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Abstract

Efficient generation of ozone by cold atmospheric plasmas is interesting for sterilisation
and decontamination of thermally-sensitive surfaces. This paper presents a study of robust
coplanar dielectric barrier discharge (DBD) for generating atmospheric pressure plasma
in synthetic air and in oxygen. The atmospheric plasma generated by coplanar DBD in
synthetic air showed considerably high ozone production of 2.41 g/h (2.25 slm, 45 W),
while the production yield and energy cost were 54 g/kWh and 40.9 eV/molecule. The
use of oxygen instead of synthetic air, at much lower discharge power (2.25 slm, 17 W),
maintained the ozone production of 2.35 g/h, whereas the production yield significantly
increased to 138 g/kWh with a corresponding energy cost of 12.9 eV/molecule. The tem-
perature of coplanar DBD ceramics in synthetic air (45 W) and oxygen (17 W) plasma gen-
eration (continuous alternating-current operation) showed temperatures below 70 °C and
30 °C, respectively. The rotational temperatures obtained from optical emission spectros-
copy indicated similar gas temperatures in the thin plasma layer close to the surface of the
DBD ceramics. The low temperature of the plasma—ceramics interface evidences the appli-
cability of coplanar DBD for the contact treatment of thermally sensitive surfaces where a
high concentration of ozone is required.

Keywords Ozone generation - Dielectric barrier discharge - Cold plasma - Coplanar DBD -
Low-temperature plasma

Introduction

Dielectric barrier discharge (DBD) is considered to be the most efficient method for

ozone generation among electrical plasma generators [1]. DBDs are usually generated
using high-voltage (HV) alternating-current (AC) sources connected to two metallic
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electrodes which are separated by thin layers of a dielectric material placed in the space
between them. Typical materials to create dielectric barriers in DBDs are glass, quartz,
ceramics, and polymers. The dielectric material collects charged species generated by
the discharge, which creates an electrical field with inverse electrical intensity. This
inevitably leads to suppression of the external electrical field and, consequently, causes
the extinction of electrical discharge, which lasts for some tens of nanoseconds and has
a typical radial dimension of filaments on the order of tens to hundreds of micrometres
[2, 3]. Such events are therefore called micro-discharges, and their lifetimes are shorter
than the time required for thermalisation of plasma, which gives DBD plasma its low-
temperature, non-equilibrium attributes. Since the stability of the ozone (O5;) molecule
is very sensitive to the temperature of the gas, T,, it is crucial to keep the T, in the dis-
charge zone as low as possible in order to maintain reasonable ozone production yield.
A concentration of ozone generated through plasma-assisted O, dissociation represents
a dynamic balance between processes of ozone formation and destruction [4]. Ozone is
mainly formed by three-body collisions, in which an oxygen atom and an oxygen mol-
ecule must collide together with the third particle. It is obvious that this type of reaction
is more efficient for electrical discharges at atmospheric pressure because three body
collisions are of low probability at low pressures.

O+ 0,+M — O3 + M (where M could be O, or N, ) 1)
The most important reactions leading to decomposition of ozone are:
e+0;-5e+0,+0 )
0+0;-20, 3)
0;+0;-0,+0,+0, 4)
0;+0; > 0+0,+0; 3)
N+0O; - NO+0O, (6)
NO + O3 =» NO, + 0O, (7)
NO, + O; - NO; + O, (8)

The rate constants of reactions (3)—(8) increase exponentially with increase of T,.

The application of various DBDs for ozone generation is widespread since its invention
by Siemens in 1857 [5]. The construction and design of DBDs have been continuously
improved, and, according to the geometry used, we classify three basic types of DBDs:
volume [6], surface [7, 8], and coplanar DBD [9]. Also, hybrid systems have been reported
[10]. Nassour et al. [1] compared ozone generation efficiency between volume and surface
DBDs. It was found that the energy efficiency of a surface DBD was approximately three
times higher than that of a volume DBD. Simek et al. [11] investigated the influence of
power modulation on O; production in a surface DBD. The highest energy efficiency for
ozone production was obtained by combining a low duty cycle with a suitable AC high-
voltage amplitude, which led to the production of micro-discharges distributed homogene-
ously over the surface DBD electrode system. Recently, the amplitude-modulation of the
driving AC high voltage has also been tested in connection with the traditional coaxial
cylindrical DBD to develop a unique, practical ozone generator with widely adjustable
ozone concentration and nearly constant ozone yield, simultaneously [12].
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An apparent drawback of the surface DBD consists in the exposure of the powered
metallic electrode to plasma and consequent erosion due to the bombardment of the elec-
trode by energetic particles from plasma. This limits the lifetime of the surface DBD to
hundreds of hours [13]. The coplanar DBD geometry has an entire electrode system embed-
ded in dielectric material, and plasma, therefore, does not come into contact with metallic
surfaces, which significantly increases its lifetime. The coplanar DBD plasma for surface
treatments of various materials at atmospheric pressure has been reported by Cernak et al.
[14], Skécelova et al. [15, 16], Medvecka et al. [17, 18], Prysiazhnyi et al. [19], Krumpolec
et al. [20], and Homola et al. [21, 22]. All of them used a variety of coplanar DBD called
‘diffuse coplanar surface barrier discharge’, which consists of a coplanar electrode system
printed on alumina dielectric, partially immersed in a high-quality insulating fluid. The
insulating fluid serves here to remove an excess of produced heat and keeps the intensity
of the electric field around printed coplanar electrodes as low as possible. Because of low
electrical intensity around the coplanar electrodes, the micro-discharges are generated on
the other side of the alumina ceramics, which is exposed to the working gas (ambient air
or various technical gases). The insulating fluids such as mineral and synthetic oils pro-
vide sufficient electrical and thermal insulation at higher temperatures, which are typically
around 70 °C [23]. Such an arrangement seems to be appropriate for surface treatments;
however, the overall temperature of the ceramic surface is still high, which should be con-
sidered if the generation of ozone or treatment of heat-sensitive materials is envisaged.

Furthermore, recent progress in applied plasma physics [24] has brought into attention
plasma agriculture—an emerging field of plasma application for enhancement of plant
seeds’ growth via direct/indirect treatment of their surfaces by transient or reactive spe-
cies, such as atomic oxygen, ozone (Os), and other reactive species, produced by micro-
discharges [25-30]. Ozone is of particular importance because it can be produced in large
quantities and serves as a decontamination agent against various pathogens present on the
surface of seeds [31-33].

The direct treatment of seeds by the dielectric barrier discharges requires close con-
tact of thermally sensitive seeds with DBD dielectric surfaces. Therefore, the motivation
of this work was to establish the relation between the temperature of the dielectric surface
of coplanar DBD during typical continuous AC operation and its impact on ozone genera-
tion. A novel DBD concept consisting of coplanar electrodes fully embedded in alumina
ceramic without the need for any cooling liquid was employed in this study.

Experimental

The experimental setup is schematically shown in Fig. 1. It consists of the coplanar dielec-
tric barrier discharge electrode system power supply; heatsink and fan cooling unit; gas
feeding with mass flow controller; ozone, NO, and N,O analysers; and ICCD-based emis-
sion spectrometer.

Coplanar Dielectric Barrier Discharge

The surface plasma for ozone production was generated using coplanar dielectric barrier
discharge in synthetic air (99.999%; containing H,0 <2 ppm, CO+CO,<0.4 ppm) and
oxygen (99.999%; containing N, <5 ppm, H,0 <2 ppm, CO+CO,<0.4 ppm). In total,
50 coplanar electrodes were embedded in 1.15 mm thick alumina ceramic. Both line width
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Fig. 1 Schematic diagram of the experimental set-up

of the electrode strip and the gap between the adjacent strips were 0.5 mm. The thickness
of alumina ceramic above coplanar electrodes was 0.15 mm. The total size of the active
plasma area was approx. 25 cm®. The coplanar ceramics was manufactured by Kyocera,
Japan. A compact coplanar DBD electrode design without insulating fluids used in this
work provides higher versatility and better possibilities for cooling using either passive or
active elements. In this work, the coplanar ceramic electrode system was attached to the
metallic heatsink using standard thermal paste and further cooled with a 24 V fan (con-
suming approx. 1.5 W). The passive cooling of the coplanar electrode system in conjunc-
tion with the flow of the working gas led to lower ceramic temperatures, which decreased
from approx. 70 °C to approx. 50 °C.

The coplanar DBD was powered by continuous-wave sinusoidal AC high voltage with
the frequency of approx. 19 kHz. The total power input was monitored by an OM 402PWR
wattmeter and Rigol DS1104 Z-S Plus oscilloscope. Total power input was 55 W for syn-
thetic air and 27 W for oxygen. The energy loss in the HV power source, including thermal
losses in the transformer, was approximately 10 W; therefore, power in the plasma was
approx. 45 W for synthetic air and approx. 17 W for oxygen. The power density for air and
for oxygen was 2.2 W/cm? and 1.1 W/cm?, respectively. The pressure in the reactor was
monitored by TPG 260 piezo gauge (Pfeifer Vacuum) and always kept at 1 atm (760 Torr).
The flow of the working gas was directed along the ceramic surface perpendicularly with
respect to the coplanar electrode-strips. A Bronkhorst HI-TEC mass-flow controller was
employed to monitor the volume of working gas flowing through the system, in standard
litres per minute (slm).

0;, NO, and N,0 Measurement

We studied the formation of O;, NO,, and N,O generated by coplanar DBD in synthetic
air and oxygen at various gas flows ranging from 2 to 10 slm. The concentrations of the
discharge products were monitored outside the discharge chamber. A Teflon tube was used
for sampling the products. Concentrations of O;, N,O, and NO/NO, were determined
by means of non-dispersive UV absorption ozone monitor Model 465 M, infrared N,O
analyser API 320E, and chemiluminescence NO, analyser model 200EM (all Teledyne
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Instruments), respectively. The minimum fed flow of 1 slm was due to minimal consump-
tion of ozone, nitrous oxide, and nitrogen dioxide by the measurement devices.

The length of the Teflon tube between the reactor outlet and the gas analysers was
approx. 1.5 m; therefore, potential ozone losses due to interaction with the surface of
the tube are of concern, especially when efficiency of ozone production (i.e., production
yield and energy cost) need to be determined. To evaluate losses during transport of the
discharge products to the Model 465 M analyser, we performed a simple test with both
air and pure oxygen using a stabilised Hg lamp (a source of UV photons) closed inside a
small Pyrex cylinder flushed (1 slm) with either synthetic air or pure oxygen. UV radiation
photo-dissociates oxygen molecules, producing ozone. At the exit of the Pyrex cylinder, we
measured (with the cylinder connected to the Model 465 M using a Teflon tube of minimal
length Dy=0.1 m) stable concentrations of 60 ppm and 180 ppm of ozone in air and oxy-
gen, respectively. Then, the length of the Teflon tube was changed from minimal length D,
to Dy+1, where 1=0.125 m, 0.25 m, 0.5 m, 1 m, and 2 m, and we found that the concen-
tration of ozone was almost identical, i.e., within the +2% fluctuation around the average.
This conclusion is valid for the lowest flow rate of 1 slm, i.e., for the highest residence/
transit time. For higher flow rates (lower transit times) and higher ozone concentrations,
the influence of the tube length should be lower, i.e., negligible. We concluded that the
effect of the tube length between 0.15 and 3 m on the measured concentration of the ozone
was negligible and within experimental error (caused by the discharge fluctuations, tem-
perature drifts, etc.) for ozone concentrations > 500 ppm.

Optical Emission Spectroscopy (OES)

The vibrational distributions and rotational temperatures in plasma were calculated from
optical emission spectra acquired via an optical fibre connected to the iHR320 ICCD spec-
trometer. The plasma-induced emission generated by micro-discharges on the ceramic
surface was collected and projected onto the entrance slit of the spectrometer. Emission
spectra were elaborated by using an approach described in detail in [34]. Vibrational dis-
tributions and rotational temperatures (assuming Boltzmann population of rotational levels
of vibronic states) of emission bands were determined after approximating the instrumental
function of the iHR320 by assuming a triangular shape for the grating used and using the
known entrance slit width.

Results and Discussion
Electrical and Thermal Characteristics

The experimental current and voltage (I-V) waveforms of coplanar DBD plasma appear
in Fig. 2. The real power in the plasma was calculated by integrating current and voltage
(P= [ (LU)dt). Figure 2a shows I-V waveforms of synthetic air plasma and Fig. 2b shows
the I-V waveforms of oxygen plasma. The total consumed power was 55 W and 27 W
for synthetic air and oxygen, respectively. The discharge power delivered to plasma was
found to be 45 W and 17 W, respectively. The difference of 10 W between the total con-
sumed power and discharge power was due to the electrical losses in the power supply and
transformer.
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Fig.2 Experimental I-V waveforms for coplanar DBD generated in a synthetic air at a discharge power of
45 W and b in oxygen at a discharge power of 17 W

The efficiency of ozone generation obtained by using a similar coplanar DBD manu-
factured by Kyocera has been recently reported by Jogi et al. [35]. The study reports a dif-
ferent powering setup which uses a signal generator whose output voltage is amplified by
an audio amplifier and subsequently is converted to high driving voltage by a transformer.
The voltage pattern of the signal generator was a sine wave with a frequency ranging from
100 Hz to 6 kHz (200 Hz to 2 kHz for Fig. 1 in Ref. [35]). This arrangement is suitable
for power outputs in the range of tens of watts. However, for more powerful and industrial
applications, we present a coplanar DBD powered directly by the voltage supplied from
a standard electrical supply. The generator was designed to operate in half or full bridge
topology. The signal of the primary winding in the transformer is the alternating voltage of
the rectangular shape. Thanks to the scattering inductance present in the HV transformer
and the coplanar DBD capacity, which together form a second order filter, the voltage
applied to the coplanar DBD results in a sine wave. As a result, we powered the coplanar
DBD by a sine wave of approx. 19 kHz. The use of high operating frequencies leads to the
lower working voltage on the electrode and longer electrode lifetime.

Jogi et al. [35] used a Peltier cell and water cooling systems in order to keep the temper-
ature of the gas within the range of 25 °C to 30 °C; unfortunately, temperature of the sur-
face, which is critical for treating biological or other temperature-sensitive materials, was
not reported. Furthermore, energy consumed by cooling with the Peltier element (which
might be comparable to the power supplied to the discharge) was not included in the calcu-
lations of the specific input energy (SIE) value and, consequently, was not included in the
estimation of the O radical and O; production efficiencies.

The thermal properties of the reactor were determined by precise thermometers placed
at (1) gas input, (2) close to the ceramic surface that is in contact with the plasma, and (3)
at the gas output. The measured temperatures together with power loss due to the gas flow
are displayed in Fig. 3. The input temperature of the synthetic air was, as expected, con-
stant at approx. 22 °C, which was equal to the temperature in the laboratory. The tempera-
ture measured above the coplanar DBD ceramic was maximally 70 °C for zero flow of the
synthetic air. Increasing the synthetic air flow led to a gradual and nearly linear decrease of
the temperature above the ceramic, which was found to be 50 °C for the highest flow of the
synthetic air of 10 slm. The temperature of the synthetic air at the output slightly increased
with an increase of the air flow.
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Fig.3 Temperature of ceramics, difference between output and input temperatures and power loss due to
the gas flow for a synthetic air at 45 W and oxygen at 17 W

Optical Emission Spectroscopy

Optical emission spectroscopy (OES) was used to record vibrational and rotational elec-
tronic states of a nitrogen molecule in the synthetic air for all used flows ranging from
2 to 10 slm. Concerning the UV emission spectra, strong bands belonging to the second
positive system (SPS) of neutral molecular nitrogen NZ(C3Hu—>B3Hg) as well as weaker
bands of the first negative system (FNS) (BZZ‘,;r —>X22g) of N,* were detected. The inten-
sity of SPS/FNS spectral bands increased with increasing DBD power, and, because the
pressure and hence also the density of nitrogen molecules was constant (1 atmosphere).
An observed increase of intensities of detected spectral bands was due to an increase of
the density of filaments produced during an AC cycle, which roughly doubled as well.
The dominant mechanism of the excitation and ionisation of N, molecules to the radiative
N,(CM,) and N,*(B?L]") electronic states is the electron impact process occurring at the
rate which is strongly linked with the electron energy distribution function (EEDF) [34].

Figure 4 shows comparison of two spectra of the SPS emission for air flows of 2 slm
and 10 slm in the 395-435 nm spectral range (containing bands belonging to the Av=-3,
—4 sequences). There was no noticeable difference between spectra recorded for the low-
est and highest flows. Therefore, characteristic vibrational and rotational temperatures of
micro-discharges occurring at the gas—dielectric interface are not strongly influenced by
the flow of the gas. Figure 5 shows an example of the vibrational distribution of N2(C3Hu,
v=0-4) levels derived from experimental spectra (such as displayed in Fig. 4.) using a
technique detailed in [34]. Since the efficiency of ozone production is very sensitive to
the temperature of the gas, which is in our case reflected by the rotational temperature of
the N,(C’TI,, v) state [36], we determined the rotational temperature by fitting partially-
resolved SPS(0,3) and SPS(2,6) bands.

Figure 6a, b show a comparison of experimental and simulated band profiles for the
SPS(0,3) and SPS(2,6) bands giving 350 K (~80 °C) and 385 K (~ 115 °C), respectively.
The difference in the rotational temperature is within the standard error of approx. +30 K,
which was reported also in other works [10, 37]. The temperature of gas for plasma gener-
ated in synthetic air (45 W, 2 slm) is clearly in within the range 80-115 °C, which cor-
relates well with the temperature measured above the ceramic presented in Fig. 3a. The
temperature measured directly above the ceramic was approx. 65 °C, slightly lower than
the temperature calculated from OES measurement.
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Fig.4 Characteristic optical
emission of N,(CI1,) electronic
state in the 395-435 nm spectral
range acquired from discharge in
synthetic air for mass flows of 2
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Fig.5 Characteristic vibrational
distribution of the N,(C?IT,,

v =0-4) electronic state obtained
by fitting experimental spectra
shown in Fig. 4. The inset in
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SPS emission produced for
T,,;=350 K and calculated
according to the model described
in [34]

N,(C3I1, ) vibrational distribution

experimental 2 slm
—— experimental 10 sim
(0,3)
P
‘»
[
i)
£
(1,5)
(2,6) (0,4)
37) N2 .
(4.8) v/ N
405 410 415 420 425 430 435
Wavelength [nm]
1004 m_
i
107"+
J i
r MIJ JI IJ‘ ‘I .
1 400 410 420 430 440 -
102 wavelength %
0 1 2 3 4

Vibrational number

Production of Ozone, Nitrous Oxide, and Nitrogen Dioxide

Figure 7 shows ozone (O;) and nitrous oxide (N,0) concentrations generated by coplanar
DBD plasma in synthetic air at various flows ranging from 1 to 10 slm. At the minimal
flow of synthetic air at 1 slm, the concentration of ozone was 2987 ppm and increased to
3690 ppm for synthetic air flow at 2.25 slm. 3690 ppm was the maximal measured con-
centration, and a further increase of synthetic air flow led to decrease of concentration to
1878 ppm for the flow of 10 slm. The initial increase in ozone concentration is clearly
related to the need for a higher volume of working gas until saturation is reached. Then, a
decrease of ozone concentration with the increasing flow is caused by progressive dilution
of ozone and increasing self-cooling of the discharge surface (Fig. 3a).
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Fig.6 Experimental and simulated spectra used for T,, determination for a SPS(0,3) and b SPS(2,6).
Experimental spectra acquired in synthetic air at discharge power of 45 W and flow of 2 slm

The concentration of nitrous oxide (N,O) was found at approximately 2 ppm for syn-
thetic air flow 3 slm. Since the O;/N,0O/NO, measuring devices consumed around 2 slm,
continuous measurement of all monitored compounds at the same time was possible only
at minimal flow 3 slm. The concentration of N,O decreased with increase in synthetic
air flow and reached 1.3 ppm for flow 10 slm. Production of nitrogen dioxide (NO,) was
always higher than 20 ppm and out of range of the NO, analyser.

Figure 8 shows the concentration of ozone as a function of power in plasma. The flow
was kept constant at 2.25 slm, which was the most efficient flow of synthetic air (in current
geometry) to reach a maximal concentration of ozone.
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The coplanar plasma operated at 17 W showed ceramic surface non-homogeneously
covered by plasma with distinguishable-recognised micro-discharges. An increase
in power led to an increase in the number of micro-discharges and subsequently to an
increase in the inhomogeneities in plasma. The plasma appeared homogeneous and vis-
ually diffuse at power of approximately 40-45 W. The concentration of ozone at mini-
mal power 17 W was approx. 2700 ppm and linearly increased with power to 3693 ppm
for power 35 W. Further increase of ozone concentration as a function of power in the
range between 35 and 45 W was negligible. The change in the power between 35 and
45 W changed the plasma only visually; the plasma-induced emission was more intense
and visually more diffuse. Ozone concentration decreased for power higher than 45 W.
The decrease in ozone concentration for power>45 W was because of thermal decom-
position of ozone due to increased temperature of the ceramics.
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Figure 9 presents the concentration of ozone generated in oxygen at various flows
ranging from 1.9 to 10 slm. Figure 9 shows both experimental and extrapolated data
because flows of oxygen lower than 1.9 slm led to ozone concentrations higher than
10,000 ppm, which was the limit of the ozone monitor system and out of its linear range.
The total power in the plasma was 17 W, which is less than half of the power used in the
measurements of ozone in synthetic air presented in Fig. 7.

Considering the results presented in Figs. 7 and 8, using the same power of 17 W,
the concentration of ozone in air and oxygen at the same flow was approx. 2700 and
10,000 ppm, respectively, which is almost a 300% increase. In contrast to synthetic air,
the decrease of ozone concentration with increase of oxygen flow was not linear. The
significant difference in O; production between synthetic air and oxygen feed gases has
multiple reasons. For instance, the significance of a higher amount of oxygen, which is
an essential precursor for O; production, is straightforward. On the other hand, reac-
tions in synthetic air generate atomic nitrogen N(*S, D, 2P) which is further converted
to nitric oxide through (6), followed by a chain of reactions that reduce the quantity of
both oxygen and ozone species [4].

Figure 9 also shows extrapolated results for flows lower than 1.9 slm. However, the
calculation of saturation flow, in this case, is not very clear and could be significantly
lower than for plasma in synthetic air operated at power level 45 W (twice as high as for
oxygen).

Figure 10 shows ozone and NO, concentrations as a function of nitrogen content in
oxygen fed gas. The concentration of nitrogen varied between 0 and 10%, whereas the
total flow of gas was constant at 5 slm. The total power in plasma was 17 W. The con-
centration of ozone for oxygen gas flow at 5 slm without any nitrogen was approximately
3900 ppm and correlates well with Fig. 7. The increase in nitrogen from 0 to 0.75% had
only a minor effect and led to no change in ozone concentration, remaining at approx.
3900 ppm. A small increase in nitrogen concentration between 0.75 and 2.1% had a sig-
nificant effect on ozone concentration, which increased to approx. 4200 ppm, which is
about an 8% rise compared with pure O,. Further increase of nitrogen concentration in
admixtures ranging from 1 to 10% led to a linear decrease in ozone concentration.

Fig.9 O, concentration [ppm] in 25000 4
oxygen at various flows ranging Oxygen 17 W
from 1.9 to 10 slm
200004 | % o experimental
% ®  extrapolated nonlinear 1/x
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The fact that small quantities of N, improve ozone generation efficiency in DBD micro-
discharges had already been observed. For example, Yuan et al. [38] reported that an
increase of ozone production can be obtained with 0.3-2% N, admixture in O,, in a wide
range of SIE (100-800 J/1). At 100 J/1, the yield of ozone production increased from 158 g/
kWh in pure oxygen to 201.6 g/kWh at N, content of 1%. This increase is attributed to an
alternative mechanism of O(*S) production through O, dissociation mediated by electroni-
cally excited states of N,. The lowest excited triplet state of molecular nitrogen N,(AYX,v)
is efficiently quenched by O,, producing two oxygen atoms [39]. The DBD micro-dis-
charges in N,—O, mixtures populate efficiently the v=2-5 vibronic levels of the N,(A’Z})
metastable state by direct electron-impact excitation [40]. During the decay of the micro-
discharge filament, the N,(A*Z}) metastables are quenched within hundreds of nanosec-
onds producing additional atomic oxygen, which further reacts mainly with O, (provided
there is a low content of N,) boosting production of O;. With an increasing content of N,
in the N,—O, mixture, atomic oxygen starts to be consumed in catalytic cycles with the
participation of nitrogen oxides, leading to the consumption of both O and O;, boosting the
production of N,O,. That is why, starting from certain N, concentrations in the mixture,
the ozone yield at given SIE starts to decrease towards values which are typical for ozone
yield in the air. In our case, we observed a peak ozone concentration for N, content of 1%
with the corresponding O yield of 160 g/kWh at SIE of 56 J/l, which means an approxi-
mately 10% increase in ozone concentration with respect to the pure oxygen case.

The results presented in Fig. 10 confirm that the formation of oxygen atoms, essential
for O; production, was not influenced by N, for low admixtures of nitrogen (< 0.75%). This
very likely means that the EEDF does not significantly change to modify major source of
oxygen atoms, i.e. dissociation of the ground-state O, molecule (either by the direct elec-
tron impact or through kinetic processes enabled by excited N,).

With increasing amount of nitrogen in the mixture (>0.75%), additional reactions
between N, molecules (excited and metastables) and oxygen molecules influence posi-
tively production of atomic oxygen [41]. With a further increase of nitrogen in the mix-
ture (>2%), the EEDF is very likely influenced by inelastic losses of electrons due to the
vibrational excitation of the ground electronic state of N,. Considering that in the case
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of molecular nitrogen, the electron-vibration cross-sections are particularly high [34], the
decrease of the EEDF in the energy range which is important for the direct electron-impact
dissociation of O, (around 5 €V) is quite a plausible scenario. Figure 10 also shows the
development of NO, concentration as a function of the nitrogen/oxygen ratio. As expected,
the NO, increase, caused by an increase of N,, leads to higher production of atomic nitro-
gen that reacts with O; and creates NO,, as described by reaction (4).

Table 1 shows ozone concentration, production, energy efficiency, production yield,
and energy cost for selected conditions of ozone generation in synthetic air and oxygen.
For synthetic air, the most efficient flow of 2.25 slm led to O; concentration of 3690 ppm,
which corresponds to the production rate of 1.07 g/h and energy efficiency of 42.21 Wh/g.
An increase in the synthetic air flow to 10 slm decreased the concentration to 1878 ppm.
On the other hand, the O; production increased to 2.41 g/h, and energy efficiency was
improved reaching 18.66 Wh/g.

Interestingly, comparison of ozone generation in synthetic air at 45 W and 17 W
revealed O; productions of 1.07 g/h and 0.79 g/h, respectively. Thus, a 60% decrease of
power from 45 to 17 W led to only a 25% decrease in O; production. Energy efficiency was
improved from 42.21 to 21.51 Wh/g; production yield increased from 24 to 46.5 g/kWh,
and energy cost decreased from 92.4 to 38.5 eV/molecule.

The highest values of O5 concentration and production were reached for oxygen plasma
at flow of 1.9 slm and power of 17 W. The O; concentration was 9600 ppm, which is near
the detection limit (10,000 ppm), and production was 2.34 g/h. An increase in oxygen flow
to 10 slm led to an increase in production, which reached 2.77 g/h for 10 slm. The energy
efficiency of O production in pure oxygen at 10 slm was found at 6.14 Wh/h, correspond-
ing to a production yield of 163 g/kWh and an energy cost of 11 eV/molecule (which was
the smallest energy cost experimentally determined in this work).

The extrapolated values of ozone concentration for oxygen plasma at 17 W showed
ozone concentration at 12,181 ppm, which represents production of 2.35 g/h, energy effi-
ciency of 7.25 Wh/g, production yield of 138 g/lkWh, and energy cost of 13.0 eV/molecule.

Table 1 Production and energy efficiency of O; generation for selected parameters

Parameters Concentration Production Energy efficiency Production yield Energy cost
[ppm] [g/h] [Wh/g] [g/kWh] [eV/molecule]
Synth. Air (45 W) 3690 1.07 42.21 24 92.4
2.25 slm
Synth. Air (45 W) 1878 241 18.66 54 40.9
10 slm
Synth. Air (17 W) 2736 0.79 21.51 46.5 38.5
2.25 slm
Oxygen (17 W) 1.9 slm 9600 2.34 7.26 138 13.0
Oxygen (17 W) 8147 2.35 722 138 12.9
2.25 slm
Oxygen (17 W) 5slm 3777 242 7.01 142 12.5
Oxygen (17 W) 10 slm 2158 2.77 6.14 163 11.0
1% N2 in O2 (17 W) 4238 2.72 6.25 160 11.2
5 slm
Oxygen (17 W) 1.5 slm 12,181 2.35 7.25 138 13.0
extrapol
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The plasma generated in pure oxygen at a lower power level of 17 W showed the best effi-
ciency of ozone generation from an absolute concentration and production standpoint, but
also from the energy efficiency point of view.

Admixtures of a small amount of nitrogen (up to 1%) at a constant flow of 5 slm had
a significant effect on ozone generation. The production increased from 2.42 g/h for pure
oxygen to 2.72 g/h for 1% nitrogen in oxygen.

The highest production rate with the best energy efficiency was found for oxygen
plasma at 10 sIm and for 1% nitrogen in oxygen at 5 slm. We conclude that admixture of a
small amount of nitrogen into oxygen significantly improves the ozone production, allow-
ing reduction of the working gas (O,) flow in the system and, therefore, also the overall
cost of the process, whereas the production and energy efficiency remains roughly at the
same level.

Conclusions

The coplanar DBD system powered by sinusoidal 19 kHz AC high voltage and equipped
with a simple passive cooling system was investigated for the ozone generation character-
istics and for temperatures established in the thin dielectric surface—plasma layer interface.
The passive cooling of the coplanar electrode system in conjunction with the flow of the
working gas led to lower ceramic temperatures of about 50 °C, which allows a brief expo-
sure of heat-sensitive biological materials, such as seeds and cereal grains, without affect-
ing their viability negatively.

The first study of ozone generation efficiency by the coplanar DBD system consider-
ing all energy inputs (including energy consumed for passive cooling of the reactor) has
been performed. The efficiency of ozone production reaches high values of about 50 g/
kWh (SIE=75 J/1) and 160 g/kWh (SIE=29 J/1) during continuous AC operation, which
exceeds the typical performance of standard surface DBD systems with exposed metallic
electrodes (10-15% at similar SIE). Further improvements in ozone generation efficiency
might be obtained by employing amplitude-modulation of the driving AC voltage that
would lead to a further decrease of the temperature of the gas—dielectric interface. The
performance of this passively cooled reactor evidences the applicability of coplanar DBD
for the contact treatment of thermally-sensitive surfaces for which a high concentration of
ozone is required.
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