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bstract

Destruction of gaseous benzene (C6H6) by dielectric barrier discharge (DBD) was studied in both laboratory-scale and scale-up DBD systems.
he effects of input power, gas flow rate as well as initial concentration on benzene decomposition and energy yield were investigated. In addition,

ualitative analysis on byproducts and relatively detailed discussion on mechanisms were also presented in this paper. At last, we systematically
llustrated the feasibility of benzene removal with DBD on basis of three aspects: estimation of treatment cost per unit volume, comparison with
ther plasmas, and problems existed in DBD system. The results will help impel actual application of DBD on waste gas containing benzene.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Benzene is one of the important volatile organic compounds
VOCs) and widely used as petrifaction material in many
ndustrial applications such as dope, paints, chemical plants,
nd printing industries. C6H6 has high toxicity and breathing
6H6 can cause drowsiness, dizziness, and unconsciousness.
oreover, repeated exposure can have adverse impacts on

uman health including anemia, leukemia, blood diseases, and
ancer.

Up to now, it is still a hard work to treat industrial C6H6 waste
as due to the special stability of C6H6 and the inaccessibil-
ty of conventional techniques. In recent years, there have been

any reports [1,2] on dielectric barrier discharge (DBD) used
or treating pollutants as an alternative approach. As reported,
BD can be used to decompose most of VOCs, such as benzene

3–6], toluene [7,8], xylene [9] and styrene [10,11]. However,

n their studies, pollutants were removed under static state or
ow-flow case (gas flow rate = 0.1–1 L/min), which was varied
o effluent rate of typical industrial exhausts. There have little

∗ Corresponding authors. Tel.: +86 21 6564 2293; fax: +86 21 6564 3849.
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o
e

s
r
s
a

304-3894/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2007.12.048
eports on waste gas treatment under high-flow rate with DBD,
hich is considered probably more close to practical exhausts

reatment. The more important thing is that we have not found
ny systematic investigation on the feasibility of C6H6 removal
ith DBD. So far, there have only been two reports on prac-

ical industrial waste gas removal with DBD. One is dioxins
emoval with DBD by Fujistu Company. The investigation [12]
hows that removal efficiency can reach 90% for 1 �g/m3 diox-
ns. The other case [13] is that DBD designed by our institute
as successfully applied for decomposing industrial waste gas

ontaining sulfured hydrogen (H2S) and carbon disulfide (CS2)
rom YueJi Chemical Fiber Company in Shanghai. The system
as run properly 8 years with removal efficiencies of H2S and
S2 of 85% and 86.5%. For promoting industrial applications,
ne very important issue is how to scale up plasma reactor in
rder to achieve maximum removal efficiency at minimal cost.
hus, we think it is very essential to study removal feasibility
f benzene with DBD on basis of scale-up experiment and cost
stimation and so on.

The aim of this paper is to illustrate systematically the fea-

ibility of C6H6 removal with DBD on basis of four aspects:
emoval efficiency and energy yield analysis versus parameters,
cale-up experiment study, byproducts and mechanism analysis,
nd feasibility study. We made attempt to provide relative all-

mailto:fdesi@fudan.edu.cn
dx.doi.org/10.1016/j.jhazmat.2007.12.048
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Nomenclature

Cin initial benzene concentrations (mg/m3)
DBD dielectric barrier discharge
Ey energy yield (g/kWh)
kE energy constant (L/J)
Md mineralization degree (%)
P input power (W)
Q gas flow rate (m3/h)
Rh relative humidity (%)
SCO2 selectivity of CO2 (%)
SED specific energy density (J/L)
T surrounding temperature (K)
TCP treatment cost per unit volume ($/kWh)
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η, ηbenzene removal efficiency of benzene (%)

round analysis to C6H6 destruction in DBD, which will give
ome valuable proposals to commercial availability.

. Experimental

.1. Laboratory-scale DBD system

Fig. 1 shows the laboratory-scale DBD system which con-
ists of a self-designed continuous flow gas generation system,
laboratory-scale DBD reactor, and a gas detection system.

n numerous studies [6,14], gaseous C6H6 was produced by
ubbling liquid C6H6 to form saturated vapor, which was then
ixed with compressed air in a buffer bottle to form gaseous
6H6 with certain concentration. In this study, we designed
gas generation system with simple operation. The gas from

ompressed air cylinder flowed through six bottles filled with
iquid C6H6, carrying gaseous C6H6 on liquid surface, and then

ixed and diluted with surrounding air in a mixing chamber
o form gaseous C6H6 with certain concentration which was

ed axially into the DBD reactor under a tunable air blower
pressure loss is 1000 Pa). Thus, the pressure in discharge zone
s lower than atmospheric pressure but near atmospheric pres-
ure. By means of an exhaust fan (2X-3, China) connected with

p
s
i
T

Fig. 1. Schematics of laborat
aterials 156 (2008) 356–364 357

ix-way-valve autosampler, samples, before and after discharge
eaction, could be taken from the plasma reactor exit and ana-
yzed by an on-line gas chromatograph (GC-930, China). To

ake sure discharge arrived at steady state, the gaseous sample
or analysis was taken at a time around 30 min after discharge
tarted. Noticeably, since the system is an open system, sur-
ounding temperature and humidity is variable due to weather
ondition. Nevertheless, contrast experiment was conducted at
onstant surrounding temperature (T) and relative humidity (Rh)
o ensure the accuracy of the results.

The DBD reactor was made of two coaxial quartz tubes with
all thickness of 2.0 mm and length of 200 mm. The inner one
ad an outside diameter of 10 mm, while the outer one had an
nside diameter of 26 mm. A stainless foil attached tightly to the
nside wall of the inner tube serving as an inner electrode. The
uter electrode, made of a stainless strip with a width of 4 mm,
as wrapped around the outside of the external tube with 4 mm

pacing. The discharge region was sustained within a constant
olume of 63.3 mL. A homemade square wave high-voltage sup-
ly with a fixed frequency of 20 kHz was used for generating
lasma discharge with peak voltage ranging from 3 to 9 kV mea-
ured by a high voltage probe (XJ 2370, China). In this research,
t was assumed that the power consumed in the circuit could
e neglected. This meant that the energy provided by power
upply was equal to the energy acted on the two electrodes of
BD. The current can be observed on the relative instrument
anel. Detailed measurement of the discharge power has been
reviously reported by our group [15,16].

.2. Scale-up DBD system

To simulate practical exhausts of benzene, characterized as
ow-concentration and high-flow rate, we designed our scale-up
BD reactor in terms of parallel connection with 10 discharge

ubes. Each discharge tube was connected with an alone high
oltage power supply and had the same dimensions (inner
iameter of outer tube: 40 mm; outer diameter of inner tube:
0 mm; length: 300 mm; wall thickness: 2 mm), resulting in total
as flow rate is 509 m3/h. Gas stream containing C6H6 first

assed through gas/water separator to get rid of water in gas
treams, followed by baffle mixture, and then was fed axially
nto each discharge tube. The clean gas exhausted by chimney.
he detailed schematics are plotted in Fig. 2.

ory-scale DBD system.
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Ey increases, which was in a good agreement to other’s publish-
ing [9]. As high as 20 g/kWh Ey was achieved for 2886 mg/m3

C6H6 in this work.
Fig. 2. Schematics of the scale-up DBD system.

.3. Analysis methods

Unreacted gaseous samples were analyzed by gas chro-
atograph (GC-930, China) with a 2-m long Porapak

column maintained at 473 K and a hydrogen flame
onization detector (FID). Removal efficiency of benzene
ηbenzene = (Cin − Cout)/Cin, Cin and Cout are the inlet and the
utlet concentration of C6H6, mg/m3) was calculated from the
C peak areas before and after discharge. Carbon monoxide

CO) and carbon dioxide (CO2) were separated with a 1-m long
olecular Sieve TXM column maintained at 343 K. Mineraliza-

ion degree (Md = (1000[CO2] + [CO])M/6Cinηbenzene; [CO2]
nd [CO] are the concentration of CO2 and CO produced in dis-
harge (mol/m3); M is molecular weight of C6H6, g/mol) and
O2 selectivity (SCO2 = [CO2]/([CO2] + [CO])) are proposed

o describe the degree of complete degradation and byproducts
afety.

Solid depositions on the internal wall of DBD reactor
ere collected and analyzed by a Fourier transformation

nfrared spectrometer (FT-IR, Avatar-360, America) and a gas
hromatography-mass spectrometry (GC-MS, HP 5973-6890,
merica). Aerosol particles existed in effluent were collected
y portable particles sizer (Dust-Sol, China).

As a measure of the energy efficiency, energy yield
Ey = QCinηbenzene/P (g/kWh); Q denotes gas flow rate (m3/h);

is input power (W)) was used.

. Results and discussions

.1. Study of benzene removal in laboratory-scale DBD

.1.1. Influence factors of C6H6 destruction
Fig. 3 shows the relationship between ηbenzene and Ey and

nput power. The experimental conditions are: Cin of 350 mg/m3,
of 2.44 m3/h, T of 289 K and Rh of 70%. From Fig. 3, both

benzene and Ey increase quickly with increasing input power.

It is well known that gas flow rate has a significant impact

n pollutant decomposition via changing the residence time
n DBD. As shown in Fig. 4, with Q increasing from 0.6 to
.4 m3/h, ηbenzene drops quickly from 100 to 13.5%, which

F
C

ig. 3. Effect of input power on ηbenzene and Ey (T = 289K, Rh = 70%,
= 2.44 m3/h, Cin = 350 mg/m3).

an be explained that residence time correspondingly reducing
ith the rise of Q for a changeless reactor volume leads to the
ecrease in colliding frequency of electrons with gaseous C6H6
olecule per unit. On the other hand, Ey increases from 3.91

o 9.45 g/kWh when Q rises from 0.6 to 2.1 m3/h, but starts to
ecrease as Q further increases. Thus, we concluded that the
alue of Q is crucial to gain advisable removal efficiency and
nergy yield. The results in Fig. 4 were achieved at input power
f 135 W, Cin of 880 mg/m3, T of 289 K and Rh of 42%.

Generally speaking, concentration of actual industrial
xhausts varies at intervals, so it is necessary to consider the
ffect of inlet concentration on ηbenzene and Ey. Q was set at
.28 m3/h, T at 298 K and Rh at 60%. We investigated theηbenzene
nd Ey at initial concentration varying from 100 to 3000 mg/m3

nder 80 and 135 W, which were presented in Fig. 5. With
ncreasing inlet concentration of C6H6, ηbenzene decreases but
ig. 4. Effect of Q on ηbenzene and Ey at 135 W (T = 289 K, Rh = 42%,

in = 880 mg/m3).
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ig. 5. Effect of Cin on ηbenzene and Ey at 80 W and 135 W (T = 298 K, Rh = 60%,
= 2.28 m3/h).

These findings also indicate that the energy efficiency for
emoving the same amount of C6H6 can be enhanced as the inlet
enzene concentration is increased. Interestingly, in contrast to
ylene removal [9] and carbon bisulfide (CS2) removal [15], we
ound that the effect of inlet concentration on benzene removal in
his work appears to be slighter. We cannot gain implicit answer
t this stage, but the possible reasons for which have been spec-
lated on the basis of two aspects: first, C6H6 molecule is very
table compared with CS2 and xylene, only a series of radi-
al reaction can destruct it. Consequently, though each C6H6
olecule in a lower concentration obtains more excited species,

ome C6H6 molecules still cannot be destructed, resulting in less
ncrease in removal efficiency. Secondly, gas flow rate in this
ork is much higher (gas residence time is only 0.04–0.15 s),

o some C6H6 molecule have not enough time to react with
adicals, resulting in enhancing collision probability in low con-
entration C6H6 hard to represent in our work. Anyway, in order
o improve energy efficiency, a relative high initial concentration
ould be desired.
In conclusion, lower flow rate, lower initial concentration, as

ell as higher input power contribute to higher ηbenzene. Higher
nitial concentration, input power led to higher Ey. The effect of
as flow rate on Ey appears to be not linear and the highest Ey
s up to 20 g/kWh in our experiment.

.1.2. Degree of complete degradation
Practical application of DBD for pollutant decomposition

ust be considered based on not only removal efficiency but
lso safety of byproducts and degree of complete degradation.
he desired final byproduct of carbon in VOCs structure is
O2, since CO is still very toxic and also hard to be oxidized

o CO2 using plasma alone. We analyzed the mineralization
egree and CO2 selectivity after plasma reaction and the results
re shown in Fig. 6. The experimental conditions are as fol-
ows: Cin of 1000 mg/m3, Q of 2.10 m3/h, T of 298 K, and Rh

f 56%. As seen, both Md and SCO2 increase as peak voltage
ncreases. However, the variation of Md was most prominent for
he C6H6 destruction with changing voltage because CO is rela-
ively hard to be oxidized to CO2 even in high voltage. The rise

b
D
l

ig. 6. Benzene mineralization degree and CO2 selectivity as a function of peak
oltage in DBD (T = 298 K, Rh = 56%, Cin = 1000 mg/m3, Q = 2.10 m3/h).

f high-energy electron amount in higher voltage contributes to
he enhancement of mineralization degree, especially to stable
ollutant molecule.

.2. Experimental results in scale-up DBD system

Above results had demonstrated the effectiveness of the DBD
ystem for C6H6 removal in a laboratory-scale DBD reactor
nd analyzed the influence factors. Consequently, we would like
o test the efficiency in scale-up DBD system by simulating
ractical industrial exhausts under high-flow rate.

We carried out our experiment under one DBD system, two
BD systems in series, as well as three DBD systems in series.
he total gas flow rate of 10 discharge tubes with parallel con-
ection is 509 m3/h. The inlet concentration of C6H6 varies from
000 to 3300 mg/m3, T of 298 K, and Rh of 50%. Notably, T and
h would vary within a range of 3 K and 10%, respectively, due

o weather condition. The results are listed in Tables 1 and 2.
As seen in Table 2, the highest ηbenzene is only 58.2% at

0.5 kV in one DBD system, but in two and three DBD sys-
ems in series, ηbenzene can reach 78.3 and 89.9% at 7.5 kV,
espectively. Thus, we assure DBD system in series can enhance
benzene. It is also not difficult to find that ηbenzene enhances sig-
ificantly from one system to two systems in series, while only
bout 10% increase from two systems to three systems were
ound, so adding DBD number in series further does not increase
benzene greatly. Moreover, from one system to three systems,
nergy consumption tripling means that energy yield, which
eflects the real efficiency of the system, actually decreases. Tak-
ng into account the energy yield and benzene conversion, we
hink one DBD system is more desirable.

Nevertheless, under our experimental condition, the outlet
oncentration of C6H6 after discharge is still high which is
ar beyond effluent standard of benzene, so it is necessary to
onsider combined plasma technology in actual application.
Unfortunately, after DBD run for a period of time, some
rown residues were found to deposit on the inside wall of
BD, which changes dielectric constant of quartz tube and

eads to thermal energy built up and finally mechanical failure
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Table 1
Experimental results of benzene destruction in scale-up DBD system (Q = 509 m3/h, T = 298 K, Rh = 50%)

Peak voltage (kV) Input power (kW) Inlet concentration (mg/m3) Outlet concentration (mg/m3) ηbenzene (%)

3 1.14 2078.2 1236.8 40.5
1.12 2050.8 1201.4 41.4
1.14 2341.2 1273.8 45.6
1.14 2317.2 1271.5 45.1

6 1.61 2196.5 1146.1 47.8
1.64 2579.3 1288.3 50.1
1.63 2354.3 1226.0 47.9
1.61 2291.5 1173.2 48.8

7.5 2.12 3172.0 1467.8 53.7
2.19 2333.3 1066.7 54.3
2.15 2263.3 1096.4 51.6
2.18 2319.2 1064.1 54.1

9 2.82 3243.0 1408.3 56.6
2.74 2266.7 1043.7 54.0
2.79 2383.4 1084.7 54.5
2.78 2523.3 1125.4 55.4

10.5 3.41 2325.2 955.65 58.9
3.40 2503.2 1074.5 57.1
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3.41 2413.9
3.45 2389.3

f the dielectric. Therefore, after each run, air (without C6H6)
as passed through DBD reactor at 6 kV for several minutes to

emove the polymeric deposits.

.3. Byproducts and mechanism analysis

.3.1. Byproducts analysis
Most of the products in the effluent were CO and CO2 and

here were no products of partial oxidation by on-line GC anal-
sis. Analyzing outlet gas collected in liquid nitrogen by FT-IR,
e also did not find new strong bands. But we cannot jump to the

onclusion that C6H6 removed was mineralized totally on the
asis of these phenomena. Some aerosol particles were detected
ualitatively in effluent via portable particles sizer (Dust-Sol,
hina).

In addition, in the inner wall of DBD tube, we did find a little
rown residue, which can partially dissolve in dichloromethane

CH2Cl2) solvent but completely dissolve in methanol (CH3OH)
r acetone (C3H6O). The solid deposition also can be eas-
ly removed with a water wash. GC/MS analysis (Fig. 7)
as shown that the main components of residues dissolved

H
o

(

able 2
xperimental results of benzene destruction in DBD systems in series (Q = 509 m3/h,

eak voltage (kV) Inlet concentration (mg/m3) Input power (kW

Onea T

6 2355 1.63 3
7.5 2522 2.23 4
9 2604 2.82 5
0.5 2408 3.42 6

a One DBD system.
b Two DBD system in series.
c Three DBD system in series.
1029.4 57.4
973.7 59.2

n acetone (chromatogram-grade) from benzene plasma are
henol, heptanoic acid, 2-nitro-phenol, hydroquinone, resor-
inol, 3-nitro-phenol, 4-nitrocatechol, and 4-phenoxy-phenol.
ometimes, a small peak with a mass number appears in the
hromatogram, but the corresponding mass spectrum quality is
ery poor. No matter what the DBD power or gas flow-rate is,
henol, hydroquinone and nitrophenol are always the main prod-
cts in the deposition from C6H6 plasma. However, the relative
ields vary with different conditions.

.3.2. Discussions on reasons of formation of byproducts

.3.2.1. Electron energy distribution in DBD reactor. The elec-
rons energy distribution in DBD is in accordance with Maxwell
unction and the percentage of electrons whose energy value is
qual to ε can be expressed as Eq. (1) [17].

(ε) = 2.07(ε̄)−3/2ε1/2e−1.5ε/ε̄ (1)
ere, f(ε) represents the percentage, ε̄ denotes average energy
f electrons in DBD system.

Bai and coworkers [18] had calculated that average energy
ε̄) is equal to 5.0 eV in DBD system according to its discharge

T = 298 K, Rh = 50%)

) Removal efficiency (%)

wob Threec Onea Twob Threec

.26 4.89 48.7 73.7 86.5

.46 6.69 53.4 78.3 89.9

.64 8.46 55.1 79.8 90.9

.84 10.26 58.2 82.5 92.7
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ig. 7. GC–MS spectrum of solid residues of benzene destruction in DBD
ydroquinone; 10.82: resorcinol; 11.61: 3-nitro-phenol; 11.95: 4-nitrocatechol;

arameters. So, we can obtain Eq. (2) when ε̄ = 5.0 was placed
n Eq. (1).

(ε) = 2.07 × (5.0)−3/2ε1/2e−0.3ε = 0.185ε1/2e−0.3ε (2)

By integral operation on Eq. (2) with bottom line of “a”
alue and top line of “+∞” value, we can gain the percentage
f electron (ρE(a)) whose energy value is higher than “a” value.

E(a) =
∫ +∞

a

f (ε) dε =
∫ +∞

a

0.185ε1/2e−0.3ε dε (3)

By a series of mathematical operations and equation coun-
erchanges to Eqs. (3) and (4) can be obtained.

E(a) =
∫ +∞

a

f (ε) dε = 0.185 × [
√

0.3a/2e−0.3a

+0.3−3/2e−0.3a(
√

0.3a + √
π/2)]. (4)

.3.2.2. The mechanism discussion of C6H6 destruction in
BD. It is well known that C6H6 molecule is very stable. Bond

nergy of C C in C6H6 molecule is 5.4 eV, so only high-energy
lectron beyond 5.4 eV can make C6H6 molecule ring-cleavage
issociation. According to Eq. (4), we can calculate that the per-
entage of electron higher than 5.4 eV is about 45.8%, thereby
nly less than half benzene molecules can possess ring-cleavage
issociation. However, almost 90% C6H6 was removed in DBD
ased on previous experimental results [19]. Hence, there must
xisted many complicated reactions in DBD which led to C6H6
estruction except for direct dissociation of C6H6 molecule by
igh-energy electrons impact.

Even for small molecules, the reaction mechanisms for pol-
utant destruction can be complicated. Complex molecules often
ndergo a series of intermediate reactions before they are com-
letely destructed in plasma. Since the mechanism of C6H6

estruction in DBD is unclear up to now, we would offer rel-
tive overall mechanism for C6H6 destruction by referring to
ome related publications [20–25] and our experimental results
n this work.
, 20 kHz) (7.66: phenol; 8.57: heptanoic acid; 8.88: 2-nitro-phenol; 10.16:
: 4-phenoxy-phenol).

First, the high-energy electron attacks oxygen to generate O
toms due to its relative higher concentration as background
as and low bond energy (5.1 eV of O–O bond). Furthermore,
igh-energy electron attacks C6H6 molecule to generate phenyl
C6H5

•) attributed to C–H bond breakage [3].

2
e−→O + O (5)

6H6
e−→C6H5

• + H• (6)

Further, O atom behaves as a strong oxidant to produce other
xidation products and radicals such as O3, HO2

• and •OH by
xtracting hydrogen atoms or other reactions [20–22].

+ O2 → O3 (7)

+ H• → OH• (8)

O + OH• → H• + O2

k1 = 3.3 × 10−11 cm3 molecule−1 s−1 (9)

O + •HO2 → OH• + O2

k2 = 5.4 × 10−11 cm3 molecule−1 s−1 (10)

•OH + •OH → H2O + O,

k3 = 1.8 × 10−12 cm3 molecule−1 s−1 (11)

These radical species (•H, •HO2, •OH) react with C6H5
•, and

6H6 to form C6H5OH, C6H5O• or other oxidation products
CO, CO2, etc.) by breaking the aromatic structure. Relative
eactions and rate constants came from some other references
23–25] and were listed below.

+ C6H6 → C6H5OH (12)
C6H5
• + O2 → C6H5OO• → C6H5O• + O,

k4 = 1.97 × 10−12 cm3 molecule−1 s−1 (13)
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Table 3
TCP estimation of benzene destruction in DBD (Q = 509 m3/h, T = 298 K, Rh = 50%, and input power is listed in Table 2)

Voltage (kV) Cin (mg/m3) Onea Twob Threec

η (%) TCP ($/m3) η (%) TCP ($/m3) η (%) TCP ($/m3)

6 2355 48.7 0.00024 73.7 0.00048 86.5 0.00072
7.5 2522 53.4 0.00034 78.3 0.00068 89.9 0.00102
9 2604 55.1 0.00043 79.8 0.00086 90.9 0.00129

10.5 2408 58.2 0.00052 82.5 0.00104 92.7 0.00156

a One DBD system.
b Two DBD system in series.
c Three DBD system in series.

Table 4
Detailed material and reaction condition of plasma reactors

Reactor Material Packing Q (L/min) Inlet concentration (mg/m3) Peak voltage (kV)

Pulse corona [27] Quartz –a 0.2–3 522 –a

Glow discharge [28] –a –a 0.1 1031 0.47
Surface discharge [27] Quartz –a 0.2–3 522 –a

MnO2-DBD [29] Glass MnO2 0.5 366 –a

Ag/TiO2-plasma [27] Pyrex Ag/TiO2 0.2–3 522 –a

This work (laboratory) Quartz –a 35 880 9
T 8483

C

d
a
a
w

N

T
C

R

P
G
S
M
A
T
T

his work (scale-up) Quartz

a No original date.

C6H5
• + OH• → C6H5–OH adduct → C6H5OH,

k5 = 1.3 × 10−12 cm3 molecule−1 s−1 (14)

6H5O• + H• → C6H5OH (15)

C6H5O• + HO2
• → C6H5OH + O2

k6 = 1.0 × 10−12 cm3 molecule−1 s−1 (16)

C6H6 + OH• → C6H6–OH adduct,

k7 = (1.1 − 1.4) × 10−13 cm3 molecule−1 s−1 (17)
C6H6–OH adduct + O2 → C6H6–OHO2 adduct,

k8 = 3.3 × 108 L mol−1 s−1 (18)

N

C

C

able 5
omparison of benzene removal between various plasma reactors

eactor ηbenzene (%) SED (

ulse corona [27] 25 264
low discharge [28] –a 3370–
urface discharge [27] 36.9 288
nO2-DBD [29] 55 360
g/TiO2-plasma [27] 89.1 391
his work (laboratory) 69.0 232
his work (scale-up) 55.1 11.1

a No original date.
b Calculated from original date.
2604 9

C6H6 + H• → C6H6–H adduct,

k9 = (5.3 ± 1.0) × 108 L mol−1 s−1 (19)

O + C6H6, C6H5OH

→ other oxidation products (CO, CO2, etc.) (20)

Meanwhile, a comparative amount of nitrophenol was
etected in solid residues, which indicates that part N N bonds
re broken in spite of its higher bond energy (9.7 eV) into N
toms. It was suggested that the NO2 from reaction of N-atom
ith O2 resulted in nitrophenol occurring in products.

2
e−→N + N (21)
+ O2 → NO2 (22)

6H5OH
e−→•C6H4OH + •H (23)

6H4OH• + NO2 → C6H4OH–NO2 → C6H4OHNO2 (24)

J/L) kE (L/J) Ey (g/kWh)

2.2 ± 0.2 × 10−3 1.78b

6030 –a 0.53–0.87
2.5 ± 0.2 × 10−3 2.41b

−a 2.01b

5.0 ± 0.2 × 10−3 4.28b

4.6 ± 0.2 × 10−3 9.45
–a 465.3
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.4. Feasibility study

.4.1. Treatment cost estimation
According to the data in Table 2, we calculated treatment cost

er unit volume (TCP ($/m3) = PR/Q; R is power rate ($/kWh)),
hich was listed in Table 3. In our experiment, Q is equal to
09 m3/h and R is 0.61 RMB/kWh in Shanghai, corresponding to
.077 $/kWh. The data in Table 3 suggest that TCP rises with the
ncrease of peak voltage. DBD system in series can improve the
emoval efficiency at the cost of increasing treatment cost. For
nstance, TCP rise to three times when ηbenzene increased from
8.7% in one DBD system to 86.5% in three systems at 6 kV.
wo main conclusions were obtained with a view to treatment
ost: first, we should select lower voltage for benzene removal
ith DBD in order to lower TCP; secondly, the TCP of C6H6
ith DBD is acceptable and C6H6 removal with DBD is feasible.

.4.2. Comparison with other plasmas
To assess a plasma technology for pollutant treatment,

emoval efficiency (η) and energy efficiency were widely used.
nergy efficiency has several expression styles including spe-
ific energy density (SED (J/L) = 3.6 P/Q), energy yield (Ey,
/kWh), and energy constant (kE, L/J). kE can be fairly well
escribed by first-order kinetics as a function of SED and
(−ln(1 − η) = kE SED) [26]. In this paper, we attempted to get a
erformance comparison between this work and others’ works in
erms of η, SED, kE and Ey. Larger kE and Ey indicates higher
apability in pollutants decomposition with plasmas, while it
s reverse to SED value [27]. However, η, Ey, SED and kE

aries with many factors, so we present corresponding con-
itions including dielectric materials and reaction conditions
Table 4).

Table 5 summarizes ηbenzene, SED, Ey and kE for benzene
emoval with various non-thermal plasma technologies. As
hown in Table 5, the order of kE was Ag/TiO2-plasma > this
ork (laboratory) > surface discharge ≈ pulse corona; SED

ncreases in the order of this work (scale-up) < this work
laboratory) < pulse corona < surface discharge < MnO2-
BD < Ag/TiO2-plasma < Glow discharge. Accordingly,

he order of Ey is: this work (scale-up) > this work
laboratory) > Ag/TiO2-plasma > surface discharge > MnO2-
BD > pulse corona > glow discharge. Lower SED and higher

E and Ey in this work indicated that DBD in this work had a
igher energy efficiency compared with other plasmas.

.4.3. Problems existed in DBD treatment
By above analysis, we can see that DBD is a very effec-

ive approach to treat gas stream containing C6H6. It has many
dvantages compared with other technologies. Its treatment cost
er unit volume is also acceptable. Even though, there still
ome problems including aerosol particles in effluent and solid
esidues in the wall of tube need to be considered. Although
he addition of O2 helps decompose C6H6 and effectively

uppressed aerosol particles formation in plasma [30] and air
without C6H6) was passed through DBD reactor several min-
tes to remove solid residues in the wall of tube, they cannot
e removed completely because the formation and growth path-

[

aterials 156 (2008) 356–364 363

ay of them is still poorly understood. These issues are not well
nderstood and solved at the present time, so they deserve our
urther investigation in future.

. Conclusion

This study presents detailed description of C6H6 removal
ith DBD including operation parameters, byproducts and reac-

ion pathways discussion, and feasibility analysis. Input power,
as flow rate, and initial concentration of C6H6 have great effects
n ηbenzene and Ey. The highest Ey can reach 20 g/kWh in our
xperiment. The reaction mechanisms of C6H6 in DBD are very
omplicated due to the attendance of radical species produced
n discharge process. DBD system in series can enhance ηbenzene
o a large extent. The feasibility study shows that DBD has high
uperiority in contrast to other technologies, while there are still
ome problems including aerosol particles in effluent and solid
esidues in the wall of tube. These issues must be well solved
efore actual commercial application.
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