ELSEVIER

ISSN 1001-0742
CN 11-2629/X

AT --.
- e n .
O
: 2\‘. = y
vl
'.
L
®
L]
» =
®
L ]
®
L]
..
o
t
§

Sponsored by
Research Center for Eco-Environmental Sciences
Chinese Academy of Sciences



Journal of Environmental Sciences Volume 28 2015

WWW.jesc.ac.cn

1 Growth and alkaline phosphatase activity of Chattonella marina and Heterosigma akashiwo in
response to phosphorus limitation

Zhao-Hui Wang and Yu Liang

8 Distribution characteristics and indicator significance of Dechloranes in multi-matrices at Ny-Alesund
in the Arctic
Guangshui Na, Wei Wei, Shiyao Zhou, Hui Gao, Xindong Ma, Lina Qiu, Linke Ge, Chenguang Bao and
Ziwei Yao

14 Pretreatment of cyanided tailings by catalytic ozonation with Mn?*/03

Yulong Li, Dengxin Li, Jiebing Li, Jin wang, Asif Hussain, Hao Ji and Yijie Zhai

22 Effects of different sludge disintegration methods on sludge moisture distribution and dewatering
performance

Lingyun Jin, Guangming Zhang and Xiang Zheng

29 Removal of tetracycline from aqueous solution by a Fe;O,4 incorporated PAN electrospun nanofiber mat
Qing Liu, Yuming Zheng, Lubin Zhong and Xiaoxia Cheng

37 Feasibility of bioleaching combined with Fenton oxidation to improve sewage sludge dewaterability
Changgeng Liu, Panyue Zhang, Chenghua Zeng, Guangming Zeng, Guoyin Xu and Yi Huang

43 Mg?* improves biomass production from soybean wastewater using purple non-sulfur bacteria
Pan Wu, Guangming Zhang and Jianzheng Li

47 Influence of zeta potential on the flocculation of cyanobacteria cells using chitosan modified soil
Liang Li, Honggang Zhang and Gang Pan

54 Effects of two polybrominated diphenyl ethers (BDE-47, BDE-209) on the swimming behavior,
population growth and reproduction of the rotifer Brachionus plicatilis

Jingjing Sha, You Wang, Jianxia Lv, Hong Wang, Hongmei Chen, Leilei Qi and Xuexi Tang

64 Immobilization of lead in anthropogenic contaminated soils using phosphates with/without oxalic acid
Xiaojuan Su, Jun Zhu, Qingling Fu, Jichao Zuo, Yonghong Liu and Hongging Hu

74 Predicted no-effect concentrations for mercury species and ecological risk assessment for mercury
pollution in aquatic environment

Meng Du, Dongbin Wei, Zhuowei Tan, Aiwu Lin and Yuguo Du

81 Investigation of physico-chemical properties and microbial community during poultry manure co-
composting process

Omar Farah Nadia, Loo Yu Xiang, Lee Yei Lie, Dzulkornain Chairil Anuar, Mohammed P. Mohd Afandi and
Samsu Azhari Baharuddin

95 Cu(ll), Fe(lll) and Mn(Il) combinations as environmental stress factors have distinguishing effects on
Enterococcus hirae

Zaruhi Vardanyan and Armen Trchounian

101 Evaluation of biostimulation and Tween 80 addition for the bioremediation of long-term DD T-contaminated
soil
Bibiana Betancur-Corredor, Nancy J. Pino, Santiago Cardona and Gustavo A. Pefiuela

110 Hg® removal from flue gas over different zeolites modified by FeCls
Hao Qi, Wenging Xu, Jian Wang, Li Tong and Tingyu Zhu

118  Preparation and evaluation of aminopropyl-functionalized manganese-loaded SBA-15 for copper
removal from aqueous solution

Di Lei, Qianwen Zheng, Yili Wang and Hongjie Wang



CONTENTS

128

137

148

157

163

171

178

187

195

Investigation of carbonyl compound sources at a rural site in the Yangtze River Delta region of China
Ming Wang, Wentai Chen, Min Shao, Sihua Lu, Limin Zeng and Min Hu

Low-carbon transition of iron and steel industry in China: Carbon intensity, economic growth and
policy intervention

Bing Yu, Xiao Li, Yuanbo Qiao and Lei Shi

Synergistic effect of N- and F-codoping on the structure and photocatalytic performance of TiO,
Jiemei Yu, Zongming Liu, Haitao Zhang, Taizhong Huang, Jitian Han, Yihe Zhang and Daohuang Chong

Pollution levels and characteristics of phthalate esters in indoor air of offices
Min Song, Chenchen Chi, Min Guo, Xueging Wang, Lingxiao Cheng and Xueyou Shen

Characteristics and anthropogenic sources of carbonyl sulfide in Beijing
Ye Cheng, Chenglong Zhang, Yuanyuan Zhang, Hongxing Zhang, Xu Sun and Yujing Mu

Oxidation of diesel soot on binary oxide CuCr(Co)-based monoliths
Sergiy O. Soloviev, Andriy Y. Kapran and Yaroslava P. Kurylets

Effects of introducing energy recovery processes to the municipal solid waste management system
in Ulaanbaatar, Mongolia

Kosuke Toshiki, Pham Quy Giang, Kevin Roy B. Serrona, Takahiro Sekikawa, Jeoung-soo Yu,
Baasandash Choijil and Shoichi Kunikane

Toluene decomposition performance and NOx by-product formation during a DBD-catalyst process
Yufang Guo, Xiaobin Liao, Mingli Fu, Haibao Huang and Daiqi Ye

Changes in nitrogen budget and potential risk to the environment over 20 years (1990-2010) in the
agroecosystems of the Haihe Basin, China

Mengmeng Zheng, Hua Zheng, Yingxia Wu, Yi Xiao, Yihua Du, Weihua Xu, Fei Lu, Xiaoke Wang and
Zhiyun Ouyang



JOURNAL OF ENVIRONMENTAL SCIENCES 28 (2015) 187-194

www.journals.elsevier.com/journal-of-environmental-sciences

Available online at www.sciencedirect.com

[ =

JOURNAL OF
ENVIRONMENTAL
SCIENCES

ScienceDirect

www.jesc.ac.cn

Toluene decomposition performance and NOx by-product
formation during a DBD-catalyst process

Yufang Guo™?3* Xiaobin Liac*, Mingli Fu’, Haibao Huang’, Daiqi Yé*

1. College of Environmental Science and Engineering, Guangzhou University, Guangzhou 510006, China
2. Guangdong Provincial Key Laboratory of Environmental Pollution Control and Remediation Technology (Sun Yat-sen University),

Guangzhou 510275, China

3. Guangdong Provincial Key Laboratory of Atmospheric Environment and Pollution Control, Guangzhou 510006, China
4. College of Environmental Science and Engineering, South China University of Technology, Guangzhou 510006, China
5. College of Environmental Science and Engineering, Sun Yat-Sen University, Guangzhou 510275, China

ARTICLEINFO

Article history:

Received 22 February 2014

Revised 17 June 2014

Accepted 17 June 2014

Available online 23 December 2014

Keywords:

Dielectric barrier discharge
Nitrogen oxides

Catalyst

Toluene

ABSTRACT

Characteristics of toluene decomposition and formation of nitrogen oxide (NOXx) by-products
were investigated in a dielectric barrier discharge (DBD) reactor with/without catalyst at room
temperature and atmospheric pressure. Four kinds of metal oxides, i.e., manganese oxide
(MnOx), iron oxide (FeOx), cobalt oxide (CoOx) and copper oxide (CuO), supported on Al,Os/nickel
foam, were used as catalysts. It was found that introducing catalysts could improve toluene
removal efficiency, promote decomposition of by-product ozone and enhance CO, selectivity. In
addition, NOx was suppressed with the decrease of specific energy density (SED) and the increase
of humidity, gas flow rate and toluene concentration, or catalyst introduction. Among the four
kinds of catalysts, the CuO catalyst showed the best performance in NOx suppression. The
MnOx catalyst exhibited the lowest concentration of O; and highest CO, selectivity but
the highest concentration of NOx. A possible pathway for NOx production in DBD was
discussed. The contributions of oxygen active species and hydroxyl radicals are dominant
in NOx suppression.
© 2014 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Dielectric barrier discharge (DBD) has offered an innovative technology for

Introduction

removing toluene from waste gas characterized by low toluene concentration
and high flow rate (Atten et al., 1987; Clements et al., 1989; Yamamoto et al,,
1996; Snyder and Anderson, 1998; Pietsch, 2001; Kim et al., 2008; Mista and

Emission of volatile organic compounds (VOCs) from various industrial
processes is one of the most important sources of air pollution. VOCs are
detrimental to both human health and the environment, either directly from their
toxicity and malodorous nature or indirectly as ozone and smog precursors (Chen
et al.,, 2009). Toluene, as one of the typical VOCs, is usually chosen as a probe
contaminant for treatment because it is difficult to deal with due to the presence of
a benzene ring and because it causes respiratory disorders and even carcinogenic
and mutagenic effects. It also represents one of the most commonly detected
VOCs in many industries, such as those producing lacquers, adhesives, and
rubber, as well as in some printing and leather tanning processes (Angel et al.,
2008).

*Corresponding author. E-mail: yufanguo@hotmail.com (Yufang Guo).

http://dx.doi.org/10.1016/j.jes.2014.06.048

Kacprzyk, 2008). DBD, which contains at least one dielectric barrier, distributes
microdischarges throughout the discharge area. It initiates chemical reactions
by electron impact dissociation of organic molecules and ionization of the
carrier gas (Magureanu et al., 2007). DBD produces a plasma region characterized
by significant non-thermal properties. Electric energy is primarily used
for the production of high energy electrons, leaving the bulk of gas at room
temperature. The potential for energy-saving is a main advantage of DBD
technology.

However, DBD alone usually cannot convert pollutants to ideal products.
The main problem for VOC removal in a DBD system is the formation of toxic
byproducts, such as CO, O3, and NOx (Magureanu et al., 2007; Van Durme et

1001-0742/© 2014 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences. Published by E]sevier B.V!
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al., 2008; Delagrange et al., 2006; Bo et al., 2009; Kalra et al., 2005). These would
cause secondary pollution if not subjected to further treatment. Sometimes
they are even more harmful than the original VOCs. Notable improvements
in inhibition of their formation can be achieved through the plasma-catalysis
process, which introduces a catalyst into the discharge zone. Metal oxides
have been widely used as active components in the removal of organic
compounds (Das and Parida, 2007; Guo et al, 2007; Sano et al.,, 2006;
Karuppiah et al., 2012; Lahousse et al., 1998).

The byproduct NOx can affect reaction rate and even lead to deactivation
of a catalyst. Van Durme reported that the deactivation of catalyst materials
may be explained by the formation of HNOj; in the plasma discharge (Van
Durme et al., 2008). Subrahmanyam also found that NOx could form nitrate,
which may cause the deactivation of catalysts (Subrahmanyam et al., 2006).
In this study, the formation characteristics of NOx during toluene removal
were investigated in a DBD-catalyst system at room temperature and
atmospheric pressure. Four kinds of metal oxide catalysts, thatis, manganese
oxide (MnOx), iron oxide (FeOx), cobalt oxide (CoOx) and copper oxide (CuO),
supported on Al,Os/nickel foams, were placed in the discharge area of the
reactor. Experimental tests were conducted to determine the effect of the
catalysts on toluene oxidation. In addition, exhaust gas was experimentally
simulated to determine the influences of humidity, gas flow rate and toluene
concentration as well as catalysts on NOx formation.

1. Experimental

1.1. Experimental set-up

A schematic diagram of the experimental system is shown in
Fig. 1. The apparatus mainly included a gas supply and regulation
system, a DBD reactor with a power supply system and a gas
analysis system. The initial toluene concentration ranged from
200 to 800 mg/m®. Gaseous toluene was obtained by controlling
the air flow rate from a gas cylinder through pure toluene liquid
(>99.5%) which was kept in a water bath (T = 25 + 1°C). After
passing through a mixing chamber, the feed gas entered the
DBD reactor. Gas flow rate was controlled to between 150 and
450 mL/min.

Toluene and other volatile organic compounds were analyzed
by a gas chromatograph (GC-7890Il, Tianmei, China) equipped
with a hydrogen flame ionization detector (FID) and a DB-5MS
capillary column (30 m x 0.25 mm x 0.25 mm) heated at 80°C.
Humidity was measured by a humidity meter (Center 310,

Shuangxu, Shanghai, China). The concentrations of CO and
CO, were measured by a CO analyzer (TX2000, Oldham,
France) and a CO, detector (GXH-3010E, Huayun, Beijing,
China), respectively. The concentration of ozone was moni-
tored by an ozone analyzer (DCS-1, Lida, Shanghai, China).
NOx was detected with a NO analyzer (PGM-1140, Rae, USA)
and a NO, analyzer (PGM-1150, Rae, USA).

1.2. DBD reactor and power supply system

A wire-plate DBD reactor was used in the reaction (Fig. 2). Two
epoxy resin boards (200 mm x 45 mm x 0.8 mm) were used to
form reactor walls and acted as dielectric barriers (the dielectric
constant ¢ = 3.6). The high voltage electrode was made of brass
wire (diameter 0.6 mm). The brass wire electrode was shaped
into a spiral in order to increase energy density in the reaction
volume. The wire-to-wire distance was 8 mm. Two grounded
copper nets were fixed on the two sides of the middle epoxy
resin board. The total length of the reactor was 200 mm, while
the effective length was 150 mm. When no catalyst was used,
the gap between the high-voltage electrode and the grounded
electrode was 8 mm, resulting in a cross sectional area of
400 mm? and a reaction volume of 60 cm? for the flow channel.
To add an in-situ catalyst, it was supported by two pieces of
nickel foam (150 mm x 25 mm x 2 mm) fixed on the grounded
electrodes. This produced a gap of 6 mm, a cross-sectional area
for the flow channel of 300 mm?, a reaction volume of 45 cm?
and a catalyst volume of 15,000 mm?>.

High voltage power was supplied by a booster (0-250 V)
combined with a high voltage AC transformer (CTP-2000K,
Suman, Nanjing, China) in series. In this experiment the
frequency was controlled at 9.512 KHz. The applied voltage
and current were measured by a high voltage probe (P6015,
Tektronix, USA) and a digitizing oscilloscope (TDS1002, Tektronix,
USA). The input power can be detected by the high voltage AC
transformer directly. The discharge power (the power deposi-
ted to the reactor) was calculated from the applied voltage
and the reactor current.

12 r
r1]:} .._._O :EH

J
[

3
/f ;I\—_lo

Fig. 1 - Schematic diagram of the experiment. (1) dry air cylinder, (2) bubbling for water vapor preparation, (3) masllfllow controller,

(4) bubbling for toluene preparation, (5) water bath for toluene generation, (6) buffer, (7) DBD reactor, (8) ac transfo
(10) resistance, (11) oscilloscope, (12) gas chromatogram, (13) ozone analyzer.

er, (9) booster,
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Fig. 2 - Structure of the DBD reactor with catalyst. (1) high voltage electrode, (2) polyethylene tube (gas out), (3) brass wire, (4)
epoxy resin board (1 mm), (5) nickel foam, (6) copper net, (7) silicone pad, (8) ground electrode, (9) polyethylene tube (gas in), (10)

epoxy resin board (2 mm), (11) drilled hole for a screw.

1.3. Catalyst

Four kinds of catalysts, i.e. MnOx, FeOx, CoOx and CuO supported
on Al,Os/nickel foam, were prepared by an impregnation method.
The detailed process can be obtained in a previous article (Guo et
al., 2006).

Toluene removal efficiency (n), specific energy density
(SED, J/L), carbon dioxide selectivity Sco, and energy efficiency
(ng, gkWh) were calculated as follows:

[toluene];,—[toluene]

— out
= [toluene];,, X100 M

discharge power (w)

SED = gas flow rate (L/ min) x 60 @)
oo [COy]

> = coy) + [co] ?

N — [toluene] oy (8/m3) x gas flow rate (m?/hr) . )

input power (kW)

2. Results and discussion

2.1. Toluene removal performance with/without catalyst

2.1.1. Energy yield

The relationship between SED (J/L) and ng (g/kWh) with/without
catalyst presented in Fig. 3a indicates that SED is more dependent
on Ey in a DBD system than in a DBD-catalyst system. For
example, the Ey value was 0.21-1.12 g/kWh in the DBD system
compared to 1.24-1.37 g/kWh in the DBD-FeOx catalyst system
(SED: 140-320 J/L).

2.1.2. Toluene removal efficiency

The catalytic properties of various metal oxides for toluene
oxidation were studied (Fig. 3b). It was found that catalysts
promoted toluene decomposition significantly. The following
toluene removal efficiency order was found: FeOx catalyst >
MnOx catalyst > CuO catalyst > CoOx catalyst > no catalyst. The
conversion was only 7.1% without catalyst compared with 45%
with the FeOx catalyst (SED: 140 J/L).

2.1.3. Ozone formation

The production of ozone with/without catalyst is indicated
in Fig. 3c. It can be seen that metal oxides promoted ozone
decomposition. The concentration of O; was 34.6 mg/m? with
the MnOx catalyst, compared to 420 mg/m? without catalyst
at 320 J/L. By comparing the results presented in Fig. 3c, it can be
concluded that the ozone concentration varied in the following
order: MnOx catalyst < FeOx catalyst < CoOx catalyst < CuO
catalyst < no catalyst. MnOx catalyst exhibited the best perfor-
mance in terms of O; decomposition.

Plasma generates intermediate species having a sufficiently
long lifetime to trigger surface reactions on a catalyst placed in
the plasma reactor (Hammer et al., 2004). It is clear that most
ozone is decomposed catalytically, forming molecular and highly
active atomic oxygen (Guo et al., 2007; Magureanu et al., 2005;
Delagrange et al., 2006). Delagrange reported a mechanism for O,
decomposition with a MnO, catalyst as follows (Delagrange et al.,
2006):

05" 0(3P)+1A0,

0;"%0('D)+*Y " 0,.

2.1.4. Selectivity of CO,
The selectivity of CO, decreased with increasing SED (Fig. 3d).
The selectivity of CO, decreased from 80.56% to 48.84% when
SED increased from 140 to 320 J/L without catalyst. The result
was the same as in previous reports (Guo et al., 2006, 2010).
But this trend was different than that reported in some
papers (Magureanu et al., 2007; Karuppiah et al.,, 2012).
Maybe differences in catalyst oxidation ability cause this
discrepancy.

Fig. 3d also shows that CO, selectivity can be greatly
enhanced by introducing catalysts. The CO, selectivity without
catalyst was only 48.84% but it increased to 74.62% with the MnOx

catalyst (SED: 320 J/L). Oxygen active species are formed in the
decomposition of O3 on a catalyst surface. Jarbon monoxide
and toluene (or intermediate reaction product$) are oxidized by
oxygen active species to CO,, which eventually lead to a higher
CO; selectivity (Chavadej et al., 2007).

The MnOx catalyst exhibited the highest CO, selectivity
(Fig. 3d) and lowest ozone concentration |(Fig. 3c),((Which
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Fig. 3 - Effect of SED on energy yield with different catalysts (a), and effects of different catalysts on toluene removal efficiency (b), O3
concentration (c), CO, selectivity (d). Gas flow rate: 450 m/min, initial concentration of toluene: 400 mg/m?>, relative humidity (RH): 20%.

proved that active species produced from O; decomposition
oxidized CO into CO,. This is in accord with Sano’s result, which
concluded that a catalyst with a higher O; decomposition activity
was related to a catalyst with a higher CO oxidation activity (Sano
et al., 2006).

2.2. NOx performance under different conditions

2.2.1. Specific energy density effect

The production of the main NOx species (NO, NO,) as a function
of SED is shown in Fig. 4. The concentration of NO and NO, both
increased with increasing SED. For example, the concentration of
NO increased from 2.3 to 7.9 mg/m3, and for NO, it was 19.56—
33.23 mg/m® with SED ranging from 140 to 320 J/L. This trend is
consistent with the result by Cooray and Rahman (2005). The
concentration of NO was much lower than that of NO,. The
concentration of NO, was 33.2 mg/m?® but for NO it was only
7.9 mg/m® (SED: 320 J/L). Some active molecules and radicals
such as O3, OH and O produced in the discharge are effective in
the oxidization of NO to NO,, which results in less NO in the
effluent.

2.2.2. Humidity effect

Since practical oxidation of VOCs in air usually occurs in the
presence of water vapor, the effect of humidity on the formation
of NOx was investigated as shown in Fig. 5a. The results
suggested that the addition of water vapor caused a remarkable

suppression of NOx. Close to 65.0 mg/m* of NO, was detected
under dry conditions at SED of 320 J/L, whereas, it decreased to
30.1 mg/m?® (relative humidity/RH: 20%) and 28.0 mg/m® (RH:
40%). This is in agreement with the report of Van Durme et al.
(2007).

g
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Fig. 4 - Effect of SED (J/L) on NOx formation. Gas flow rate:
450 mL/min, initial concentration of toluene] 400 mg/m?,
RH: 20%.
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2.2.3. Effect of gas flow rate

Gas flow rate had a significant effect on NOx generation (Fig. 5b).
When flow increased from 150 to 450 mL/min, the concentration
of NO, decreased from 51.7 down to 33.23 mg/m3 and NO
decreased from 15.8 to 7.9 mg/m? (SED: 320 J/L). The increase of
gas flow rate decreases the concentration of discharging electrons
and the probability of collision rate with electrons. Therefore
fewer N and O atoms are generated and NOx is depressed.

2.2.4. Effect of initial toluene concentration

Fig. 5¢c shows the concentration of NOx under different initial
toluene concentrations. A better performance in suppressing
NOx was identified when the toluene concentration was higher.
NO, concentration decreased from 48.88 to 19.39 mg/m® with the
increase of toluene concentration from 200 to 800 mg/m? (SED:
320 J/L).

More chemical species compete for radicals generated by a
fixed amount of plasma energy under a higher toluene
concentration. The detailed reactions were discussed by Guo
et al. (2006). Moreover, detection of polymers containing N in
the effluent supports the idea that N, can be broken, and
radicals that are dissociated from toluene would compete for
energy with N, (Subrahmanyam et al., 2006; Bo et al., 2007).

2.2.5. Effect of different catalysts

Catalysts had a positive effect on the suppression of NOx
(Fig. 5d). The NO, concentration was 33.23 mg/m® without
catalyst, but it decreased to 16.6 mg/m® with the CuO catalyst
(SED: 320 J/L). And, the NO concentration without catalyst was
nearly five times higher than that with the CuO catalyst. The
concentration of NOx follows the trend: CuO catalyst < CoOx
catalyst < FeOx catalyst < MnOx catalyst < no catalyst. The CuO
catalyst shows excellent performance in the suppression of NOx.
However, from the results of Fig. 3b, c, d, the CuO catalyst
showed a weaker catalytic ability, for example lower toluene
decomposition, the highest O; concentration and lowest CO,
selectivity. But actually when we choose a catalyst, catalytic
ability is the most important factor. This result in Fig. 5d could
give some suggestions for NOx suppression.

The MnOx catalyst had the best ability in decomposing O3,
but the concentration of NOx was the highest among the four
kinds of catalysts. According to formula (5), with the MnOx
catalyst most O3 is decomposed to O, and O atoms, which
may combine with N atoms and generate more NOx compared
with other catalysts. On the other hand, these O atoms also
are consumed in the decomposition of toluene. With catalyst,
toluene removal efficiency is higher than without catalyst. The

Specific energy density(J/L)
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Fig. 5 - Effect of background humidity (a), gas flow rate (b), toluene concentration (c), different catalysts (d) onf NOx formation.

Gas flow rate: 450 mL/min, initial concentration of toluene: 400 mg/m* when they are used in experiments.



http://www.jesc.ac.cn

192 JOURNAL OF ENVIRONMENTAL SCIENCES 28 (2015) 187-194

competing reaction of O atoms with toluene causes a decrease
in the NOx concentration.

Metal oxides have been reported to be highly effective for
NOx removal in combination with non-thermal plasma (Rappé
et al., 2004; Sun et al., 2005). This can be explained as follows.
First, microdischarges are generated inside the catalyst pores,
resulting in more discharge per volume and energy density of
the discharge (Hensel et al., 2005; Holzer et al., 2005). Catalysts
may induce a shift in the distribution of accelerated electrons
(Van Durme et al., 2008). Then, partially oxidized hydrocarbons
and peroxy radicals (RO,) are generated, which react with NO
and strongly influence NO, formation rates (Rappé et al., 2004).
In addition, NO, reacts over the catalyst while partially oxidized
hydrocarbons are consumed during selective catalytic reduction,
producing CO,, N, and H,0. On the other side, adsorption is
another reason for the lower amount of NOx detected with
catalysts (Kwak et al., 2006).

2.3. Possible formation pathways of NOx

2.3.1. Nitrogen atom reaction pathway

Since in this study no nitrogen was contained in the pollutant, it
could be assumed that NOx came from the air that was used as
carrier gas. Electrons, ions, excited molecules and free radicals are
formed during the DBD process. When fast electrons are absorbed
in the carrier gas, they cause ionization and excitation of Nj,
O, and H,0 in the carrier gas. Primary species and secondary
electrons are formed. The G-values (molecules/100 eV) of the
primary species are simplified as follows (Métzing, 1989).

4.43N;—0.29N," + 0.855N (D) + 0.295N(?P) + 1.87N + 2.27N; + 0.69N" + 2.96e

(6)
5.3770,—0.0770; + 2.250(*D) + 2.80 + 0.18(0") + 2.070; +1.230" +33e  (7)

7.33H,0-0.51H, + 0.460(®P) + 4.250H + 4.15H + 1.99H,0" + 0.01H; (8)

+0.570H" +0.67H" 4 0.060" + 3.3e

N(°D) and N(?P) as the first two electronically excited states
of atomic nitrogen react with O, and H,0, then NO is formed
(Herron, 1999).

N(*D) + 0,—NO + O(*P,'D) k= 5.2 x 10 cm?/(mol - sec)(298K)
9)

N(?D) + H,0—H, + NO k = 42 x 107em?/(mol - sec)(298K)

(10)

N(®P) + 0,—0 + NO k = 2.5 x 1072cm?3/(mol - sec)(298K)

(11)
2.3.2. Oxygen atom reaction pathway
NOx reactions involving O atom are as follows:
0+NO—-NO, k=30x101 (12)
0+NO,—»NO; k=22x10" (13)
0+NO,—0, + NOk =97 x 1072 (14)

0+ NO3;—0, + NO2k = 1.7 x 107, (15)

The rate constants are taken from the literature (Atkinson et
al., 1992, 1997). The units of the reactions are: sec™*, cm®/(mol-sec)
and cm?/(mol-sec) for first-, second- and third-order reactions,
respectively. Kim indicated that the increase of oxygen partial
pressure can reduce the formation of nitrogen oxide (Kim et al.,
2008).

2.3.3. OH radical reaction pathway
Water mainly came from the oxidation of toluene with air and
the water contained in the background gas.

C7Hg + 90,—7C0,(CO) + 4H,0 (16)

Fast electrons from the electron beam ionize H,O and
produce OH radical (Chae, 2003).

e +H,0—e + 0 + OH- (17)
e +0,—e +0(°P) +0('D) (18)
O('D) + H,0—OH - +OH- (19)

OH radicals react with NO and NO, to form HNO, and
HNOs. The reactions are as follows (Chmielewski et al., 2002):

OH - +NO—HNO, k=32x10" (20)
OH - +NO,—HNOs k=60x10"1" (21)
OH - +NO;—HO, + NO, k=23x10" (22)
OH - +HNO;—H,0 + NO; k=49x10" (23)
OH - +HNO3—H,0 + NO; k=15x107". (24)

Reactions (20) and (21) are critical for NOx removal. The
results shown in Fig. 5a demonstrate the suppression of NOx
with the addition of water.

2.3.4. O3 reaction pathway

03, which is formed from the reaction of O, and O atoms, is
involved in the NOx reduction reaction as follows (Chmielewski
et al., 2002):

0; + NO—NO; + 0, k=1.8x10"% (25)

03 + NO;—NOs + 0, k=3.2x10"". (26)

Comparing the rate constant from reactions (12)-(15), (20)-(26),
it can be seen that O atoms and OH radicals play a more
important role than that of Os in this process.

3. Conclusions

(1) The concentration of NO, was much higher|than that of NO
since NO could be oxidized to NO, easily in a PBD reactor.(2)
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Catalysts can suppress NOx production due to the fact that
catalysts could affect some characteristics of the DBD and
adsorb NOx. Long-lived species are useful to further decompose
toluene on the surface of the catalyst. Among the four kinds
of catalysts, the CuO catalyst showed the best performance
in NOx suppression. (3) Oxygen active species and hydroxyl
radicals are more important than ozone in suppressing
NOx.
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