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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 active species such as radicals, ions and excited molecules. As a
result, this process can induce effective chemical reactions [Baeva
\olatile organic compounds (VOCs) emitted from many sourceset al., 2001]. At present, the study on the application of microwave
including chemical manufacturing plants, semiconductor industryplasma discharge to the chemical reactions is in rudimentary stage,
and paint industry cause various environmental problems such aand only few studies have been performed for the reforming of nat-
photochemical smog, greenhouse effect, stratospheric ozone deplaral gas, the removal of nitric oxide and the decomposition of per-
tion, and carcinogenic effects. Conventional methods available fofluorocarbons (PFCs) produced in the semiconductor industry [Bailin
VOCs treatment are adsorption, catalytic oxidation and thermal oxet al., 1975; Baeva et,&001; Cho et al., 1998a, b; Wojtowicz et
idation [Yan et al., 1998; Cooper and Alley, 1994; Cho et al., 1999;al., 2001; von Hagen et al., 2001].
Kim and Lee, 2001; Song et al., 2002; Kim et al., 2002], and re- The treatment of VOCs using microwave plasma discharge may
cently many studies on non-thermal plasma processes such as diitigate the problem related to the production of harmful byproducts
electric barrier discharge and pulsed corona discharge have beaf low molecular weights such as formaldehyde and carbon mon-
reported to be effective for the decomposition of VOCs [Oda et al.oxide because the gas temperature can be increased high enough to
1996; Kohno et al., 1998; Futamura et al., 1999; Choi et al., 2000pxidize VOCs completely. Therefore, the difficulties with conven-
Jeong et al., 2001; Moon and Chae, 2001]. However, incompletd¢ional non-thermal plasma processes can be settled without install-
oxidation of organic compounds is typical of non-thermal plasmaing an oxidation catalytic reactor downstream the plasma reactor.
[Snyder and Anderson, 1998], i.e., carbon monoxide and variousn addition, 0zone generation can essentially be repressed because
organic fragments with lower molecular weights including meth- the process is operated at high temperature. The magnetron, which
ane, propylene and formaldehyde are produced as byproducts. Mori-the microwave source, is the main part of the microwave plasma
over, ozone formation in the plasma reactor has also been pointgatocess. It is easily available since it is mass-produced for house-
out as a significant problem [Moon and Chae, 2001]. hold microwave ovens. Such easy availahility of the magnetron can
One of the other methods producing plasma at atmospheric prebe a merit of this process from the practical application and eco-
sure is to use microwaves. An intense microwave field in wave-nomic viewpoints.
guide accelerates electrons to give energetic ones that can ionize gasThere may be several points at issue for further improvement of
molecules, leading to the plasma state [Uhm, 1998]. Microwavethe microwave plasma process. For practical use, this process should
plasma discharge can readily produce large amounts of a variety tie able to produce plasma at atmospheric pressure. In vacuum, the
mean free path of electrons is so long that generation and suste-
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the conversion efficiency of electric energy into the generation of

microwave plasma, resulting in the reduction of power consump- o38] |2

tion. Besides, it is necessary to generally examine the effects of se “

eral key variables on the decomposition of organic compounds an

the formation of byproducts. I: 1 l 2 .
The present study reports a method for producing and keepin 1 - g

the plasma at atmospheric pressure and some primitive results fi L

the decomposition of organic compounds. The organic compound fe——

chosen in this study were toluene and trichloroethylene. The pre t#w'l | » |

sent microwave plasma system was designed in order that plasn I 200 T

may be produged and sustained at atmosph'e.rlc pressure: The pﬁg 2. Detailed diagram of the tapered waveguide equipped with

formance of this process for the decomposition of organic com- the plasma reactor.

pounds was assessed with the variables such as feed gas flow rate

and initial concentration. The major byproducts anticipated in this

process are COCO and HCHO; and formation of nitrogen ox- erated with AC high voltage (16.5 kV). Once the plasma was ig-

ides is also expected because the microwave energy is used to hegted, it was able to be stably sustained even when the igniter was

the feed gas stream. These byproducts were also analyzed. In aitrned off. Although the temperature of the plasma produced was

like gas mixture, vibrational excitation and dissociation ofrid- high, the nozzle did not melt since it was continuously cooled by

lecules may consume a large amount of electron energy [Kucukathe gas fed through it. The region around the quartz reactor was

paci, 1979, resulting in lower decomposition efficiency of organic surrounded by a stainless steel net for electromagnetic shielding.

compound. To prevent such losses of electron energy, the possibil- Since the electric field around the nozzle should be high enough

ity of using argon as a plasma-assisting gas was examined. to produce plasma effectively, the waveguide was tapered to half
in height, i.e., the height of the waveguide was reduced from 43.18

EXPERIMENTAL mm to 21.59 mm with the width kept constant (86.36 mm). The
detailed feature of the tapered waveguide is shown in Fig. 2. The
Fig. 1 shows the schematic diagram of the experimental apparasptimal tapered length is related to the guide wavelength expressed

tus. A 2.45 GHz magnetron detached from a household microwavas below [Park, 1991]:

oven (Model OM75S, Samsung Electronics, Korea) was used as A

the microwave source for the production of plasma. The magne- A,=————— 1)

tron used generates, on average, 850+50 W RF power. Microwaves ~ ~1~(428)°

are transferred to the plasma reactor through the waveguide (W430). i ) i

A 3-stub tuner and a sliding short were installed to minimize the"WhereA, is the guide wavelengthjis the free space wavelength and

reflected power by tuning them properly. A quartz tube of 38 mm@& iS the width of the waveguide. According to the simulation using

in diameter that passes through the upper surface of the wide wavE!FSS computer code, the tapered length should be equal to the guide

guide is the plasma reactor. A 2/5" commercially available coppetVavelength to minimize the retum loss [Bae et al,, 2002]. In case

nozzle of the oxygen-fuel torch cutter was vertically inserted from©f 2:45 GHz, the free space wavelength is calculated to be 12.24

the bottom wall of the wide waveguide. This nozzle has a centeF™ PY @ simple equation (ckfc: speed of light; f: frequency;

hole and several side holes. The feed gas was injected into both tigavelength). Using this value, the guide waveleAgiias found

center hole and the side holes of this nozzle. The quartz tube bel73cm. , ,

help one take out the treated gas for analyses although it is not nec- 1he magnetron included in a household microwave oven gener-

essary to produce plasma. The plasma was initiated by generati ly uses half-wave voltage doubling circuit, as depicted in Fig. 3.

a spark between the grounded nozzle tip and the needle igniter o€ the frequency of AC input is 60 Hz in the present case, the
circuit gives 60 Hz high voltage pulse. Fig. 4 shows the waveform

of the voltage applied to the cathode of the magnetron. The voltage
Shielding net To analyzer Directional coupler Three-stub tuner . . . .
(forward/reflected power for matching is almost square wave with the pulse width of 8.3 ms, and its peak

monitoring)

/
H/TI”DM =

A—A
N
Magnetron ~
(030 / SZ Magnetron
Feed gas inlet 2 High voltage
i i power supply
(airorganic Power monitor
(-4.1kV) -1
compounds) =

Fig. 1. Schematic of the 2.45 GHz microwave-induced plasma torch  Fig. 3. Half-wave voltage doubling circuit for 2.45 GHz magne-
system. tron.
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Fig. 4. Waveform of the cathode voltage applied to the magnetron.
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with a flame ionization detector (GC-14B, Shimadzu, Japan) was
used. The decomposition efficiency of the organic compounds was
found by measuring the difference in concentrations before and after
plasma discharge. The byproducts such as CO anev@® an-
alyzed by flue gas analyzer (GreenLine, Eurotron, USA) and CO
monitor (Model 8762, TSI, Inc., USA), respectively, and for the
measurement of formaldehyde, a chemical detector (Product num-
ber 91L, Gastec Co., Japan) was used. The concentration, of NO
formed in the reactor was analyzed by a chemiluminescence NO-
NO-NO, analyzer (Model 42C, Thermo Environmental Instruments,
Inc., USA).

RESULTS AND DISCUSSION

The AC input power delivered to the magnetron system was meas-
ured to be 1.05kW by a digital power meter. About 200 W was
dissipated in the microwave generation circuit including cathode
flament and high voltage transformer, and 850+50 W was con-

value is about4 kV. In principle, this kind of pulse voltage makes verted into RF power. Fig. 5 shows an example of the forward and
the RF power intermittent, and installing an igniter is necessary taeflected power when the offset of the short (distance from the
initiate the production of plasma.

center of the nozzle to the sliding short) was 22 mm. The offset of

One of the volatile organic compounds chosen in this study wa
toluene, which is of the greatest importance in terms of the amour
of emission. Toluene is classified as an aromatic compound, and E
has been reported that the decomposition of toluene by using noi5
thermal plasma is very difficult due to its stability attributed to res- &
onance hybrid and requires a large amount of energy [Mok et al. 2
2002]. If the microwave plasma process can successfully treat suc g
chemically stable compounds, the other organic compounds are €
pected to be readily treated by this process. That is why toluene Weff3
chosen as the target compound in this study. The major componel.g
of the feed gas stream was air: (80% (V/V); Q: 20% (V/Vv)). The £
concentration of toluene was adjusted by using its vapor pressuné’
A mass flask containing toluene was immersed in a refrigerating
circulator kept at a constant temperature 6f20At this tempera-
ture, the vapor pressure of toluene is 2.59 kPa. Nitrogen whose flov.
rate was regulated by a mass flow controller (Model 1179, MKSFig
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 c
toluene was changed from 210 to 2,100 ppm. The other organic con
pound chosen in this study was trichloroethylene, and its concer o
tration was controlled to 1,000 ppm by the same method with tha e
adopted for toluene. The flow rate of the feed gas stream was tyf &
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 decompo: &
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 pow
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. 5. Signals of the forward and reflected power converted into

monitor (MSTA Co., Korea). The AC input power was also meas-rig. 6. Ratio of the reflected power to the forward power as a func-
tion of short position from the nozzle center (nozzle diame-

ured by a digital power meter (WT200, Yokogawa, Japan). For the
analysis of the organic compounds, a gas chromatograph equipped

ter: 10.2 mm; no air flow).
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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.

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 proas follows:
duction of plasma. The reflected power can be minimized by ad-
justing the position of the sliding short. The ratio of the reflected g =mﬂjcpdT, G =a+BT +yT % (caVmol K) 2)
power (R) to the forward power (Pas a function of the offset of
the short is shown in Fig. 6. When the offset of the short was longeHere, T, is the temperature of the feed gas entering the nozzle, i.e.,
than 30 mm, the reflection ratio came to about 50%. However, the5°C, and T is the final temperature. In Eq. (2) is the molar
reflection ratio was minimized as the distance from the nozzle centeffow rate of the feed gas and equal to the product of the molar gas
to the short decreased to around 20 mm. Further experiments wetensity (4.09x18mol/L at 25°C) and the volumetric flow rate. In
carried out at this offset position of the short. case of air, the values of B andyare 6.90, 9.2x10and-1.76

Fig. 7 presents a photograph of the microwave plasma dischargel(, respectively. To find ;Tby using this equation, energy deliv-
when the feed gas flow rate was 10 L/min. The plasma was iniery rate (power) should be known. In the absence of feed gas flow,
tiated by generating a spark between the nozzle tip and the needlee reflection ratio was reduced to 0.03 at the offset position of 20
igniter. The plasma flame started from the nozzle tip and propaimm (see Fig. 6). When the feed gas was injected to the nozzle, how-
gated upwards. Once the plasma was ignited, it was able to be staver, the reflection ratio increased. As observed in Fig. 9, the re-
bly sustained even when the igniter was turned off. Due to the higHlection ratio was about 0.2 at flow rates in the range of 5to 15 L/
collision rate with surrounding gas molecules, the plasma flamemin. Although it was not largely dependent on the flow rate, the
appeared to be the same as the flame of the oxygen-fuel torch. Thieflection ratio in the presence of gas flow was relatively higher,
length and width of the plasma flame are related to the RF powecompared to that in its absence. Taking this reflection loss into ac-
dissipated for the production of plasma. In this experimental condi-count, the net microwave power used for the production of plasma
tion, the plasma flame was extended up to 4.7 cm at 20 mm offsés 700 W (167 cal/s). With this energy delivery rate (power), Eq.
of the short. As can be seen, the width of the plasma flame wa
very narrow, implying that the feed gas flow should be concen-
trated into the flame center for efficient treatment. 0.5

In case of non-thermal plasma processes, the principal reactior
for toluene decomposition are known to be the charge transfer re
actions of toluene with ions includinggNO;, N* and O [Kohno
et al., 1998; Sieck et al., 2001]. The charge transfer reactions ar -
the relevant rate constants are summarized in the literature [Siec £ 031
et al., 2001]. As well, the energetic electron impact dissociations%
may provide additional decomposition channels [Kohno et al., 1998] & 4 |
Besides such charge transfer reactions and energetic electron impi @ o
dissociations, thermal decomposition is believed to play an impor-
tant role in the microwave plasma process because of high gas tel
perature. The effect of feed gas flow rate on the decomposition el
ficiency is depicted in Fig. 8. The decomposition efficiency was 0.0 . : . . . . .
much lowered when the flow rate increased. The decrease in th 0 z 4 ¢ &0 s
decomposition efficiency with the increase in the flow rate may part- Feed gas flow rate (L/min)
ly be explained by the decreased gas temperature. The adiabatigy. 9. Ratio of the reflected power to the forward power as a func-
temperature increase can be calculated by using a simple equation  tion of feed gas flow rate (offset of the short: 20 mm).
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(2) can be solved in terms of. When the gas flow rate at Z5 square symbol indicates seven times the amount of toluene decom-

was 10 L/min (0.167 L/s), ,Twas found to be 2,90C. The re- posed. As observed, the two results were balanced quite well. In this

spective adiabatic temperatures at 5 and 15 L/min were calculategrocess, the reason that ozone was not formed can be explained by
to be 5,170 and 2,080. Since the reactor system was not isolated the following equations [Atkinson et al., 1992]:

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. 0+0,—>20, k,=8.0x10%exp(-2060/T) (cnimolecule’s™) (4)
In addition, the decrease in the decomposition efficiency with the

increase in the flow rate can also be explained with the decreaséAsccordIng 0 Egs. (3) and (4), the formation of ozone is in inverse

in relative amounts of active species such 50§ N' and O proportion to the temperature while the destruction of ozone is pro-

available for the decomposition. The number of active species is %omonal to the temperature. Therefore, it is natural that the forma-

function of power dissipated for the production of plasma. Thus on of ozone should not occur in this process operated at high tem-
the concentration of the active species decreases with the increagsrature' As presented in Fig. 10, negl.'g.' t.)le amount of formalqle-
in the flow rate when the power is identical. yde was observed, regardless of the initial toluene concentration.

One general trend apbearing in Fia. 8 is that the decompositio This result may also be interpreted by the high gas temperature.
one gen PP 9 9.5t P I:&ctually, formaldehyde can be generated as an intermediate com-
efficiency did not largely depend on the initial concentration. For

example, when the initial concentration was 250 ppm, about 55O/£ound during the decomyaisn process, but it is oxidized to car-

. .. bon oxides fast at high temperature. The other carbon-containing
of toluene was removed at a flow rate of 10 L/min. When the ini- : o
. . byproducts observed were carbon monoxide and carbon dioxide. In
tial value was increased to 1,600 ppm at the same flow rate, the dée-

composition efficiency was about 40%, This decomposition eff- Case of thermal incineration, the following two-stage reaction scheme

. : : S : was suggested to express the decomposition of organic compounds
ciency is rather high, compared to the high initial concentration. Inalthough the real mechanism in detail is more complicated [Coo-

thermal incineration, the rate of decomposition is well described i
by a first order reaction [Cooper and Alley, 1994]. First order re- per and Alley, 1994];
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 CO +%Ozki CO, (6)

in the decomposition of toluene.

Fig. 10 presents the evolution of byproducts in the plasma reackgs. (5) and (6) indicate that organic compound is first converted
tor. Referring to the previous results, common non-thermal plasmanto CO, and then CO is further oxidized to i@ case of non-
processes using high voltage do not completely decompose VOGkermal plasma process, however, it has been reported that the gen-
into CO, and generate CO and various organic fragments with loweeration of CO goes via different pathways from that of [EQta-
molecular weights as well as ozone [Kohno et al., 1998; Futamuranura et al., 1999; Song et al., 2000]. As mentioned above, this mi-
et al., 1999; Ogata et al., 1999; Mok et al., 2000; Moon and Chaegrowave plasma system can decompose organic compounds by both
2001]. On the other hand, no other hydrocarbon compounds bdhermal and ionic reactions. Whatever the generation pathways are,
sides toluene and formaldehyde and no ozone were detected in tH2O can be oxidized to G@t high temperature in the presence of
process. One molecule of toluene can form seven carbon-contairexygen. This can account for the reason that the resulting concen-
ing molecules. The black square symbol in Fig. 10 stands for thdration of CQ was much higher than that of CO. In this process,
summation of CO, CQand HCHO concentrations, and the white the ratio of CO to CQOwas very small in the range of 0.06 to 0.19.

0+0,—0, k,=5.6x10*(300/T}qN,] (cm’molecule’s™) (3)

CH, +% +¥B.)2 % xCco +§Hzo (5)

5000 12000
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Fig. 10. Byproducts formation in the plasma reactor (feed gas: 10  Fig. 11. Formation of nitrogen oxides as a function of feed gas flow
L/min). rate.
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However, in a typical non-thermal plasma reactor, this ratio wastional probable decomposition channels may be the excitation trans-
about 0.6 at 20% (v/v) oxygen content [Ogata et al., 1999]. fer reactions with the excited argon molecules and the charge trans-
This microwave plasma process is operated at high temperaturéer reactions with argon ions:
so that formation of nitrogen oxides is possible. Fig. 11 represents .
the concentration of N@enerated in this process. As can be seen, CeHs[CH; *Ar" % productstAr ®)
about 10,000 ppm of NINO+NQ,) was generated at a flow rate
of 5L/min, and it decreased to 1,500-2,000 ppm as the flow rate
increased to 10-20 L/min. The high concentration of, fé@ned where Af and Ar stand for the excited molecule and ion, respec-
is easily understood by the high gas temperature. Therefore, this préively. The energy yield (energy consumption/toluene molecule de-
cess can be valuable only when it is used to treat more harmful consomposed) is dependent on the initial concentration and the micro-
pounds such as perfluorocarbons than nitrogen oxides, although thigave power. When the initial concentration was 1,575 ppm and
study investigated the decomposition of common volatile organicthe microwave power was 850 W, for instance, 62% decomposi-
compound. tion efficiency was obtained with argon-toluene mixture. This de-
As shown above, the decomposition efficiency was not so highcomposition efficiency is tantamount to an energy yield of 1,337
when air was used as the background gas. Nitrogen in air shifts theV per toluene molecule decomposed. Meanwhile, Krasnoperov et
electron energy density distribution to less favorable conditions foral. [1997] reported that conventional non-thermal plasma process
the formation of active species [Snyder and Anderson, 1998]. Irusing dielectric barrier discharge requires electrical energy in the
nitrogen mixtures, a large fraction of electron energy is lost due taange of 505-1,980 eV to decompose one molecule of toluene. When
vibrational excitation and dissociation of Molecules [Kucukar-  argon was injected into the side holes of the nozzle, almost similar
paci, 1979], giving less ionic species to participate in the decompodecomposition efficiency to the case that argon was injected to the
sition. To improve the decomposition efficiency, argon was used tacenter hole of the nozzle was shown. In case of trichloroethylene
assist plasma generation. When argon is used as the backgrou(id000 ppm), about 80% decomposition efficiency was obtained
gas, such losses of electron energy as mentioned above do not ocdy, feeding 5 L/min of argon to the side nozzles with the total flow
and thus it is suitable for the purpose of assisting the generation agfite kept 10 L/min. This decomposition efficiency is much higher
high density plasma. First, the experiment was conducted by usinthan the 53% obtained by using air alone as the background gas.
argon only as the background gas. After that, both air and argoRRosocha et al. [1993] presents the rate constant data for the elec-
were used as the background gas. One experiment was performé&dn impact dissociation of molecular oxygen to form atomic oxy-
by injecting 5 L/min of argon into the side holes of the nozzle while gen for the argon and air combination. The rate of atomic oxygen
5 L/min of air containing toluene was fed to the center hole of theproduced in the air-like mixture is approximately an order of mag-
nozzle. The other experiment was performed by injecting gases resitude less than the rate of atomic oxygen produced in the argon
versely. Fig. 12 presents the effect of argon on the decompositiomixture. Since atomic oxygen is one of the active species utilized
efficiency of toluene. The initial concentration in the horizontal axis is for the decomposition of trichloroethylene [Rosocha et al., 1993],
based on the total flow rate (argon+air). As expected, the deconthe decomposition efficiency in air alone differs from that in air-
position efficiency was largely enhanced by the use of argon. Wheiargon mixture. Argon can also affect the rate of generation of other
argon is used as the background gas, a part of toluene can be dstive species related to the decomposition of trichloroethylene in a
composed by the energetic electron impact dissociations: similar way. Collectively, the presence of argon enhances the decom-
position efficiency of organic compounds. Argon in the treated gas
stream can be separated and recycled upstream for repeated use.
where e denotes the energetic electron, and the rate constant is ofTo decompose organic compounds effectively, the feed gas flow
the order of 10 cm/molecules/s [Kohno et al., 1998]. The addi- should be concentrated into the plasma flame. Otherwise, the de-
composition efficiency of organic compounds will not be high. In

CeHs [CH, +Ar*'% productstAr 9)

CeHs[CH;, +e'S productste @)

100 the present system, the plasma flame quivered a little and frequently
e Antoluene mixture only Ieangd, probgbly because of the presence of the spark igniter. For
O Airtoluene (side) + Ar (center) practical applications, therefore, the microwave plasma system should
80 4 v Air-toluene (center) + Ar (side) . .
v Argon-toluene mixture only be able to produce and sustain plasma without the help of a spark

\ igniter. One method to produce plasma without using a spark igniter
60 | — is to apply dc high voltage to the cathode of magnetron instead of
\_ﬂ half-wave rectified voltage [Bae et al., 2002], which makes it pos-

sible to obtain continuous microwave power. The application of

40 "\\ the continuous microwave power to the decomposition of organic

compounds is left as a topic for further study.

Decomposition efficiency (%)

20

CONCLUSIONS

400 600 800 1000 1200 1400 1600 1800 . . .
A microwave-sustained atmospheric pressure plasma system based

on a waveguide was used to decompose volatile organic compounds.
Fig. 12. Effect of argon on the decomposition of toluene. A magnetron detached from a household microwave oven was used

Initial concentration (ppm)
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as the microwave source. For a nozzle tip diameter of 10.2 mm cation by a Pulsed Microwave Discharge at 2.46 GHz in Mixtures
and hole diameter of 38.0 mm, the reflection of microwaves was of N,/NO/Q, at Atmospheric Pressurgjasma Chem. Plasma Proc.
minimized when the position of the nozzle center was 20 mm apart 21, 225 (2001).

from the short. The decomposition of toluene largely decreased wittBailin, L. J., Sibert, M. E., Jonas, L. A. and Bell, A. T., “Microwave De-
the increase in the feed gas flow rate due to the decreased gas tem-composition of Toxic Vapor Simulant&nviron. Sci. Techngl9,
perature and the decreased concentrations of active species avail- 254 (1975).

able, whereas it was not a strong function of the initial concentraCho, W., Baek, Y., Pang, H., Kim, Y. C. and Moon, S., “A Study on Con-
tion. In the application of this plasma system to the decomposition version of Methane to C2+ Hydrocarbons by a Microwave Plasma;
of organic compounds, argon may be used as a gas assisting plasmal. Korean Ind. Eng. Chen®(1), 94 (1998a).

generation. When argon and the feed gas were injected to the sidého, W., Baek, Y., Pang, H. and Kim, Y. C., “A Direct Catalytic Con-
holes and the center hole of the nozzle and vice versa, large enhance-version of Natural Gas to C2+ Hydrocarbons by a Microwave
ment in the decomposition of organic compounds such as toluene PlasmaKorean J. Chem. Engdl5, 500 (1998b).

and trichloroethylene was achieved. The principal byproduct wasCho, S. J., Ryoo, M. W., Soun, K. S., Lee, J. H. and Kang, S. K., “A Cat-
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