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Abstract 

A new hybrid technique for the VOCs removal from gases, based on the combined use of EB induced 
NTP (non-thermal plasma), MW induced NTP and catalytic oxidation, named “EB+MW-plasma catalysis”, is 
presented. The main goal of our research was to combine the features of each known technique used in gas 
pollution control, i.e. the very high efficiency of EB in converting VOCs to intermediate products, the ability of 
MW to produce and sustain NTP in large electrodeless reactors, and the important role of catalysts in the 
complete conversion to CO2 and H2O. Our experiences shown that the two means of treating the gases are 
complementary: the catalytic oxidation in the presence of MW is efficient for high VOC initial concentrations 
and low flow rates while the exclusive use of the EB irradiation determines high decomposition efficiencies only 
in the case of very low concentrations of VOC but for large flow rates. Real synergistic effects between NTP and 
catalysis were obtained by introducing the catalyst into the irradiation zone. The main conclusion of this work is 
that the combined treatment EB+MW+catalyst improves both decomposition efficiency and oxidation efficiency. 
The EB+MW+Catalysis method demonstrated good results on a wide range of concentrations and flow rates. 

1. OBJECTIVE OF THE RESEARCH 

A new hybrid technique for the VOCs removal from gases, based on the combined use of EB 
induced NTP (non-thermal plasma), MW induced NTP and catalytic oxidation, named “EB+MW-
plasma catalysis”, is presented. The main goal of our research was to combine the features of each 
known technique used in gas pollution control, i.e. the very high efficiency of EB in converting VOCs 
to intermediate products, the ability of MW to produce and sustain NTP in large electrodeless reactors, 
and the important role of catalysts in the complete conversion to CO2 and H2O. 

2. INTRODUCTION 

The main sources of volatile organic compounds (VOCs) emissions in Romania, from industry 
are the following: the use of solvents in various activities (protection coatings, cleaning and trimming 
of surfaces, wood impregnation); various production processes (manufacturing of lacquers and 
adhesives, extraction and refining of vegetable oils) and combustion units. VOCs must be removed 
from industrial waste streams to meet the more and more stringent regulations of discharge limits. 
There are many competing technologies for removal of VOCs and the oxidation in non-thermal 
plasma (NTP) is one of the most promising. 

3. MATERIALS AND METHODS 

3.1. Experimental installations 

Several types of reactors for treating the gases that contain VOCs were built: 

• A reactor that allows the irradiation of gases with MW. This reactor was used as such (empty), 
or with a catalyst – MWR; 

• A small reactor, that allows the irradiation of gases with EB – EBR1; 

• A larger reactor (93L), for the treatment of gases with EB, and a layer of catalyst was also 
introduced in this reactor: EBR-2; 

These reactors possess systems for the adjustment and continuous measurement of the 
irradiation flux (with MW and EB). A magnetron with adjustable power (maximum 850 W) and with a 
frequency of 2.45 GHz was used as a MW generator. 
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Two types of electron beam accelerators are available for these studies: electron linear accelerators 
ALIN-10, built in the Electron Accelerator Laboratory, NILPR, Bucharest, Romania, and ILU-6M 
which was built at the Institute of Nuclear Physics, Novosibirsk, Russia. ALIN-10 is of traveling-wave 
type, operating at a wavelength of 10 cm. The optimum values of the EB peak current IEB and EB 
energy EEB to produce maximum output power PEB for a fixed pulse duration τEB and repetition 
frequency fEB are as follows: 

ALIN-10: EEB = 6.23 MeV; IEB =75 mA; PEB = 164 W (fEB = 100 Hz, τEB = 3.5 µs) 

Direct collection of a part of the electron beam is used as an absorbed dose rate monitoring 
method by sampling during the irradiation process. This monitor who intercepts only a fraction of the 
scattered electron beam gives, together with its associated electronics instrumentation, a relative value 
of the absorbed dose rate. It has been first calibrated by several chemical systems (such as the Ceric 
Dosimeter) placed at the position where the irradiation is performed. 

The ILU-6M accelerator is semi-industrial equipment which is installed in a vertical position 
inside the irradiation room. The ILU-6M electron beam source is a resonator-type accelerator, 
operating at 115±5 MHz. This accelerator generates electron beam pulses of 1.8 MeV, 0.375 ms 
duration and 0.32 current peak intensity. The maximum output EB average current and EB output 
power is of 6 mA and 10.8 kW, respectively. The cross-sectional size of the scanned EB at the vacuum 
window exit is 1100 mm x 65 mm. 

The microwave reactor MWR (Fig. 1), used in these experiments is an elongated cylindrical 
cavity (ECC) of 90 mm inner diameter and 940 mm long, adapted to operate in the TM01n 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. 

In order to study the oxidation of VOCs, a layer of silicon carbide pieces was used as an 
efficient MW absorbent (for preheating gases) and a V2O5 catalyst bed was placed inside the quartz 
tube. The position of the silicon carbide layer into the quartz tube is essential for the ECC impedance 
matching, i.e. for the minimization of the ratio Powerreflected/Powerforward, as is shown in Fig. 1. 

The MW injection system of the ECC consists of a controlled microwave generator with a 
2.45 GHz magnetron of 850 W maximum output power, a waveguide launcher, a ferrite circulator, a 
dual directional coupler for forward and reflected power monitoring and a three-stub tuner for 
impedance matching (Fig. 1). 

The EBR reactors (Fig. 2) are designed like a Faraday cage (the EBR consists of two concentric 
metallic cylindrical vessels) in order to permit the EB average current monitoring during the gaseous 
mixture irradiation. 

Initially, the EBR-1 reactor was built, having a volume of 4.2 L, and afterwards, the EBR-2 
reactor was built, and having a volume of 93 L. EBR-1 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 the inner cylindrical vessel. The EB is introduced perpendicular to the 
upper end plate of each cylindrical vessel through a 100 µm-thick aluminum foil. The EB current is 
collected on the electrical isolated inner vessel, integrated and displayed on the control desk. The 
gases were irradiated at 6 µA EB average current. 
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FIG. 1. Schematic drawing of the MWR-1 

Subsequently, the EBR-2 reactor was built, having a volume of 93 L and a length of 3m. The 
larger volume of the reactor permitted us to obtain a longer residence time for the gas and a better 
conversion of the gas, and, moreover, the extended length favors the better absorption of the electrons’ 
energy (6.23 MeV). The accelerated electron beam was not scanned at the ALIN-10 horizontal exit 
port in order to benefit from the free scattering of the high energy of the EB along the EBR axis which 
is about 3 m long. An average current of EB irradiation of about 13-17 µA was obtained. 

 

 

 

With the help of these reactors, several installations used for the study of the VOCs 
decomposition processes were built. The installation that contains the EBR-2 and MWR reactors is 
presented in Fig. 3. All these installations contain the following components: 

– A system used for generating a synthetic gaseous mixture made up of air, one or several VOCs, 
water vapors and, sometimes, argon. This system allows for the continuous provision of a gas 
flow rate with stable concentrations of VOC and of water; 

– An irradiation reactor (MW or EB), or a series of two reactors (MW+EB or EB+MW); 

– A system for taking samples of the gas, made up of a solenoid valve and of a Tedlar bag; 

– A system for the analysis of gaseous samples, which is used for determining the concentrations 
of carbon oxides and of organic compounds in vapor state. This system contains three gas 
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analyzers: TLV Panther Industrial Precision PID Monitor; Gas chromatograph Fisons 8330; 
Buck Scientific, Multiple Gas Analyzer #1. 

 

  

Schematic drawing  of the LHI Photograph  of the LHI 

FIG. 3. A laboratory hybrid installation (LHI) used for the comparative study of VOCs decomposition using separate and 
combined MW, EB and catalyst. 

3.2. Results and discussions 

These installations were used to study the VOCs decomposition process, taking place in several 
stages (see Table I). 

 

TABLE I. CONDITIONS USED FOR THE STUDY OF VOC REMOVAL FROM GASES. 

Stage Reactor type Irradiation source Flow type 
1 MWR – without catalyst Magnetron (400W) Dynamic 

MWR – with catalyst Magnetron (400W) Dynamic 
2 EBR-1 without catalyst ALIN-10 (6.23 MEV, 37W) 

ILU - 6M (1.8 MeV, 630W) 
Static 

EBR-2 without catalyst ALIN-10 (6.8 MEV, 68W) Static 
EBR-2 without catalyst ALIN-10 (6.8 MEV, 68W) Dynamic 

3 EBR-2 without catalyst 
MWR – with catalyst 

ALIN-10 (6.8 MEV, 68W) 
Magnetron (400W) 

Dynamic 

MWR-with catalyst 
EBR-2 without catalyst 

Magnetron (400W) 
ALIN-10 (6.8 MEV, 68W) 

Dynamic 

4 EBR-2 with catalyst ALIN-10 (6.23 MEV, 106W) Dynamic 
5 EBR-2 with catalyst 

MWR- with catalyst 
ALIN-10 (6.23 MEV, 106W) 
Magnetron (400W) 

Dynamic 

 

In all experiments, the VOCs decomposition process was observed, by determining the 
concentrations of carbon oxides and of volatile organic compounds (the initial ones, but also the newly 
appeared ones). In order to achieve a better assessment of the oxidation process two efficiencies have 
been determined. 
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[VOC]0  is the initial concentration of VOC, ppmv;  

[VOC] t   is the concentration of VOC after treatment, ppmv; 
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Where: 

[VOC]0  is the initial concentration of VOC, ppmv; 

[VOC] t    is the concentration of VOC after treatment, ppmv; 

[CO2] t     is the concentration of CO2 after treatment, ppmv;  

[CO2]0    is the initial concentration of CO2 from air, ppmv; 

[CO]t      is the concentration of CO after treatment, ppmv; 

3.1.1. The irradiation of gases only with microwave (with or without a catalyst, dynamic 
conditions) 

The first set of experiments was made with the microwave reactor MWR-1 (Fig. 1). Toluene 
and hexane at high concentrations (~2% vol.) and small air flow rates (~100 l/h) were used. In the 
absence of the catalyst, the process still takes place but with a low efficiency (< 40%). In order to 
increase the amount of energy absorbed, the gases have to contain a large concentration of water (15-
30% vol.). The presence of argon (10-20% vol.) determines an increased efficiency in the VOCs 
removal. The experiments carried out in the presence of a common oxidation catalyst (V2O5) allowed 
an improvement of removal efficiency of VOC. In this case, dry gases were used and an absorbent 
microwave ceramic was present for their preheating and it was placed within the reactor in front of the 
catalyst. 

It is acknowledged that the catalytic oxidation takes place with a better efficiency at 
temperatures of approximately 500°C. In the MWR reactor we were especially interested in the 
heating of the catalyst (at a temperature of 300-400°C), the temperature of gases at their exit from the 
reactor being of only 70-80°C. This constitutes an important advantage of the method, as the energy 
consumption is minimum and the installation does not need complicated heat exchangers. 

An important disadvantage of catalytic oxidation in the presence of MW irradiation results from 
the severe reduction in the efficiency of VOCs removal at low concentrations of VOC or at higher air 
flow rates (Fig. 4 and 5). 
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FIG. 4. The influence of the initial concentration of toluene on the concentration of the treated gases and on the efficiency of 

toluene removal; MW power= 400 W; Oxidation on SiC+catalyst, dry gases, air flow rate 100 l/h. 
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FIG. 5. The influence of air flow rate upon the efficiencies of toluene removal oxidation on SiC+catalyst, MW power= 400 

W;[toluene]0=600 ppmv 

The efficiency in the removal of VOC was increased with the microwave power (fig. 6). 
However, this is limited by the potential damaging of the catalyst (melting and sintering) at 
excessively high temperatures. 
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FIG. 6. The influence of MW power upon the efficiencies of toluene removal, oxidation on SiC inside MWR, air flow 
rate=400l/h, [toluene]0  =608 ppmv. 
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3.2.2. The irradiation of gases using only EB – static conditions. 

A set of experiments with the EB irradiation of the gaseous mixture was carried out in static 
conditions on the EBR-1 reactor (Fig. 2a). An average EB (6.23 MeV) current of 6 µA was used. 

The favorable effect of water (at saturation pressure in gases) in the irradiation process has been 
shown. It is known that, by irradiation, water produces OH radicals, which are very efficient oxidizing 
agents. The conversion of VOC into CO and CO2   is always lower than the overall conversion of VOC 
into any products which means that some of the VOCs are transformed into solid particles. This is a 
characteristic of the irradiation process that produces a great number of active radicals. At low 
temperatures, these radicals do not all oxidize, but they recombine themselves. The experiment shows 
that the degradation process of VOCs is more efficient at lower concentrations and the efficiencies rise 
as the irradiation dose rises (Fig. 7B). 
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FIG. 7: Results obtained for hexane removal from gases by electron beam treatment static conditions; EBR-1; 6.23 MeV; 
6mA; 37W. 

A - the influence of the presence of water on the concentrations of the products; 
B - the influence of initial hexane concentration on the efficiency of hexane removal 

The results from Fig. 8 are obtained for different VOCs: hydrocarbons (hexane and toluene), 
alcohol (isopropanol), ester (ethyl acetate) and ether (ethyl ether). For all these compounds, the 
general characteristics of decomposition caused by EB irradiation are present: higher decomposition 
rates at smaller concentrations, higher decomposition rates as compared to conversion into total 
oxidation products, etc. 
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FIG. 8. Results obtained for different VOC organic compounds treatment by electron beam, static conditions; EBR-1; 6.23 
MeV; 6mA; 37W. 
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The next experiments were carried out on the EB-R1 reactor irradiated by the ILU-6M 
accelerator. In Table II the results obtained with the accelerators ALIN-10 and ILU-6M are presented 
comparatively. Both the features of the irradiation and the efficiencies obtained can be noticed. Even if 
the experiments were carried out so as to obtain similar VOCs removal efficiencies, the decomposition 
rates are different. With the ILU-6M accelerator higher decomposition rates (expressed in ppmv / min) 
are obtained, as well as a higher energy efficiency (expressed in ppmv/(min*W)). A possible 
explanation might be the reduced length of the EBR-1 reactor (275 mm), which does not permit an 
efficient absorption of ALIN-10 high energy electrons. 

TABEL II. THE RESULTS OBTAINED FOR THE DECOMPOSITION OF HEXANE FROM AIR BY EB 
TREATMENT IN EBR-1, USING TWO DIFFERENT ACCELERATORS 

Irradiation conditions Results obtained 

Accelerator type 

 

Efficiencies Rates of decomposition 

Eff1 Eff2 

Accelerator 

ALIN-10 

Accelerator 

ILU-6M 

Ppmv/min Ppmv/(min*W) 

Current 6µA 

Energy 6.23MeV 

Power 37 W 

 20 1.7 57 1.54 

35 20 50 1.35 

63 15 45 1.22 

 Current 350 µA 

Energy 1.8MeV 

Power 630 W 

38 68 2280 3.62 

58 26 1706 2.71 

 

The EBR-2 reaction chamber was tested by studying the decomposition of toluene from gases 
through irradiation in a static regime (Fig. 9). 
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FIG. 9. Results obtained for toluene removal from gases by EB treatment, static conditions, using  

EBR-2 reactor (6.8 MEV, 68W), and [toluene]0 = 740 ppmv. 
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The main features of VOCs removal process using the EB irradiation of gaseous mixture are 
established: 

- The conversion of VOCs into CO and CO2 is always smaller than the overall conversion of 
VOCs into any products which means that some of the VOCs are transformed into solid 
particles; 

- The organic compounds resulting from partial oxidation reactions are formed in small amounts 
and the main by-products are solid particles – aerosols; 

- The VOCs decomposition efficiency is increased by: small VOC concentration; high irradiation 
time, as well as the presence of water vapors at the saturation concentration; 

- The process of VOCs decomposition through EB irradiation is efficient for a wide range of 
compounds that have been tested: hydrocarbons (hexane and toluene), alcohol (isopropanol), 
ester (ethyl acetate) and ether (ethyl ether). 

- The VOCs decomposition rate (ppmv/(min*W) is twice or three times higher at the irradiation 
with EB having an energy of 1.8 MeV, than the decomposition rate obtained at the irradiation 
with EB having an energy of 6.23 MeV; This effect is due to the higher power level and beam 
utilization efficiency of the ILU-6M accelerator in these experiments. 

3.2.3. Combined irradiation of gases: EB irradiation and catalytic oxidation under MW irradiation 

A laboratory hybrid installation (LHI) was designed for VOCs treatment by successive EB 
irradiation and catalytic oxidation under MW irradiation. Several experiments have been carried out 
using the EBR-2 reactor chamber, connected to the MWR-1 oxidation reactor. 

Subsequently, several experiments with continuous flow rate have been carried out, keeping a 
residence time in the EBR-2 reaction chamber in the range of 5-15 min. The air flow rates that were 
used range between 600-1200 l/h. At these flow rates, the efficiency of oxidation under MW 
irradiation is quite small (see Fig.5). In the successively combined treatment system, the VOCs 
removal efficiencies are increased substantially (Fig. 10). 

FIG. 10: Results obtained for toluene removal from gases by MW, EB or EB+MW treatment, continuous air flow 

(600-1200 l/h); [toluene]0=740 ppmv. 

In order to obtain even higher removal efficiencies, the experiments were carried out at air flow 
rates of 400 l/h. The MW reactor containing silicon carbide (used to preheat gases) and catalyst was 
connected to the EBR-2 reactor (without a catalyst) in two configurations: EB+MW or MW+EB. The 
results obtained for toluene – air mixture, are presented in Fig. 11. These results show that the 
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successive treatment of the type EB+MW leads to better results. This fact may be caused by the 
formation of active radical species (during the EB treatment) which can be easily transformed into 
total oxidation products after being exposed to the MW reactor. 
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FIG. 11. Results obtained for toluene removal from gases by MW, EB,  EB+MW or MW+EB treatment, continuous air 

flow(400 l/h); [toluene]0=608 ppmv. 

Figure 12 presents the results obtained at the treatment of an air and hexane mixture. In this 
case, also, the same feature that was noticed at toluene treatment applies: the successive use of the 
EBR-2 and MWR reactors with a catalyst allows us to obtain the highest removal efficiency possible 
and a quite high oxidation efficiency. 
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FIG. 12. Results obtained for hexane removal from gases by MW, EB or EB+MW treatment, continuous air flow (400 l/h); 

[hexane]0=608 ppmv. 

The examination of the reported results as well as of our experiments performed with the LHI 
installation in a two-stage process, first in the EB reactor and then in the MW reactor, suggested that 
the enhancement of the synergistic effects between NTP and catalysis can be expected by using the 
catalyst inside a reactor simultaneously irradiated with EB and MW. 

3.2.4.The irradiation of gases with EB in the presence of a catalyst and the combined irradiation with 
EB (with a catalyst) and with MW (with a catalyst). 

The EBR-2 reactor was used, and inside it a 4 cm thick catalyst layer was placed. In front of this 
catalyst layer there is an electric system of gas heating. Only a hot catalyst was used for the 
experiments into this reactor. If the catalyst is cold, the VOCs might be adsorbed by its surface, which 
would cause errors in the determination of the removal efficiency. For this reason, throughout the 
whole experiment, the hot catalyst was maintained, having a temperature of 200-220°C (the 
temperature in the catalyst layer was continuously measured using a thermocouple introduced inside 
the catalyst layer). 
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The irradiations were carried out using the ALIN-10 accelerator, which functioned with electron 
energy of 6.23 MeV and with a current of 17 µA, that is with a power of 104W; the electron beam was 
not scanned. The MW irradiation was realized using a 2.45 GHz magnetron, which was adjusted at a 
power of 400 W. 

The experiments aimed at determining the VOCs removal efficiencies in the presence of the 
catalyst, and in the presence of the catalyst subject to EB irradiation. Finally, several experiments were 
carried out using the two successive reactors: EBR-2 followed by MWR, both of them containing a 
catalyst layer. 

In the first set of experiments, a mixture of toluene, hexane and air was used, in similar 
concentrations (285 ppmv), and the influence of the gas flow rate upon the VOCs removal efficiencies 
was observed. 

Figure 13 presents, comparatively, the results obtained at the treatment of the gas in the 
following conditions: 

• In the presence of the catalyst (electrically heated) inside the EBR-2 reactor, without irradiation 
– A. One can notice how the V2O5 catalyst becomes active in the VOCs removal from air at 
relatively low temperatures, of approx. 2000C. In these conditions, the efficiencies in the 
removal of hexane and of toluene are quite high (93.2 at 60% for hexane and 85.3 at 81.8% for 
toluene), but they decline with the increase of the air flow rate (at the same VOCs 
concentration). However, in these conditions, the oxidation efficiency for carbon oxides is quite 
low (37 at 21%), and it declines with the increase of the gas flow rate. 

• In the presence of the catalyst (electrically heated) inside the EBR-2 reactor, irradiated with EB 
– B. One can notice that, when the catalytic oxidation takes place in the presence of the EB 
irradiation, the hexane and toluene removal and oxidation efficiencies increase significantly. 
However, the efficiencies present the same declining tendency when the gas flow rate increases. 

• The results obtained at the successive treatment of the gases in two serial reactors, in which 
there is a catalyst, which is subject to EB irradiation, in the first reactor, and to MW irradiation 
in the second reactor - C. It can be noticed that when the two catalytic EBR-2 and MWR 
reactors are used successively, the efficiency of the process is significantly improved. At low 
flow rates, it is especially the total oxidation (Eff2) that increases, while at high flow rates, both 
efficiencies increase. 

Further on, toluene was used for the experiments, in various concentrations (100-580 ppmv). 
Subsequently, several experiments were carried out, and they included the treatment of the gaseous 
mixture inside the EBR-2 reactor, and then inside the series of EBR-2 and MWR reactors. The results 
obtained are presented in figure 14. The favorable effect of the EB irradiation on the catalytic 
oxidation of toluene can be noticed, as well as the increased efficiency obtained when using a series of 
two catalytic reactors, in which the catalyst is activated through EB irradiation (in the first one), and 
through MW irradiation (in the second one). This effect can be noticed for the whole range of 
concentrations used. 



Working Material 

174 

 

FIG. 13. The influence of the gas flow rate and of the irradiation type upon the hexane and toluene removal and 
oxidation efficiencies obtained at: catalytic oxidation (the catalyst in the EBR-2 reactor) – A, catalytic oxidation in 

the presence of EB – B and catalytic oxidation in a series of two successive EBR-2 and MWR reactors - C. 

FIG. 14. The removal and oxidation efficiencies obtained at the catalytic oxidation of gases containing toluene 
(the catalyst in the EBR-2 reactor) – A, catalytic oxidation in the presence of EB – B and catalytic oxidation in a 

series of two successive EBR-2 and MWR reactors - C. 
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4. CONCLUSIONS 

The main idea of this research was to combine the complementary characteristics of several 
techniques of gas treatment:  

• the very high efficiency of EB in converting VOCs to intermediate products by OH radical 
reactions; 

• The ability of MW to produce and sustain NTP in large electrodeless reaction vessels. It is also 
important to mention the MW capacity of selectively heating the oxidation catalyst and of 
allowing for the realization of the catalytic process at gas temperatures which are far lower than 
in the conventional procedures;  

• The important role of catalysts in the complete oxidation of the intermediate products. 

The experimental results demonstrate that: 

- The catalytic oxidation in the presence of MW is an efficient process, but only at high VOCs 
concentrations and at low gas flow rates (residence time long enough to permit the preheating of 
the gas directly on the hot surface of the catalyst); 

- The treatment of gases with EB is more efficient when the initial VOCs concentration is lower. 
The treatment can be performed at high gas flow rates, because there is no need for the 
preheating of gases. However, gases containing a great amount of water vapors are used, in 
order to increase the concentration of the OH reactive species; 

- It is possible to perform the treatment of gases on a catalyst irradiated with EB at low 
temperatures (approx. 200°C), and the efficiencies obtained are significantly higher than the 
ones obtained at the EB irradiation alone. 

- The treatment of gases in a series of two reactors, in which there is a catalyst which is subject to 
EB irradiation (in the first one), and to MW irradiation (in the second one), led to the obtaining 
of the best results in VOCs removal efficiency and complete oxidation. Moreover, this technique 
can be applied on large concentration ranges and flow rates, as well as on a wide range of 
VOCs. 
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