
Abstract The decomposition of toluene on c-alumina, MnO2-alumina and Ag2O-
alumina catalysts in a plasma-catalytic reactor is tested. A comparison between
catalytic, catalyst-after-plasma and catalyst-in-plasma systems is made in 150–400 �C
temperature range. An Arrhenius plot is made in order to deduce the mechanism of
plasma activation. It was found that there is no difference between the measured
activation energy for catalytic and catalyst-after-plasma systems. On the other hand
it was found that plasma could activate catalyst placed inside of the discharge.
Plasma treatment decreases the activation energy for the silver-alumina catalyst but
does not increase the number of active centers on the surface of Ag2O-alumina. In
case of MnO2-alumina, the activation mechanism is different: plasma does not
change the activation energy and but does increase its efficiency due to formation of
additional active centers. The mechanism of catalyst activation in plasma, which
includes the structural change of manganese ions, is suggested.
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Introduction

Non-thermal, atmospheric pressure plasma processing is now accepted as a proven
environmental clean-up technology for the removal of pollutants (e.g. NOx, par-
ticulates, solvents, and chlorofluorocarbons, etc.) from waste gas streams. This
technology is currently being investigated for the removal of NOx [1, 2], odours [3],
and volatile organic compounds (VOCs) [4, 5] from many industrial fields.

However, it was found that the plasma treatment leads to the formation of various
unwanted byproducts [5–7]. Hence, in order to improve and increase the efficiency
of VOC decomposition, an innovative technology has been proposed where a
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plasma reactor was coupled with a catalytic reactor [8–13]. Such a combination helps
overcome some of the disadvantages of both catalytic and plasma treatments. The
combination of non-thermal plasma with catalyst can be achieved in either single
stage or two-stage processes. In the two-stage system, where the catalyst is located
after the plasma reactor, the main role of plasma is partial conversion of pollutants
and the production of intermediate species such as ozone to facilitate catalytic
reactions over downstream catalysts. In the case of the single-stage configuration, the
catalyst is placed in the plasma reactor, and is activated by high energy particles
(electrons, excited molecules and photons) produced by the non-thermal plasma.

In this paper, plasma-catalytic decomposition of toluene on alumina, MnO2-alumina
and Ag2O-alumina catalysts is reported. A comparison between catalytic, catalyst-
after-plasma and catalyst-in-plasma systems is made over a large temperature range.
An Arrhenius plot is made in order to deduce the mechanism of plasma activation. It is
shown that plasma plays an important role in enhancing catalytic activity.

Experiment

The experimental setup was based upon that used previously [14] modified for the
introduction of a catalyst and supplied with heating [15–17]. The experiments were
carried out using a non-thermal, atmospheric pressure plasma, consisting of a
BaTiO3 dielectric packed-bed reactor: a quartz tube of 24 mm internal diameter
with two electrodes apart through which the gas passes. The space between the elec-
trodes was packed: (a) with 3.5 mm barium titanate beads in the case of the catalyst-
after-plasma and plasma only system, or (b) the gaps between BaTiO3 were filled with
(0.85–1.7) mm granules of catalyst in case of the catalyst-in-plasma system. A volume
ratio 5:12 of catalyst to BaTiO3 were used here. A heater around the plasma reactor
was used to control the temperature of the catalyst-in-plasma system. On the other
hand, only the catalyst was heated for the catalyst-after-plasma system as shown in
Fig. 1, the plasma reactor being unheated. The same volume (7 ml) of a catalyst was
applied in both catalyst-in-plasma and catalyst-after-plasma systems.

Fig. 1 Schematic diagram of the plasma-catalyst reactor: (A) catalyst-after-plasma. (B) catalyst-in-
plasma
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An alternating current (AC) voltage between 16.5 k and 17.5 k Vpk-pk at a
frequency between 10.25 kHz and 13.25 kHz is applied between the electrodes.
Using a digital storage oscilloscope (Tektronix TDS 3012), current and voltage
waveforms can be recorded for the discharge by using a calibrated high-voltage
probe and measuring the current across a 1 kW resistor in the return earth path from
the reactor. This produces an average power of 1 W.

The dry ‘‘air’’ carrier gas used was made by blending nitrogen (800 cm3/min) and
oxygen (200 cm3/min) (BOC Gases) to give a total gas flow of 1 L min–1. For tol-
uene (VWR International. Ltd.), nitrogen gas was passed through the gas bubbler,
the gas flow was varied to obtain an initial concentration of 500 ppm.

The toluene decomposition was investigated on the surface of c-Al2O3,
Ag2O(7%)/Al2O3 and MnO2(7%)/Al2O3 catalysts. The conventional wetness
impregnation method was applied for the catalyst preparation. Silver and manganese
were loaded on the alumina pellets using silver (VWR International. Ltd.) and
manganese (Alfa Aesar) nitrate precursors. Nitrate solutions were added to a pellet
type alumina with the diameter of granules being 3–4 mm and total surface area
being 180 m2/g. Then the catalysts were dried at 120 �C and calcinated at 400 �C.
The prepared catalyst pellets were crushed and 0.85–1.7 mm fractions were utilized
for investigation.

The identity of the end products of the plasma processing and the degree of
destruction were monitored on line by infrared spectroscopy using the integrated gas
analysis FTIR spectrometer (Gasmet DX-4010, Telmet, 9.8 m pathlength, resolution
~7.7 cm-1).

Results

It is necessary to recognise that the majority of studies of VOC decomposition using
plasma has been done for the ‘‘cold’’ plasma condition, i.e. without additional
external heating. In the present investigation some experiments (catalyst-in-plasma)
were carried out at high temperature in the plasma reactor. So it is important to
determine the influence of temperature on the toluene decomposition rate as well as
its thermal degradation on the surface of barium titanate. It is clear from Fig. 2 that
the efficiency of plasma treatment (without catalyst) goes up with temperature from

Fig. 2 Toluene decomposition
and ozone formation in the
plasma reactor as a function of
temperature: (n) plasma only,
(s) thermal decomposition on
BaTiO3. (D) ozone
concentration
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40% to 75% in a temperature interval 140–400 �C. The concentration of ozone
formed in discharge decreases with increasing temperature as shown here. On
the other hand, Fig. 2 shows that a poor catalytic decomposition of toluene on the
BaTiO3 surface is observed. A similar temperature dependence was obtained for the
plasma decomposition of acetone, benzene, ethylene [17]. It was demonstrated that
non-thermal plasma process removes VOCs more effectively as the process tem-
perature increases. It is possible to explain these results with the increased kinetic
reaction rates of O radicals at elevated temperature.

A comparison between catalytic, catalyst-after-plasma and catalyst-in-plasma
systems is presented in Figs. 3, 4, 5 for the c-Al2O3, Ag2O/Al2O3 and MnO2/Al2O3

catalysts correspondingly. An evaluation of the different catalysts shows that both
silver and manganese catalysts show similar trends in toluene decomposition but
alumina shows a low efficiency even at high temperature as might be expected.

Fig. 3 Toluene decomposition
on c-Al2O3 as a function of
temperature: (n) catalyst only,
(s) catalyst-after-plasma, (m)
catalyst-in-plasma

Fig. 4 Toluene decomposition
on Ag2O/Al2O3 as a function
of temperature: (n) catalyst
only, (s) catalyst-after-plasma,
(m) catalyst-in-plasma

123

88 Plasma Chem Plasma Process (2007) 27:85–94



The main problem of VOC removal in a plasma system is by-product formation.
In a plasma reactor, ions, excited molecules and free radicals are formed initiating
sequential chemical reactions. The radicals interact with VOC molecules, but there
is often not enough energy for complete oxidation so it leads to the formation of
by-products such as CO, O3, aerosol particles and polymers [7, 18].

Similar data were obtained in the present investigation. The analysis of carbon
balance shows that toluene decomposition is not a complete oxidation to CO2 and
the quantity of ‘‘lost carbon’’ depends on temperature as it shown on the Figs. 6, 7, 8.
The ‘‘lost carbon’’ was calculated as a difference between the inlet carbon in the
form of toluene and the outlet carbon in the form of CO2. It is clear that the catalysts
move the process towards total oxidation at high temperature. The by-products
formed during the plasma treatment are oxidized to CO2, so the main disadvantage
of plasma treatment can be successfully solved by catalyst application. A high level
of the ‘‘lost carbon’’ in case of catalyst alone system could be explained by incomplete

Fig. 5 Toluene decomposition
on MnO2/Al2O3 as a function
of temperature: (n) catalyst
only, (s) catalyst-after-plasma,
(m) catalyst-in-plasma

Fig. 6 ‘‘Lost carbon’’ in
toluene decomposition on
alumina as a function of
temperature: (n) catalyst only,
(s) catalyst-after-plasma, (m)
catalyst-in-plasma, (O) plasma
only
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oxidation of toluene to CO2 at low catalytic temperature. The main by-product
formed in the discharge was CO, so the ‘‘lost carbon’’ was in form of CO and a small
quantity of unidentified compounds. Fig. 9 shows the temperature dependence of
CO concentration formed in plasma, catalyst-after-plasma and catalyst-after-plasma
reactors for different catalysts. Unfortunately, the plasma generates high concen-
trations of carbon monoxide and it seems to be that even catalyst application cannot
completely remove CO. Perhaps, higher temperature and additional or alternative
catalysts are needed for total CO oxidation.

Discussion

It is clear from Figs. 3–5 that the catalyst-in-plasma method shows the best efficiency
for the all investigated catalysts. This fact could be explained by the dual effect of
plasma treatment at high temperature. Firstly, as was said before the efficiency of

Fig. 7 ‘‘Lost carbon’’ in
toluene decomposition on
Ag2O/Al2O3 as a function of
temperature: (n) catalyst only,
(s) catalyst-after-plasma, (m)
catalyst-in-plasma, (O) plasma
only

Fig. 8 ‘‘Lost carbon’’ in
toluene decomposition on
MnO2/Al2O3 as a function of
temperature: (n) catalyst only,
(s) catalyst-after-plasma, (m)
catalyst-in-plasma, (O) plasma
only
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plasma decomposition increases with temperature so catalyst-in-plasma system
should be definitely more effective in comparison with catalyst-after-plasma (only
the catalyst is heated here). In addition, plasma provides extra activation of the
catalyst as can be seen from calculated activation energies for the catalytic, catalyst-
after-plasma and catalyst-in-plasma systems. Fig. 10, 11 show the Arrhenius plot of
the toluene decomposition for the silver-alumina and manganese-alumina systems,
where Co and C are initial and final concentrations of toluene. The determined
activation energy and A parameter of the Arrhenius equation are presented in
Table 1. It is clear that the physical meaning of the A parameter could be defined as
a characteristic number of active centres on the catalyst surface. Unfortunately it
was not possible to get Arrhenius plots for pure alumina due to a low decomposition
rate on its surface.

Fig. 9 Carbon monoxide formation in plasma catalytic reactor as a function of temperature: (w)
plasma only, alumina: (n) catalyst only, (h) catalyst-after-plasma, ( k) catalyst-in-plasma Ag2O/
Al2O3: (m) catalyst only, (D) catalyst-after-plasma, (m) catalyst-in-plasma MnO2/Al2O3(d) catalyst
only, (s) catalyst-after-plasma, ( f) catalyst-in-plasma

Fig. 10 Arrhenius plot of the
influence of temperature on
the activity of Ag2O/Al2O3

catalyst in plasma-catalytic
decomposition of toluene: (n)
catalyst only, (D) catalyst-
after-plasma, (d) catalyst-in-
plasma
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First of all, it is necessary to acknowledge from the comparison of temperature
dependence that no catalyst activation by plasma in catalyst-after-plasma reactor is
seen for both silver and manganese oxides. It seems to be that plasma simply
decreases the toluene concentration without any catalyst promotion. These data
differ from the investigation of VOC decomposition in catalyst-after plasma system
published previously [19], where in order to determine the mechanism of the plasma
treatment some amount of ozone was added to the gas flow. VOCs were found to
react with ozone at lower temperature than with oxygen, and also with lower acti-
vation energy. The authors suggested that the mechanism of the observed catalyst
improvement by plasma included reaction of ozone with catalyst surface. Ozone
decomposed on the active centers and generated surface oxygen radicals. All of this
led to an increase in the efficiency of the catalytic centers. The improvement was
higher at low catalyst temperature. It was suggested that the lifetime of ozone mol-
ecules at high temperatures was too short for any increase in catalyst efficiency [19].

The presence or absence of ozone could explain our results too. The ambient
operating temperature of the BaTiO3 dielectric packed-bed reactor in the present
work was nearly 140 �C and it produced low concentration of ozone from the air
carrier gas, less then 5 ppm. It would seem that this quantity of ozone is not enough
for significant activation of the catalyst and the influence of other excited molecules

Fig. 11 Arrhenius plot of the
influence of temperature on
activity of MnO2/Al2O3

catalyst in plasma-catalytic
decomposition of toluene: (n)
catalyst only, (D) catalyst-
after-plasma, (d) catalyst-
in-plasma

Table 1 The parameters of Arrhenius equation k = A exp(–Eac/RT), s–1 for the toluene
decomposition

Catalyst and system A, s-1 Activation energy
(Eac), kJ/mol

Ag2O/Al2O3 Catalyst only 80.5 ± 2.5 63.2 ± 2.5
Catalyst-after-plasma 84.0 ± 2.0 63.9 ± 2.5
catalyst-in-plasma 69.5 ± 10.5 49.0 ± 8.1

MnO2/Al2O3 Catalyst only 46.5 ± 6.0 38.2 ± 4.9
Catalyst-after-plasma 43.0 ± 2.0 34.1 ± 4.1
Catalyst-in-plasma 59.1 ± 6.0 39.8 ± 7.5
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like O-atoms or radicals will be quite small because of their short lifetime. This could
explain why we could not detect a big difference between the measured activation
energies for catalytic and catalyst-after-plasma systems.

On the other hand, plasma could activate catalyst placed inside of the discharge.
It is clear that plasma treatment decreases the activation energy for silver-alumina
due to generated surface oxygen radicals as is suggested in [19]. It seems to be that
plasma does not increase the number of active centers on the surface of Ag2O. In the
case of manganese dioxide, the activation mechanism is quite different: plasma does
not change the activation energy and the catalyst increases the destruction efficiency
because of formation of additional active centers within plasma treatment.

The activation of catalyst placed inside of a BaTiO3 packed-bed plasma reactor
was also observed in [11, 12]. It was reported that plasma could initiate the benzene
decomposition on photocatalyst (TiO2, Ag/TiO2 and Pt/TiO2) at as low temperature
as 100 �C. The authors did not suggest an activation mechanism but it was admitted
that the mechanism of plasma activation differed from mechanism of photo
activation.

In our case, the formation of additional active centers could be explained by
changing the oxidation state of manganese ions. The investigation of MnO2/SiO2

catalyst showed that the manganese metal center was in a higher oxidation state than
in the normal dioxide i.e. closer to a +5 oxidation state as opposed to the expected +4
value [20]. In addition, it was reported that that manganese oxides supported on
alumina allow the structural changes during ozone decomposition reaction and Mn is
oxidized to the higher oxidation state [21] and the mechanism of ozone decompo-
sition on MnOx/Al2O3 catalyst proceeds by electron transfer from the Mn site to
ozone and Mn is reduced back in the desorption of the oxygen species [22]:

O3 þ Mnnþ ! O2� þ Mnðnþ2Þþ þ O2

O3 þ O2� þ Mnðnþ2Þþ ! O2�
2 þ Mnðnþ2Þþ þ O2

O2�
2 þ Mnðnþ2Þþ !Mnnþ þ O2

The plasma reactor utilized in the present work generated low ozone concen-
tration due to ozone decomposition into O-atom and molecular oxygen at high
temperature (Fig. 2). Nevertheless we suggest that interaction between O-atoms and
Mn-sites can lead the increase of oxidation states of the Mn ions too.

It has been found that efficient ethanol oxidation on metal-oxide catalysts can be
associated with the availability of empty electronic energy states in the metal oxide-
support complex: a higher oxidation state implies a larger number empty d-states
and greater reaction ability (electron accepting nature) of the active center [23].

In our opinion the mechanism of catalyst activation in plasma might result in
change of the oxidation state of the Mn ions, which were un-reactive in normal
condition, under the influence of high voltage. The interaction of active molecules
(ozone, atoms, and radicals) with the catalyst surface can promote electron transfer
from Mn sites too. Further investigations are necessary to find out the contribution
of these effects as well as to find out the difference between different catalysts.
Activity of silver-oxide catalyst in hydrocarbon decomposition depends on oxidation
state of silver ions too [24], but at the present stage it is difficult to explain the fact
that plasma does not change the number of active centers on silver oxide surface.
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Conclusion

The effectiveness of plasma-catalytic reactor for decomposing of toluene on
alumina, MnO-alumina and Ag2O-alumina catalysts is demonstrated in the present
studies. A comparison between catalytic, catalyst-after-plasma and catalyst-in-plas-
ma systems is made for a large temperature range. An Arrhenius plot is made in
order to deduce the mechanism of plasma activation. It was found that there is no a
big difference between activation energy for catalytic and catalyst-after-plasma
systems. On the other hand, plasma could activate catalyst placed inside of dis-
charge. Plasma treatment decreases the activation energy for the silver-alumina
system but does not increase the number of active centers on the surface of Ag2O. In
case of manganese dioxide, the activation mechanism is quite different: plasma does
not change the activation energy and catalyst increases its efficiency due to formation
additional active centers.
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