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Abstract−−−−A microwave plasma system using a 2.45 GHz magnetron was applied to the decomposition of volatile
organic compounds such as toluene and trichloroethylene. Designed for producing plasma at atmospheric pressure,
this microwave plasma system consists of a magnetron detached from a household microwave oven, a directional
coupler, a three-stub tuner, a tapered waveguide, and plasma flame section where a quartz tube with a nozzle is located
In this system, the organic compounds can be decomposed by thermal incineration as well as by reactions with various
active species formed during plasma discharge. The effect of feed gas flow rate on the decomposition was significant
due to the decrease in the gas temperature, but the initial concentration in the range of 210-2,100 ppm did not largely
affect the decomposition efficiency. The principal byproduct was nitrogen oxides because this system was operated
at high temperature. To improve the decomposition of the organic compounds, argon was used as a plasma-assisting
gas, together with the air-like feed gas mixture. Large enhancement in the decomposition efficiency was achieved by
the use of argon.
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INTRODUCTION

Volatile organic compounds (VOCs) emitted from many sources
including chemical manufacturing plants, semiconductor industry
and paint industry cause various environmental problems such as
photochemical smog, greenhouse effect, stratospheric ozone deple-
tion, and carcinogenic effects. Conventional methods available for
VOCs treatment are adsorption, catalytic oxidation and thermal ox-
idation [Yan et al., 1998; Cooper and Alley, 1994; Cho et al., 1999;
Kim and Lee, 2001; Song et al., 2002; Kim et al., 2002], and re-
cently many studies on non-thermal plasma processes such as di-
electric barrier discharge and pulsed corona discharge have been
reported to be effective for the decomposition of VOCs [Oda et al.,
1996; Kohno et al., 1998; Futamura et al., 1999; Choi et al., 2000;
Jeong et al., 2001; Moon and Chae, 2001]. However, incomplete
oxidation of organic compounds is typical of non-thermal plasma
[Snyder and Anderson, 1998], i.e., carbon monoxide and various
organic fragments with lower molecular weights including meth-
ane, propylene and formaldehyde are produced as byproducts. More-
over, ozone formation in the plasma reactor has also been pointed
out as a significant problem [Moon and Chae, 2001].

One of the other methods producing plasma at atmospheric pres-
sure is to use microwaves. An intense microwave field in wave-
guide accelerates electrons to give energetic ones that can ionize gas
molecules, leading to the plasma state [Uhm, 1998]. Microwave
plasma discharge can readily produce large amounts of a variety of

active species such as radicals, ions and excited molecules. 
result, this process can induce effective chemical reactions [Ba
et al., 2001]. At present, the study on the application of microw
plasma discharge to the chemical reactions is in rudimentary s
and only few studies have been performed for the reforming of 
ural gas, the removal of nitric oxide and the decomposition of p
fluorocarbons (PFCs) produced in the semiconductor industry [Ba
et al., 1975; Baeva et al., 2001; Cho et al., 1998a, b; Wojtowicz e
al., 2001; von Hagen et al., 2001].

The treatment of VOCs using microwave plasma discharge m
mitigate the problem related to the production of harmful byprodu
of low molecular weights such as formaldehyde and carbon m
oxide because the gas temperature can be increased high eno
oxidize VOCs completely. Therefore, the difficulties with conve
tional non-thermal plasma processes can be settled without in
ing an oxidation catalytic reactor downstream the plasma rea
In addition, ozone generation can essentially be repressed be
the process is operated at high temperature. The magnetron, w
is the microwave source, is the main part of the microwave pla
process. It is easily available since it is mass-produced for ho
hold microwave ovens. Such easy availability of the magnetron 
be a merit of this process from the practical application and e
nomic viewpoints.

There may be several points at issue for further improvemen
the microwave plasma process. For practical use, this process s
be able to produce plasma at atmospheric pressure. In vacuum
mean free path of electrons is so long that generation and s
nance of plasma may be easy. On the contrary, at atmospheric
sure, generation and sustenance of plasma is relatively difficult, w
should be solved for easy use of this process. As well, selec
and optimization of design parameters is necessary to maxim
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the conversion efficiency of electric energy into the generation of
microwave plasma, resulting in the reduction of power consump-
tion. Besides, it is necessary to generally examine the effects of sev-
eral key variables on the decomposition of organic compounds and
the formation of byproducts.

The present study reports a method for producing and keeping
the plasma at atmospheric pressure and some primitive results for
the decomposition of organic compounds. The organic compounds
chosen in this study were toluene and trichloroethylene. The pre-
sent microwave plasma system was designed in order that plasma
may be produced and sustained at atmospheric pressure. The per-
formance of this process for the decomposition of organic com-
pounds was assessed with the variables such as feed gas flow rate
and initial concentration. The major byproducts anticipated in this
process are CO2, CO and HCHO; and formation of nitrogen ox-
ides is also expected because the microwave energy is used to heat
the feed gas stream. These byproducts were also analyzed. In air-
like gas mixture, vibrational excitation and dissociation of N2 mo-
lecules may consume a large amount of electron energy [Kucukar-
paci, 1979], resulting in lower decomposition efficiency of organic
compound. To prevent such losses of electron energy, the possibil-
ity of using argon as a plasma-assisting gas was examined.

EXPERIMENTAL

Fig. 1 shows the schematic diagram of the experimental appara-
tus. A 2.45GHz magnetron detached from a household microwave
oven (Model OM75S, Samsung Electronics, Korea) was used as
the microwave source for the production of plasma. The magne-
tron used generates, on average, 850±50 W RF power. Microwaves
are transferred to the plasma reactor through the waveguide (W430).
A 3-stub tuner and a sliding short were installed to minimize the
reflected power by tuning them properly. A quartz tube of 38 mm
in diameter that passes through the upper surface of the wide wave-
guide is the plasma reactor. A 2/5" commercially available copper
nozzle of the oxygen-fuel torch cutter was vertically inserted from
the bottom wall of the wide waveguide. This nozzle has a center
hole and several side holes. The feed gas was injected into both the
center hole and the side holes of this nozzle. The quartz tube can
help one take out the treated gas for analyses although it is not nec-
essary to produce plasma. The plasma was initiated by generating
a spark between the grounded nozzle tip and the needle igniter op-

erated with AC high voltage (16.5 kV). Once the plasma was
nited, it was able to be stably sustained even when the igniter
turned off. Although the temperature of the plasma produced 
high, the nozzle did not melt since it was continuously cooled
the gas fed through it. The region around the quartz reactor 
surrounded by a stainless steel net for electromagnetic shieldin

Since the electric field around the nozzle should be high eno
to produce plasma effectively, the waveguide was tapered to 
in height, i.e., the height of the waveguide was reduced from 43
mm to 21.59 mm with the width kept constant (86.36 mm). T
detailed feature of the tapered waveguide is shown in Fig. 2. 
optimal tapered length is related to the guide wavelength expre
as below [Park, 1991]:

(1)

where λg is the guide wavelength, λ is the free space wavelength an
a is the width of the waveguide. According to the simulation us
HFSS computer code, the tapered length should be equal to the 
wavelength to minimize the return loss [Bae et al., 2002]. In c
of 2.45 GHz, the free space wavelength is calculated to be 1
cm by a simple equation (c=fλ, c: speed of light; f: frequency; λ:
wavelength). Using this value, the guide wavelength λg was found
to be 17.3 cm.

The magnetron included in a household microwave oven ge
ally uses half-wave voltage doubling circuit, as depicted in Fig
Since the frequency of AC input is 60 Hz in the present case,
circuit gives 60 Hz high voltage pulse. Fig. 4 shows the wavefo
of the voltage applied to the cathode of the magnetron. The vol
is almost square wave with the pulse width of 8.3 ms, and its p

λg = 
λ

1− λ 2a⁄( )2
----------------------------

Fig. 1. Schematic of the 2.45 GHz microwave-induced plasma torch
system.

Fig. 2. Detailed diagram of the tapered waveguide equipped with
the plasma reactor.

Fig. 3. Half-wave voltage doubling circuit for 2.45 GHz magne-
tron.
March, 2003
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value is about −4 kV. In principle, this kind of pulse voltage makes
the RF power intermittent, and installing an igniter is necessary to
initiate the production of plasma.

One of the volatile organic compounds chosen in this study was
toluene, which is of the greatest importance in terms of the amount
of emission. Toluene is classified as an aromatic compound, and it
has been reported that the decomposition of toluene by using non-
thermal plasma is very difficult due to its stability attributed to res-
onance hybrid and requires a large amount of energy [Mok et al.,
2002]. If the microwave plasma process can successfully treat such
chemically stable compounds, the other organic compounds are ex-
pected to be readily treated by this process. That is why toluene was
chosen as the target compound in this study. The major component
of the feed gas stream was air (N2: 80% (v/v); O2: 20% (v/v)). The
concentration of toluene was adjusted by using its vapor pressure.
A mass flask containing toluene was immersed in a refrigerating
circulator kept at a constant temperature of 20oC. At this tempera-
ture, the vapor pressure of toluene is 2.59 kPa. Nitrogen whose flow
rate was regulated by a mass flow controller (Model 1179, MKS
Instruments, Inc.) was saturated with toluene as it passed through
the flask. When nitrogen is saturated at this temperature, the con-
centration of toluene corresponds to 25,570 ppm (parts per million,
volumetric). This toluene-saturated nitrogen was later mixed with
air, thereby diluted to a desired concentration. The concentration of
toluene was changed from 210 to 2,100ppm. The other organic com-
pound chosen in this study was trichloroethylene, and its concen-
tration was controlled to 1,000 ppm by the same method with that
adopted for toluene. The flow rate of the feed gas stream was typ-
ically 10 L/min, and it was varied in the range of 5 to 15 L/min. So
as to examine the effect of plasma-assisting gas on the decomposi-
tion of organic compounds, argon was used together with the air-
like feed gas. The flow rates of argon and the feed gas were re-
gulated by flow meters.

The net microwave power used for the production of plasma is
the forward power minus the reflected power. The forward and re-
flected powers were measured by a directional coupler and a power
monitor (MSTA Co., Korea). The AC input power was also meas-
ured by a digital power meter (WT200, Yokogawa, Japan). For the
analysis of the organic compounds, a gas chromatograph equipped

with a flame ionization detector (GC-14B, Shimadzu, Japan) w
used. The decomposition efficiency of the organic compounds 
found by measuring the difference in concentrations before and 
plasma discharge. The byproducts such as CO and CO2 were an-
alyzed by flue gas analyzer (GreenLine, Eurotron, USA) and C2

monitor (Model 8762, TSI, Inc., USA), respectively, and for th
measurement of formaldehyde, a chemical detector (Product n
ber 91L, Gastec Co., Japan) was used. The concentration ofx

formed in the reactor was analyzed by a chemiluminescence 
NO2-NOx analyzer (Model 42C, Thermo Environmental Instrumen
Inc., USA).

RESULTS AND DISCUSSION

The AC input power delivered to the magnetron system was m
ured to be 1.05 kW by a digital power meter. About 200 W w
dissipated in the microwave generation circuit including catho
filament and high voltage transformer, and 850±50 W was c
verted into RF power. Fig. 5 shows an example of the forward 
reflected power when the offset of the short (distance from 
center of the nozzle to the sliding short) was 22 mm. The offse

Fig. 4. Waveform of the cathode voltage applied to the magnetron.

Fig. 5. Signals of the forward and reflected power converted into
voltage.

Fig. 6. Ratio of the reflected power to the forward power as a func-
tion of short position from the nozzle center (nozzle diame-
ter: 10.2 mm; no air flow).
Korean J. Chem. Eng.(Vol. 20, No. 2)
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the short is expressed as L in Fig. 2. In this case, about 6% of the
forward power was reflected, and thus 94% was used for the pro-
duction of plasma. The reflected power can be minimized by ad-
justing the position of the sliding short. The ratio of the reflected
power (PR) to the forward power (PF) as a function of the offset of
the short is shown in Fig. 6. When the offset of the short was longer
than 30 mm, the reflection ratio came to about 50%. However, the
reflection ratio was minimized as the distance from the nozzle center
to the short decreased to around 20 mm. Further experiments were
carried out at this offset position of the short.

Fig. 7 presents a photograph of the microwave plasma discharge
when the feed gas flow rate was 10 L/min. The plasma was ini-
tiated by generating a spark between the nozzle tip and the needle
igniter. The plasma flame started from the nozzle tip and propa-
gated upwards. Once the plasma was ignited, it was able to be sta-
bly sustained even when the igniter was turned off. Due to the high
collision rate with surrounding gas molecules, the plasma flame
appeared to be the same as the flame of the oxygen-fuel torch. The
length and width of the plasma flame are related to the RF power
dissipated for the production of plasma. In this experimental condi-
tion, the plasma flame was extended up to 4.7 cm at 20 mm offset
of the short. As can be seen, the width of the plasma flame was
very narrow, implying that the feed gas flow should be concen-
trated into the flame center for efficient treatment.

In case of non-thermal plasma processes, the principal reactions
for toluene decomposition are known to be the charge transfer re-
actions of toluene with ions including N2

+, O2
+, N+ and O+ [Kohno

et al., 1998; Sieck et al., 2001]. The charge transfer reactions and
the relevant rate constants are summarized in the literature [Sieck
et al., 2001]. As well, the energetic electron impact dissociations
may provide additional decomposition channels [Kohno et al., 1998].
Besides such charge transfer reactions and energetic electron impact
dissociations, thermal decomposition is believed to play an impor-
tant role in the microwave plasma process because of high gas tem-
perature. The effect of feed gas flow rate on the decomposition ef-
ficiency is depicted in Fig. 8. The decomposition efficiency was
much lowered when the flow rate increased. The decrease in the
decomposition efficiency with the increase in the flow rate may part-
ly be explained by the decreased gas temperature. The adiabatic
temperature increase can be calculated by using a simple equation

as follows:

(2)

Here, T1 is the temperature of the feed gas entering the nozzle,
25oC, and T2 is the final temperature. In Eq. (2),  is the mol
flow rate of the feed gas and equal to the product of the molar
density (4.09×10−2 mol/L at 25oC) and the volumetric flow rate. In
case of air, the values of α, β and γ are 6.90, 9.2×10−4 and −1.76
×104, respectively. To find T2 by using this equation, energy deliv
ery rate (power) should be known. In the absence of feed gas 
the reflection ratio was reduced to 0.03 at the offset position o
mm (see Fig. 6). When the feed gas was injected to the nozzle, 
ever, the reflection ratio increased. As observed in Fig. 9, the
flection ratio was about 0.2 at flow rates in the range of 5 to 15
min. Although it was not largely dependent on the flow rate, 
reflection ratio in the presence of gas flow was relatively high
compared to that in its absence. Taking this reflection loss into
count, the net microwave power used for the production of plas
is 700 W (167 cal/s). With this energy delivery rate (power), E

q = m· cpdT, cp = α + βT  + γT
− 2 cal mol K⁄( )

T1

T2∫

m·

Fig. 7. Photograph of plasma flame (air flow rate: 10.0 L/min).
Fig. 8. Effect of the feed gas flow rate on the decomposition effi-

ciency.

Fig. 9. Ratio of the reflected power to the forward power as a func-
tion of feed gas flow rate (offset of the short: 20 mm).
March, 2003
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(2) can be solved in terms of T2. When the gas flow rate at 25oC
was 10 L/min (0.167 L/s), T2 was found to be 2,900oC. The re-
spective adiabatic temperatures at 5 and 15 L/min were calculated
to be 5,170 and 2,050oC. Since the reactor system was not isolated
from natural cooling, the real gas temperature would be much lower
than the adiabatic temperature. But, it is obvious that the increase
in the flow rate caused the decrease in the decomposition efficiency.
In addition, the decrease in the decomposition efficiency with the
increase in the flow rate can also be explained with the decreases
in relative amounts of active species such as N2

+, O2
+, N+ and O+

available for the decomposition. The number of active species is a
function of power dissipated for the production of plasma. Thus,
the concentration of the active species decreases with the increase
in the flow rate when the power is identical.

One general trend appearing in Fig. 8 is that the decomposition
efficiency did not largely depend on the initial concentration. For
example, when the initial concentration was 250 ppm, about 55%
of toluene was removed at a flow rate of 10 L/min. When the ini-
tial value was increased to 1,600 ppm at the same flow rate, the de-
composition efficiency was about 40%. This decomposition effi-
ciency is rather high, compared to the high initial concentration. In
thermal incineration, the rate of decomposition is well described
by a first order reaction [Cooper and Alley, 1994]. First order re-
action means that the decomposition efficiency or the ratio of final
to initial concentration is not a function of initial concentration. The
weak dependency of the decomposition efficiency on the initial con-
centration implies that the thermal reaction plays an important part
in the decomposition of toluene.

Fig. 10 presents the evolution of byproducts in the plasma reac-
tor. Referring to the previous results, common non-thermal plasma
processes using high voltage do not completely decompose VOCs
into CO2, and generate CO and various organic fragments with lower
molecular weights as well as ozone [Kohno et al., 1998; Futamura
et al., 1999; Ogata et al., 1999; Mok et al., 2000; Moon and Chae,
2001]. On the other hand, no other hydrocarbon compounds be-
sides toluene and formaldehyde and no ozone were detected in this
process. One molecule of toluene can form seven carbon-contain-
ing molecules. The black square symbol in Fig. 10 stands for the
summation of CO, CO2 and HCHO concentrations, and the white

square symbol indicates seven times the amount of toluene de
posed. As observed, the two results were balanced quite well. In
process, the reason that ozone was not formed can be explain
the following equations [Atkinson et al., 1992]:

O+O2�O3 k1=5.6×10−34(300/T)2.8[N2] (cm3molecule−1s−1) (3)

O+O3�2O2 k2=8.0×10−12exp(−2060/T) (cm3molecule−1s−1) (4)

According to Eqs. (3) and (4), the formation of ozone is in inve
proportion to the temperature while the destruction of ozone is 
portional to the temperature. Therefore, it is natural that the for
tion of ozone should not occur in this process operated at high 
perature. As presented in Fig. 10, negligible amount of forma
hyde was observed, regardless of the initial toluene concentra
This result may also be interpreted by the high gas tempera
Actually, formaldehyde can be generated as an intermediate c
pound during the decomposition process, but it is oxidized to car
bon oxides fast at high temperature. The other carbon-contai
byproducts observed were carbon monoxide and carbon dioxid
case of thermal incineration, the following two-stage reaction sche
was suggested to express the decomposition of organic compo
although the real mechanism in detail is more complicated [C
per and Alley, 1994]:

(5)

(6)

Eqs. (5) and (6) indicate that organic compound is first conve
into CO, and then CO is further oxidized to CO2. In case of non-
thermal plasma process, however, it has been reported that the
eration of CO goes via different pathways from that of CO2 [Futa-
mura et al., 1999; Song et al., 2000]. As mentioned above, this
crowave plasma system can decompose organic compounds by
thermal and ionic reactions. Whatever the generation pathways
CO can be oxidized to CO2 at high temperature in the presence 
oxygen. This can account for the reason that the resulting con
tration of CO2 was much higher than that of CO. In this proce
the ratio of CO to CO2 was very small in the range of 0.06 to 0.1

CxHy + 
x
2
---  + 

y
4
--- 

 O2 xCO + 
y
2
---H2O→k3

CO + 

1
2
---O2 CO2→k4

Fig. 10. Byproducts formation in the plasma reactor (feed gas: 10
L/min).

Fig. 11. Formation of nitrogen oxides as a function of feed gas flow
rate.
Korean J. Chem. Eng.(Vol. 20, No. 2)
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However, in a typical non-thermal plasma reactor, this ratio was
about 0.6 at 20% (v/v) oxygen content [Ogata et al., 1999].

This microwave plasma process is operated at high temperature,
so that formation of nitrogen oxides is possible. Fig. 11 represents
the concentration of NOx generated in this process. As can be seen,
about 10,000 ppm of NOx (NO+NO2) was generated at a flow rate
of 5 L/min, and it decreased to 1,500-2,000 ppm as the flow rate
increased to 10-20 L/min. The high concentration of NOx formed
is easily understood by the high gas temperature. Therefore, this pro-
cess can be valuable only when it is used to treat more harmful com-
pounds such as perfluorocarbons than nitrogen oxides, although this
study investigated the decomposition of common volatile organic
compound.

As shown above, the decomposition efficiency was not so high
when air was used as the background gas. Nitrogen in air shifts the
electron energy density distribution to less favorable conditions for
the formation of active species [Snyder and Anderson, 1998]. In
nitrogen mixtures, a large fraction of electron energy is lost due to
vibrational excitation and dissociation of N2 molecules [Kucukar-
paci, 1979], giving less ionic species to participate in the decompo-
sition. To improve the decomposition efficiency, argon was used to
assist plasma generation. When argon is used as the background
gas, such losses of electron energy as mentioned above do not occur,
and thus it is suitable for the purpose of assisting the generation of
high density plasma. First, the experiment was conducted by using
argon only as the background gas. After that, both air and argon
were used as the background gas. One experiment was performed
by injecting 5 L/min of argon into the side holes of the nozzle while
5 L/min of air containing toluene was fed to the center hole of the
nozzle. The other experiment was performed by injecting gases re-
versely. Fig. 12 presents the effect of argon on the decomposition
efficiency of toluene. The initial concentration in the horizontal axis is
based on the total flow rate (argon+air). As expected, the decom-
position efficiency was largely enhanced by the use of argon. When
argon is used as the background gas, a part of toluene can be de-
composed by the energetic electron impact dissociations:

(7)

where e denotes the energetic electron, and the rate constant is of
the order of 10−6 cm3/molecules/s [Kohno et al., 1998]. The addi-

tional probable decomposition channels may be the excitation tr
fer reactions with the excited argon molecules and the charge t
fer reactions with argon ions:

(8)

(9)

where Ar* and Ar+ stand for the excited molecule and ion, respe
tively. The energy yield (energy consumption/toluene molecule 
composed) is dependent on the initial concentration and the m
wave power. When the initial concentration was 1,575 ppm 
the microwave power was 850 W, for instance, 62% decomp
tion efficiency was obtained with argon-toluene mixture. This d
composition efficiency is tantamount to an energy yield of 1,3
eV per toluene molecule decomposed. Meanwhile, Krasnopero
al. [1997] reported that conventional non-thermal plasma proc
using dielectric barrier discharge requires electrical energy in 
range of 505-1,980eV to decompose one molecule of toluene. W
argon was injected into the side holes of the nozzle, almost sim
decomposition efficiency to the case that argon was injected to
center hole of the nozzle was shown. In case of trichloroethy
(1,000 ppm), about 80% decomposition efficiency was obtain
by feeding 5 L/min of argon to the side nozzles with the total flo
rate kept 10 L/min. This decomposition efficiency is much high
than the 53% obtained by using air alone as the background
Rosocha et al. [1993] presents the rate constant data for the 
tron impact dissociation of molecular oxygen to form atomic ox
gen for the argon and air combination. The rate of atomic oxy
produced in the air-like mixture is approximately an order of m
nitude less than the rate of atomic oxygen produced in the a
mixture. Since atomic oxygen is one of the active species utili
for the decomposition of trichloroethylene [Rosocha et al., 199
the decomposition efficiency in air alone differs from that in a
argon mixture. Argon can also affect the rate of generation of o
active species related to the decomposition of trichloroethylene
similar way. Collectively, the presence of argon enhances the de
position efficiency of organic compounds. Argon in the treated 
stream can be separated and recycled upstream for repeated

To decompose organic compounds effectively, the feed gas 
should be concentrated into the plasma flame. Otherwise, the
composition efficiency of organic compounds will not be high. 
the present system, the plasma flame quivered a little and frequ
leaned, probably because of the presence of the spark igniter
practical applications, therefore, the microwave plasma system sh
be able to produce and sustain plasma without the help of a s
igniter. One method to produce plasma without using a spark ig
is to apply dc high voltage to the cathode of magnetron instea
half-wave rectified voltage [Bae et al., 2002], which makes it p
sible to obtain continuous microwave power. The application
the continuous microwave power to the decomposition of orga
compounds is left as a topic for further study.

CONCLUSIONS

A microwave-sustained atmospheric pressure plasma system b
on a waveguide was used to decompose volatile organic compo
A magnetron detached from a household microwave oven was 

C6H5 CH3 + e products + e→⋅ k5

C6H5 CH3 + Ar* products + Ar→⋅ k6

C6H5 CH3 + Ar+ products + Ar→⋅ k7

Fig. 12. Effect of argon on the decomposition of toluene.
March, 2003
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as the microwave source. For a nozzle tip diameter of 10.2 mm
and hole diameter of 38.0 mm, the reflection of microwaves was
minimized when the position of the nozzle center was 20 mm apart
from the short. The decomposition of toluene largely decreased with
the increase in the feed gas flow rate due to the decreased gas tem-
perature and the decreased concentrations of active species avail-
able, whereas it was not a strong function of the initial concentra-
tion. In the application of this plasma system to the decomposition
of organic compounds, argon may be used as a gas assisting plasma
generation. When argon and the feed gas were injected to the side
holes and the center hole of the nozzle and vice versa, large enhance-
ment in the decomposition of organic compounds such as toluene
and trichloroethylene was achieved. The principal byproduct was
nitrogen oxides because this system was operated at high tempera-
ture, but operation at high temperature resulted in much higher CO2/
CO ratio, compared to the non-thermal plasma process using high
voltage. Since only few studies on microwave plasma process have
been conducted so far, the results obtained in this study may throw
some light on further development of this process.
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NOMENCLATURE

a : width of wide waveguide wall [cm]
c : speed of light [cm/s]
cp : molar heat capacity [cal/mol/K]
e : energetic electron
f : frequency of microwave [Hz]
k1-k4 : reaction rate constant [cm3/molecules/s]

: molar flow rate of feed gas [mol/s]
PF : forward microwave power [W]
PR : reflected microwave power [W]
T1 : temperature of feed gas entering the nozzle [K]
T2 : final temperature [K]

Greek Letters
α : coefficient in Eq. (2)
β : coefficient in Eq. (2)
γ : coefficient in Eq. (2)
λ : free space wavelength [cm]
λg : guide wavelength [cm]
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