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Abstract 

In this paper atmospheric pressure microwave discharge methods and devices used for producing the non-
thermal plasmas for processing of gases are presented. The main part of the paper concerns the microwave 
plasma sources (MPSs) for environmental protection applications. A few types of the MPSs, i.e. waveguide-
based surface wave sustained MPS, coaxial-line-based and waveguide-based nozzle-type MPSs, waveguide-
based nozzleless cylinder-type MPS and MPS for microdischarges are presented. Also, results of the laboratory 
experiments on the plasma processing of several highly-concentrated (up to several tens percent) volatile organic 
compounds (VOCs), including Freon-type refrigerants, in the moderate (200-400 W) waveguide-based nozzle-
type MPS (2.45 GHz) are presented. The results showed that the microwave discharge plasma fully decomposed 
the VOCs at relatively low energy cost. The energy efficiency of VOCs decomposition reached 1000 g/kWh. 
This suggests that the microwave discharge plasma can be a useful tool for environmental protection 
applications. In this paper also results of the use of the waveguide-based nozzleless cylinder-type MPS to 
methane reforming into hydrogen are presented. 

1. INTRODUCTION 

The emission of SO2, NOx (NO, NO2), CO, CO2, volatile organic compounds (VOCs) and other 
gaseous pollutants to the atmosphere influence heavily our environment. They cause acid rains, 
depletion of the ozone layer, greenhouse effect, etc. Human beings, animals and plants suffer due to 
direct and indirect influence of the gaseous pollutants. 

Therefore, efficient methods for the control and reduction of gaseous pollutant emission are 
strongly required. Nowadays, conventional methods, e.g. adsorption, absorption, catalytic combustion 
seem not to be efficient enough. Recently, potential of the atmospheric pressure thermal (e.g. DC 
torches from plasmatrons, RF torches) and non-thermal (e.g. electron beam, DC and pulsed corona 
discharges, corona discharges in packed-bed reactors, dielectric barrier discharges, surface discharges, 
microwave discharges) plasma methods for the processing of gaseous pollutants have been tested [1-
5]. As shown in [1-5], some of the non-thermal plasma methods have been proved to be efficient for 
the destruction of gaseous pollutants (SOx, NOx, VOCs) of relatively low concentration [up to 
1000 ppm (i.e. 0.1%)] in the working gas. On the other hand, it has been found that the microwave 
non-thermal plasmas have the potential for efficient processing of of gaseous pollutants (mainly 
VOCs) of relatively high concentration (up to tens %) in the working gas [6-10]. Recently the non-
thermal microwave plasma has efficiently been used for production of hydrogen by means of the 
plasma reforming of methane [11]. 

In this paper we deal with the microwave plasmas classified as the atmospheric pressure non-
thermal plasmas at elevated working gas temperature (up to 4000 K), which can be used for gas 
processing. This temperature is too low to form the local thermal equilibrium (LTE) of the plasma; 
however it can be helpful in the processing of stable VOC molecules 

A few types of the MPSs, i.e. the waveguide-based surface wave sustained MPS, coaxial-line-
based and waveguide-based nozzle-type MPSs, waveguide-based nozzleless cylinder-type MPS, and 
microwave microplasmas, which have the potential for gas processing [6-11] will be presented. We 
also show results of the study of decomposition of several highly-concentrated VOCs using the 
nozzle-type MPSs and results of the reforming of methane CH4 to produce hydrogen H2 with the use 
of the waveguide-based nozzleless cylinder-type MPS. 
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2. ATMOSPHERIC PRESSURE MICROWAVE DISCHARGES 

The microwave plasmas operating at atmospheric pressure can be induced by a few types of 
microwave field applicators: (a) microwave resonant cavities, (b) inductive-coupled MPSs, (c) 
coaxial-line-based surface wave sustained MPSs (surfatrons), (d) waveguide-based surface wave 
sustained MPSs (surfaguides), (e) coaxial-line-based nozzle-type MPSs, (f) waveguide-based nozzle-
type MPSs, (g) waveguide-based nozzleless cylinder-type MPSs, and (h) MPSs for generating 
microdischarges. 

The atmospheric pressure microwave plasmas generated in the microwave resonant cavities, 
inductive-coupled MPSs, surfatrons, surfaguides and waveguide-based nozzle-type and nozzleless 
cylinder-type MPSs are sustained within a dielectric (e.g., fused silica) tube inserted into the 
microwave field applicator. This can cause some problems when large power densities are deposited 
into the plasma, resulting in deterioration of the tube due to plasma-tube interactions. A solution to 
these problems is a high flow of the operating gas through the dielectric tube, which can convey the 
produced heat. Another solution is using an additional gas flow, called a gas swirl, together with the 
main gas stream to protect the walls from heat deterioration. Using either the high working gas flow or 
additional gas swirl weakens the microwave power limitations imposed on the MPSs used for gas 
treatment. 

Below, five types of the MPSs are described: waveguide-based surface wave sustained MPS, 
coaxial-line-based nozzle-type MPS, waveguide-based nozzle-type MPSs, waveguide-based 
nozzleless cylinder-type MPS, and MPS for generating microdischarges. The main parts of the MPS 
are a microwave generator (magnetron), microwave supplying and measuring system, and gas 
supplying system. Depending on the MPS, the microwave power is supplied from a magnetron to the 
discharge generator by a coaxial cable or rectangular waveguide. 

In all the microwave plasma discharge experiments, carried with the MPSs mentioned, the gas 
flow rate was automatically controlled by a mass flow controller. Composition of the gas mixtures 
before and after the plasma processing was determined using an FTIR spectrophotometer (Perkin 
Elmer 16 PC) and gas chromatograph (SRI 8610C). 

2.1. Waveguide-Based Surface Wave Sustained MPS 

The waveguide-based surface wave sustained MPS is shown in Fig. 1. A microwave (2.45 GHz) 
power of about a few hundred watts is supplied from a magnetron via a standard WR-430 rectangular 
waveguide with a reduced-height section. The discharge in the form of a plasma column is generated 
inside a quartz tube cooled with a lossless liquid. The impedance-matching function is achieved by the 
use of one intrinsic tuning element in the form of movable plunger placed at the end of the waveguide. 
The movable plunger enables minimizing the reflected microwave power. 

The waveguide-based surface wave sustained MPSs find practical applications in elemental 
analysis, gas purification, environmental protection, diamond deposition, surface treatment, 
sterilization [12]. Purification of noble gases using waveguide-based surface wave sustained MPSs has 
been implemented in industry. Removing impurities (such as CF4 and CH4) from xenon and krypton 
the concentration below 1 ppmv is possible [13]. The MPSs are also used in semiconductor industry 
for abatement of etch process effluent gases containing perfluorinated compounds (PFCs) and SF6 
[14]. 

2.2. Coaxial-Line-Based Nozzle-Type MPS 

The nozzle-type MPSs first appeared as structures based on microwave coaxial line components 
(e.g. [15]). In these coaxial-line-based MPSs the microwave plasmas are induced in the form of a 
plasma “flame” at the open end of a rigid coaxial line, at the tip of its inner conductor (Fig. 1). The 
power-handling capability of coaxial-line-based microwave discharges is generally limited to much 
less than 1 kW due to the low thermal strength of the coaxial line components. 

 

 
a) b) 
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FIG. 1. The photographs of the waveguide-based surface wave sustained MPS: a) front view, b) top view. 

The experimental setup with the coaxial-line-based nozzle-type MPS is shown in Fig. 2. A 
microwave (2.45 GHz) power of about 70-100 W is supplied to the MPS through a standard 50 Ω 
coaxial cable with the use of a coupler (microwave antenna). The discharge in the form of a plasma 
flame is generated inside a quartz tube directly above the metal conical nozzle. The impedance-
matching function is achieved by a movable plunger located between the inner and outer conductor. 
This MPS was used by us for destruction of fluorinated hydrocarbons (e.g. [8, 9]). 

 

 
 

FIG. 2. The coxial-line-based nozzle-type MPS. 
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2.3. Waveguide-Based Nozzle-Type MPSs 

Parallel with the coaxial-line-based nozzle-type MPSs the so-called waveguide-based nozzle-
type MPSs have been developed (e.g. [16-18]). In these applicators the microwave plasma is also 
induced in the form of a plasma flame at the tip of a field-shaping structure that is similar to that of the 
coaxial-line-based nozzle-type MPSs. However, the microwave power is fed into this structure 
through a waveguide (usually rectangular at 2.45 GHz). In the modern waveguide-based nozzle-type 
MPSs, the microwave power is delivered to the field-shaping structure having the form of a conductor 
with a conical nozzle through a waveguide with a reduced-height section [18]. 

Since both nozzle-type MPSs, the coaxial-line-based and waveguide-based, are gas flowing 
systems, they are particularly suitable for processing various gases or materials carried by these gases. 

Two type of the waveguide-based nozzle-type MPSs equipped with a nozzle have been tested, 
i.e. the waveguide-based nozzle-type MPS operated at relatively low gas flow rate (a few l/min) [8-10] 
and the waveguide-based nozzle-type MPS operated at relatively high gas flow rate (a few hundreds 
l/min). 

2.3.1. Waveguide-Based Nozzle-Type MPS Operated at Low Gas Flow Rate 

The experimental setup with the waveguide-based nozzle-type MPS operated at low gas flow 
rate (a few l/min.) is shown in Fig. 3. A microwave (2.45 GHz) power of about a few hundred watts is 
supplied from a magnetron via a standard WR-430 rectangular waveguide to the field-shaping 
structure having the form of a conductor with a conical nozzle (Fig. 3b). The discharge in the form of 
a plasma flame is generated inside a quartz tube directly above the metal conical nozzle. The 
additional shielding grid inside the quartz tube stabilizes the discharge. The waveguide-based nozzle-
type MPS operated at low gas flow rate was used by us for destruction of various VOCs, including 
Freon-type refrigerants (e.g. [8-10]). 

 
FIG. 3. The waveguide-based nozzle-type MPS operated at low gas flow rate. 

2.3.2. Waveguide-Based Nozzle-Type MPS Operated at High Gas Flow Rate 

The photo and sketch of the waveguide-based nozzle-type MPS operated at high gas flow rate (a 
several hundred l/min.) are shown in Figs. 4a and 4b, respectively. Two flows are formed in a glass 
cylinder placed coaxially with the nozzle: central flow (the processed gas) and an additional swirl flow 
(nitrogen). The processed gas flow is introduced centrally to the discharge zone through a conical 
nozzle. The nitrogen flow is supplied tangentially through the four inlets, as shown in Fig. 4b, creating 
a spiral vortex flow in the glass cylinder. This stabilizes the discharge in the centre of the cylinder and 
protects the wall from the discharge heat [6]. 

A disadvantage of the both presented waveguide-based nozzle-type MPSs is the use of the 
nozzle, which is vulnerable to erosion. Such a disadvantage has been avoided in the waveguide-based 
nozzleless cylinder-type MPS presented below. 
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2.4. Waveguide-Based Nozzleless Cylinder-Type MPS 

The experimental setup with the waveguide-based nozzleless cylinder-type MPS is shown in 
Fig. 5. In this case a microwave (2.45 GHz) power of about a few thousands watts is supplied to the 
MPS from a magnetron via a standard WR-284 rectangular waveguide with a reduced-height section. 
The plasma generated inside the glass discharge cylinder is stabilized by injecting a swirl gas, creating 
a vortex flow in the cylinder. The gas swirl also protects the cylinder wall from the discharge heat [6, 
11, 19]. 

a) 
 

 

b) 

 
FIG. 4. Photo (a) and sketch (b) of the waveguide-based nozzle-type MPS operated at high gas flow rate. 

   a)      b) 

  

FIG. 5. Photo (a) and sketch (b) of the waveguide-based nozzleless cylinder-type MPS (a). 

The waveguide-based nozzleless cylinder-type MPS exhibits stable operation at power levels 
from about 600 W up to 6000 W, provided that the total gas flow is sufficiently large (from 30 up to 
several hundreds l/min). 

The waveguide-based nozzleless cylinder-type MPS was used by us for producing hydrogen H2 
in the process of plasma reforming of methane CH4 [11]. 

2.5.  MPS for Microdischarges 

Nowadays, there is a growing interest in microdischarge sources at atmospheric pressure [20]. 
The microdischarges at atmospheric pressure find practical applications in various fields such as gas 
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operated cleaning systems, microwelding, surface modification, light sources. They can find also the 
use in the biomedical applications such as sterilization of medical instruments, high-precision surgery, 
cells treatment and deactivation of bacteria and viruses. 

The experimental setup with an MPS for microdischarges is shown in Fig. 6. The MPS for 
microdischarges exhibits stable operation in Ne, Ar, N2 and air at atmospheric pressure in the form of 
a small plasma jet at absorbed microwave powers of 6-80 W and gas flow rates of 0.5-25 l/min. 

 
    a)     b) 

           
 

FIG. 6. The MPS for generating microdischarges. 

The microdischarge MPS shown in Fig. 6 is simple and cheap. The parameters (dimensions, 
temperature, electron density) of the microplasma jets can be changed in a wide range. This suggests 
that the presented MPS can find practical applications in various fields. Our research on using this 
MPS to gas microprocessing is under progress.  

3. GAS PROCESSING BY MICROWAVE PLASMAS – SELECTED RESULTS 

3.1. Results of Decomposition of VOCs 

The decomposition of several VOCs: aliphatic hydrocarbon (H-C) - methane CH4, aromatic H-
C - toluene C6H5CH3, halogenated aliphatic H-Cs - carbon tetrachloride CCl4 and chloroform CHCl3, 
aromatic chlorofluorocarbons: CCl3F (CFC-11) and CCl2F2 (CFC-12), hydrochlorofluorocarbon 
CHClF2 (HCFC-22), hydrofluorocarbon C2H2F4 (HFC-134a) and fluorocarbon C2F6 (CFC-116) in 
their mixtures with synthetic air or nitrogen in the atmospheric-pressure plasmas generated by the 
waveguide-based nozzle-type MPS operated at low gas flow rate (Fig. 3) was tested. Air or N2 were 
used as a carrier gas to dilute and transport the VOCs to the microwave plasma. The use of N2 is 
recommended due to fewer problems with harmful by-products [8-10]. 

In our investigations the concentrations of the processed VOCs were relatively high, i.e. usually 
a few percent. The use of moderate microwave powers of 200-400 W allowed to increase the initial 
concentration of the VOCs to several tens percent. For example, the initial concentrations of CCl3F 
(CFC-11) in air or nitrogen ranged 10-50 % vol. 

The performance of the waveguide-based nozzle-type MPS (low gas flow rate) when used for 
CFC-11 decomposition in N2 at moderate microwave powers is illustrated in Table I. As it is seen the 
CFC-11 decomposition efficiency is high and approaches 100 % when CFC-11 initial concentration is 
10 %, almost regardless of the gas flow rate. However, when CFC-11 initial concentration is 50 %, the 
CFC-11 decomposition efficiency reaches 100 % only if the gas flow rate is 1 l/min., decreasing to 
about 60 % with increasing gas flow rate to 3 l/min. Generally, with increasing the gas flow rate, the 
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resident time of the processed gases in the plasma decreases, resulting in lower value of the 
decomposition efficiency. 

 

TABLE I. THE WAVEGUIDE-BASED NOZZLE-TYPE MPS (LOW GAS FLOW RATE). SELECTED 
DATA ON THE SPECIFIC ENERGY DENSITY (SED), DECOMPOSITION EFFICIENCY (DE), REMOVAL 
RATE (RR) AND ENERGY EFFICIENCY (EE) OF THE DECOMPOSITION OF CCL3F (CFC-11) IN ITS 
MIXTURE WITH NITROGEN. 

Initial 
concentration 

Microwave 
power 

Flow 
rate 

SED DE RR EE 

% W l/min kWh/m3 % g/h g/kWh 
50 300 1 5.0 100 170 570 
50 400 3 2.2 60 310 775 
50 200 2 1.7 60 210 1000 

 

The best values of the specific energy density, the removal rate and energy efficiency of     
CFC-11 decomposition were 1.7 kWh/Nm3, 310 g(CFC-11)/h and 1000 g(CFC-11)/kWh respectively, 
depending on the gas flow rate and microwave power delivered to the discharge (Table I). The best 
conditions for CFC-11 destruction (highest decomposition efficiency at relatively attractive values of 
the removal rate and energy efficiency) occurred for the CFC-11 initial concentration, gas flow rate 
and microwave power of 50 %, 1 l/min. and 300 W, respectively. 

The results of destruction of CFC-11 and other harmful gases were in detail presented in [8-10]. 

3.2. Results of Production of Hydrogen via Methane Reforming 

The reforming of methane CH4 to produce hydrogen H2 in the atmospheric-pressure plasma 
generated by the waveguide-based nozzleless cylinder-type MPS (Fig. 5) was tested [11]. 

In this MPS, the plasma was stabilized by an additional swirled nitrogen flow (50 or 100 l/min). 
The methane flow rate was up to 175 l/min. The absorbed microwave power could be changed from 
3000 W to 5000 W. The hydrogen production rate and the corresponding energy efficiency were up to 
255 g [H2] / h and 84 g [H2] / kWh, respectively. 

Comparison of the energy efficiencies of hydrogen production for different conventional and 
plasma methods is given in Table II. In general, the conventional methods (steam reforming [21], 
water electrolysis [22]) exhibit lower energy efficiency of hydrogen production than plasma methods, 
except for the dielectric barrier discharge [23]. As seen from Table II, the energy efficiency of 
hydrogen production by the conventional methods is 3-4 times lower than that in the MPS. It is worth 
mentioning that the microwave plasma method presented by us is more efficient than other plasma 
methods operated without a catalyst (dielectric barrier discharge [23] and gliding arc [24]). 

When air is used as an additive to methane, as for example in the methane steam reforming [21], 
the emission of oxide compounds, e.g. carbon oxides and nitrogen oxides, is present. Our experiment 
was carried out without any admixture of air, thus we avoided emission of any oxygen compounds, 
some of which are harmful. 
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TABLE II.  COMPARISON OF THE ENERGY EFFICIENCY OF HYDROGEN PRODUCTION VIA 
METHANE REFORMING FOR DIFFERENT METHODS (INCLUDING OUR RESULTS). 

Hydrogen production 
method 

Initial gas composition Energy efficiency [g [H2] / 
kWh] 

CONVENTIONAL METHODS  
Steam reforming of methane 

[21] 
CH4 + H2O + air 20 

Water electrolysis [22] - 21 
PLASMA METHODS  

Waveguide-based 
cylinder-type MPS (our 
results without catalyst) 

CH4 + N2 74 

Waveguide-based 
cylinder-type MPS (our 

results with catalyst) 
CH4 + N2 84 

Dielectric barrier discharge 
[23] 

CH4 + air 6.7 

Gliding arc [24] CH4 + H2O + air 40 
 

4. SUMMARY 

Several MPSs suitable for gas processing (e.g. decomposition of VOCs and hydrogen 
production via methane reforming) were presented in this paper. 

It was found that the energy efficiency and rate of removal of harmful gases (e.g. Freons) 
obtained using the waveguide-based nozzle-type MPS are superior to those when other plasma 
methods (e.g. corona, gliding and arc discharges) were employed for this purpose.  

The production rate of hydrogen and the energy efficiency of hydrogen production by the 
waveguide-based nozzleless-type MPS are attractive. The absence of oxygen compounds as by-
products in the off-gas is highly beneficial. The proposed microwave plasma system for hydrogen 
production via methane reforming is expected to be of low cost and effective, and thus promising for 
industrial implementation.  

5. ACKNOWLEDGMENTS 

This research was supported by the Ministry of Science and Higher Education (MNiSW) under 
the programme 3020/T02/2006/31 and by R&D Network “EKO-ENERGIA”, IMP PAN Gdańsk. 



Working Material 

161 

 

 

REFERENCES 

[1] BECKER, K.H., KOGELSCHATZ, U., SCHOENBACH, K.H., BARKER, R.J., “Non-
Equilibrium Air Plasmas at Atmospheric Pressure”, IOP Publishing Ltd, Bristol, UK, (now: 
Taylor & Francis, CRC Press), pp. 621-642 (2004). 

[2] VAN VELDHUIZEN, E.M., “Electrical Discharges for Environmental Purposes: Fundamentals 
and Applications”, Nova Science Publisher, Inc., pp. 221-427 (2000). 

[3] CHANG, J.S., IEEE Transactions on Plasma Sciences 19 (6) (1991) 1152-1165. 
[4] CHANG, J.S, Science and Technology of Advanced Materials 2 (2001) 571-576. 
[5] KIM, H.H., Plasma Process. Polym. 1 (2) (2004) 91-110. 
[6] UHM, H.S., HONG, Y.C., SHIN, D.H., Plasma Sources Sci. Technol. 15 (2006) 26-34. 
[7] HONG, Y.C., UHM, H.S., KIM, H.S., HAN, M.J., KO, S.C., PARK, S.K., IEEE Transactions 

on Plasma Science 33 (2005) 958-963. 
[8] MIZERACZYK, J., JASIŃSKI, M., ZAKRZEWSKI, Z., Plasma Phys. Control. Fusion 47 

(2005) B589-602. 
[9] JASIŃSKI, M., MIZERACZYK, J., ZAKRZEWSKI, Z., Journal of Advanced Oxidation 

Technologies 7 (2004) 51-58. 
[10] JASIŃSKI, M., MIZERACZYK, J., ZAKRZEWSKI, Z., OHKUBO, T., CHANG, J.S., Journal 

of Physics D: Applied Physics 35 (2002) 2274-2280. 
[11] JASIŃSKI, M., DORS, M., MIZERACZYK, J., Journal of Power Sources, (in print). 
[12] KABOUZI, Y., CALZADA, M.D., MOISAN, M., TRAN, K.C., TRASSY, C., Plasma Sources 

Sci. Technol. 91 (2002) 1008-1019. 
[13] ROSTAING, J.C., PARENT, J.C., BRYSELBOUT, F., MOISAN, M., Process for purifying a 

gas and apparatus for the implementation of such a process; US Patent 6190510. 
[14] ROSTAING, J.C., Novel Post-Pump PFC Abatement Technology Based on Atmospheric 

Surface-Wave Microwave Plasmas, Future Fab Intl. (2/11/2003), Volume 14. 
[15] COBINE, J.D., WILBUR, D.A., J. Appl. Phys. 22 (1951) 835-841. 
[16] YAMAMOTO, M., MURAYAMA, S., Spectrochim. Acta A 23 (1967) 773-776. 
[17] MOISAN, M., SAUVE, G., ZAKRZEWSKI, Z., HUBERT, J., Plasma Sources Sci. Technol. 3 

(1994) 584-592. 
[18] MOISAN, M., ZAKRZEWSKI, Z., ROSTAINING, J.C., Plasma Sources Sci. Technol. 10 

(2001) 387-394. 
[19] GREEN, K.M., BORRAS, M.C., WOSKOW, P.P., FLORES, G.J., HADIDI, K., THOMAS, P., 

IEEE Transactions on Plasma Science 29 (2001) 399-406. 
[20] FOEST, R., SCHMIDT, M., BECKER, K., International Journal of Mass Spectrometry 248 

(2006) 87-102. 
[21] SPATH, P.L., MANN, M.K., National Renewable Energy Laboratory Technical Report (2001) 

NREL/TP-570-27637. 
[22] http://www.loim.vrn.ru/index.php?m=63&page=58&nm=74&p=.2.3.56.64.70. 71.72.73. 74. 
[23] HEINTZE, M., PIETRUSZKA, B., Catal. Today 89 (2004) 21. 
[24] CORMIE, J.M., RUSU, I., J. Phys. D: Appl. Phys. 34 (2001) 2798. 

 


