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Abstract. Microplasmas inside confined cavities, pores and capillaries of dielectric materials present a great
potential for various environmental applications. The paper briefly introduces the physical properties of the
AC microplasmas generated by the discharges inside porous ceramics foams and focuses on their chemical
effects in various mixtures of nitrogen and oxygen. Ozone formation as an example tool to evaluate the
chemical potential of the microplasmas was investigated as a function of discharge power, gas mixture

composition and total gas flow rate.

PACS. 52.80.-s Electric discharges — 52.75.-d Plasma devices

1 Introduction

Atmospheric pressure non-equilibrium microplasmas are
very attractive for applications in areas such as surface
modifications, environmental and biomedical processing.
The advantage of the microplasmas is that they produce
high densities of chemically active species at relatively
low energy consumption without any vacuum equipment
requirements. The atmospheric microplasmas can be gen-
erated by various types of electric discharges, includ-
ing hollow cathode and capillary plasma electrode dis-
charges [1-5], discharges in porous ceramics and capillary
honeycombs [6-10] or dielectric barrier and coplanar dis-
charges [11-13].

The capillary microplasmas (microdischarges) gener-
ated inside ceramic foams are short-living sparks. They
originate from a surface barrier discharge, which develops
on the ceramics at low amplitudes of the applied volt-
age. If the amplitude exceeds a certain value, the surface
charges enter the micropores of the ceramics and capil-
lary microdischarges form inside them. The transition of
the microdischarge into an arc is suppressed by the small
energy stored in the capacity of the electrodes and the con-
necting cables. The production of the charged particles in
microplasmas is limited by the ambipolar diffusion toward
the walls of the pores and volume recombination. The
capillary microplasmas are relatively cold plasmas with
high level of non-equilibrium. Their gas temperature was
found close to room temperature, increasing with the oxy-
gen contents in the gas mixture. Due to the high thermal
shock resistance of the ceramic foams and effective heat
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dissipation, the overall temporal increase of the tempera-
ture is relatively small [14,15].

The paper presents the generation of capillary mi-
croplasmas inside confined cavities of ceramic foams. It
briefly describes the physical properties of the microplas-
mas and focuses on their chemical effects. The plasma
chemical effects of the microplasmas were evaluated via
the generation of ozone in various mixtures of nitrogen and
oxygen. The dependence of ozone generation as a function
of discharge power, gas mixture composition and total gas
flow rate are presented.

2 Experimental setup

Figure 1 shows the experimental setup. The cylindrical
discharge reactor consists of porous ceramic disk placed
between two metal mesh electrodes. The disk is composed
of mainly alumina and silica mixture and has diameter
and thickness of 31 and 7 mm, respectively. In the previous
studies [15,16] the optimal discharge spatial distribution
was observed for the ceramics of 30-80 um pore size, there-
fore 50 and 80 pm ceramics were selected for the presented
tests. AC high voltage power supply was used for the gen-
eration of the discharge. The power was measured by dig-
ital multimeter Metex 3860M. The voltage at the reactor
was measured by a high voltage probe LeCroy PPE20KV
and the discharge current was measured using a current
probe Pearson Electronics 2877 linked to the digitizing
oscilloscope LeCroy LT374L (500 MHz, 4 GS/s). Ozone
concentration measurement and gas mixtures analysis was
performed by ozone analyzer BMT Messtechnik 964 and
FTIR absorption spectrometer Perkin Elmer Spectrum
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Fig. 1. (Color online) Schematic diagram of experimental
setup.

BX II. Mixtures of nitrogen and oxygen (5, 10, 20, 50 and
100%) with the total gas flow 0.4-2.0 L/min were tested.
The pressure drop across the discharge reactor measured
by the digital manometer PCE P-30 was found negligible
and ranged from 100-800 Pa for gas flow rates of 0.4 and
2.0 L/min, respectively.

3 Experimental results and discussion
3.1 Discharge properties

Our previous works [14-17] commented on the physical
properties of microdischarges generated inside the ceram-
ics foams by ac and dc driven discharges. The most de-
tailed description of the discharge properties (based on
the electrical measurements and visual observation) with
respect to the effect of the pore size, discharge power, and
gas mixture can be found in [15]. The results showed that
the microplasmas inside the ceramic foam formed only for
the specific discharge power and pore size of the ceram-
ics. At small voltages, a surface barrier discharge on the
surface of the ceramics may only be observed. With the
increase of the applied voltage, however, the surface dis-
charge transits into capillary microdischarges inside the
ceramics, which onset voltage increases with the decreas-
ing pore size. Upon the transition to microdischarges, the
amplitude of the current pulses increases extremely, as
well as the corresponding discharge current and power.
The increase of the discharge current is larger for the big-
ger pore size, due to the increase of the radius of the dis-
charge channel and volume of the generated microplasma.
The optical observations by photography and emission
spectroscopy showed the microdischarges were randomly
distributed both in time and space and the consecutive
microdischarges did not occur in the same point. Each
microdischarge was accompanied by a light emission. In
pure nitrogen, the light emission was homogenously dis-
tributed over the whole surface of the ceramics, but with
the increase of oxygen and carbon dioxide in the mixture,
the discharge homogeneity deteriorated. Optical emission
spectroscopy also provides valuable information on active
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Fig. 2. (Color online) Emission spectra of microdischarges in
the VIS-NIR region in mixtures with various concentration (%)
of oxygen (pore size 80 pm, U = 16.5 kV).

atomic or molecular species, and so gives insight in the
plasma chemical processes in Ny and Os mixtures. Fig-
ure 2 presents the emission spectra of microdischarges in
the VIS-NIR region taken at constant voltage in the mix-
tures with various contents of oxygen. In nitrogen mix-
tures, the first and second positive systems of Ny, and
atomic lines of N and O were observed. The emission in-
tensity of the spectral bands and lines increased with the
applied voltage as a result of the increase of the number of
discharge channels and the corresponding discharge cur-
rent. The formation of the atomic oxygen and nitrogen is
responsible for efficient generation of ozone molecules, but
also other by-products generated by the microdischarges.

3.2 Ozone generation

The plasma chemical effects of the microplasmas gener-
ated inside the ceramic foams were evaluated by tests of
ozone generation in various mixtures of nitrogen and oxy-
gen. The effect of the discharge power, the gas mixture
composition and the gas flow rate are reported.

In pure oxygen, the concentration of generated ozone
increased with the discharge power. For the given power,
the concentration of ozone increased with decreasing gas
flow rate (Fig. 3). For example at the power of 2.5-3 W,
the ozone concentrations of 1034 and 293 ppm were gener-
ated with gas flow rates of 0.4 and 2.0 L /min, respectively.
However, considering the ozone concentration as a func-
tion of energy density (J/L) instead of discharge power, we
found the concentration independent of the gas flow rate
(Fig. 4). The ozone yield (g/kWh) decreased with both
discharge power and energy density. The maximal yield of
45-55 g/kWh was found for energy density of 20-30 J/L,
while the minimal yield of 15-18 g/kWh was found for
440-450 J /L, regardless of the gas flow rate.
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Fig. 3. (Color online) Ozone generation in oxygen as a function
of discharge power for various flow rates (pore size 80 pm,
100% O2).
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Fig. 4. (Color online) Ozone generation in oxygen as a func-
tion of energy density for various flow rates (pore size 80 pm,
100% O2).

In miztures of nitrogen and oxygen, the concentration
of generated ozone was generally found smaller than in
pure oxygen. Considering the ozone production at the
given discharge power, the highest concentration was ob-
served in the mixture of 10% oxygen in nitrogen (Fig. 5).
As the figure shows, the concentration of ozone reached
280 and 386 ppm for gas flow rates 0.5 and 1.0 L/min,
respectively. The corresponding ozone yield was 4.0 and
6.0 g/kWh, respectively. An unusual decrease of the ozone
concentration with the increase of the oxygen contents in
the initial mixture can be attributed to the homogene-
ity of the discharge distribution in the ceramics. As re-
ported in [15], in the pure nitrogen the distribution of
microdischarges inside the whole ceramics was relatively
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Fig. 5. (Color online) Ozone concentration as a function of
oxygen concentration (%) in nitrogen for various flow rates
(50 pm pore size, P =5 —6 W).

homogeneous. However, with the increase of the oxygen
concentration the microdischarges concentrated particu-
larly at the sharp edges of outer circumference of mesh
electrodes. This non-homogeneity of the microdischarge
distribution, along with the increase of the discharge cur-
rent and consequently the gas temperature caused that
ozone concentration decreased with the increasing oxygen
content. The increasing energy density and gas heating
caused decomposition of the formed ozone molecules and
supported formation of undesired by-products.

In the mixtures of nitrogen and oxygen, the effect of
gas flow rate on the ozone generation was also found im-
portant. The gas flow rate determined the maximal con-
centration of ozone generated, which increased with the
gas flow rate. Figure 6 shows the results for 20% of oxy-
gen in the initial mixture. As the figure shows, for gas
flow rate of 0.4 L/min the maximal ozone concentration
of 43 ppm was found at 0.3 W, while for 1.2 L/min the
maximum of 78 ppm was found at 4.4 W. The figure shows
that the power corresponding to the maximum concentra-
tion increased with the gas flow rate. While the ozone
concentration increased, reached maximum and subse-
quently decreased with increasing discharge power for all
gas flow rates, the ozone yield monotonously decreases
with increasing power. The maximal yield was observed
at low powers. Figure 7 shows the generation of ozone as
a function of discharge power for various input concentra-
tions of oxygen. The most efficient generation of ozone was
found for 10% oxygen mixtures at any discharge power.
The efficiency of ozone generation decreased at high pow-
ers. The threshold of power, at which the decrease of ozone
occurred, decreased with the concentration of initial oxy-
gen.

The analysis of the gas mixtures by FTIR absorp-
tion spectroscopy showed that besides ozone various
other by-products were generated depending on the input
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Fig. 6. (Color online) Ozone concentration as a function
of discharge power for various flow rates (50 pm pore size,
20% O2).
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Fig. 7. (Color online) Ozone concentration as a function
of discharge power for various concentrations (%) of oxygen
(50 pm pore size, @ = 1.2 L/min).

concentration of oxygen, gas flow rate and discharge
power. In pure oxygen, no compounds other than ozone
were found. In the mixtures with nitrogen, however, var-
ious amounts of NOs, N2Os5, NoO and HNOj3 were de-
tected. The presence of the latter one can be explained by
residual moisture in the system. The formation of NO,
resulted from the reactions of nitrogen and oxygen atoms
and molecules which are generated by the discharge, as
the emission spectra in Figure 2 showed. Since the mi-
crodischarges are spark discharges with non-negligible gas
heating, the formation of NO, is difficult to suppress. The
gas temperature even tends to increase with increasing
oxygen concentration, due to the higher amplitudes of the
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Fig. 8. (Color online) FTIR spectra of gas mixture after
discharge action for various discharge powers (50 pm pore size,
Q = 1.2 L/min, 20% O2).
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Fig. 9. (Color online) FTIR spectra of gas mixture after
discharge action for various concentrations of oxygen (50 pum
pore size, @ = 1.2 L/min, P =7-9 W).

discharge current pulses when compared with pure nitro-
gen. Therefore, higher energy delivered in a single dis-
charge channel gave correspondingly higher gas tempera-
tures [15].

The analysis of the FTIR spectra of the mixtures with
20% of oxygen and 1.2 L/min showed that concentrations
of ozone, NOy and N5Os increased with the discharge
power. However, while the ozone concentration reached a
certain maximum and then decreased (as shown in Fig. 6),
the concentration of NQOs further increased from 7 to
54 ppm for the discharge power of 1.1 and 9.2 W, respec-
tively. The corresponding ozone concentrations were 48
and 52 ppm, respectively. Figure 8 shows FTIR spectra of
the mixture after the discharge action obtained for various
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discharge powers. Similar effect was observed for other gas
flow rates; the only difference was that the maximal con-
centration of generated NOg decreased with the gas flow
rate (at the given power).

Considering the effect of the initial oxygen and com-
paring the ozone and NO, generation in various mixtures,
we found less ozone and more NO,, generated as the initial
concentration of oxygen increased from 10 to 50% O2 (see
Fig. 9). This result is the consequence of the discharge
homogeneity and distribution inside the ceramics and in-
creased temperature, explained above.

4 Conclusions

The objective of the paper was to demonstrate the plasma
chemical effects of the microplasmas generated by the AC
discharges inside porous ceramic foams. We found the mi-
croplasmas effective for ozone generation. Maximal ozone
generation and minimal formation of other by-products
was found at low discharge power, high gas flow rates and
paradoxically small concentrations of initial oxygen (10%).
The paradox was explained by the effect of oxygen on the
discharge distribution and homogeneity and correspond-
ing gas temperature. Microplasmas generated inside the
ceramics are transient spark discharges and therefore pro-
duce certain amount of NO,. The production of NO, is
critical especially at high energy densities. These condi-
tions are not optimal for ozone generation, however, they
can rather be effective for VOC treatment which is be-
ing subjected to further research. In addition, loading the
foams with a catalyst can further improve the treatment
efficiency and suppress the formation of undesired NO,,.

The research has been supported by the VEGA 1/3041/06,
VEGA 1/0711/09, and APVV 0267-06 grants. The authors
thank M. Lestinsky (Comenius University) for technical assis-
tance during experiments.
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