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Abstract

The electrical and chemical properties of the dielectric barrier discharge (DBD) process for the benzene removal

were investigated. The benzene removal was initiated with the applied voltage higher than the discharge onset

value. The removal efficiency over 95 % was obtained at approximately 1.6 kJ liter™! of the electrical energy

density. The increase of the inlet concentration decreased the removal efficiency. However, the benzene

decomposition rate increased with the inlet concentration. While the increase of the gas retention time enhanced the

removal efficiency, the decomposition rate decreased. Identification of the optimum condition between the

decomposition rate and the removal efficiency is required for field applications of the DBD process.
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1. INTRODUCTION

Volatile organic compounds (VOCs) are typical
emission gases from automobile, painting, storing and
pumping of gasoline, and oil refinery and chemical
processes. VOCs have adverse effects on human health
and environments by generating photochemical smog
and lots of diseases, such as headache, dizziness, sore
throats, etc. In particular, some VOCs such as benzene
and chloroform are known as potential carcinogen
compounds. Various technologies have been investi-
gated for decomposing the VOCs, including catalytic
oxidation, thermal decomposition, carbon adsorption,
condensation and biological treatment. The application
of nonthermal plasmas generated by electrical dischar-

ges has been an active research topic in recent years
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(Lee and Jung, 2000; Heo et al., 2000; Chang and
Chang, 1997). The electrons in nonthermal plasmas
have much higher energies than gas molecules. There-
fore, the chemical reactions which do not occur under
the normal condition can take place in gas streams.
Since little energy is lost in heating gas molecules, the
nonthermal plasma process can be more efficient me-
thod in the removal of gaseous pollutants than the
conventional processes. Various techniques have been
chosen to remove VOCs from gas streams by genera-
ting nonthermal plasmas, such as an electron beam,
corona discharge, dielectric barrier discharge (DBD)
and others (Won et al., 2001; Urashima and Chang,
2000; Futamura et al., 1997; Oda et al., 1995). The
DBD process can generate very stable discharges un-
der the low temperature and atmospheric pressure. The
DBD is characterized by a dielectric layer covers at
least one of the electrodes, sometimes both. The die-

lectric material in DBD process effectively limits the
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charges in plasma so that the transition to filamentary
or arc discharge may be prevented (Eliasson and
Kogelschatz, 1991).

To date, the research trend on the discharge process
for the removal of pollutants has been directed to iden-
tify pollutant removal efficiency and mechanism. How-
ever, electrical characteristics of the process are very
important because discharge conditions dominantly
affect the pollutant removal. Therefore, the simultane-
ous focusing on the electrical and chemical aspects of
the process should be taken for the effective process
development. The purpose of this study is the identi-
fication of electrical and chemical properties of the
DBD process for the benzene removal. The effect of
operating parameters such as applied voltage, electrical
energy density, inlet concentration and gas retention

time on the benzene removal was evaluated.

2. EXPERIMENTAL

Fig. 1 shows the schematic diagram of the experi-
mental set—up, which consists of gas injection parts, a
DBD reactor, an alternating current (AC) power supply

and analyzing instruments for electrical ¢nd chemical
properties. The gas streams were controlled by MFC
(mass flow controller, MKS 1179) in order to obtain
the desired gas flow rate and inlet benzene concentra-
tion. Gaseous benzene was generated by passing a
small amount of gas streams through the liquid ben-
zene sustained in a constant temperaturs and mixed

with the main gas streams.
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Fig. 2. Geometry of DBD reactor.
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Fig. 1. Schematic diagram of experimental set— up.
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The geometry of the DBD reactor is shown in Fig. 2.
The reactor was made of a glass tube with the inner
diameter of 20 mm, the thickness of 2 mm and the
length of 500 mm. The inner electrode was made of a
copper rod with the diameter of 12 mm. The gap dis-
tance passing the gas streams was 4 mm. A copper film
tape was wrapped around the glass tube and served as
the outer electrode. The length of the electrically active
zone was 400 mm.

The AC power was applied to the DBD reactor. The
alternating voltage was produced by a high voltage
transformer with a voltage adjuster that varies from 0
to 220 volts. The operating frequency was 60 Hz. We
obtained the output voltages from 0 to 27kV in experi-
ments.

A 1000X high voltage probe (Tektronix, P6015A)
and a digital oscilloscope were used to measure the
applied voltage to the reactor. A capacitor (10 uF) was
connected to the reactor in series to measure the dis-
charge current and the charge. A 100X divider (Tek-
tronix, P5100) was used to measure the voltage across
the capacitor. The benzene concentration in gas
streams before and after discharges was measured by a
gas chromatograph (Varian, Star 3600CX) with a
flame jonization detector (FID). An adsorption test was
carried out to observe the adsorption trend of the ben-
zene in the reactor. The outlet benzene concentration
was monitored with time in a constant inlet concentra-
tion without discharges. We observed that the adsorp-
tion of the benzene in the reactor was negligible. How-
ever, the gas stream with a specific composition and a
flow rate was maintained for 30 minutes for insuring
the steady state condition in each test. All experiments

were carried out at ambient temperature and pressure.

3. RESULTS AND DISCUSSION

3.1 Electrical properties of DBD
Fig. 3 shows typical voltage (V) and current (I)
waveforms before and after the discharge onset. When

the applied voltage was lower than the onset value, a
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small amount of sinusoidal capacitive current was
measured. The phase difference between the current
and the voltage is one fourth of a cycle. Once the dis-
charge starts with the applied voltage higher than the
onset value, the phase difference is narrowed and much
higher discharge current flows.

The discharge energy transferred to the DBD reactor
can be calculated from voltage (V)-current (I) wave-
forms or charge (Q)-voltage (V) plots which are
obtained by the electrical circuit shown in Fig. 1. The
discharge energy can be obtained by integrating the
product of the current and the voltage waveforms with
time. The energy can be also obtained by using the Q-
V plots. Fig. 4 shows Q-V plots with applied voltages.
The energy dissipated per voltage cycle can be cal-
culated by computing the area enclosed by the paral-
lelogram (Carlins and Clark, 1982). Fig. 5 shows the

comparison of the electrical energies calculated from
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Fig. 3. Volitage and current waveforms before (a) and
after (b) discharge onset.
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Fig. 5. Comparison of energies calculated from V—1 wave-
forms and Q- V plots.

V-I waveforms and Q-V plots. It is observed that the
energies calculated by two methods have nearly the

same value.

3. 2 Benzene removal characteristics

Fig. 6 shows a typical trend of benzene removal
with applied voltages when the gas flow rate contain-
ing the 120 ppm of benzene was 2.5 liters per minute.
The benzene removal initiated with the application of
voltages higher than the discharge onset value. The
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Fig. 6. Removal trend of benzene with applied voltage.
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Fig. 7. Effect of electrical energy density on benzene re-
moval.

removal efficiency increased with the applied voltage
and approximately 95% of the inlet benzene was
removed at the voltage of 27kV.

Fig. 7 shows the removal efficiency as a function of
the electrical energy density, which is defined as the
transferred energy to the gas volume, as following,

= &)

Q
where, ED is the electrical energy density (joules per
liter), Q is the gas flow rate (liters per second), E is the
discharge energy per voltage cycle (joules) and f is the
frequency (hertz). The result shows that approximately
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Fig. 8. Effect of inlet concentration on benzene removal.
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Fig. 9. Effect of inlet concentration on removed mass of
benzene.

1.6k liter! of the energy density is required to obtain
the removal efficiency over 95%.

The inlet concentration effect on the benzene remo-
val with the applied voltage is shown in Fig. 8. The
constant flow rate of air containing 120 ppm and 340
ppm of the benzene was injected to the reactor. It was
found that the higher inlet concentration resulted in the
lower removal efficiency. The reduction of the removal
efficiency at higher inlet concentration was already
reported (Ogata et al., 1999). In order to evaluate the
inlet concentration effect on the benzene decomposi-
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Fig. 10. Transferred energy (a) and energy density (b)
during a voltage cycle as a function of gas reten-
tion time.

tion rate, we plotted the removed mass with the energy
density in Fig. 9. We can see that the removed mass at
the high concentration is higher than at the low con-
centration. This result shows that the decomposition
rate increases with the concentration. It has been pro-
posed that the VOC removal in electrical discharges be
occurred by direct electron impacts, ion reactions and
radical reactions (Urashima et al., 1997). The increase
of inlet concentration can enhance possibilities of these

reactions. Therefore, the decomposition rate has a pro-
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Fig. 11. Dependence of benzene removal on gas reten-

tion time.
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Fig. 12. Effect of gas retention time on removed benzene
mass.

portional relationship with the VOC concentration.

The effect of the gas retention time on the benzene
removal was investigated. The gas retention time was
adjusted by controlling the gas flow rate with the same
inlet composition. Fig. 10 shows the effect of gas re-
tention time on the energy per voltage cycle and en-
ergy density. The energy transferred to the discharge
was not remarkably changed by the variation of the gas
retention time. The result shows that the gas flow rate
has a negligible influence on discharge properties.
However, the gas retention time significantly affected

FIA712AE3A) A 188 AE1 %

on the energy density because the gas flow rate varied
at nearly the same discharge condition. The energy
density did rapidly increase with the retention time.
Fig. 11 shows the dependence of the bznzene removal
on the retention time. The removal efficiency increased
with the retention time. Fig. 12 shows the removed
benzene mass with the energy density. The removed
mass increased with the decrease of the retention time
at the same energy density. From this result, it might
be noted that the benzene decomposition rate increased

with the decrease of the retention time.

4. CONCLUSIONS

In this study, the electrical and chermrical characteri-
stics of the DBD process for the benzene removal were
investigated. The benzene removal initiated with the
discharge by the application of voltages higher than the
onset value. Electrical energies calculated from V-1
waveforms and Q-V plots have the same value. The
removal efficiency over 95% was obtained by applying
approximately 1.6 kJ per liter of energy density. The
removal characteristics of the benzene were affected
by the energy density, the inlet concentration and the
gas retention time. The increase of the inlet concen-
tration decreased the removal efficiency. However, the
benzene decomposition rate increased with the concen-
tration. The variation of the gas retention time did
rarely affect discharge characteristics. However, the
benzene removal was significantly influenced by the
retention time. The increase of the retention time en-
hanced the removal efficiency. On the contrary, the de-
composition rate decreased with the gas retention time.
The identification of the optimum condition between
the decomposition rate and the removal efficiency has
to be followed.
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