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A dielectric barrier discharge reactor with inner electrode modified with metal oxides of Ti, Mn and Co has been 

designed and tested for the oxidation of diluted volatile organic compounds (VOCs) of different nature like toluene, 

isopropanol and trichloroethylene. It has been observed that at a fixed concentration of VOC, total oxidation of isopropanol 

is achieved at lower specific input energy compared to toluene and trichloroethylene. Among the catalysts studied, 

MnOx/SMF shows the best performance, probably due to the formation of active oxygen species by in situ decomposition of 

ozone on the catalyst surface. The electrodes modified with MnOx and TiO2 catalyst effectively destroy trichloroethylene 

due to the synergy between plasma excitation of the trichloroethylene molecules and catalytic behaviour. The catalytic 

process is further enhanced by photocatalysis since TiO2 absorbs UV light produced by the non-thermal plasma.  
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The emission of volatile organic compounds (VOCs) 

by various industrial and automobile sources into the 

atmosphere is an important source of air pollution and 

social concern as VOCs are precursors of 

photochemical oxidants and suspended particulate 

matter (SPM) that have an adverse impact on human 

health. Therefore, abatement of VOCs is an important 

issue that has to be handled through highly efficient, 

low cost processes. For the abatement of dilute VOCs 

(≤ 1000 ppm), conventional techniques like thermal 

and thermocatalytic oxidation are not suitable mainly 

due to high energy demand
1-5

. Among the alternatives, 

non-thermal plasma (NTP) generated at atmospheric 

pressure seems to be advantageous. The plasma, also 

called the fourth state of matter, is characterized by 

ionization of a gas giving a wide range of species 

such as energetic electrons, radicals, ions and excited 

species as well as radiation
6
. In NTP, the electrical 

energy is primarily used for the production of 

energetic electrons without heating the flue gas. In 

dielectric barrier discharge (DBD), the presence of a 

dielectric distributes the microdischarges throughout 

the discharge volume. These microdischarges initiate 

chemical reactions in the gas phase through electron 

impact dissociation and ionization of the carrier gas
7-9

. 

However, NTP abatement of VOCs shows low 

selectivity (0.3-0.5) to total oxidation (CO2 and H2O), 

resulting in undesired and sometimes toxic 

byproducts like CO, O3, NOx and partially oxidized 

hydrocarbons
10

. In order to improve the efficiency of 

NTP, catalytic plasma technique has been proposed 

where the catalyst can be either placed in discharge 

zone (in-plasma catalytic reactor or plasma driven 

catalysis) or downstream to discharge zone (post-

plasma catalytic reactor or plasma enhanced 

catalysis). Even though in-plasma configuration is 

found to be promising for the abatement of VOCs, 

deactivation of the catalyst by solid carbon deposits 

limits the application of this technique. To some 

extent, deactivation can be minimized by placing the 

catalyst downstream to plasma zone. A better 

performance with a post-plasma catalytic treatment 

has been reported
1,5,11

. However, contrary to in-

plasma technique, where short lived plasma species 

promote the reaction, during post-plasma catalytic 

process, oxidation of effluents is mainly due to long-

lived species like ozone and oxides of nitrogen
12

. 

Therefore, a synergy between plasma excitation and 

catalysis is expected only when the catalyst is placed 

in discharge
13,14

. Hence, there is a need for a new 

configuration of plasma catalytic reactors to realize 

the potential of in-plasma catalytic treatment. 
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Recently, we have reported a DBD reactor, where 

the inner electrode made of sintered metal fiber (SMF) 

filters also acts as the catalyst
15,16

. The SMF electrode 

was modified by transition meal oxides in order to 

improve the efficiency of plasma reaction. In the 

present study, abatement of model VOCs of different 

nature like toluene, isopropanol (IPA) and 

trichloroethylene (TCE) has been tested to evaluate the 

performance of the catalytic DBD reactor. Influence of 

applied voltage, frequency, ozone and the ultraviolet 

light (UV) produced in the discharge on the 

performance of DBD reactor has also been studied. 

 

Materials and Methods 

Sintered metal fibers filters (SMF, Southwest 

Screens & Filters SA, Belgium) made of stainless 

steel consisting of thin uniform metal fibers of 

diameter 30 µm, wetness capacity of ~ 30 wt% and 

porosity of ~ 80 wt% were used in the present study. 

For the preparation of 3wt% MnOx and CoOx, the 

SMF was oxidized at 873 K for 3 h, followed by 

impregnation with Co and Mn nitrate aqueous 

solutions of desired concentration. TiO2/SMF and 

TiO2/MnOx/SMF were prepared by precipitation of 

Ti-(IV) bis (ammonium lactato) dihydroxide  

(50 wt%) solution in water. Drying at room 

temperature followed by calcination in air at 773 K 

for 5 h resulted in catalytic electrodes of metal oxide 

supported on SMF. The TiO2, CoOx and MnOx/SMF 

contained 3 wt% of the metal oxide, whereas 

TiO2/MnOx/SMF contained 1 and 3 wt% of TiO2 and 

MnOx, respectively. XPS analysis confirmed the 

formation of metal oxides on SMF, while 

transmission electron microscopy coupled with 

diffraction pattern confirmed the formation of titania 

anatase
17

. Finally, SMF filters were subjected to an 

electrical hot press to shape them into cylindrical 

form, giving the desired discharge gap. 
 

Plasma reactor  

A detailed description of the DBD reactor is 

reported elsewhere
15

. Briefly, the dielectric discharge 

was generated in a cylindrical quartz tube with an 

inner diameter of 18.5 mm. A silver paste painted on 

the outer surface of the quartz tube acted as the outer 

electrode, and a modified SMF was used as the inner 

electrode. The discharge length was 10 cm and 

discharge gap was fixed at 3.5 mm during the 

destruction of toluene and IPA, and 1.25 mm for 

TCE. The specific input energy (SIE) in the range 

140-1100 J/l was applied by varying the AC high 

voltage (12.5-22.5 kV) and frequency (200-250 Hz). 

Conversion of VOC at each voltage was measured 

after 30 min. A voltage (V)-charge (Q) Lissajous 

method was used to determine the discharge power 

(W) in the plasma reactor, where the charge Q  

(i.e. time integrated current) was recorded by 

measuring the voltage across the capacitor of 220 nF 

connected to the ground electrode. The voltage was 

measured with a high voltage probe (Luke 80 K-40 

HV). The signals of V and Q were recorded with a 

digital oscilloscope (Tektronix, TDS 3054) and 

plotted to get a typical V-Q Lissajous diagram. 
 

Procedure  

The experimental set-up consisted of a motor 

driven syringe pump for the introduction of VOC, 

which was mixed with air [500 ml/min (STP) for 

toluene, IPA and 700 ml/min for TCE] and was fed 

into the plasma reactor with a Teflon tube. VOC 

concentration at the outlet of the reactor was 

measured with a gas chromatograph (Shimadzu 14 B) 

equipped with a flame ionization detector and a SP-5 

capillary column. The formation of CO2 and CO was 

simultaneously monitored with an infrared gas 

analyzer (Siemens Ultramat 22), whereas ozone 

formed in the plasma reactor was measured with UV 

absorption ozone monitor (API-450 NEMA). The 

emission spectrum of the discharge at 20 kV was 

measured with a SM-240 spectrometer (CVI Spectral 

Products) with a Sony ILX511 CCD linear array 

detector. As the volume changes due to chemical 

reactions are negligible, selectivity of CO2 and COx 

was defined as follows, 
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where x = 7, 3 and 2 for toluene, IPA and TCE, 

respectively. 
 

Results and Discussion 
Figure 1 represents a typical V-Q Lissajous plot for 

22.5 kV, 17.5 kV and 12.5 kV at a frequency of 250 Hz 

for a discharge gap of 1.25 mm. The area of the 

Lissajous plot characterizes the energy dissipated 

during one period of the voltage. The average power 

(W) in the discharge was calculated by multiplying the 
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area by the frequency. The specific input energy (SIE) 

of the discharge was calculated using the relationship, 

SIE (J/l) = power (W)/gas flow rate (l/s). 

As seen from Fig. 1, with increasing applied 

voltage, power increases and thereby SIE. At 200 Hz 

for a discharge gap of 3.5 mm, the SIE increased from 

160 J/l (12.5 kV) to 295 J/l (22.5 kV). 

It is known that NTP reactors operated in air 

produce ultraviolet light due to the excited nitrogen 

molecules. Earlier attempts to combine NTP with a 

TiO2 photocatalyst to abate VOCs indicate that the 

contribution of photocatalysis induced by UV light 

from the plasma was not significant
18

. In addition, the 

improvement in the activity was attributed only to 

surface activation of TiO2 by discharge plasma. 

Nevertheless, the position of the photocatalyst should 

be optimized to utilize the UV light emitted by NTP. 

During the destruction of TCE with TiO2/SMF 

electrodes, the effect of the UV light can be expected 

only if NTP emits radiation in the range λ ≤ 370-380 

nm, which is equivalent to the band gap of anatase 

(3.2 eV). The emission spectrum of the discharge in 

the wavelength range 250-500 nm confirms the 

presence of UV light originating from excited 

nitrogen molecules (N2
*
). Therefore, the emission 

from excited nitrogen molecules (N2
*
) is in the range 

of the band gap of TiO2 catalyst
17,19,20

. 
 

Abatement of toluene 

Conversion of toluene (100 ppm) diluted by air was 

followed by varying the applied voltage between  

12.5-22.5 kV at a constant frequency of 200 Hz, 

corresponding to the SIE values of 160 and 295 J/l, 

respectively. The inner electrode was either a 

conventional Cu electrode, or the catalytic SMF 

electrode. As seen from the Fig. 2, SMF electrode 

shows the same activity as that of Cu electrode. With 

SMF electrode, conversion increases with increasing 

applied voltage reaching ~100% at 20 kV (265 J/l). 

Interestingly, with CoOx and MnOx/SMF catalytic 

electrodes, ~100% conversion of toluene was achieved 

even at 17.5 kV that corresponds to SIE of 235 J/l. 

Selectivity to COx during destruction of 100 ppm of 

toluene was also studied (Fig. 3a). Selectivity to COx 

increases with increasing voltage and reaches 100% 

(no carbon deposit) on all the catalysts when the 

voltage was higher than 17.5 kV, the SIE of 235 J/l. 

The selectivity to CO2 is shown in Fig. 3b. SMF shows 

only ~50% selectivity to CO2 at 295 J/l, whereas 

MnOx/SMF shows better performance, for which the 

selectivity to CO2 was ~ 80% even at 235 J/l (17.5 kV). 

It is worth mentioning that with MnOx/SMF catalyst, at 

17.5 kV the conversion was ~100% (Fig. 2) and there 

was no polymeric carbon deposit (Fig. 3a). Hence, the 

DBD reactor with catalytic SMF electrode shows 

remarkable activity during the destruction of toluene. 

The better performance of CoOx and MnOx/SMF may 

be due to the formation of atomic oxygen by in  

situ decomposition of ozone on the surface of the 

catalytic electrode
15

. 

 
Abatement of isopropanol 

Isopropanol (IPA) is one of the common solvents 

used in the electronic industry for cleaning the  

printed circuit boards and LCD monitors. IPA from 

industrial effluent can be recovered by adsorption  

into water using wet scrubbers followed by  

distillation or pervaporation. Thermal oxidation of 

 
 

Fig. 1 — V-Q Lissajous plot at different voltages at 250 Hz. 

 
 

Fig. 2 — Influence of specific input energy and SMF modification 

during the destruction of toluene at 200 Hz. [Toluene: 100 ppm; 

voltage: 12.5–22.5 kV]. 
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alcohols needs temperature in the range of  

873-973K, whereas thermocatalytic oxidation takes 

place in the temperature range of 523-673K. 
  

However, these techniques are not suitable for the 

abatement of diluted alcohols. The NTP technique 

has already been tested for the destruction of IPA. 

However, formation of acetone as a stable secondary 

product was observed. Abatement of acetone 

demands a high energy (~1000 J/l), which is not 

energetically favorable. During the present study, 

oxidation of 100 ppm of IPA over catalytic SMF 

electrodes has been investigated. As in the case  

of toluene,  at  any  SIE,  metal oxide supported SMF 

electrodes shows better activity compared to SMF 

non-modified electrode (Fig. 4). With the SMF 

electrode, the IPA conversion reaches ~ 100% only 

at 22.5 kV (295 J/l), whereas with Co and Mn oxides 

supported SMF electrodes, it was achieved at 15 kV, 

which corresponds to SIE of 195 J/l. Figure 5a 

shows the selectivity to COx during the destruction 

of 100 ppm of IPA in the range of SIE 160-295 J/l. 

As seen with SMF electrode, selectivity to COx 

reaches ~ 100% at voltage higher than 20 kV 

(265J/l), whereas with CoOx and MnOx/SMF 

electrodes this was achieved at 235 J/l. The 

selectivity to CO2 (Fig. 5b) also follows the same 

trend. MnOx/SMF shows ~100% CO2 selectivity at 

265 J/l, whereas under the same experimental 

conditions, non-modified SMF shows only ~50% 

selectivity. As explained above, formation of 

atomic oxygen by in situ decomposition of ozone 

on the surface of catalytic MnOx/SMF electrode 

shifts the product distribution towards total 

oxidation. Hence, with the DBD reactor with  

the catalytic MnOx/SMF electrode, total oxidation 

of alcohol (100 ppm IPA in air) was achieved at 

265 J/l. 

 
Abatement of trichloroethylene 

Chlorinated organic compounds, especially 

trichloroethylene (TCE) are effective washing agents 

to remove hydrophobic contaminants
2
. Photocatalytic 

 
Fig. 4 — Influence of specific input energy and SMF modification 

during the destruction of isopropanol. 

 
 

Fig. 3 — Influence of specific input energy and SMF modification during the destruction of toluene at 200 Hz. [Toluene: 100 ppm;  

voltage: 12.5–22.5 kV. (a) selectivity to COx; (b) selectivity to CO2]. 
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decomposition of chlorinated hydrocarbons has been 

traditionally used for its abatement. However, 

catalytic and photocatalytic methods for the 

abatement of TCE produce toxic byproducts like 

phosgene. Attempts were made to combine NTP with 

a photocatalyst, TiO2, for the destruction of  

VOCs
14,18,20

. However, results indicate that the 

contribution of photocatalysis induced by UV light 

from plasma was not significant. In addition, the 

improvement in the activity was attributed to the 

surface activation of TiO2 by discharge plasma
18,20

.  

In the present study, abatement of diluted TCE  

(250 ppm in air) was tested by using the DBD reactor 

with catalytic SMF electrode modified with TiO2, 

MnOx and TiO2/MnOx. Since the formation of 

ultraviolet light in the wavelength range 200-500 nm 

has been confirmed, the SMF modified with TiO2 

anatase has been used to study the influence of UV 

light on the performance of the DBD reactor. 

Efficiency of the modified catalytic SMF electrodes 

 
 

Fig. 5 — Influence of specific input energy and SMF modification during the destruction of isopropanol at 200 Hz. [Toluene: 100 ppm;  

voltage: 12.5–22.5 kV. (a) selectivity to COx; (b) selectivity to CO2]. 

 

 
 

Fig. 6 — Influence of specific input energy and SMF modification during the destruction of trichloroethylene at 200 Hz. [Toluene: 100 ppm; 

voltage: 12.5–22.5 kV. (a) selectivity to COx; (b) selectivity to CO2]. 
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was tested during the destruction of 250 ppm of TCE 

for a discharge gap of 1.25 mm as a function of SIE, 

which was varied in the range 140-1100 J/l by 

changing the voltage (12.5-22.5 kV) at 250 Hz. The 

results are presented in Fig. 6. Throughout the range of 

the SIE applied, starting from 140 J/l, ~ 100% 

conversion of TCE was achieved. However, during the 

abatement of VOCs, total oxidation is desired without 

the formation of undesired products like CO and 

polymeric carbon deposit that deactivate the catalyst. 

With non-modified SMF electrode at 140 J/l (12.5 kV 

and 250 Hz), the selectivity to COx is only ~ 55% and 

45% towards unidentified polymeric carbon deposit 

(Fig. 6a). However, formation of phosgene was not 

observed. The selectivity to COx increases to ~ 100% 

with increasing SIE to ~ 1100 J/l. 

Figure 6b presents the selectivity to CO2, showing 

the effect of the metal oxide modification. As seen 

from Fig. 6b, at 140 J/l (12.5 kV) the SMF electrode 

shows only ~5% selectivity to CO2, which increases 

only up to ~ 20% at 1100 J/l (22.5 kV). The 

selectivity to CO2 follows the order: TiO2/MnOx/SMF 

(80%) > MnOx/SMF (65%)> TiOx/SMF (40%) >SMF 

(25%). Interestingly, TiO2 modified SMF also shows 

higher CO2 selectivity as compared to SMF electrode. 

Even at 140 J/l, the TiO2/SMF shows ~ 15% 

selectivity to CO2 against ~ 5% on the SMF. On 

increasing SIE to 1100 J/l (22.5 kV), the selectivity to 

CO2 increases up to ~ 40%, whereas, under these 

experimental conditions the SMF shows only 20% 

selectivity. The better performance of TiO2 over SMF 

could be either due to in situ decomposition of ozone 

or due to the influence of UV light formed in the 

discharge on the anatase photocatalyst. 

In order to study the possible mechanism of TCE 

destruction, ozone concentration at the outlet of the 

reactor was measured. At 575 J/l (17.5 kV), with SMF 

and TiO2/SMF, the formation of 750 and 800 ppm of 

ozone was observed, respectively. When MnOx and 

TiO2/MnOx/SMF electrodes were used, the ozone 

concentration decreased to ~ 0 ppm, clearly indicating 

that the improvement observed with MnOx modified 

electrodes may be due to in situ decomposition of 

ozone that leads to the formation of strong oxidant 

(atomic oxygen). Likewise, the thermal activation of 

TiO2 catalyst requires a temperature in the range  

573-673 K, whereas, during the present study, the 

outlet gas temperature never exceeded ~ 310 K. Hence, 

the better performance of TiO2/SMF over SMF cannot 

be attributed to the thermal activation of TiO2. The 

improvement in the activity may be due to the 

influence of UV light coming from NTP. In order to 

confirm this observation, MnOx/SMF was modified 

with TiO2, and the resulting catalytic electrode 

increased the CO2 selectivity to ~ 80% against ~65 % 

with MnOx/SMF (Fig. 6b). This improvement is 

probably due to the synergy between plasma excitation 

of the molecules and their catalytic oxidation. The 

latter is further enhanced by photocatalysis, since TiO2 

absorbs the UV light produced by NTP. 

As seen from the data presented, plasma alone can 

oxidize the VOC leading to a maximum of 50% CO2. 

On combining with a heterogeneous catalyst, 

increment in both conversion and selectivity to CO2 

was observed. The increase in the conversion is due to 

in situ decomposition of ozone on the catalyst surface, 

leading to the formation of atomic oxygen, which is a 

strong oxidizing agent. In the case of 

TiO2/MnO2/SMF, it is similar to a bimodal system, 

where TiO2 may act as a photocatalyst and MnO2 

facilitates the formation of atomic oxygen. When both 

TiO2 and MnO2 were combined, an increase in 

performance was observed, which was attributed to 

the synergy between plasma excitation and 

photocatalytic behaviour of TiO2. 

The significance of the DBD reactor presented in 

this study is the use of catalytic SMF electrode as the 

inner electrode. From the data presented above, it may 

be noted that the main advantage of using catalytic 

SMF electrode is high selectivity to CO2 at low input 

energy and the minimization of undesired C-solid 

deposit. During the destruction of VOCs, the better 

performance of MnOx/SMF over other electrodes may 

be due to in situ decomposition of ozone leading to 

the formation of active oxygen atoms (O
*
) on the 

catalyst surface
13,16

. It has earlier been reported that 

on MnOx surface, a part of the atomic oxygen O
* 

is 

present in the form of O (
3
P) (ref. 13). The formation 

and stabilization of O (
3
P) species on the MnOx/SMF 

may be responsible for the improved performance of 

the plasma reactor. The reported DBD reactor with 

the catalytic electrode also minimizes the carbon 

deposit diminishing the deactivation. During the 

destruction of TCE, TiO2 modified SMF electrodes 

improved the selectivity to total oxidation due to the 

influence of UV light formed in the discharge. When 

the TiO2 anatase semiconductor is irradiated with UV 

light with energy higher than the band gap (~ 3.2 eV, 

λ ≤ 380 nm), excitation of a valance band electron 

into the conduction band takes place leaving a hole in 
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the valance band. Both the hole and the photoelectron 

migrate to the TiO2 surface, where either they 

recombine or participate in redox reactions with 

adsorbed species like H2O and O2. The hole oxidizes 

adsorbed water to hydroxyl radical, while the 

photoelectron reduces O2 to superoxide. With the 

catalytic TiO2 electrodes, NTP decomposes TCE into 

several intermediates, which is adsorbed on the TiO2 

surface. These intermediates are oxidized by the 

hydroxyl radical and superoxide. During the 

destruction of TCE, TiO2/MnOx/SMF showed the best 

performance which may be due to the synergy 

between plasma excitation of the TCE molecules and 

their catalytic oxidation. This is further enhanced by 

photocatalysis, since TiO2 absorbs the UV light 

produced by the NTP. Hence, it may be concluded 

that during the NTP abatement of VOCs, performance 

of catalytic plasma reactor can be improved with 

suitable modification of catalytic SMF electrode. 

 

Conclusions  
A catalytic non-thermal plasma reactor with a 

metallic SMF electrode which also functions as a 

catalyst has been tested for the destruction of VOCs of 

different nature. It demonstrates high efficiency at low 

specific input energy. During the destruction of toluene 

and isopropanol, MnOx/SMF showed the best 

performance, which is attributed to the formation of 

atomic oxygen by in situ decomposition of ozone on 

the catalyst surface. The selectivity to CO2 during TCE 

destruction at a discharge gap of 1.25 mm is improved 

up to ~ 80 % at 1100 J/l by modifying MnOx/SMF with 

TiO2. This improvement may be due to the synergy 

between plasma excitation of the TCE molecules and 

their catalytic oxidation. This is further enhanced by 

photocatalysis as TiO2 absorbs the UV light produced 

by the NTP. Hence, the NTP catalytic reactor is an 

efficient system for the abatement of VOCs at low 

consumption of energy compared to thermocatalytic 

method. However, the reactor still needs to be 

optimized for achieving the total oxidation at low SIE. 
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