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A hybrid technique, developed for VOCs removal using microwave (MW) treatment, 
electron beam (EB) irradiation and catalyst method, is presented. Two hybrid laboratory 
installations, developed tor the study of air pollution control by combined EB irradiation, 
MW irradiation and catalyst, are described. Air loaded with toluene was treated at different 
MW power levels, water content, flow rates, and different irradiation modes, separately and 
combined with MW and EB. Also, simultaneous EB and MW irradiation method was applied to 
SOi and NOx removal. Real synergy effects between EB induced NTP, MW induced NTP and 
catalysis can be observed. 
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INTRODUCTION 

Non-thermal plasma (NTP), in which the mean energy of the electrons is substantially 
higher than that of the ions and the neutrals, offers considerable advantage in reducing the 
energy requirements to remove the pollutants [1-2]. There are three promising methods for 
generating non-thermal plasmas in atmospheric gas pressure containing the pollutants, namely 
electron beam (EB) irradiation, microwave irradiation and electrical discharge (DC, AC and 
pulsed fields) techniques [3 -9). Also, the combination of a NTP with in situ heterogeneous 
catalysis (denoted as "plasma catalysis") is considered as a promising method to improve the 
oxidation of volatile organic compounds (VOCs) and the energy efficiency of the plasma 
process [10-12]. In contrast to the conventional energy balance concept, a new approach 
takes into account the influence of electron impact that is transferred to VOC molecules 
during decomposition process. According to this new concept, low energy with longer 
residence time operation is superior to high energy with short residence time plasma 
operation, which has advantageous operation in terms of byproduct formation [13]. 

METHODS 

The fundamental nature of non-thermal plasma [1, 2,3] is that the electron temperature, 
Te (Te»leV). is much higher than that of the gas temperature Tg (including vibrational and 
rotational temperature of molecules; TB«0.1eV). High energetic electrons induce the 
molecules excitation, ionization and dissociation, and at the same time, the attachment of 
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lower energy electrons that form negative ions in the discharge area. Secondary plasma 
reactions will be initiated by dissociated molecules, radicals and ions by radical-molecule 
reactions and ion-molecule reactions in the downstream afterglow discharge region [2,3], 
Aerosol particles will be generated and also aerosol particle surface reactions can occur. 
Therefore, plasma treatment of pollutant gases can consist of direct electron reactions, ion 
reactions, radical reaction, or aerosol generation and surface reactions [3]. The surface 
reaction increases with the increasing of aerosol particle density so that the addition of 
ammonia or a hydrocarbon will assist the generation of aerosol particles and enhance removal 
of pollutants. 

In the last years, research scientists have been attracted to microwave excited plasma 
because of certain advantages over DC, AC and pulsed field induced plasmas. Some of the 
advantages of microwave excited plasma can be summarizes as follows [14-19]: it produces a 
much higher degree of ionization and dissociation that other types of electrically excited 
plasma; it is possible to sustain a microwave plasma over a very wide pressure range, from 
10*s torr to several atmospheres; the absence of internal electrodes removes a source of 
contamination and makes reaction vessels simpler (the electrodeless discharges are non 
polluting and permit the use of corrosive gases); very fast, accurate and easy control of the 
process parameters. 

It is well-known that if an electron population with energy between 5 eV and 20 eV 
interacts with a gas containing water vapor, oxygen, sulfur dioxide, nitrogen oxides, VOCs 
and other components produced by combustion of coal, oil, solid urban waste, etc., this leads 
to ionization and excitation of the gas mixture components [16]. If a sufficient amount of 
energy is transferred, excited molecules can decompose forming abundant quantities of active 
species which are consumed in chemical reaction, part of them leading to the desired 
conversion of pollutants. Mainly, ionization and excitation of Ni, Oj produce ions, electrons 
and radicals. Primary species formed include e'\ N, N+, N2\ Nj*, O, 0*. O2*, Oj*. In the 
presence of moisture, electron beam irradiation produces ionized and excited water molecules 
and free electrons. Ionized and excited molecules react with water molecules to form free 
radical species. Especially formation of OH radicals, that are very reactive, play a significant 
role in the VOC decomposition reaction [8, 9]. In the case of VOCs, free radicals attack on 
organic compound chains or rings causing their decomposition. For the VOCs removal is 
desired their total oxidation, resulting in only H20, CO? but formation of carbon monoxide 
and organic by-products leads to a CO* selectivity, Sera =IC02]/([COJ+[Caj]) of less than 1, 
typical between 0.3 and 0.7 [10]. For many NTP technologies, a large portion of the input 
energy is consumed by processes of excitation, ionization and dissociation resulting in 
species, which are not directly usable for the VOC oxidation. Thus, the incomplete oxidation, 
leading to partially oxidized, possible toxic by-products plays an important role in VOCs 
removal based on the NTP technology. A new attempt to overcome these limitations was 
proposed: combination of the NTP method with heterogeneous catalysis (10]. 

The electron population with energy between 5 eV and 20 eV may be obtained either by 
irradiating the gas mixture with high energy electrons produced by an external accelerator or by 
producing these electrons in the gas itself by subjecting ail the gas to high electric fields thanks 
to which electrons with suitable energy are produced [16]. Microwave induced non-thermal 
plasma, which is quite different of the thermal plasma, could be a source of high density of free 
electrons and such give the possibility to obtain a condition for chemical reaction under a mild 
temperature and atmospheric pressure [17, 19]. The absence of internal electrodes removes a 
source of contamination and makes reaction chamber simpler. Thus, both external accelerated 
electron beam and microwave can be regarded as sources generating free electrons and active 
species.'In the case of the external electron accelerator use, the active species are concentrated 
on the accelerated electrons path. At low and medium dose rate, the chemical reactions 
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consuming those radicals proceed fast enough to balance their production by electron beam 
transfer energy. At large dose rates, the radical concentration is much higher and radical 
recombination reactions may no longer be neglected, leading to a decreasing efficiency of the 
pollutants removal. With microwave energy applied in properly designed applicators promising 
results are expected because the microwaves penetrate large volumes and lead to creation of a 
volume active species. Thus, fast radical recombination reactions may be avoided. 

The main idea of this work was to combine the features of each known technique used in 
gas energization process, i.e. MW ability in volumetric producing and sustaining NTP in the 
eiectrodeless reaction vessels, EB very high efficiency in converting VOC to intermediate 
products by OH radical reactions and catalysts important role in completely conversion of the 
intermediate products to CO2 and H2O by catalytic oxidation. In our opinion, the MW 
additional use to the EB energy could increase the number of OH radicals due to the presence of 
a higher number of free electrons, because MW can lead to a free electron multiplication effect 
depending on the intensity of electrical field within the reaction vessel. The MW energy 
additional use to the EB energy to sustain free electron energy to an optimum level depends on 
several parameters, such as electric field amplitude, Field distribution, energy distribution, 
reaction vessel (applicator) geometry, which make hard the control of that problem. Therefore, a 
study of several microwave applicator types and associated microwave systems was important 
to understand the energy transfer. Under these circumstances, although extensive prior art 
exists in the field, our attention was focused on the improved design of microwave 
applicators, which are especially adapted to plasma process. 

APPARATUS 

Two hybrid laboratory installations were built for the study of VOCs removal using 
combined EB irradiation, MW irradiation and catalyst: HI-1 and HI-2. HH was designed for 
successive EB and MW irradiation with two distinct reactors while HI-2 for simultaneous EB 
and MW irradiation in same reactor. HI-1, shown in Figure 1., consists mainly of the 
following units: 
• A synthetic gaseous mixture system (SGMS); 
• An electron linear accelerator of 6.23 MeV (ALIN-10); 
• An electron beam reactor (EBR); 
• A microwave reactor (MWR) 
• A gas analyzer, GA; 
Figure 1., Figure 2., Figure 3„ Figure 4., Figure 5., Figure 6. and Figure 7. show the schematic 
diagram of the HI-1, the photograph of HI-1 set up, the schematic drawing of the synthetic 
gaseous mixture system, the schematic drawing of the EB reactor, the schematic drawing of 
the MW reactor containing a ceramic bed and a catalyst, the photograph of the ECC using all 
components of the MW injection system (magnetron, circulator, dual directional coupler for 
forward (Pr) and reflected (Pr) power monitoring and three stub tuner for impedance 
matching), respectively. 
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Figure 1. Schematic diagram of ihe hybrid laboratory installation HI-1 
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1: Air compressor 
2: Reducing valve 
3: Control choke 
4: Safe valve 
5: Water dosing pump 
6: Toluene dosing pump 
7: Absorbent carbon 
8: Pipette for toluene 
9: Evaporation chamber 
10: Electric heater 
11: Temperature measuring 
device 

Figure 3, Schematic drawing of the synthetic gaseous mixture system 
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Figure 4. Schematic drawing of the EB reactor Figure 5. Schematic drawing of the MW 
reactor containing a ceramic bed and a catalyst 
and of the MW injection system consisting of 
a 2.45Ghz magnetron, a circulator, a dual 
directional coupler for forward and reflected 
power monitoring and a three stub luner used 
for impedance matching together with ceramic 
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Figure 6. Photograph of the ECC using all 
components of the MW injection system: 2.45 for Figure 7. The influence of the position of the 
forward and reflected power measurement as well ceramic piece and catalyst inside the quartz 
as for ECC impedance matching tube on the P/P, ratio 

p. = MW reflected power 
P, = MW forward power 

The ALTN-10 electron beam accelerator, used as EB source inside the hybrid laboratory 
installations Hl-1. is built in the Electron Accelerator Laboratory, NILPRP. Bucharest. 
Romania, It is of traveling-wave type, operating at a wavelength of 10 cm and generates 
output EB pulses of 3.5 (J.s duration. 6.23 MeV energy and 75 mA current peak intensity. The 
EB reactor (EBR) is designed like a Faraday cage for EB average current monitoring during 
synthetic gaseous mixture irradiation. EBR consists of two concentric metallic cylindrical 
vessels: a gas and electrical insulated inner vessel of 135mm diameter and 275 mm high and a 
grounded outer vessel of 262 mm diameter and 360 mm high. The EB is introduced 
perpendicular to the upper end pk-ue of each cylindrical vessel through a 100 u.m-thick 
aluminum foil. EB current is collected on the electrical isolated inner vessel, integrated and 
displayed on the control desk. We had irradiated at 6 u.A EB average current. Several thin 
aluminum foils are fixed inside inner cylindrical vessel for EB scattering as well as for 
residence time extending. EBR is equipped with different devices, such as valves, gas 
circulating pump, manometer, etc. in order to be used for both, single gas passage and 
multiple gas passage through inner cylindi teal vessel. 

The MW reactor (MWR) is an elongated cylindrical cavity (ECC) of 90 mm inner 
diameter and 940 mm long, adapted to operate in the TMoin mode <n is an integer in the range 
of 0 to 5). containing a concentric quartz tube of 20 mm outer diameter and 16 mm inner 
diameter. ECC is excited with a rectangular waveguide propagating the microwave electric 
field parallel to its axis. The resonant TMnm mode is definitely preferred for heating plasma 
axially deposed within the cavity into the quartz tube. Into this ECC type used in our 
experiments the TMQIO mode can exist at 2.45 GHz with a ± 50 MHz range without excitation 
of the TE modes (these modes develop no electric Field which can be used to heat plasma 
running axially of the cavity). The ECC additionally incorporates an iris to maintain 
resonance within the chamber containing the concentric quartz tube with non-thermal plasma. 
The ECC ends are closed off with MW chokes of length greater than ^ 4 in order to minimize 
energy radiation from the cavity. The MW injection system of the ECC consists of a 
controlled microwave generator with 2.45 GHz magnetron of 850 W maximum output power. 
a waveguide launcher, a ferrite circulator, a dual directional coupler for forward and reflected 
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power monitoring and a three stub tuner for impedance matching. In order to study the 
mechanism of the plasma-catalysis synergy, a ceramic piece (100x12x12 am1) as good MW 
absorbent and a V^Oj catalyst bad were placed inside of the quartz tube. The ceramic piece 
was placed into the quartz tube before the catalyst in order to permit the heating of the 
gaseous mixture and the catalyst. The position of the ceramic piece into the quartz tube is 
essential for the ECC impedance matching, i.e. for the minimization of the ratio P,/Pf, where 
P, is the MW reflected power and Pf is the MW forward power, as is shown in Figure 7. Also, 
Figure 7. shows that the catalyst position behind the ceramic piece has a little effect on the 
PyPf ratio, The best positions of the ceramic piece and the catalyst inside the quartz tube is at 
x = 675, where the P/Pf ratio has a minimum value of 3.3%. A good impedance matching 
over an enough frequency bandwidth can be obtained by additional use of a three-stub tuner 
introduced at the ECC input The v.s.w.r. (voltage standing wave ratio) is better than 1-2 over 
a ± 0.03GHz band centered on 245 GHz. 

The examination of the reported results as well as our experiments performed with HI-1 
in a two stage process, first in the EB reactor and than in the MW reactor, suggested that the 
enhance of the synergy effects between NTP and catalysis can be expected by introducing the 
catalyst, EB and MW into the same reactor as is shown in Figur. 3. In this hybrid installation, 
named HI-2, EB and MW are simultaneously introduced into a multimode rectangular cavity, 
MRC. A regenerative ceramic-catalyst bed will be installed at the MRC bottom area in order 
to take full advantages of both, EB and MW reaching the bottom area. In our opinion, the 
EB+MW-catalyst hybrid system is able to activate the catalyst without additional heat supply 
under the condition that both, MW and EB, reaching the ceramic bed, are converted into heat 
energy to activate the inside catalyst and thus the residual YOCs and other by-products could 
be total oxidized 
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Figure 8. Schematic drawing of the hybrid installation HI-2 
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the HI-2 arrangement 

Figure 9. shows the schematic drawing of the MRC. The inner dimensions of MRC are 
as follows: 612 mm x 612 mm \ 367 mm for the use with ALID-7 accelerator and 1224 mm 
x 612 mm x 367 mm for the use with DLU-6M accelerator. The ALID-7 electron accelerator, 
built in the Electron Accelerator Laboratory1. N1LPRP, Bucharest. Romania, is of travelling-
wave type, operating at a wavelengm of 10 cm. ALLN-10 generates output electron beam 
pulses of 3-75 (is duration. 5.5 MeV energy and 130 mA current peak intensity, at 670 W 
maximum average output power. The cross-sectional size of the scanned electron beam at 
vacuum window exit port is 400 mm x 40 mm. The 1HI-6M electron beam source, built at the 
Institute of Nuclear Physics, Novosibirsk, Russia, is a resonator-type accelerator, operating at 
115±5 MHz. This accelerator generates EB pulses of 1.8MeV, 0.375ms duration, up to 0.32 
current peak intensity. The cross-sectional size of the scanned EB at the ILU-6M vacuum 
window exit is 1100 mm x 65 mm. The scanned electron beam is introduced perpendicular to 
the MRC upper-end plates through a 100 urn thick aluminum foil. The MW power is coupled 
through MRC upper end plate by two slotted waveguides. The power is fed into one end of 
the waveguide and the other waveguide end is connected to a movable short circuit for 
impedance matching to the microwave injection circuit. The slotted waveguide system 
provides good microwave energy transfer and uniformity over a large area [18, 19]. The 
radiating systems consisting of several inclined series slots cut in the broad wall of a 
rectangular waveguide (WR430), propagating [lie dominant mode, have the advantage of 
simplicity of structure, manufacturing case and adaptability of configuration to meet different 
radiation pattern requirements. All slots are spaced kJ2 away from adjacent slots in the same 
waveguide. Also, with multiple slotted waveguide feeding the same cavity the opportunity 
exists to distribute the microwave power so as to give a better excitation of modes and better 
uniformity of heating than can be achieved with a single feed at a higher power level. The 
waveguide slots were covered with gas insulated thin Teflon foils. Each slotted waveguide is 
coupled at a microwave injection system consisting of the following components: a 
microwave power controlled generator with 2.45 Gl 1/ magnetron of 850 W maximum output 
power, a rectangular waveguide launcher to fit to WR430 waveguide, a dual directional 
coupler for forward and reflected power monitoring and a three stub tuner for impedance 
matching. Figure 10. shows the photograph of the MRC used with ALID-7 electron 
accelerator. 
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RESULTS AND DISCUSSIONS 

The main objective of the experimental research with M-l was to study the gas-phase 
toluene decomposition using successive irradiation with EB and MW (first with EB in the 
EBR and then with MW in MWR) together with a catalyst (V2O5) placed inside the MWR 
(see Figure 1.). Toluene is chosen because it is a representative VOC and is more difficulty to 
be decomposed than other organic compound. The modified parameters in the experiences 
were: the air flow rate, the toluene concentration, the water concentration and the MW power. 
The EB average current was always kept to 6 pA and 6.23 MeV energy. The residual gases, 
which leave the HI-1, were analyzed by means of a measuring device, OLDHAM MX -21 Plus 
that yields a maximum efficiency in determining only total volatile organic compounds from 
gaseous emissions. Thus, in our experiments, the concentrations that were determined for 
VOCs represent the sum of all residual organic components at the outlet of the HI-1, i.e. 
residual toluene plus all other smaller organic volatile compounds obtained by the partial 
toluene decomposition. The device is also able to determine the CO production and NO, 
content from the gases. The growth in CO production and VOCs concentration during the EB 
and MW irradiation signifies the partial oxidation of toluene in smaller organic compounds. 
In these experimental limitations we decided to estimate the efficiency of the HI-1 by die 
CO/VOCggtia ratio, where CO is outlet production and VOCouun is the total outlet volatile 
organic compounds detected as by-products with OLDHAM MX -21. The formation of 
carbon monoxide (CO) and organic by-products (Cqcg.) leads to a CO2 selectivity, 
Sera =tC02]/([COJ+[Co^]> of less than I. At the same time, due the non-equilibrium 
conditions, a reduction of COj to CO ([COJ/tCOj]» 0.25) occurs even for highly diluted COa 
in air [10]. In these conditions, the ratio [COx]/[Corg] could give a qualitative evaluation of the 
C02 selectivity and the process efficiency. It is important to note that, in our experiments, the 
EB irradiation of toluene was always associated with the formation of yellow-colored 
particulate products, which are deposed by important amounts on the EBR inner walls. As 
mentioned in the pervious HI-1 description, MWR was provided wim catalyst bed while EBR 
is no not provided with catalyst bed. In this case it is possible tiut, when VOCs were 
irradiated with EB without a catalyst, a large portion of the EB energy input was consumed by 
processes of excitation, ionization and dissociation resulting in species which are not directly 
usable for the VOC oxidation, but which lead to the formation of harmful by-products. The 
most representative experimental results obtained with the HI-1 are present in Figure 11. and 
Figure 12. As is shown in Figure 11 „ the MW power level as well as die water presence in the 
gaseous mixture containing toluene increases value of the CO/VOComk, ratio. Also, Figure 11. 
demonstrates that the combined EB + MW irradiation enhances the CO/VOCouuet ratio, for 
both values of MW power level, 250 W and 325 W, and for both irradiation conditions, 
wtdiout water (H2O = traces) and with additional water content (HjO = 9.4%) in the gaseous 
mixture containing toluene. Thus, at the same MW power of 250 W, the combined EB + MW 
irradiation increases the CO/VOC^ia ratio by a factor of 2.94 compared with separate MW 
irradiation without water and by a factor of 3.02 compared with separate MW irradiation with 
9.4% water content. Also, at the same MW power of 325 W, the combined EB + MW 
irradiation increases the CO/VOCome, ratio by a factor of 2.92 compared with separate MW 
irradiation without water and by a factor of 1.66 compared with separate MW irradiation with 
9.4% water content in the gaseous mixture inlet. These results show that, for combined EB + 
MW irradiation, the water presence has a bigger effect for the use a MW power of 250 W than 
for the use a MW power of 325 W while for the separate MW irradiation the water presence 
has the same effect on the CO/VOCouiiet ratio for both MW power levels used in experiments. 
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Figure 12. shows that the increase of the gaseous mixture flow rate from 100 1/h to 200 1/h 
dramatically decreases the CO/VOCM1,:i ratio for both, separated MW irradiation and 
combined EB+MW irradiation. Thus, CO/VOComiti ratio decreases by a factor of 3.8 for 
separate MW irradiation and by a factor of 3.5 for combined EB + MW irradiation, when 
gaseous mixture flow rate increases from 100 1/h to 200 1/h. The examination of the above-
presented results obtained with Hl-1 suggests that many further studies are still necessary to 
establish the optimum operational conditions for the removal process of a wide variety of VOCs 
with high efficiency and low costs. Also, it was appeared that for the real determination of the 
VOCs decomposition efficiency is very important to apply proper methods to the nature and 
concentration determination of all by-products resulting from VOCs removal processes. Also. 
the air pollutants normally are mixed. They can be composed of many materials, such as acid 
gases (SO*. NO», HCI. etc.), volatile organic compounds (toluene, xylene, trichloro-ethylene. 
trichloro-ethane, etc.), particulate matter, ozone depletion substances, etc. To eliminate these 
pollutants, many approaches could be taken [2]. In view of this argument we have decided that: 
• To establish the optimum operational conditions for air pollution control by using the HI-2 
flexibility with five irradiation modes: separate EB irradiation, separate MW irradiation, 
successive irradiation-first with EB and than with MW. successive irradiation-first with MW 
and than with EB and simultaneous irradiation with EB and MW; 
• To test the Hl-2, first for SO2 and NO, removal and then for VOCs removal as well as for 
mixture of VOCs and acid gases removal: 
• To apply proper method to the determination of all by-products resulting from the 
pollutants removal process. 

This work presents only several results obtained with the hybrid installation HI-2 by 
applying simultaneous EB and MW irradiation method to the SO: and NO, removal. The 
experiments were carried out with simulated flue gas consisting of air. argon, CO;.. SO:, NO,, 
H:0 and NHj. The removal of NO, and SO; has been investigated in the following 
conditions: mixture temperature: 65-70 C; gaseous mixture flow rate: 1 Nnrh'1: Argon 
concentration: 7% ; CO; concentration: [0%; SO2 initial concentration: 2000 ppm: NO, initial 
concentration: 730 ppm. HjO initial concentration: 25'*: NHj added in stoichiometric amounts 
(the amount required for complete conversion of S02 and NO, into ammonium salts): SO: and 
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NO, simultaneously added into the gaseous mixture; various microwave power levels; various 
accelerated EB absorbed dose. SOj, CO, CO;, NHj, NOs and O2 gases are monitored at the 
end of the test loop (see Figure 8.) before and after treatment, by using TESTO 350 M/XL 
(Testo, Inc. USA) combustion gas analyzer. This is a portable measuring instrument which 
continually and simultaneously measures the concentration of the gaseous mixture 
components (O2. CO, SOz, NO, NO2) as well as gaseous mixture temperature (0-999°C). 
Figure 13. gives the values of the SOj and NOx removal efficiencies, n(S02> and T)(NOx), 
versus EB dose for the simultaneous EB+MW irradiation compared with separate EB 
irradiation. From the experiments, it was found that spontaneous reaction of SO2 with ammonia 
proceeds at the temperature below 70°C in the presence of water vapour. Thus, Figure 13. 
demonstrates mat a considerable amount of SOj (up to 42%) and approximately 2-3% of NO, is 
removed through spontaneous reaction with ammonia without applying EB or MW. Also, the 
results presented in Figure 13. shows that, for EB doses up to 20 kGy, the additional use of MW 
energy to EB energy is very effective in the pollutants reduction. For the same removal 
efficiency of 98% for SOa and 76% for NOx at separate EB irradiation of 40 kGy, the required 
absorbed dose is about two times smaller, i.e. 20 kGy, for simultaneous EB and MW irradiation. 
The reducing factor of required EB doses by additional use of MW is smaller at higher EB 
doses because the EB irradiation becomes very effective by themselves. 

— - H « , -EB 

—*— i N f t E B 
— * — ! * « , -EB + MW 

Simultaneous presence of SO,ani! NO, 
Into gaseous mixture 
Microwave pover = 550W 

^ 1W 

i80" 
J=- W-

•g 40 
IS 

gSO 

— 0. 

*-

\J 
-f3 -m 
¥¥/ 
A-f\ 

> 5 1 

t ^ ' 

^ 

0 1 

> 

ft S 

•~— 

o : 5 a 0 3 S i 0 * s 
EB absorbed dose (kGy) 

Figure 13. The SOj and NO, removal efficiencies, T](SOj} and n{NOJ, versos EB dose for separate EB 
irradiation and simultaneous EB' and MW irradiation MSO^HWtQCSCy-CtSOaJJCy'CSOj) and 
ntNO^lOOIQCNOJ-CCNOOlQ^CNOO, where Ci(S02) or Q(NO^ are the pollutant initial 
concentration and C(S02) orC(NOJ are the pollutant concentrations after treatment) 

CONCLUSIONS 

The combination of the EB induced NTP, MW induced NTP with in situ heterogeneous 
catalysis (denoted as "EB+MW - plasma catalysis") could be considered as a new approach 
and a promising method to improve the oxidation of VOCs and the energy efficiency of the 
plasma process. Also, simultaneous EB+MW-indueed NTP could be an attractive alternative 
to known air pollution control methods. 
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