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Abstract: Polycyclic aromatic hydrocarbons (PAHSs) from coal-fired boilers and waste incinerators are regarded as some toxic and
difficult decomposition pollutants. In this paper, it was studied how the applied voltage, the initial concentration and the catalyst
affected the naphthalene decomposition characteristics using a corona discharge radical shower system. The emission spectrum of
OH (A%Z* - X’II) was detected to understand the decomposition mechanism of naphthalene better. In addition, the
decomposition by-products and the decomposition process were also analyzed initially. The results show that the increasing
applied voltage and humidity is helpful to the naphthalene decomposition because of the increasing OH radicals. High initial
concentration of naphthalene can heighten the decomposition amounts and the catalyst can improve the naphthalene
decomposition. The main decomposed by-product is CO, and H,O. However, there are also little CO and small-molecule organic
compounds to be found because of the incompletely oxidative reactions.
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1 INTRODUCTION

Currently, the removal of polycyclic aromatic hydro-
carbons (PAHSs) from coal-fired boilers and waste incinerators
is paid more and more attention with stricter environmental
standard [1-3], because PAHs endanger human health and
environmental safety badly. Thought there are many techno-
logies such as absorption, biology restoring and oxidation
used for PAHs removal, the effect is not perfect. The reason is
that the decomposition process of PAHs has not been clearly
investigated.

The plasma flue gas treatment technology has been
applied in the last decade [4-7]. In this paper, naphthalene was
chosen as a typical PAH. The corona radical shower (CRS)
technology is one of the most efficient plasma pollutant
removal technologies. In the CRS system, a pipe electrode
with nozzles was used as a discharge electrode. Additional
gases (such as O,, H,0, etc) were injected into the reactor
through the nozzle. Because of intensive electric field around
the tip of nozzle, the additional gases from nozzles were
dissociated into various active species (such as OH, O, O,
etc). These radicals can converse pollutant into harmful
compounds [8,9].

In order to investigate the process of naphthalene
decomposition, OH radical as an important active species was
detected by an optical emission spectroscopy system. The
optical emission spectroscopy (OES) diagnosis is a simple
and dependable method for radical measurement. Many
studies on OH radical diagnosis have been reported [10,11].
In this work, the OES method was used to diagnose OH
radical in the corona radical shower system. Additionally, the
decomposition by-products were detected in order to

understand the decomposition process better.

2 EXPERIMENT SYSTEM AND SETUP

The schematic diagram of experimental apparatus is
showed in Fig. 1. The simulated flue gas system consists of an
additional gas system, a CRS reactor, a treated gas analyzed
system and an emission optical detection system. The inside
size of CRS reactor is 200 mmx50 mmx50 mm made of
plexiglass. Two plate electrodes of stainless steel were
adhered to the reactor inner as negative poles. A stainless steel
pipe with four pairs of nozzles (5 mm length, 2 mm outer
diameter, 1.8 mm inner diameter) was used as positive
electrode. A quartz window was mounted on one side for
optical measurement. The nozzle-to-plate spacing was 20 mm.
The positive high voltage was applied to the nozzle to form
positive corona.
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In the simulated flue gas system, air containing
naphthalene was introduced into the reactor. The explosive
limit of naphthalene is 0.88%-5.9% (v/v). Therefore, in order
to control the concentration of naphthalene strictly,
naphthalene was wrapped in the gauze so as to limit its
volatilization. In the experiment, the flux of flue gas was
5L/min (RH=70%). The additional gas was humid O, and the
flux was 0.5 L/min. The treated gas was analyzed by gas
chromatography (GC9790, FID, DB-624 capillary column
Wenlin Fuli Co., China) and Fourier Transform Infrared
Spectroscopy (Necolet nexus spectrometer).

For the detection of OH radical, both the simulated flue
gas and the additional gas was N,. The emission optical
detection system included a quartz lens group (¢ =25.4, f=38.1

mm; ¢ =25.4, f=75 mm), a high precision electric platform
(0.625 um minimum step) and a Zolix SBP 300

Spectrometer (1200 L/mm grating groove, 350nm glancing
wavelength; a CR131 PMT tube).

3 RESULTS AND DISCUSSION

3.1 The Effect of Applied Voltage

Tab.1 shows the effect of applied voltage and initial
concentration on naphthalene reduction. It is obtained that the
decomposing rate of naphthalene decreases from 69% to 35%
when the initial concentration increases from 17 mg/m? to 50
mg/m®. However the decomposing amounts increase from
3.87 mg/h to 5.87 mg/h. Therefore the decomposing rate
decreases and the decomposing amounts increase with the
initial concentration of naphthalene under the same applied
voltage. The results can be explained as follow: when the
generating rate of active radical is not changed under the
same applied voltage, the collision ratio between radical and
naphthalene increases with the increasing initial concentration
of naphthalene. Therefore, the positive reactions between
radical and naphthalene accelerate and the decomposing
amounts increase.

Table 1 Naphthalene decomposition effect

Initial Applied

No. concentration voltage
(mg/m’) (kv)

Decomposing  Decompos-
amounts (mg/h)  ing rate (%)

1 17 8 18 32
2 17 11 281 50
3 17 14 3.87 69
4 31 14 5.42 53
5 50 14 5.78 35

From Table 1, it is also indicated that the decomposing
rate of naphthalene improves as the applied voltage increases.
The reason is that the increasing applied voltage improves
corona discharge and the discharge current also increases.
Thus, the increasing generation rate of radical improves the
decomposition of naphthalene.

In the process of naphthalene decomposition, OH radical
is very important. In this section, the influence of applied

voltage on the generation of OH radical was investigated and
the emission spectrum method was used. In the experiment of
OH detection, the simulated flue gas is N, (Q;=5 L/min) and
the additional gas is humid N, (Q,=0.5 L/min, RH=80%).
Fig. 2 illustrates the emission spectrum of OH (A%Z* — X711,
0-0) under different applied voltage. The wavelength of four
band heads for OH (A%L* — X’II) is 306.537 nm (R1),
306.776 nm (R,), 307.844 nm (Q), 308.986 nm (Q,) [12,13]
respectively. From Fig. 2, it is obtained that the transition
band around 309 nm is obvious. The emission intensity of OH
around 309 nm increases with the applied voltage. The reason
is that the increasing discharge voltage makes the collision
ratio between high-energetic electron and H,O increases. And
it leads to generate more OH radical, which is helpful to
improve the decomposition rate of naphthalene.
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Fig. 2 Emission spectrum of OH under different
applied voltage

3.2 The Effect of Humidity and Catalyst

There are many researches on the mechanism of plasma
and catalyst combination at home and abroad [14-17]. In this
work, in order to check the catalytic activity of catalysts, Mn
coating (MnQO,) was selected as catalysts. It is coated on the
negative board of the reactor.

Fig.3 illustrates the decomposing rate of naphthalene
under catalyst of MnO, and the relative humidity of additional
gas is 4% and 94% respectively. From Fig.3, it is indicated
that the decomposing rate of naphthalene is higher under
catalyst and high relative humidity. The reason can be
explained as follow: Based on the Fenton-type reaction
[18,19], H,O, generates via the reaction between H,O and O,
in the discharge region and active radicals also generate via
the reaction between Mn?* or Mn** and H,0,. Therefore OH
radical generates via EQ.(1)-(4) so as to improve the
decomposing rate of naphthalene.

e*+H,0 > OH+H +e (€
20, +2H,0 - 0+0H +HO, +H,0, )
Mn® +2H,0, — Mn* + 20H + 20H" ©)
Mn* +2H,0, - Mn* +2HO, + 2H" (4
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Fig. 3 Naphthalene decomposition under different
catalyst coat and humidity of additional gas

Eq.(1) is the main process of OH generation where e*
represents the high-energetic electron. It is also obtained that
the H,0O, is only generated via Eq.(2). And other active
radicals will generate via the reaction between catalyst and
H,O0,. From the above analysis, it is concluded that the
humidity of additional gas is a very important factor on
generation of OH radical during the corona discharge.
Therefore, the emission spectrum of OH radical was detected
under different relative humidity. The result is illustrated in
Fig.4. From the figure, it is obtained that the emission
intensity of OH radical around 309nm increases obviously
when the relative humidity increases. The reason is explained
as follow: The main reaction of OH generation is Eq.(1). The
collision rate between the high-energetic electron and H,O
increases with the increasing humidity. Hence, the collision
velocity accelerates with the humidity and the OH radical
concentration increases.
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Fig. 4 Emission spectrum of OH under different
humidity of additional gas

3.3 The Analysis Of By-products

The decomposition by-products of naphthalene were
analyzed by the transform infrared spectroscopy (Necolet
nexus spectrometer). The diagnostic peaks of naphthalene
mainly distributes from 3124 cm™ to 2890 cm™and from 917
cm? to 710cm®. FTIR analysis illustrated in Fig. 5 showed a
decline of main naphthalene marker (absorption band around
3100 cm™) when the applied voltage increases from 0 kV to

14.5 kV. Therefore the decomposing rate of naphthalene
improves with the applied voltage. On the other hand, FTIR
spectral data in the CO, interference region (2400 cm™-2300
cm™) rises with the applied voltage. Therefore it is indicated
that there is CO, generated.
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Fig. 5 FTIR diagram of naphthalene decomposition

In the decomposing process, there may be other
by-products. However, the analysis is difficult since the
concentration is very low and the absorption peak of H,O will
disturb the absorption peaks of other byproducts. Therefore,
FTIR subtracting spectrum was used and the result is
illustrated in Fig. 6. In Fig. 6, the positive peaks represent the
by-products’ generation (such as CO,, CO, H,0, etc) and the
negative peak represents the decomposition of naphthalene.
From the figure, it is obtained that the positive peak of CO,
and H,O is obvious. The result indicates that the main
by-products in the decomposing process of naphthalene are
H,0 and CO,. From the FTIR subtracting spectrum there are
a litle of CO (absorption band: 2100cm™), ethylene
(absorption band: 1940-1800cm™), methane (absorption band:
1400-1200 cm™), alcohol (absorption band: 3500-3200 cm™)
and carboxylic acid (absorption band: 1760-1600cm™) to be
found. In a word, the main by-product during the
decomposition of naphthalene is CO, and H,O. However, a
little of CO and some small-molecule organic compounds can
also be detected out because of the incomplete reactions.
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Fig. 6 FTIR subtracting spectrum of naphthalene
decomposition

3.4 The Analysis of Decomposing Process of Naphthalene
The decomposing process of naphthalene with the corona
discharge is very complicated. Fig. 7 indicates the bond length
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of naphthalene. The bond length of naphthalene is different
(1=0.136 nm, 11=0.140 nm, 111=0.139 nm, 1V=0.142 nm)
because of the different position of carbon atoms. The carbon
atoms numbered 1, 4, 5 and 8 are called « position. The
carbon atoms numbered 2, 3, 6 and 7 are called £ position.
The electron cloud density is high in « position; therefore
the reactions always firstly occur in « position.
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Fig. 7 The bond length of naphthalene

From the above investigation, the reaction between
active radicals and naphthalene is a parallel and series-wound
process 2. The main decomposing processes are: (1) under
the effects of active radicals such as OH, O, etc, the reactions
firstly occur in « position. The C-H bond is broken.
Naphthoquinone is formed via the pathway 2 via
dehydrogenation and oxidation %!, Then Naphthoquinone
is oxidized into phthalic anhydride via the pathway 3 %I,
Subsequently, the maleic anhydride is formed as a significant
product of phthalic anhydride via the pathway 4 1. Finally, a
serial of radical reactions and oxidization reactions are gone
and the pollutant is decomposed into CO,, CO, H,0, etc via
the pathway 5; (2) the naphthalene is directly oxidized into
phthalic anhydride via the pathway 1 ! and then the
pathways 4 and 5 happen. The naphthalene is finally
decomposed into small molecules. Fig. 8 illustrates the
concretely decomposing process of naphthalene. The main
pathways of naphthalene decomposition are 1-4-7 and
2-3-4-7.
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Fig. 8 Naphthalene decomposition process

The phthalic anhydride is an important intermediate
product. The two pathways phthalic anhydride formed are
pathway 1 and pathway 2-3 illustrated in Fig. 9 (a) and (b)
respectively. In the processes, the dehydrogenation and
oxidation mainly occur at « and g position to form
phthalic anhydride. Then, the decomposition of phthalic
anhydride is showed in Fig. 10. The maleic anhydride is
formed via the broken of bonds 2%, Because the bond energy
of C-O and C-C are low ), the maleic anhydride can be

decomposed into organic compounds such as carboxylic acid
and alcohol. The carboxylic acid and alcohol have been
detected in our experiments. Under the effects of active
radical, these carboxylic acid and alcohol can be oxidized
continuously into other small molecules such as alkane or
olefin. Finally, CO, and H,O were formed through further
oxidation. In our experiment, CO, and H,O can be found
obviously.
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4 CONCLUSIONS

The decomposition of naphthalene in the CRS system
has been investigated. The high applied voltage and low initial
concentration of naphthalene are helpful to decomposition.
For the 17 mg/m?® initial concentration of naphthalene, the
decomposition rate reached 70% under 14kV applied voltage.
The emission spectrum of OH (A%Z* > X?I1) as an important
radicals has been detected out for naphthalene decomposition
investigation. The increasing applied voltage and humidity
can improve the amounts of OH generation. Moreover, the
decomposing rate of electrodes coated by catalyst is higher
than that of ordinary electrode. The analysis of by-products
by FTIR and GC indicates that the main by-product is CO,
and there are also little CO and other small-molecule
compounds. The mechanism of naphthalene decomposition is
a process of dehydrogenation and oxidation.
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