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Abstract—The decomposition of toluene, propylene and mitric oxide by using a pulsed corona discharge process was
investigated. The performance equation of the pulsed corona reactor was derived with the assumption that the de-
composition reaction rate is directly proportional to the concentration of the pollutant and the discharge power. From
this model equation and the experimental data, the apparent decomposition rate constants of various gaseous organic
compounds and nitric oxide were determined. Alkene and substituted alkene were found to have much larger decom-
position rate constants than aromatic compounds and substituted alkane, which indicates that the derivatives of
aromatics and alkane cannot readily be decomposed in this system. To verify the validity of the model derived, the
experimental data in the present study and m the literature were compared with the calculation results using the de-
composition rate constants. Despite the different reactor geometry and experimental condition, good agreement between
the experimental data and the calculation results was shown.
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INTRODUCTION

Volatile organic compounds (VOCs) and mitrogen oxides (NO,)
emitted from a variety of industrial processes are the man causes
of many environmental problems such as photochemical smog, acid
rain and ozone depletion. Many researchers have reported that non-
thermal plasma or catalysthybrid plasma process can be an effec-
tive approach to mduce chemical reactions for their removal [Chol
et al, 2000, Futamura et al., 1998; Oda et al,, 1998, Ogata et al,
1999; Snyder and Anderson, 1998; Song et al, 2000]. The pulsed
corona discharge process (PCDP) is a common method to create a
non-thermal plasma i which electrical energy 15 used to produce
electrons with a high average kinetic energy in the range of 5-10eV
[Jeong et al., 2001; Lowke and Mormrow, 1995; Mizuno et al., 1995;
Mok et al, 2001; Roush et al., 1996]. The pulse corona discharge
develops by forming a number of streamers, the starting pomts of
which are discrete and distributed over the surface of discharging
wire. The streamer propagates very fast from discharging wire to
grounded plate [Civitenno, 1993; Dinelli et al, 1990]. During the
propagation, energetic electrons and various radicals are generated,
which results in the removal of the air pollutants such as VOCs and
NO,.

According to the literature, much on the removal of VOCs and
NO, using non-thermal plasma has been carried out so far [Lowke
and Morrow, 1995; Roush et al., 1996; Shumizu et al., 1997; Song
etal,, 2000, Tas et al,, 1997, Urashima, 1998; van Veldhuizen, 1998].
Especially, the removal of NO, has widely been studied both experi-
mentally and theoretically. Therefore, the kinetics and mecharusms
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of the NO, removal are well known on the whole, and several kmet-
1c models have been proposed [Mok et al., 1998; Sun et al,, 1996].
On the other hand, the reaction kinetics and mecharusms of VOC
decomposition has been a leaner subject, although many experi-
mental data m terms of removal efficiency and byproducts are av-
ailable [Futamura et al., 1998, 1999, Krasnoperov, 1997; Ogata et
al, 1999, Penetrante et al., 1996, Snyder and Anderson, 1998; Ya-
mamoto et al., 1993].

There are several tens of VOCs meluding alkanes, alkenes, alco-
hols, ketones, aromatics, aldehydes, etc. Due to such diverse kinds
of VOCs, the determination of the kinetics and mecharisms for all
of the VOCs 1s not easy, and requires much time and effort. In the
decomposition of propylene alone, for example, at least more then
ten elementary reactions ere mvolved and the rate constant of each
elementary reaction is mostly still unknown [Atkinson et al,, 1992;
Mok et al,, 2000, Seinfeld, 1975]. Reaction scheme of more com-
plicated compounds may be more complex and accompany much
more elementary reactions. One method to sumplify this problem 1s
to express the decomposition with respect to overall reaction. Sev-
eral researchers assumed that the decomposition is fust order reac-
tion m terms of the VOC concentration [Choi et al., 2000, Kras-
noperov, 1997]. Although it may partly be true at a fixed discharge
power, such assumption makes error at different discharge power
because the decomposition rate 1s also dependent on the concentra-
tions of the active species such as energetic electrons, radicals, 1oms,
etc. As clanified m the previous studies, the concentrations of the
active species are proportional to the discharge power [Mok et al.,
1998; Penetrante et al, 1996; Sun et al., 1996]. Therefore, the de-
composition rate should be expressed m terms of both the concen-
tration and the discharge power, which makes 1t possible to obtam
more useful decomposition rate constents from the practical pomnt
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of view.

In thus study, the decomposition of VOCs and the removal of mi-
tric oxide by the pulsed corona discharge were mvestigated. A plug
flow model equation expressmg the performance of the corona reac-
tor was denived by using the simplified reaction mechanism, and
the apparent decomposition rate constants of various organic com-
pounds and nitric oxide were determined. Propylene, toluene and
nutric oxide were chosen as the pollutents for the expenments, how-
ever, the decomposition rate constants of the other VOCs were also
determmed by using the extensive experimental data in the litera-
ture [Krasnoperov, 1997, Penetrante et al., 1996, Roush et al., 1996,
Snyder and Anderson, 1998; Song et al, 2000]. In order to verify
the validity of this study, the expenimental data were compeared with
the calculation results.

REACTOR MODEL

At steady state the material balance of a component over reactor
length can be expressed as follows:
2
R o 0
where D, 1s the axial dispersion coefficient, C, 1s the concentration
of the pollutant at any position, vy, 1s the linear velocity, z 1s any po-
sition, R, 1s the decomposition rate of the pollutant.

In most cases of gas flow system, the axial dispersion can be ne-
glected because no mixing process is mvolved and there 1s nothing
to disturb the flow axially. In addition, the radial uwnformity of the
concentration can be assumed because the propagation velocity of
the streamer from the discharging wire to the cathode is very fast
[Civitano, 1993], and then, Eq. (1) can be abbreviated as

4G, _
dz

R, @

If the time taken to move the distance z at a linear velocity u, 1s
defined as T, Eq. (2) 1s equated as

_4C,_

=R, ©)

When the total residence time of the gas stream (reactor length/
linear velocity or reactor volume/gas flow rate) 1s T, and the pulse
repetition rate 1s f, the total number of pulses accepted by the gas
stream durmg passing through the reactor is equal to ft,, 1e, the
gas stream 15 processed by T, pulses. The time that each pulsmg
can treat the gas stream 1s equivalent to the pulse period (7T,) given
by

Tp= ¥ @

The decomposition rate of VOC depends on both the concentra-
tion of tself and the concentrations of the active species generated m
the corona reactor. Note that the concentrations of the active species
generated are proportional to the discharge power applied to the
reactor volume. Therefore, the decomposition rate can be written
as follows:

R,=kC.P,/V, &)
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where k;, 1s the decomposition rate constant, V,, 1s the reactor vol-
ume and P, is the average discharge power expressed as

P,~=fE, ©
where E, 1s the energy delivered to the corona reactor per pulse.
Substitution of Eq. (5) for Eq. (3) gives

dc
- d_,':jq =k,C,Py/Vy

(T=0~5) D
Smce the only dependent vanable m Eq. (7) 18 C,, it can easily
be mtegrated to give

CA,:‘—I

e,

=k,T.Py/ Ve (=1,2,3, ... fr—1, o) ®
where C, ., and C,, are the concentrations of the volatile orgamc
compound before and after treated by 1-th pulsing.

Smee the total number of pulses accepted by the gas stream 1s
fr,, Eq. (8) should be extended from 1=1 to 1=f%, in order to obtain
the concentration at the reactor outlet. Thus, the performance equa-
tion for this system becomes

Co _§ Py

Skito= %’ =ksz

Co 347N, T ®

Eq. (9) can be simplified as below since the pulse period (T,) is
the reciprocal of the pulse repetition rate (£):
C
C_AU =k,7,Py/Vy (10)
AL
Rearranging Eq. (10) with respect to the decomposition rate con-
stant,

Ve Ca

k,= 11
¢ TPy Cu an

Eq. (11) may be used for the determmation of the decomposi-
tion rate constant if the concentration at the reactor outlet 1s meas-
ured.

Smce the total residence time of the gas stream 1s equal to the
reactor volume divided by the gas flow rate, Eq. (11) can be re-
written as an equivalent form below

__1 Gy
Po/Q  Cyt
In Eq. (12), P,/Q mndicates the energy density (or specific energy),

and 1t has widely been used as a key parameter m thus field of non-
thermal plasma discharge process.

k, (12

EXPERIMENTAL

Fig. 1 depicts the schematic of the corona discharge reactor that
consists of stamnless steel wires and plates. The diameter of the dis-
charging wire 15 0.8 mm, and the length and the breadth of each plate
are 81 am and 9 cm, respectively. The distance between the two
plates at the top and the bottom 1s 3 cm, and a number of wires are
placed at regular mtervals of 1.5 cm between the two plates. The
wires are 1.5 cm apert from the plate, and electrically connected
one another. The high voltage pulse 13 applied to the wire, and the
plate 1s grounded. Therefore, the wire and the plate act as the anode
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Fig. 1. Schematic description of the pulsed corona reactor.
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Fig. 2. Schematic of the experimental apparaus.

and the cathode, respectively.

Fig. 2 shows the schematic of the experimental apparatus for the
removal of VOCs and NO. Nitrogen and oxygen were used as the
background gas, and propylene and toluene were used as the organic
compounds. Feed gas stream composed of 8026 (vv) N, 20% (v/~)
O, and the pollutants was directed to the corona reactor. The flow
rates of N, and O, were adjusted by flow meters with the total flow
rate kept unchanged, and the flow rates of pure propylene and ni-
tric oxide [premixed NO 10.0% (v/v) m N,] were controlled by mass
flow controllers (Model 1179, MKS Instruments, Inc.). The concen-
tration of toluene was regulated by usmg s vapor pressure (1.333
kPaat 6.4 °C) as follows. A mass flask containmg toluene was -
mersed m a refiigerating circulator kept at a constant temperaure
of 6.4 °C. Nitrogen gas whose flow rae was adjusted by amass flow
controller (Model 1179, MKS Instruments, Inc.) was saturated with
toluene as it passed through the flask. When N, gas is saturated with
toluene at this temperature, the concentration corresponds to 13,000
ppm (parts per million volumetric). In this situation, the concentra-
tion of toluene in the mixed gas stream can be calculated as

1333 Q, s
CTOL(PPm) - 101325Q1+Q2+Q3><10 (13)

where Cp; is the desired toluene concentration, Q, and Q, are the
flow rates of N, and O,, and Qs is the flow rate of N used for the
saturation of toluene. The total flow rate of the mixed gas was
changed m the range of 0.033-0.333 L/s.

The removal efficiencies of propylene, toluene and nitric oxide
were measured by analyzing the concentration differences at the
reactor outlet before and affer corona discharge. The concentration
of NO was analyzed by a chemiluminescence NO-NONO, ana-
lyzer (Model 42H, Themmo Environmental Instrument Inc.), and
the concentrations of propylene and toluene were analyzed by a

Reactor

Fig, 3. Schemaic of the pulse generation circuit.

gas chromatograph (Hewlett Packard 5890). Byproducts generated
as aresult of decomposition were identified by a gas chromaograph-
mass spectrometer (Platform II, Micromass UK, Lid.) and a DB-5
capillary column (50 m=0.2 mmx0.33 um) of J&W Scientific. The
concentrations of the identified components were measured by a
gas chromatograph equipped with flame ionization detector {(FID)
and thermal conductivity detector (TCD).

The schematic of the high voltage pulse generator is presented
in Fig. 3 The pulse-foming capacitor (2.3 nF) is charged by anega-
tive dc high voltage power supply (Glassmann High Voltage Inc.).
As the voltage on the capacitor reaches the spark-over voltage of
the spark gap electrode acting as a switch, the charge stored in the
capacitor flows through a stray inductance to charge the reactor elec-
trode structure. When the voltage between the discharging wire and
the grounded plate reaches the corona onset value, corona dis-
charge occurs from the discharging wires. Peak voltage of about
22.7kV was typically applied to the discharging wire af repetition
rate from 10 to 50 Hz (pulses s™). The pulse repetition rate was varied
by adjusting the charging tune of the pulse-forming capactor. For
the voltage measurement, a high voltage probe (Tektronix P6015)
having DC attenuation of 1000 : 14+3% was used with a digital os-
cilloscope (Tektronix TDS 620B) of which bandwidth and sample
rate are 500 MHz and 2.5 GS/4. For cutrent measurement, a cur-
rent ransformer (Tektronix CT-4), a current probe (Tektronix A6302)
and a current amplifier {(Tektronix AMS03B) were used. The A6302
current probe covers frequencies up to 50 MHz The CT~4 is ahigh
current transformer that extends the measurement capability of the
current probe. The current probe was connected to the current am-
plifier, which amplifies the current sensed by the current probe and
converts the aurent to a proportional voltage that is displayed on
the oscilloscope. The pulse energy delivered to the corona reactor
per pulse was calculated with the voltage and current waveforms
measured:

E,=f VIdt (14)

where V is the pulse voltage, 1 is the pulse current, and t 15 the pulse
width.

RESULTS AND DISCUSSION

1. Voltage and Current Waveforms

Korean J. Chem. Eng.(Vol. 18, No. 5)
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Fig. 4. Waveforms of pulse voltage and current (a), power and en-

ergy (b).

Fig. 4(a) shows the voltage and current waveforms measured at
the dischargmg wire and the grounded electrode. When the pulse
voltage 1s applied to the dischargmg wire, capacitive current flows
before the corona onset When the voltage exceeds the corona onset
value, streamer corona develops and the voltage drop 15 observed.
The peak voltage was about 22.7 kV with rise rate of 0.54 kV ns™,
and the pulse width (full width at half maxmmum) was about 180
ns. The peak current was 124 A, and the pulse current was extin-
guished at about 300 ns. As presented m Fig. 4(b), the energy de-
livered to the reactor per pulse was found to be 220 mJ by mtegrat-
mg the product of the pulse voltage and the pulse current accord-
mg to Bq. (14).

2. Decomposition of Organic Compounds and Nitric Oxide

The concentration profiles of toluene as a function of discharge
power for different gas flow rates are shown m Fig. 5. The amount
of the toluene decomposed corresponds to the difference between
the mitial (200 ppm) and the final concentration. In general, it is
very clear that the decomposition of toluene mcreased with the m-
crease in the discharge power. It has been reported that active oxy-
gen species and long-lived ozone play an mportant role m the de-
compostition of toluene m a pulsed corona reactor [ Yamamoto et
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Fig. 5. Effect of the discharge power on the decomposition of tolu-
ene.

al, 1993]. In addition, short-lived mtrogen species and direct elec-
tron 1mpact are known to cleave the chemical bonds m the mole-
cule [Ogata et al, 1999]. Therefore, the increase m the decompo-
sition of toluene with the discharge power can be explained by the
promotion of various reactive species production. At a flow rate of
0.083 L/s, the amounts of toluene decomposed at 5.5 W and 11 W
were 60 and 100 ppm, respectively. When the flow rate was de-
creased to 0.033 L/s, the decomposition was largely enhanced, as
shown m Fig. 5. In this case, the amounts of toluene decomposed
were 115 and 152 ppm at 5.5W and 11 W. Such enhancement m
the decomposition 15 obviously due to the merease m the energy
density with the decrease m the flow rate. As mentioned above, the
energy density P,/Q has widely been used as an mportant param-
eter capable of determiming the decomposition efficiency.

The effect of the discharge power on the decomposition of propy-
lene 15 presented m Fig. 6. The trend of the decomposition of propy-
lene was similar to that of toluene, but despite the mcreased flow
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Fig. 6. Effect of the discharge power on the decomposition of pro-
pylene.
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rate and the decreased discharge power, propylene was more easily
decomposed than toluene. Previous studies have indicated that the
decomposition efficiency of organic compound largely depends on
1ts chemical structire. Smce propylene has different molecular struc-
ture from toluene, the behavior such as reactivity with radicals and
bond dissociation energy 1s necessarily different. According to the
literature, the reactivity of propylene with O radical and ozone 15
known to be very high [Atkinson et al., 1992; Semnfeld, 1975]. The
reaction rate constant between propylene and O radical is 6,810 ppm™
min™ at 298 K while that between toluene and O radical is only
107 ppm™ min™ at the same temperature [Seinfeld, 1975]. In ad-
dition, the benzene rmg of toluene 1s so stabilized by resonance hy-
brid that the carbon-carbon bond carmot easily be broken [Hart et
al., 2000].

Although the orgamic compounds can be decomposed by the
pulsed corona discharge, it may generate some undesirable byprod-
ucts [Chot et al., 2000; Futamura et al., 1998, 1999, Mok et al.,
2000a; Ogata et al,, 1999]. As reported m many previous studies,
most of the organic compounds decomposed m the plasma reactor
are converted to CO, (CO+CO,), which 1s the desirable mode n
this process [Futamura et al., 1999, Mok et al, 2000b; Ogata et al,
1999]. In thus expernimental condition, however, 2-5 ppm of formal-
dehyde and 4-9 ppm of ethane were detected at the reactor outlet.
Among them, C;Hy 1s not regarded as a harmful volatile orgamic
compound because of its low photochemical reactivity. On the other
hand, formaldehyde has many harmful effects on the human body,
and thus further study to minimize it is necessary.

Fig. 7 presents the concentration profiles of NO at the reactor
outlet as a function of discharge power for different flow rates. As
the discharge power mcreased, NO concentration decreased as a
result of the reactions with the various active species. As expected,
the amount of NO removed mcreased with the decrease m the flow
rate due to the mcrease in the energy density. In the pulsed corona
discharge process, radicals such as O, OH, HO,, N and O, are -
volved m the removal of NO [Civitano, 1993; Lowke and Mor-
row, 1995, Mok et al, 1998, Sun et al., 1996]. Among them, OH
and HO, can be produced only m the presence of H,O. Note that
this experiment was conducted in the absence of H,O. Therefore, it
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Fig. 7. Effect of the discharge power on the removal of nitric oxide.

Table 1. Explanation for the calculation of the apparent decom-
position rate constant

QL) InCu/Cy P/QWsLY)  k(Ls'WhH
0333 0.190 33 5.77x107
0333 0.386 6.6 5.84x107?
0.333 0.580 9.9 5.86x107
0333 0.762 13.2 5.77x107?
0333 0.900 16.5 5.45%x107
0.167 0.467 6.6 7.08x107?
0.167 0.852 13.2 6.45%107
0.167 1.204 19.8 6.08x107?
0333 1.427 26.4 5.41x107
0333 1.609 33.0 4.88x107

Average 5.86x107?

18 understood that the removal of NO m this experment was mamly
caused by O, N and Os.
3. Decomposition Rate Constants

The overall reaction of the decomposition of the organic com-
pounds and mtric oxide may be expressed as Eq. (5). So as to de-
termine the apparent decomposition rate constant from the experi-
mental data m Fig. 5 to Fig. 7, Eq. (12) denived above was apphed
to each pomt of the data. In the case of propylene, as an example,
the calculation procecure of Eq. (12) can be summarized as Table 1.
As shown m Table 1, the apparent decomposition rate constant of
propylene was calculated to be 5.86x1072 L s W™, This value is
the average of the results calculated at each pomt. For toluene, the
apparent decomposition rate constant was found to be 4.68x107 L
s W™ by the similar calculation This is approximately 12.5 times
smaller value than that of propylene. As mentioned above, toluene
has low reactivity with active species and large bond dissociation
energy. Likewise, the averaged rate constant of mitric oxide was found
to be 3.06x107 L s W™,

The concentration profiles calculated by usmg Eq. (10) and the
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200 4 ® Present study |

180 1 O Roush et al. t
! & Krasnoperov et al.
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Fig. 8. Comparison between the experimental and calculated de-
composition efficiency of toluene as a function of energy
density.
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Fig. 10. Comparison between the experimental and calculated re-
moval efficiency of nitric oxide as a function of energy den-

sity.

decomposition rate constants obtamed above are also presented m
Fig. 5 to Fig. 7. As can be seen, the calculation results track well
all over the experimental data. Therefore, the decomposition rate
constants determmed are considered as appropriate. Fig. 8 to Fig. 10
compare the experimental data n the literature and the present study
with the calculation results usimg the decomposition rate constants
obtained above [Kim, 2000, Krasnoperov, 1997; Roush et al., 1996;
Son, 1998]. Despite the different reactor geometry and the matial
concentrations, the calculation results were able to predict the ex-
perimental data adequately.

Table 2 summarizes the apparent decomposition rate constants
of several orgamc compounds calculated by applying Eq. (11) to
the experimental data in the present study and m the literature [Kras-
noperov, 1997; Penetrante et al,, 1996, Roush et al,, 1996, Snyder
and Anderson, 1998; Song et al, 2000]. The organic compounds
m Table 2 were classified mto three groups by therr chemical struc-
ture, namely, substituted alkane, alkene (or substituted alkene) and
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Table 2. Apparent decomposition rate constants of organic com-

pounds at 298 K
Pollutant k(Ls'WYH  Classification
Carbon tetrachloride 2.48x107° Substituted Alkane
Chlorobenzene 3.54x107? Aromatic
Ethylene 2.73%107 Alkene
Methanol 5.12x107° Substituted alkane
o-xylene 6.22x107 Aromatic
Propylene 5.86x107 Alkene
Toluene 4.68x107 Aromatic
Trichloroethylene 6.49x107 Substituted Alkene

aromatics. As can be seen i Table 2, alkene and substituted alkene
such as ethylene, propylene and trichloroethylene have very large
decomposition rate constants while aromatic compounds and sub-
stituted alkanes such as carbon tetrachloride, methanol, toluene and
ortho-xylene have small decomposition rate constants. As mentioned
above, the decomposition rate of an organic compound 1s related
to 1ts chemical structure and reactivity with active species gener-
ated m a corona discharge. According to the literature, methane is
known as the most stable organic compound, and the decomposi-
tion of it 15 very hard [Krasnoperov, 1997]. The small decomposi-
tion rate constants of carbon tetrachloride and methanol that are meth-
ane derivatives can be explained by the stability (low reactivity)
due to their chemical structures. In case of aromatics, the carbon-
carbon bond m benzene ring 18 very strong because of resonance
hybrid, and they have low reactivity with active species as men-
tioned above [Hart et al., 2000, Semfeld, 1975]. Therefore, 1t 1s very
difficult to decompose the aromatic compounds m the corona reac-
tor. It should be noted that all of the decomposition data m Table 2
were obtained by using air (80% N, and 20% O,) as background
gas and at room temperature. Under different background gas com-
position and temperature, the decomposition rate constant may be
different.

CONCLUSIONS

The performance of the pulsed corona discharge process to de-
compose a gaseous pollutant such as toluene, propylene, and ritric
oxide may best be characterized by the decomposition rate con-
stant. To obtam the apparent decomposition rate constant, the per-
formance equation of the corona reactor was derived with the as-
sumption that the decomposition rate is directly proportional to the
concentration and the discharge power. By using this model equa-
tion, the apparent decomposition rate constants of various gaseous
organic compounds and nitric oxide were determmed. The results
show that the decomposition of alkene or substituted alkene 15 much
easier than that of aromatics or substituted alkane. Experimental
data were compared with the values predicted by model calcula-
tions. The model was able to predict well the experimental data m
the present study and those i the literature.
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NOMENCLATURE

C, : concentration of pollutant at any position in the reactor
[parts per million, ppm |

Cu : concentration of pollutant at reactor mlet [parts per mul-
Lion, ppm |

Ca . concentration of pollutant after treated by i-th pulsing
[parts per million, ppm ]

Cuioi : concentration of pollutant before treated by i-th pulsing
[parts per million, ppm |

Cu : concentration of pollutant at reactor outlet [parts per mul-
lion, ppm]

D, - axial dispersion coefficient [m* s™']

E. : energy delivered to the reactor per pulse [J]

f . pulse repetition rate (pulse frequency) [Hz]

I : pulse current [A]

k, - apparent decom position rate constant of pollutant [L s™
W]

Py : average discharge power [W]

Q : total flow rate of feed gas stream [L s™']

Q. - flow rate of nitrogen [L s7']

Q, - flow rate of oxygen [Ls™']

Q, . flow rate of mtrogen used for the saturation of toluene
[Ls7]

R, : decomposition rate of pollutant [ppm s™']

t . pulse width [s]

Uy - linear velocity of gas stream [m s™']

\Y% : pulse voltage [ V]

Ve - reactor volume [m’]

z : any axial position m the corona reactor [m]

Greek Letters

T : distance/lmear velocity of gas stream, defined m Eq. (3)
[s]

Tp : pulse period, 1/f [s]

T, - total residence time of gas stream [s]
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