shima and Chang, 2000; Chang et al., 2003; Wu et al., 
2005; Mista and Kacprzyk, 2008). 

In this study, naphthalene was used for investi-
gation, and its decomposing process was discussed in 
a direct current (DC) CRS discharge. To investigate 
the reaction between the radicals generated in dis-
charge and naphthalene molecules, OH as the radical 
was detected by an optical emission spectroscopy 
(OES) method. The decomposing by-products were 
detected by a Fourier transform infrared spectroscopy 
(FTIR) and gas chromatography with mass spectro-
metric detection (GC-MS). 
 
 
2  Experimental setup 
 

The schematic diagram of the experimental ap-
paratus is illustrated in Fig. 1. This system was 
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composed of a gas system, a CRS reactor, a gas ana-
lyzing system for the treated gases, and an OES.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
The gas system included two independent parts 

for background gas and additional gas. Naphtha-
lene/Air was introduced into the reactor as the back-
ground gas. The naphthalene explosive limit was 
between 0.88% and 5.9% (v/v), and the vapor pres-
sure of naphthalene at ambient condition was 11 Pa. 
Hence, for naphthalene controlling, the naphthalene 
was wrapped in a water bath. Different additional 
gases were sprayed into the reactor through nozzles 
and water was bubbled into the reactor by thermostat. 
In this experiment, the temperature was 25 °C, and the 
pressure was 1.013×105 Pa. The decomposing by- 
products were captured by a gas bag and dichloro-
methane solution, and analyzed by the FTIR (Necolet 
nexus spectrometer, Germany) and GC-MS (Thermo 
Fisher Scientific, USA). The quantitative analysis of 
CO2 was detected by GASMET-DX4000 (Gasmet 
Technologies Oy, Finland). Chromatographic sepa-
ration was carried out on a 30 m TR-5MS capillary 
column with an internal diameter of 0.25 mm and a 
stationary phase film thickness of 0.25 μm. The 
temperature program for GC oven was an initial 
temperature 70 °C, held for 5 min; 70–270 °C at  
8 °C /min; 270 °C, held for 30 min. Carrier gas: he-
lium, 1 ml/min. The injector temperature was set to 
250 °C. Mass spectrometer working condition: elec-
tron impact ionization, 70 eV; ion source temperature, 
200 °C. The molecular weight range was selected 
from 40 to 300. The decomposing rate of naphthalene 
was defined as 

in out

in

,
c c

c
η

−
=                           (1) 

 

where cin and cout are naphthalene concentrations of 
the inlet and outlet, respectively. 

The CRS chamber was made of plexiglass, and 
the space inside the CRS reactor was 200 mm×50 mm 
×50 mm. Two stainless steel plates were in the two 
inner sides of the reactor as cathode. A stainless steel 
pipe with four equispaced nozzles (length, 5 mm; 
outer diameter, 2 mm; inner diameter, 1.8 mm) was 
used as anode. A quartz window was affixed on one 
side of the CRS chamber for optical access. The 
nozzle-to-plate spacing was 20 mm.  

The optical diagnostic system consisted of a 
quartz window, two quartz lenses with diameters and 
focus lengths of Φ=25.4 mm, f=38.1 mm and Φ=25.4 
mm, f=75 mm, respectively, a 3-axis fine adjustable 
platform with up to 0.625 µm resolution and a Zolix 
SBP 300-Spectrometer (Zolix, China) (1200 l/mm 
grating groove, 300 nm blazing wavelength and a 
CR131 photomultiplier (PMT) tube). 
 
 
3  Results and discussion 

3.1  Decomposition of naphthalene 

3.1.1  Influence of initial concentration on naphtha-
lene decomposition 

In this condition, the background gas was 
naphthalene/air with a flow rate of 5 L/min, while the 
additional gas was humid O2 (relative humidity (RH) 
=80%) with a flow of 0.5 L/min. As shown in Fig. 2, 
the decomposing rate of naphthalene decreased from 
69% to 35% when the initial density increased from 
17 to 50 mg/m3 (Gao et al., 2009). The results could 
be explained as follows: There were many radicals in 
the discharge process. Assuming the generating rate 
of active radicals was the same when other conditions 
remained unchanged, the naphthalene decomposition 
needed more radicals when the initial density in-
creased. Hence, the decomposing rate decreased. In 
our experiment, the energy density was 5.5 Wh/m3, so 
that the naphthalene destruction energy efficiency 
was 3.2 g/kWh when the initial concentration was 
50 mg/m3. The naphthalene removal was studied by a 
DC gliding arc gas discharge where the energy effi-
ciency was 2.8 g/kWh (Yu et al., 2010). Therefore, 

Fig. 1  Experimental system of naphthalene decomposition
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the DC CRS discharge is effective for naphthalene 
decomposition. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

3.1.2  Influence of applied voltage on naphthalene 
decomposition 

In this experiment, the gas condition was the 
same as that in Section 3.1.1. Fig. 3 shows the influ-
ence of applied voltage on naphthalene decomposi-
tion (initial concentration=17 mg/m3) (Gao et al., 
2009). The decomposing rate improved from 32% to 
69%, as the applied voltage increased from 8 to 14 kV. 
The reason was that the increased voltage could en-
hance the corona discharge. Thus, there would be 
more active radicals generated under higher voltage. 
The influence of discharge voltage on radical gen-
eration will be discussed later. 

 
 
 
 
 
 
 
 
 
 
 
 
 
In the process of naphthalene decomposition, 

there are many radials involved. OH radicals play an 
important role. To investigate the radical generation 
under different voltages, emission intensity of OH 
radicals was observed by the OES method. In this 
experiment, the background gas was N2 (5 L/min) and 

the additional gas was humid N2 (0.5 L/min, RH= 
80%). The spectra were collected at 25 °C and 
1.013×105 Pa. Fig. 4 illustrates the OH (A2Σ+→X2Π) 
emission spectra under different applied voltages 
(Gao et al., 2009). The four wavelength band heads 
were 306.537 nm, 306.776 nm, 307.844 nm, 
308.986 nm (Pellerin et al., 1996; Izarra, 2000), re-
spectively. As shown in Fig. 4, the peaks of 309 nm 
(Ershov and Borysow, 1995; Falkenstein, 1997) were 
obvious. The dashed lines represented simulated OH 
emission spectra with LIFBASE fitted to the respec-
tive spectra. The peaks from 314 to 318 nm were the 
second positive band of N2 (C3Πu→B3Πg). The 
emission intensity of OH around 309 nm increased 
with the increased applied voltage. The relationship 
between the emission intensity and the concentration 
of excited OH radicals was as follows: 

 
A-X

A-X A-X A
A-X A-X

,
( + )

AI hν N
A Q

∝               (2) 

 
where IA-X, AA-X, QA-X, νA-X, NA and h were the ob-
served emission intensity, the Einstein coefficients, 
the quenching rate coefficient, the transition fre-
quency from A to X, the concentration of excited 
radicals, and the Plank constant, respectively. There-
fore, the emission intensity of OH (A) was propor-
tional to the concentration of excited OH of A state. 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

The variation of OH intensity with applied 
voltage compared with the decomposing rate is 
shown in Fig. 5 (OH signal intensity from 308 to 
310 nm was integrated). The decomposing rate of 
naphthalene increased from 32% to 69% when the 
OH intensity increased from 254.7 to 514.3. The 

Fig. 2  Influence of the initial concentration on naphtha-
lene decomposition (applied voltage=14 kV) 
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Fig. 3  Influence of the applied voltage on naphthalene
decomposition (initial concentration=17 mg/m3) 
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Fig. 4  Emission spectra of OH radicals under different 
applied voltages 
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reason was that higher discharge voltage enhanced 
the electric field, and thus there were more 
high-energetic electrons colliding with radical source 
to generate more OH radicals. Therefore, the de-
composing rate of naphthalene increased. 

 
 
 
 
 
 
 
 
 
 
 
 

 
3.1.3  Influence of humidity on naphthalene  
decomposition 

The reaction of e*+H2O→OH+H+e is an im-
portant way to generate OH radicals (e*+H2O→ 
OH+H+e). Therefore, H2O is useful for OH genera-
tion. Conversely, H2O is also a kind of species for OH 
quenching. The quenching rate coefficient for OH is 
expressed as follows (Tamura et al., 1998): 

 
0.5 ,Q i Qk a Tσ=                        (3) 

 
where ai is constant for the same gas; σQ is the colli-
sion cross-section, nm2; and T is the temperature, K. 

For H2O, ai=4.92, 
2-H OQσ =0.85 nm2 at T=300 K, 

so 
2-H OQk =72.4×10−11 cm3/s 

2-O( Qk =13.62×10−11 cm3/s; 

2-NQk =2.47×10−11 cm3/s). Therefore, the quenching 

rate for OH (A) in humid air and dry air was 
Qh/Qd=5.4/4.8. H2O had a large quenching rate coef-
ficient for OH (A). It was necessary to investigate the 
influence of humidity on naphthalene decomposition. 

In this experiment, the background gas was 
naphthalene/air with a flow of 5 L/min. The addi-
tional gas was humid O2 with a flow of 0.5 L/min. The 
initial concentration of naphthalene was 30.5 mg/m3. 
As shown in Fig. 6, when the RH increased from 4% 
to 96% (25 °C, 1.013×105 Pa), the decomposing rate 
increased a little. To investigate the OH radical  

generation under different humidity, optical emission 
spectra were shown in Fig. 7. The observed OH 
wavelength was around 309 nm. The dashed lines 
represented simulated OH emission spectra with 
LIFBASE fitted to the respective spectra. OH radicals 
also increased a little. The reason could be explained 
as follows: H2O was helpful to OH generation 
(e*+H2O→OH+H+e); conversely, it had larger cross 
section for quenching of the exited OH. Therefore, 
although the RH increased from 4% to 94%, OH 
radical generation and decomposing rate did not en-
hance much. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.2  Analysis of naphthalene decomposing process 

3.2.1  Bond energy of naphthalene 

The decomposing process of naphthalene in the 
corona discharge is very complicated. Fig. 8 illus-
trates the structure of naphthalene (Gao et al., 2009). 
As shown in Fig. 8, the bond lengths of naphthalene 
were different (lI=0.136 nm, lII=0.140 nm, lIII= 
0.139 nm, and lIV=0.142 nm) due to different carbon 
atoms position. The positions of carbon atoms  

Fig. 6  Naphthalene decomposition under different humid 
additional gas with the initial naphthalene concentration 
of 30.5 mg/m3 
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Fig. 5  Influence of applied voltage on OH intensity and
decomposing rate 
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Fig. 7  Emission spectra of OH radicals under different 
humidities (Gao et al., 2009) 
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numbered 1, 4, 5 and 8 are called α position. The 
positions of carbon atoms numbered 2, 3, 6 and 7 
were called β position. The bond dissociation energy 
(BDE) calculated by Gaussian 98 is shown in Table 1. 
The results were similar with the BDE calculated by 
Reed and Kass (2000) by the B3LYP method (BDE of 
C1–H is (469.7±5.4) kJ/mol, and BDE of C2–H is 
(468.4±5.9) kJ/mol). Many reactions with radicals 
occurred in the two bonds. The electron cloud density 
was higher at α position. Therefore, the reactions 
always firstly occurred at α position. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

3.2.2  Analysis of by-products 

The naphthalene decomposition by-products 
were analyzed by FTIR and GC-MS. The diagnostic 
peaks of naphthalene were mainly distributed be-
tween 3000 and 2800 cm−1. FTIR analysis illustrated 
in Fig. 9 showed a decline of main naphthalene 
marker (absorption band around 3100 cm−1) when the 

applied voltage increased from 0 to 14.5 kV. The 
standard spectrum of naphthalene was also shown in 
this figure. Therefore, it was confirmed that a higher 
voltage was helpful to naphthalene decomposition. 
FTIR spectra in the CO2 interference region around 
2300 cm−1, the H2O interference region around 
3600 cm−1, and the CO around 2100 cm−1 were also 
observed. According to the previous study (Yu et al., 
2010), we believe that there are CO2, H2O, and CO 
generated in the naphthalene decomposing process. In 
this experiment, the initial naphthalene concentration 
was 56 mg/m3. When the applied voltage for GC-MS 
was 14 kV, the decomposing amount was 19 mg/m3 
and the CO2 concentration was 43 mg/m3, so the se-
lectivity for the production of CO2 was 65.8%. When 
the applied voltage was 11 kV, the decomposing 
amount was 13 mg/m3 and the CO2 concentration was 
29 mg/m3, so the selectivity for the production of CO2 
was 64.9%. Therefore, the selectivity to the CO2 
value increased with the increase of applied voltage in 
our experiments. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
There may exist other by-products except for 

CO2, CO, and H2O. Therefore, GC-MS was used to 
distinguish them. GC-MS analyses revealed a series 
of peaks at different retention times. The by-products 
generated from 1 to 15 min are listed in Table 2. The 

Table 1  Bond dissociation energy (BDE) of naphthalene

Basis set BDE of C1–H 
(kJ/mol) 

BDE of C2–H 
(kJ/mol) 

6–31 G (d, p) 462.33 461.83 
6–31+G (d, p) 460.49 460.19 
6–31++G (d, p) 456.84 456.59 
6–311++G (d, p) 456.34 456.01 
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by-products can be classified into three groups: (1) 
two-ringed compounds; (2) one-ringed compounds; 
and (3) aliphatic compounds. The possible decompo-
sition pathways in DC CRS discharge will be dis-
cussed later based on the experimental results. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

3.2.3  Decomposing process of naphthalene in  
discharge 

The decomposing process of naphthalene is a 
parallel and series-wound process. The possible de-
composition pathways of naphthalene are illustrated 
in Fig. 10. The main products observed by FTIR are 
CO2, H2O, and CO. The reaction intermediate of 
phthalide can be formed by two pathways shown in 
Fig. 11 based on Dixon and Longfield (1960). From 
the calculation in Section 3.2.1, the C–H bond at α 
position of naphthalene is firstly broken under the 
effect of radicals such as OH and O. Naphthoquinone 
is formed via dehydrogenation and oxidation 
(Vialaton et al., 1999; Onwudili and Williams, 2007; 
Lair et al., 2008). Subsequently, naphthoquinone can 
be oxidized into phthalide observed by GC-MS by 
pathway 3 (Wainwright and Foster, 1979). The 
phthalide ring can open to form 1,2-benzene- 
dicarboxaldehyde, and then generate some aliphatic 
compounds (acetaldehyde, 1,2-ethanediol, etc.). Fi-
nally, the aliphatic compounds can be decomposed 
into inorganic compounds (CO2, H2O, CO). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

4  Conclusions 
 
The naphthalene decomposition in CRS dis-

charge was discussed. High applied voltage and low 
initial naphthalene density were found to be important 
to decomposition efficiency. When the initial con-
centration of naphthalene was 17 mg/m3, the decom-
position rate was 70% under 14 kV. OH (A2Σ+→X2Π) 
emission spectra have been detected. The H2O intro-
duction was useful to OH generation. The by-products 
analysis by FTIR and GC-MS indicated that the main 
by-products were CO2 and H2O. There were also little 
CO and other small-molecule aliphatic compounds. 
The naphthalene decomposition was a process of de-
hydrogenation and oxidation. 
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