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Abstract—For the treatment of gaseous ozone emission, this study investigated the adsorption and enrichment of ozone
and the destruction of the adsorbed ozone by nonthermal plasma. A nonthermal plasma reactor with adsorbent pellets in
it was operated in two sequential modes, adsorption and decomposition of ozone. First, the 0zone-containing gas was
flowed through the reactor for a given period, in which the ozone was adsorbed and concentrated. In the next step,
the gas was switched to argon or nitrogen, bypassing the ozone-containing gas, and AC high voltage was applied to
the reactor to produce nonthermal plasma for the decomposition of the adsorbed ozone. By this method, the gaseous
ozone was effectively treated with reasonable electrical energy consumption. The adsorbed ozone was converted into
molecular oxygen when argon was used as the ozone decomposition gas, whereas a small amount of nitrogen oxides
was formed with nitrogen. The energy consumed to decompose the adsorbed ozone was found to be 540 and 795 kJ/
g-O; decomposed with argon and nitrogen, respectively.
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INTRODUCTION

Ozone is a strong oxidant that has been used in a wide variety of
industrial applications including drinking water or wastewater treat-
ment, soil remediation, odor removal, food processing, disinfec-
tion, etc. Owing to its high oxidation potential (2.07 V), ozone can
effectively oxidize contaminations such as odors, organic and inor-
ganic compounds, and deactivate microorganisms [1-8]. One essen-
tial issue regarding the ozone processes is the emission of unreacted
ozone (exhaust ozone) [9]. It is well known that exposure to ozone has
direct adverse effects on human health like permanent lung injury
and respiratory diseases.

Ozone emitted into the air (gas phase ozone) can be abated by
several technologies including thermal decomposition, adsorption
and catalytic decomposition [10-13]. While many studies on aqueous
phase ozone decomposition have been reported, only a few works
on gas phase ozone decomposition are available in the literature.
Subrahmanyam et al. [13] investigated the decomposition of ozone
over activated carbon fiber fabrics or granules at room temperature.
Although fresh activated carbon shows high activity for the decom-
position of ozone due to its large specific surface area, regular replace-
ments are needed because the formation of CO and CO, by the reac-
tion of ozone with carbon and the presence of water vapor to oc-
cupy the active sites sharply decrease the activity [13,14]. Thermal
decomposition of ozone has a long history [15]. The half-life of ozone
largely depends on reaction temperature, and it should be noted that
high temperature above 300 °C is required to thermally destroy ozone
with reasonable contact time of a few seconds. This high tempera-
ture leads to increasing the operational cost of thermal decomposi-
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tion system. The use of catalyst can lower the ozone decomposition
temperature and increase the rate of the decomposition reactions.
Unlike activated carbons, catalysts are not consumed during the
conversion of ozone into molecular oxygen, assuring long lifetime.
It has been reported that various materials such as manganese oxide,
alumina, copper oxide, titanium oxide and iron oxide are catalyti-
cally active for the decomposition ozone. According to Hao et al.
[9], the known catalysts have insufficient activity and stability when
they are used under severe conditions such as high ozone concen-
tration, large space velocity and in the presence of moisture.

In this study, the decomposition of exhaust ozone by using non-
thermal plasma technology combined with adsorption was investi-
gated. A dielectric-packed bed plasma reactor filled with adsorbent
and dielectric pellets in consecutive order was employed. The ozone
decomposition process of this study consisted of two steps: adsorp-
tion of ozone by passing the exhaust gas through the reactor, fol-
lowed by nonthermal plasma decomposition in the presence of an
inert gas. The dielectric material and the adsorbent filled in the reactor
were glass beads and silica gel pellets. In the second step, some ad-
sorbed ozone may desorb to move back to the gas phase, which is
destroyed in the reactor section filled with glass beads. The perfor-
mance of the ozone decomposition system was evaluated with a
simulated exhaust gas made by an ozone generator. The effect of
several parameters on the decomposition of ozone was examined,
and the results were discussed. The energy consumption for the de-
composition of ozone was estimated by measuring the amount of
ozone adsorbed and the power consumption of the plasma reactor.

EXPERIMENTAL

Fig. 1 depicts a schematic diagram of the experimental apparatus,
which was composed of a nonthermal plasma reactor (a dielectric-
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Fig. 1. Schematic diagram of the experimental apparatus.

packed bed reactor), an ozone generator, two AC power supplies
for the ozone generator and the nonthermal plasma reactor, a digital
oscilloscope, mass flow controllers (MFC), a ultraviolet (UV)-visi-
ble spectrophotometer for ozone analysis, an oxygen analyzer, and
a NO and NO, analyzer.

The dielectric-packed bed reactor, referred to as the plasma reac-
tor was composed of a quartz tube (outer diameter (OD)/inner dia-
meter (ID): 25 mm/22 mm) wrapped with two 100 mm long alu-
minum foils separated at a certain distance, packing materials (3 mm
silica gel pellets, 3 mm glass beads), and a 0.5 mm coaxial nickel-
chrome spring wire electrode. The silica gel was purchased from
DC Chemical Co. High voltage (AC 1 kHz) was applied to the co-
axial electrode acting as the discharging electrode. The aluminum
foils were connected to the ground electrode. The discharge region
was defined by the length of the aluminum foil. The length of the
aluminum foil in the reactor section filled with silica gel pellets as
the adsorbent was 100 mm, and that with glass beads was also 100
mm.

The ozone generator, which is a surface discharge reactor, was
made up of a quartz tube (OD/ ID: 22 mm/19 mm), a perforated
copper tube electrode (OD/ID: 19 mm/18 mm) with holes of 3 mm
in diameter, a stainless steel tube electrode (OD/ID: 23 mm/22 mm).
The quartz tube, the perforated copper tube and the stainless steel
tube were concentrically arranged. The effective length of the ozone
generator was 150 mm. The ozone generator was kept at a con-
stant temperature of 20 °C by a cooling water circulator. AC high
voltage (operating frequency 60 Hz) was applied to the perforated
copper tube electrode while the stainless steel tube electrode was
grounded. The flow rate of pure oxygen fed to the ozone generator
was 2 L/min.

The gas (mixture of oxygen and ozone) from the ozone genera-
tor that was regarded as the simulated exhaust gas was directed to
the dielectric-packed bed plasma reactor where ozone adsorption
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and decomposition occurred. When the gas mixture flowed through
the plasma reactor without high voltage applied, the adsorption of
ozone took place, thereby being highly concentrated in the adsor-
bent pellets. After the adsorption step, the ozone-oxygen mixture
was closed, and the gas was switched to argon or nitrogen. The argon
and nitrogen used were commercial grade. The commercial argon
contained oxygen of about 220 ppm as an impurity. In the pres-
ence of argon or nitrogen, the application of high voltage to the plas-
ma reactor decomposed the adsorbed ozone to produce molecular
oxygen. The flow rate of argon was 1.83 L/min, and that of nitro-
gen was 2 L/min.

The concentration of ozone was analyzed by a spectrophotome-
ter (Spectro UV-VIS RS, Labomed, Inc.) equipped with a quartz
cell (path length: 58 mm) at a wavelength of 260 nm. The concen-
tration of oxygen was analyzed by an oxygen/carbon dioxide ana-
lyzer (Model 3600, Illinois Instruments). When nitrogen was used
as the ozone decomposition gas, nitrogen oxides were formed, which
was analyzed by a chemiluminescent NO-NO,-NO, analyzer (Model
42CHL, Thermo Environmental Instruments, Inc.). The voltage ap-
plied to the ozone generator and the plasma reactor was measured
with a 1,000 : 1 high voltage probe (P6015, Tektronix) and a digital
oscilloscope (TDS 3032, Tektronix). The discharge power in the
plasma reactor and the ozone generator was estimated by Lissa-
jous charge-voltage figure [16,17]. The power consumed by the
nickel-chrome wire electrode was negligible, compared to that for
electrical discharge, because the current level was very low. As an
example for explaining the discharge power measurement, Fig. 2(a)
shows waveforms of the voltage across the electrodes of the plasma
reactor and charge deposited on the electrodes, and Fig. 2(b) shows
the Lissajous figure that plots the charge versus the voltage. The
voltage across the 1 UF capacitor multiplied by its capacitance cor-
responds to the charge, which is, in principle, equal to the charge
deposited on the electrodes of the plasma reactor since the 1 uF ca-
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Fig. 2. (a) Waveforms of voltage and charge, (b) Lissajous figure
for estimating discharge power (working gas: nitrogen 2.0
L/min).

pacitor and the plasma reactor is a series circuit. The energy per cycle
delivered to the plasma reactor is equal to the area of the Lissajous
figure, and multiplying the area by the operating frequency gives
the discharge power.

RESULTS AND DISCUSSION

1. Ozone Generator

Fig. 3 shows the effect of the applied voltage on the concentration
of ozone produced in the ozone generator and the discharge power.
The flow rate of oxygen fed to the ozone generator was 2 L/min.
‘When high voltage was applied to the ozone generator, the energetic
electrons (e) formed dissociate oxygen molecules by collisions [18]:

O,+¢—>0+0('D)+e, k=5.0x10"* exp(—8.4/T,) cm’/s (1)

0,+e—>0+0+e, k,=4.23x107 exp(=5.56/T,) cm’/s #)

Here, T, is the electron energy in €V. The excited oxygen atom O('D)
generated by reaction (1) is immediately transformed into O through
collisions with oxygen molecules [19]. The oxygen atoms produce

ozone as follows [20]:
0+0,#yM—0;+M, k=8.6x1073 T'* cm'/s 3)

0,+0—0,+0,, k;=9.5%10"2 exp(—2300/T)  cm’/s @)
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Fig. 3. Concentration of ozone produced in the ozone generator,
and discharge power as a function of applied voltage (oxy-
gen flow rate: 2 L/min).
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Fig. 4. Variations of ozone concentration and discharge power as
a function of elapsed time (oxygen flow rate: 2 L/min).

In reactions (1)-(4), k,-k, are the rate constants of reactions (1)-
(4), and M is the third-body reaction partner. The oxygen atom gen-
erates ozone by reaction (3), but at the same time, it decomposes
ozone by reaction (4). As understood in the rate constants, reaction
(3) is favored at lower temperature, whereas reaction (4) at higher
temperature. In addition, from the exponent in the rate constant, it is
understood that the temperature dependence of reaction (4) is greater
than that of reaction (3), i.e., the decomposition reaction gets pre-
dominant as the temperature increases. Thus, without cooling the
ozone generator, its temperature gradually increases according to
the operation time, which is why the ozone generator was kept at a
constant temperature. As in Fig. 3, the change in the applied volt-
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age from 5.3 to 144 kV almost linearly increased the discharge power
in the range of 0.13-2.6 W and the concentration of ozone in the
range of 35-594 ppm (parts per million, volumetric).

Fig. 4 shows the variations in the discharge power and the con-
centration of the produced ozone as a function of elapsed time at a
voltage of 11.9 kV. As this voltage, the discharge power estimated
by the Lissajous figure was 1.98 W and the concentration of ozone
was about 440 ppm. As observed, the temporal stability of the ozone
generation was good during the operation, because the ozone gen-
erator was maintained at a constant temperature, as depicted in Fig. 1.
In this study, the ozone-containing gas from the ozone generator
was regarded as the simulated exhaust gas, which was directed to
the plasma reactor placed downstream. This ozone concentration
of 440 ppm is much higher than that emitted in practical ozone pro-
cesses. For instance, the typical ozone concentration of a cold stor-
age room for treating foods is 2-7 ppm. But, in this study, a high
concentration of ozone was used to shorten the experimental time.
2. Plasma Reactor for Ozone Decomposition

The ozone in the simulated exhaust gas was successively treated
by adsorption followed by nonthermal plasma decomposition. As
described in the experimental section, after the adsorption step, argon
or nitrogen was fed to the plasma reactor for decomposing the ad-
sorbed ozone. Fig. 5 compares the discharge power as a function
of the voltage applied to the plasma reactor in the presence of argon
or nitrogen. When argon was used, the discharge power of 10.4-
26.4 W was obtained at voltages of 6.5-11.7 kV. On the other hand,
the use of nitrogen needed higher voltage to induce electrical dis-
charge, since the discharge onset voltage with nitrogen is higher. In
Fig. 2(b), the voltage intersecting the horizontal axis at charge zero
corresponds to the discharge onset voltage, which is about 8 kV.
From Fig. 5, it can be seen that the dependence of the discharge
power on the voltage with nitrogen was very large, indicating that
a slight change in the voltage can significantly affect the decompo-
sition of ozone.
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Fig. 5. Discharge power as a function of applied voltage in the pres-

ence of argon or nitrogen (argon flow rate: 1.83 L/min, ni-
trogen flow rate: 2.0 L/min).
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Fig. 6. Concentrations of ozone at the inlet and outlet of the plasma
reactor during the adsorption step, and at the outlet dur-
ing the decomposition step (adsorption time: 20 min, work-
ing gas: argon 1.83 L/min).

Fig. 6 presents the concentrations of ozone measured at the inlet
and outlet of the plasma reactor during the adsorption step, and at
the outlet during the decomposition step. The reaction for the ad-
sorption of ozone can be written as follows:

0,+S—0;-S )

where S stands for an active site of the adsorbent. The adsorbed
ozone can be decomposed by the action of plasma in the presence of
argon or nitrogen. When argon is used, the presumed reactions respon-
sible for the decomposition of ozone can be written as follows:

etAr—e+Ar ©)
etAr—etetAr (@)
Ar'+0,-S— Ar+0,+0-S 8)
0,-S—0,+S ©
0,+0-S—0,+0,+S (10
Ar+0,— Ar+0,+0 an
0+0,—0,+0, (12)
0,-S—0,+S 13)

Here, e indicates an energetic electron, Ar” is an excited argon mole-
cule, and O-S is an adsorbed oxygen atom. Besides these reactions,
many other reactions simultaneously occur. During the adsorption,
most of the ozone in the simulated exhaust gas was removed from
the gas phase and concentrated in the adsorbent bed. In Fig. 6, the
shaded area corresponds to the amount of ozone adsorbed, which
was calculated to be 0.032 g (6.67x107* mol). After the adsorption
step, the gas was switched to argon whose flow rate was 1.83 L/
min, and the simulated exhaust gas was closed. The voltage applied
to the plasma reactor for decomposing the adsorbed ozone was
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Fig. 7. Variations of oxygen and ozone concentrations at the outlet
of the plasma reactor during the decomposition step at dif-
ferent voltages (adsorption time: 20 min, working gas: argon
1.83 L/min).

10.7kV, and at this voltage the discharge power was 24 W. During
the decomposition step, ozone was not detected at the outlet of the
plasma reactor, indicating that all of the adsorbed ozone was con-
verted into molecular oxygen. The concentration of ozone in the sim-
ulated exhaust gas and the adsorption time was 440 ppm and 20 min,
respectively. As mentioned above, the concentration of ozone in
practical processes is much lower. The adsorption time 20 min at
440 ppm is tantamount to 1,760 min when the concentration of ex-
haust ozone is 5 ppm. Compared to this practical adsorption time,
the decomposition time of 20 min is relatively short.

Fig. 7 shows the variations of oxygen and ozone concentrations
at the outlet of the plasma reactor during the decomposition step at
different voltages. Argon was used for the decomposition of ozone
previously adsorbed in the reactor for 20 min. When the applied
voltage was 6.5kV and 10.7kV, the discharge power was 10.4
and 24 W, respectively. It should be noted that all of the oxygen
measured at the outlet of the plasma reactor was not attributed to
the decomposition of ozone. In fact, the silica gel pellets used as the
adsorbent can adsorb considerable amount of oxygen as well as ozone.
Thus, the concentrations shown in Fig. 7 include the oxygen des-
orbed from the adsorbent. As observed, at higher voltage, the con-
centration of oxygen at early stage was higher, and after that, de-
creased more rapidly, implying that the ozone and oxygen adsorbed
in the plasma reactor were removed more quickly. Although the
concentration of oxygen at the outlet of the plasma reactor did not
decrease to zero due to the impurity oxygen in argon, it did not change
from about 12 min, which indicates that the decomposition of the
adsorbed ozone was completed in this time. On the other hand, in
case of 6.5kV, the concentration of oxygen was still on the de-
crease, obviously because the amount of reactive species formed at
this voltage was not sufficient to decompose all of the adsorbed ozone
within this operation time. The energy consumed to decompose the
adsorbed ozone can be calculated as follows. In Fig. 6, the ozone
adsorbed in the plasma reactor for 20 min was found to be 0.032 g.
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Fig. 8. Variations of oxygen concentration at the outlet of the plas-
ma reactor for different adsorption time (applied voltage:
10.7 kV, working gas: argon 1.83 L/min).

In Fig. 7, the energy delivered to the plasma reactor at 10.7 kV is
calculated to be 17,280 J (24 Wx 12 minx60 sec). As a result, the
energy consumption is equal to 540 kJ/g-O;.

Fig. 8 shows the variations of oxygen concentration measured at
the outlet of the plasma reactor after the decomposition began, when
the adsorption time was different (20 min or 40 min). In both cases,
the applied voltage was fixed at 10.7 kV. As in Fig. 8, the concen-
tration of oxygen increased more sharply at the early stage when
the adsorption time was 40 min. This is because more ozone and
oxygen were adsorbed in the adsorbent bed during the adsorption
step, resulting in more oxygen released to the gas phase during the
decomposition step. The decomposition of ozone was completed
in about 12 min in both cases, indicating that longer adsorption time
is favorable in terms of the energy consumption.

As well as argon, other gases such as nitrogen and helium can
also be used for the decomposition of the adsorbed ozone. When
nitrogen is used, the adsorbed ozone can be decomposed by either
excited nitrogen molecules or nitrogen atoms produced by the non-
thermal plasma. The reactions related to the decomposition of ozone
are as follows:

e+N,—e+N+N (14)
etN,—et+N; (15)
N;+0;-S—N,+0,+0-S (16)
N;+0,-S—NO+N+0,+S an
N+0;-S—NO+0,+S (18)
NO+0;-S—NO,+0,+S 19)
N;+0-S—>NO+N+S (20)
N+O-S—NO+S @1
N+NO—N,+0 (22)
N+0,—NO+0 (23)
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Fig. 9. Concentrations of ozone, NO, NO, and NO, at the outlet of
the plasma reactor during the decomposition step (adsorp-
tion time: 20 min, working gas: nitrogen 2.0 L/min, applied
voltage: 14.0 kV).

where N; stand for an excited nitrogen molecule. As understood in
the reactions above, the use of nitrogen not only decomposes the
adsorbed ozone, but also forms nitrogen oxides such as NO and
NO,. Once the decomposition of ozone is completed, the forma-
tion of nitrogen oxides does not occur. Fig. 9 shows the concentra-
tions of ozone, NO, NO, and NO, (NO plus NO,) at the outlet of
the plasma reactor, which was obtained with nitrogen of 2 L/min
and at an applied voltage of 14 kV. As observed, the emission of
ozone was not detected at the outlet of the plasma reactor. But, dur-
ing the decomposition step, nitrogen oxides were formed, mostly
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T f
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Fig. 10. Effect of the applied voltage on the concentrations of ni-
trogen oxides emitted during the decomposition step (ad-
sorption time: 20 min, working gas: nitrogen 2.0 L/min).
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in NO. The NO, level (NO plus NO,) increased to 47 ppm, and after-
ward it decreased rapidly. The emission of nitrogen oxides can be
a measure to judge whether the decomposition was completed or
not. At this experimental condition, it took about 20 min to finish
the decomposition of the adsorbed ozone.

Fig. 10 presents the effect of the applied voltage on the concen-
trations of nitrogen oxides emitted during the decomposition step.
At voltages of 11.8, 13 and 14 kV, the discharge power was 10.6,
26.6, 41.1 W, respectively. As expected, the higher the voltage was,
the more nitrogen oxides were formed, because reactions (14)-(23)
were facilitated. But at higher voltage, shorter time was required to
complete the decomposition of the adsorbed ozone. The time re-
quired to decompose the adsorbed ozone at 11.8, 13 and 14 kV was
20, 25 and 40 min, respectively. Based on these decomposition times,
the energy consumption can be calculated at each voltage. As men-
tioned above, the amount of ozone adsorbed for 20 min was 0.032 g,
and the electrical energies delivered to the plasma reactor for 20, 25
and 40 min at voltages of 11.8, 13 and 14 kV were 25,440, 39,900,
49,320 J, respectively. Thus, the energy consumed for the decom-
position of 0.032 g ozone is calculated to be 795, 1,246, 1,541 kJ/
g-0; at voltages of 11.8, 13 and 14 kV. With respect to the energy
consumption, lower voltage is desirable, but the decomposition time
should also be considered in determining the operating condition.
The optimal voltage and decomposition time can be found consid-
ering the process economics. Meanwhile, the energy consumption
with argon was less than that with nitrogen, as calculated above.
But, nitrogen can still be a good candidate since it is cheaper than
argon and produces only a small amount of nitrogen oxides.

CONCLUSIONS

A new method proposed in this study, the nonthermal plasma
reactor system with adsorbent and dielectric pellets, was found to
be very effective for the treatment of gaseous ozone. The treatment
process consisted of two steps, the adsorption of ozone and the de-
composition of the adsorbed ozone by the nonthermal plasma. When
argon was used as the ozone decomposition gas in the second step,
all of the adsorbed ozone was converted into molecular oxygen with
the energy consumption of 540 kJ/g-O; decomposed. On the other
hand, the use of nitrogen in the second step produced a small amount
of nitrogen oxides. The energy consumption with nitrogen was more
than that with argon, depending on the operating condition. But,
nitrogen is thought to be a good candidate since it is cheaper than
argon. Throughout this study, silica gel was used as the adsorbent
packed in the plasma reactor, but further enhancement of this pro-
cess can be achieved by using other powerful adsorbents such as
activated alumina and zeolite.
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