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Functional relationship between
“material property, applied
frequency and ozone generation for
e’ surface dielectric barrier discharges
e in atmospheric air
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. We report the experimental characterization of ozone generation in dielectric barrier discharges as a

. function of the material and characteristics of the dielectric barrier, operating frequency and the power

. consumed by a surface DBD-plasma reactor in air at atmospheric pressure. To identify the effect of

. the dielectric barrier, ozone production curves corresponding to ten dielectric barriers with different

. effective thicknesses and thermal properties are compared and analyzed for two combinations of

. voltage amplitudes and frequencies: 7 kV/10kHz and 8.5 kV/14 kHz. The influence of the operating

. frequency over the ozone generated by a DBD-plasma reactor is studied by varying the frequency in the

. range 8-20 kHz. The correlation between power measurements and ozone concentrations as well as
ozone quenching effects at extreme power conditions are also discussed.

The improvement of scientific instruments and numerical models has propelled the discovery of new applications
for surface dielectric barrier discharge (DBD) plasma in recent years. Among these applications, flow control and
sterilization of pathogens in air volumes and body surfaces are of great interest due to their promising benefits in
aerospace, transportation, healthcare, food industry, military, and space exploration, among others.
Specifically in healthcare, total bacterial annihilation has been achieved by exposing contaminated objects
* directly to the DBD-plasma or by placing them in proximity to the DBD-plasma reactor in a closed chamber®2.
- Although early studies conducted in air at low pressure pointed to UV-C photons (100-280 nm wavelength),
. released by the reactions of N,, O, and NOH molecules, as the main agents of bacterial annihilation', recent
: experiments in air at atmospheric pressure did not detect UV-C among the UV radiation produced by dielectric
. barrier discharges?. Furthermore, it was demonstrated that, under such conditions, ozone (O5) generated from
. plasma reactions plays the major role in bacterial killing?.
' While published literature on sterilization mechanisms of ozone and other plasma products keeps expand-
* ing, the functional relationship between physical characteristics of a surface DBD-plasma reactor and ozone
. production is yet to be properly documented. Recent developments on DBD-plasma reactors originate from
. studies associated with flow control applications; where physical design parameters, such as arrangement of the
electrodes and characteristics of the dielectric barrier, have been considered based on their influence to control
flow separation and drag. However, to apply DBD based sterilization concepts in real world environments it is
. essential to isolate and understand the behavior of ozone as a function of key parameters that control dielectric
. barrier discharges, such as frequency, applied voltage and physical design of the plasma reactor. This information
is crucial to develop compact and efficient electronic circuitry working in synchrony with the plasma reactor. In
this regard, this paper aims to determine and report the degree to which some of these factors affect ozone gener-
ation, giving special attention to the influence of the dielectric barrier.
Although variations in ozone levels were observed when two DBD-plasma reactors with different dielectric
materials were operated under the same conditions of voltage and frequency?, these effects have not been studied
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Figure 1. Configuration of the comb shaped DBD reactor. The exposed and buried electrodes are located on
the front and back of the reactor, respectively. A cross-sectional view “A-A” shows the formation of plasma on
the surface of the dielectric barrier around the edges of the exposed electrode. w, = width of each teeth

(0.38 mm); L, =length of the shaft (1.27 mm).

or quantified extensively. Therefore, the influence of the dielectric barrier on ozone yield is studied in this paper
by conducting experimental tests on 10 different dielectric materials with different electrothermal properties and
chemical composition. In addition, a second set of experiments is carried out to report the formation of ozone
versus the operating frequency. For this purpose, a dielectric barrier is subjected to an alternate voltage whose fre-
quency is varied in the range 8-20 kHz. Finally, the influence of extreme conditions of dielectric power dissipation
on ozone generation is also analyzed and discussed.

Physical configuration of the DBD-plasma reactor

In its most basic form, a surface DBD-plasma reactor consists of two electrodes asymmetrically positioned on
both sides of a dielectric (barrier) material. One of the electrodes is exposed to the surrounding gas whereas the
second one is either buried in the dielectric barrier or covered by a layer of dielectric material, such as Kapton
tape, to prevent discharge from both sides of the reactor. The specific configuration of the reactor fabricated for
this study, shown in Fig. 1, is similar to that reported earlier by our group®*. Here, the exposed electrode located
at the front of the reactor consists of a comb-like structure, where the shaft has a width and length of 22.86 mm
and 1.27 mm, respectively. Each of the six teeth perpendicular to the shaft is 19.75 mm long and 0.38 mm wide.
The exposed electrode was carefully designed to avoid areas of excessive electric flux density, such as sharp cor-
ners that could cause hot-spots and unnecessary increase in power consumption. The electrode at the back of the
reactor is a square with area of 25.4 mm X 25.4 mm and it was insulated with a layer of Kapton tape of 0.09 mm.
Both electrodes are separated by a dielectric barrier with an overall area of 46.99 mm x 38.1 mm.

The generation of DBD plasma begins by applying a high alternating potential difference (kV range) between
the two electrodes. Charge buildup on the surface of the dielectric material above the buried electrode induces
alocal electric field between the exposed electrode and the barrier. When this local field exceeds the breakdown
voltage of the air above the barrier, electron avalanche mechanisms give rise to the formation of weakly ion-
ized plasma channels (streamers) and flow of electron current. These microdischarges end when the local field
collapses due to the charge transfer and accumulation on the barrier’s surface. Otherwise the microdischarges
would develop into thermal arcs. Figure 1 also illustrates the operation of the comb shaped reactor. A zoomed
cross-sectional view “A-A”, added for clarity, shows the formation of plasma over the surface of the dielectric
around the edge of the exposed electrode. In this configuration, the plasma extends along the entire perimeter of
the exposed electrode; therefore, the total length of the plasma envelope is approximately 281.59 mm.

Each tooth of the comb reactor has a capacitance between the exposed and ground electrodes given by:
C,=(g05,A,)/tb, where &, is the permittivity of vacuum (8.854 x 10~ '2F/m), ¢, is the relative permittivity of the
dielectric material, A, is the area of the exposed electrode, and ¢, is the thickness of the dielectric barrier. Hence,
the surface charge density on the exposed electrode can be expressed as ps=¢,V,/t,5 where V, is the applied
potential-difference between the plates and ;= t,/¢, is the effective thickness of the dielectric.

When the level of applied excitation is enough to induce DBD-plasma formation, the plasma reactor can be
modeled according to Fig. 2a> 5. Here, a capacitance C, is formed between the edge of the exposed electrode and
a virtual electrode induced by charge accumulation on the surface of the dielectric barrier. The power dissipated
in the plasma is represented as a resistive element R,, whose resistance value oscillates between a few ohms
(plasma on) and near-infinite values (plasma off). C, is the barrier’s capacitance between the ground electrode
and the virtual electrode. The leakage resistance Ry, in parallel with C, represent the losses in the dielectric. Thus,
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Figure 2. Electrical model of the DBD reactor cross-section. (a) Equivalent circuit of each tooth of the comb
structure in the DBD reactor. (b) Diagram used to calculate the surface potential using method of images.

1 0.03 0.10 | Ultralam 3850HT liquid crystalline polymer | 3.14 0.0020 | 0.04
2 0.05 0.64 RT/6010LM ceramic-PTFE 10.97 0.0023 | 0.01
3 0.07 064 | curamik® Alumina (AL,05) 96% 9.0 0.0002 | 0.00
4 0.09 0.64 RO3006 ceramic-PTFE 6.54 0.0020 | 0.02
5 0.11 100 | curamik® Alumina (A1,05) 96% 9.0 0.0002 | 0.00
6 0.20 0.76 | RO4350B hydrocarbon/ceramic 3.48 0.0031 | 0.06
7 0.36 0.76 Teflon™ PTFE 2.1 0.0003 | 0.02
8 0.41 1.52 | RO4350B hydrocarbon/ceramic 3.48 0.0031 | 0.06
9 0.50 1.52 RO3003 ceramic-PTFE 3.0 0.0010 | 0.04
10 0.76 1.60 Teflon™ PTFE 2.1 0.0003 | 0.02

Table 1. Main properties of the materials used as dielectric barrier in the DBD plasma reactor. ¢,;= dielectric
effective thickness in millimeters; t, = physical thickness of the dielectric barrier in millimeters; ¢, = relative
permittivity of the material; tand =loss tangent or dissipation factor; MA = moisture absorption;

PTFE = Polytetrafluoroethylene.

the resulting impedance of this circuit is given by: Z= (leXezq - leiXEq)/ (Rj + X;), where X, = 1/wC,, is the
reactance of the equivalent capacitance C,,= C, + C,C,/(C, + C,) and w=27f is the angular frequency. Since for
the dielectric barrier Ry, is very large, the reactance is the dominant term and the impedance is simplified to
Z~1/jwC,,. The charge along the edge of the exposed electrode can be considered as a line charge p, as illustrated
in Fig. 2b. Through image theory, it is possible to calculate the potential ®, at a point P on the dielectric surface
very close to the edge of the exposed electrode. Considering Ax << 2t;, approximates the potential of a line charge
over a conducting plane, shown in equation (1)”8.

EPRERNEN
2me, \Ax

1

These simplified calculations serve to give a projection of the dependency of the dielectric barrier and
DBD-plasma formation. Since, the potential difference between exposed electrode and barrier’s surface is given
by V,= V,— V,, we can expect an inverse proportionality between V), and the logarithm of the barrier’s thickness.
However, to understand the influence of the characteristics of different dielectric materials we must consider the
relative permittivity of the material. Therefore, in this study the influence of the dielectric material of the barrier
is studied through the parameter ¢, since it encompasses the effects of both ¢, and €,.

Experimental Procedure

Dielectric materials. The dielectric materials used in this experimental study are listed in Table 1. These
materials differ in physical properties and chemical composition. Their thicknesses and dielectric constants were
selected to cover a reasonable range of t,5 Included are ceramics such as AL;0,, polymers such as PTFE, and a
variety of composites. Other materials like quartz, commonly used in biomedical applications, will be consider
it in future studies.

Experimental setup

An illustration of the experimental setup is shown in Fig. 3. The DBD-plasma reactor was placed inside an acrylic
chamber of length L =22.225 cm, width W=17.145 cm and height H=14.605cm. A PTFE tubing of external/
internal diameter of 6.35/3.175 mm is fitted to an opening of the chamber to provide air samples to an ozone
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Figure 3. Experimental setup. H, W and L represent the chamber’s high (14.605 cm), width (17.145cm) and
length (22.225 cm), respectively.
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Figure 4. Curves of ozone vs. time corresponding to different values of Z,. (a) Voltage/frequency:
7kVpp/10kHz. (b) Voltage/frequency: 8.5kVpp/14kHz.

monitor (2B Technologies model 202). This monitor reads ozone levels based on the method of UV absorbance
at 254 nm and has a measurement range of 0-100,000 ppb with an accuracy of £2% of the reading. The comb
reactor was positioned at the center of the chamber with its teeth pointing towards the tube opening so that the
maximum three-dimensional flow is in the direction of the ozone monitor tubing. The plasma reactor requires
an alternating high voltage (kV) source. To generate such excitation level, a small voltage signal (mVpp range),
whose frequency and magnitude are controlled by a function generator (Tektronix AFG3022B), is passed through
a power amplifier (Crown CDi 4000) followed by a transformer. The optimal frequency range of the transformer
is limited to 8 kHz-24 kHz. The actual voltage and current in the reactor are monitored with a high voltage probe
(Tektronix P6015A) and an AC current probe (Pearson Electronics 2100), both connected to an oscilloscope
(Tektronix DPO 3014) with sample rate of 2.5 GS/s and recording length set to 1 million points. The power dissi-
pated in the plasma is calculated by numerically integrating the product of the voltage and current waveforms. A
LabVIEW code was developed to control the function generator and the transfer of voltage and current data to a
computer every ten seconds, the same interval of the ozone readings. Temperature and humidity inside the cham-
ber were monitored with a humidity and temperature chart recorder (EXTECH Instruments RH520A-NIST). The
initial conditions for each experiment were set at 23 °C and a relative humidity of 65%. The ozone and power data
has been deposited in the figshare public repository (https://doi.org/10.6084/m9.figshare.5183452).

Results and Discussion
Ozone levels versus time.  The ozone concentrations as a function of time corresponding to the voltage/
frequency pairs of 7 kVpp/10kHz and 8.5 kVpp/14kHz are illustrated in Fig. 4a,b, respectively. The selection of
voltage/frequency requires compromise because the applied AC voltage must be high enough to produce suffi-
cient plasma on the reactors with the largest effective thicknesses, but low enough to avoid exceeding the break-
down threshold of the thinnest barriers. Thus, the selected voltage/frequency of 7 kVpp/10kHz was safe enough
to power the plasma reactors with the smallest values of t,; without breaking them, but the resulting power did
not generate sufficient plasma at #,p and £,410. On the contrary, 8.5 kVpp/14kHz generated reliable amounts of
plasma at t,g and g0, but damaged the reactor with z.g.

The ascending part of the curves (DBD-plasma on) in Fig. 4 can be approximated to the quadratic equation
Os5(t) = —at? + bt £ ¢, where a is the quadratic coefficient that determines the opening of the parabola, b is the
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Figure 5. Slopes of ozone production curves corresponding to different values of Z;. (a) Voltage/frequency:
7kVpp/10kHz. (b) Voltage/frequency: 8.5kVpp/14kHz.
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linear coefficient that shifts the vertex position and c is the intersection point with the O;-axis that can be approx-
imated to 0. After three minutes, the plasma reactor was powered off and the ozone curves follow an exponential
decay O;(t) = Aexp(—0.005 t), where A is the ozone level immediately after the reactor is turned off. Since these
equations are related to the specific volume of the chamber, they will not be used in the analysis of the experi-
mental results.

Curves corresponding to t,g, t,p, t.g in Fig. 4a and t,p,, teff, s, in Fig. 4b are absent because for these thin die-
lectrics the applied voltage/frequency yielded power levels close to the maximum capacity of the reactors. These
cases are discussed separately in subsection 4.5, since they exhibit a different behavior related to excess power
dissipation.

The error bars in Fig. 4 represent the total uncertainty in a 95% confidence interval. The total uncertainty
includes the random error (standard error of the mean) and the systematic error introduced by the accuracy of
the ozone monitor (+2%).

Ozone rate analysis. The slopes of ozone curves for the voltage/frequency pairs of 7 kVpp/10kHz and 8.5
kVpp/14kHz are presented in Fig. 5a,b, respectively. In both cases, the analysis of the ozone rate can be separated
into two regions. The first region, designated as zone I, starts at very low ozone concentrations and is character-
ized by the linear growth of ozone levels. In this zone, the bombardment of electrons give rise to very fast dissoci-
ation processes of O, and NO molecules to produce oxygen atoms. This triggers the rapid formation of ozone
through the chemical reaction: [O + O, + M — Of + M — O; + M], where M is a third collision partner
(0,0,,03,N,) and Oj is an excited ozone molecule. Additional chemical reactions involving nitrogen, such as
[N+0,—NO+O], [N+NO— N, +OJ,[Ny(A *2) + 0, — N,O + 0],and[N, + O,(A ’%) — N, + 20]also
contribute with oxygen atoms and enhance the ozone formation® '°. The second region, designated as zone II,
starts when the initial ozone rate decreases due ozone dissociation processes and no longer follows a linear trend.
As concentrations of both ozone molecules and oxygen atoms increase, chemical reactions that either consume
ozone molecules [O+ O34+ M —20,+ M], [O + Of + M — 20, + M] or compete with their formation
[0+ O+ M — O,+ M] become more frequent and eventually lead to steady ozone levels (zero slope), because the
amount of ozone created is within the same order of magnitude as the ozone being destroyed*".

In this work, the time boundary between zone I and zone II was established as the point where the ozone curve
deviates more than 5% from the linear slope of zone I. These interpolated values are shown in Table 2.

Ozone rate versus effective thickness. Experimental results, shown in Fig. 6, indicate that ozone rate is
inversely proportional to the logarithm of #,5. The statistical R* value is shown for each curve. This relationship,
expressed in equation (2), is consistent throughout both zones and both cases of voltage/frequency and demon-
strates that ozone generation is dependent on the effective dielectric thickness of the DBD-plasma reactor and not
directly on its real physical thickness.
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Figure 6. Ozone rate vs. t,gat voltage/frequency pairs 7kVpp/10kHz and 8.5kVpp/14kHz. (a) Zone I. (b) Zone II.
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Power as a function of the effective thickness. The power consumed by the DBD-plasma reactors
remained at constant levels throughout the entire period that the plasma was on. As shown in Fig. 7a, for the volt-
age/frequency case of 7 kVpp/10kHz. This behavior was consistent throughout all the experiments carried out in
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Figure 8. Experimental results corresponding to t.g, t,g and .4 at 7 kVpp/10kHz; ¢, is only added for
reference. (a) Ozone levels vs. time. (b) Average power vs.t,g; black square markers represent the range ,g(left)
to t,g(right).

this study, which proves that the decline of ozone rate/levels in zone II occurs due to chemical reactions involving
ozone molecules and not because of power fluctuations. Figure 7b shows that power is also inversely proportional
to the logarithm of the effective thickness, which is expressed in equation (3).

1
ln(teﬂ) (3)

P x

This behavior is related to memory effects characteristic of DBD plasmas that could be explained as follows:
When a microdischarge ends, the local electric field at that specific location collapses and charge accumulation on
the surface of the dielectric barrier prevents the reignition of the same discharge until the next half cycle when the
applied voltage changes polarity'> *. In surface DBD, if the voltage in the discharge space V/, keeps rising, more
microdischarges are produced at new locations along the edge of the exposed electrode and the discharge area is
enlarged, increasing the average power consumed by the plasma. Therefore, if V, decreases with the logarithm of
the barrier’s effective thickness, it would be natural for the average power to follow the same trend. In addition,
the fact that both ozone and power share the same proportionality with t,;is an indication that instantaneous
ozone production is linearly correlated with power. This latter statement is demonstrated in Fig. 7c.

The results presented above correspond to quasi-uniform and moderate-filamentary modes of DBD-plasma.
Recent studies have demonstrated that on these operating conditions, power losses in the dielectric are negligible
and that most of the heat in the reactor’s barrier is transferred from the plasma through convection/radiation pro-
cesses'® 1°. The materials used in this study have loss tangent (tand) values in the range 0.0002-0.0031. Loss tan-
gent is defined as the ratio of the complex and real part of the permittivity of the material:tand =¢’/e” = o/we &,
where o represents the material’s conductivity. In practice, materials having tané << 1 are considered to approach
ideal dielectrics and the contributions due to o maybe ignored'®'”. Monitoring of the temperature inside the
chamber showed that during three minutes of operation of the reactor, the overall temperature increment in the
chamber was less than 1°C.

Effects of excess power dissipation. At atmospheric pressure, the surface DBD-plasma has a filamentary
morphology. At low power levels (highest values of ¢,4), the plasma exhibits a quasi-uniform mode characterized
by glow discharge spots during the negative cycle and streamer discharges during the positive cycle'. As power
increases with the reduction of ¢, defined filaments start to form. These filaments are also referred to as lead-
ers'> 13 in the literature. They are characterized by prominent brightness and elongation, and high temperature
compared to the surrounding plasma. Initial levels of filamentation enhance ionization and ozone formation,
such as in the case of t,5 and t,g5. However, for thinner barriers, some of the filaments can induce high current
peaks and significantly increase the power consumption. Under these extreme conditions Poc 1/log(t,g) no longer
holds. Instead, ozone concentrations reach a maximum point or plateau for a short period and then follow a rapid
decline, which indicates rapid quenching of ozone. This behavior is depicted in Fig. 8a for the cases of t,g, t.g
and t,g; at 7 kVpp/10kHz, where the curve corresponding to t,54 was included as a reference. Initially, the reactors
generated the same ozone levels at the same rate, suggesting a maximum rate of formation of oxygen atoms in the
air volume. Soon after, these levels of ozone start to decline in a manner directly correlated to the power dissipated
in the plasma, shown in Fig. 8b. The black square markers correspond to power levels in the range f,4 to t,4 that
follow the relationship in equation (3). Starting from ¢4, the power levels begin to separate from the logarithmic
trend, represented by a dash-dot line, and the drop of ozone levels become more critical as the power deviates
from it. In addition, the overall temperature inside the chamber increased by an average of 1°C for cases of ¢,
and t,43, and approximately by 3 °C for the case of £,4.

Ozone quenching occurs when the concentrations of NO and NO, increase beyond a certain threshold® ' 1°.
In air, even very small concentrations of these molecules can induce rapid ozone depletion, because their chemi-
cal reactions consume oxygen atoms at a much faster rate than ozone reactions and destroy existing O; molecules
such as in the case of [NO + O; — NO, + O,]. While NO concentrations are mostly induced by plasma ionization
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Figure 9. Curves of ozone vs. time in the frequency range 8-20kHz. Applied voltage = 8.5 kVpp; t,5= 0.11 mm.
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processes, NO, is mainly generated via the reactions between NO and oxygen-containing species'®. The formation
of these NO, species requires much higher temperatures than the average temperature of the gas in dielectric
barrier discharges. Therefore, their production must be associated to thermal filaments or leaders, which are
characterized by high plasma density, high temperatures and high ionization.

Influence of the operating frequency. The second part of this study explores the behavior of ozone as a
function of the frequency of the applied voltage and determines the factors that yield such behavior. Figure 9 illus-
trates ozone curves corresponding to operating frequencies ranging from 8 kHz to 20 kHz. The applied voltage
and t,;were kept at 8.5 kVpp and 0.11 mm (f,45), respectively.

tyy = 0.11mm(15)

Interestingly in all curves, the transition from zone I to zone II occurred between 50 and 60 seconds. Ozone
rates in both zones are plotted against frequency in Fig. 10a. These results show that from 8 to 16 kHz, the ozone
rate in zone [ increases linearly with frequencys; that is,

SCIENTIFICREPORTS |7: 6388 | DOI:10.1038/s41598-017-06038-w 8



www.nature.com/scientificreports/

(a) 600 , : : : : (b) 8
teff2
500/ I A
8.5 kVpp 1 It%%;EEE 6 . .
E 400t 249971710 ‘§§§ s
g géggﬁ%g%@% R - .
w0 BT tayittssr 1
S %éy Yag b g =
S 200 e L o
§ A 8kHz ) teft
g ¢ 10kHz 2
100¢ < 12kHz Voltage: 8.5kVpp
& % 14kHz
L L N A . 0 L L L ' " N N
GéZ 50 100 150 200 250 300 8 9 10 11 12 13 14 15
time (s) Frequency (kHz)

Figure 11. Curves of ozone vs. time in the frequency range 8-14kHz. (a) Ozone rate vs. time. (b) Power vs
frequency. Applied voltage = 8.5 kVpp; £,5=0.05 mm (f,p).
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where m is the slope of the curve, fis the frequency of the applied voltage and c is the intersection point with the
O;-axis. The value of m was estimated at 0.3 ppm. In zone II and for the same frequency range, the ozone rate
decreased due to the chemical reactions discussed previously, but it became approximately constant for all five
frequencies (m /2 0). Therefore, the frequency response of the ozone rate in zone II can be expressed as:

dOos(t) k
dt ®)
where k is a constant, whose value was estimated at 1.8 ppm/s for the specific case of Fig. 10a.
On the other hand, the instantaneous ozone levels in the range 8 to 16 kHz maintained a linear growth with
frequency, i.e.:

O(t) =mf+xc 6)

where m; is the slope of the instantaneous values of ozone versus frequency. m; was calculated for all the time
samples of zone II; its value remained relatively constant with values oscillating between 15.7 and 17.1 ppm/Hz
and an average of 16.5 ppm/Hz.

Figure 10b shows that power also follows a linear increment with frequency, which is consistent with previous
experimental studies®®?!. Power increases with frequency due to memory effects on the dielectric surface. The
energy of individual microdischarges, dictated by Paschen’s Law, is independent of the operating frequency and
applied voltage. However, microdischarges occur always about the same locations every half cycle. Therefore,
higher operating frequencies yield more microdischarges per unit time, which translates into more power dissi-
pation and higher levels of ionization that enhance ozone reactions.

After 16 kHz, the formation of very bright and defined plasma filaments yielded abnormally high current
peaks and increased the power consumption. Ozone production corresponding to these frequencies reached a
maximum initial rate (plateau) and then dropped below values corresponding to lower frequencies. Thermal fila-
ments are known to form when the applied voltage surpasses a threshold voltage!®. Increasing frequency reduces
this threshold voltage due to the “memory voltage” effect induced by remaining charges on the dielectric barrier.
The memory voltage, responsible for the self-termination of the discharge, acts in favor of the applied voltage in
the following half cycle!. At higher frequencies, the surface charges on the dielectric barrier have less relaxation
time per cycle??. This increases the memory voltage and lead to earlier filament formation'®?*. The comparison
of the results in Fig. 10a,b relates the reduction of ozone concentrations to the excess power dissipation. At 18
and 20kHz, current spikes led to saturation of the applied voltage. This made it difficult to control the amount of
applied power and explains why the corresponding power values do not follow the linear trend with frequency.
However, the most important information obtained from these pictures is that ozone rate follows a direct corre-
lation with the average power consumption.

To further explore the association between the acute destruction of ozone molecules and excess power dissi-
pation, the same varying-frequency experiments were performed with t,4, (0.05 mm). For this dielectric barrier,
the applied voltage of 8.5 kVpp yielded excessive amount of power even at 8 kHz. Figure 11a shows that initial
ozone levels for all frequencies reached a maximum or plateau followed by a fast decay, whose severity can be cor-
related to the power dissipation presented in Fig. 11b. At 12kHz and 14kHz, it was not possible to increment the
applied voltage to 8.5 kVpp. Instead, the applied voltage dropped to 8.2 ~ 8.3 kVpp and the current levels became
significantly high. This explains the similar average power and performance of ozone production. It is possible
that in the presence of thermal filaments, current spikes lead to the saturation of the applied voltage V, due to
limitations of the power source. Another possible explanation is that leakage current becomes significant as the
applied voltage approaches the breakdown limit of the dielectric; the reactor struggles to maintain the maximum
power capacity and the applied voltage drops. After the reactor was turned off, the overall temperature of the
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chamber increased approximately by 1°C for the cases of 8 kHz and 10kHz, whereas for 12kHz and 14 kHz the
increment was about 2°C.

Although there are known factors that lead to the development of leaders or filaments in surface DBD plasma
such as frequency, applied voltage, pressure and shape of the exposed electrode; the exact processes that lead to
the filamentary mode of surface DBD plasma are extremely complicated and not yet fully understood. For exam-
ple, the signal shape of the applied voltage may influence the formation of leaders'%. Also, there is compelling
evidence to indicate that heat dissipation in the dielectric at extreme voltages can alter and induce the formation
of filaments**. However, the formation of initial filaments usually occurs before the increase in average temper-
ature of the plasma and dielectric barrier'® 2%, Moreover, the internal temperature of these filaments, more than
1000 times higher than the bulk plasma temperature, develops in a microsecond scale while the increment of the
average plasma temperature and the dielectric barrier is a gradual process that takes over several seconds'* %,
Although we do not dismiss the possible contribution of the dielectric temperature to filament formation and
quenching of ozone in a large time-scale, its influence could not explain the ionization processes that extinguish
ozone molecules in short time-scales. Therefore, more research is needed in this area for definitive conclusions.

Conclusion

We have characterized the ozone production of DBD-plasma actuators in air and atmospheric pressure for
quasi-uniform and early filamentary modes of DBD plasma. The results indicate that ozone production perfor-
mance is inversely proportional to the logarithm of the effective dielectric thickness and does not follow directly
the real physical thickness of the barrier. We reported this behavior under two different combinations of voltage
and frequency (7kV/10kHz and 8.5kV/14kHz). The influence of the operating frequency over the ozone per-
formance of DBD-plasma reactors was also explored. Experimental results showed that the initial ozone rate
increases linearly with frequency. In this work, such increment follows a slope of 0.3 ppm. After approximately
60 seconds (zone II), the ozone rate maintained a constant value of 1.8 ppm/s for all frequencies. Moreover, instan-
taneous ozone levels that grow linearly with frequency do so at constant rate of about 16.5 ppm/Hz. In addition,
power measurements also showed an inverse proportionality to the logarithm of the effective thickness and a
linear increment with frequency. Furthermore, it was demonstrated that instantaneous ozone levels are directly
proportional to power dissipation. To our knowledge, these reports that are critical to the study and design of
DBD-plasma reactors have not yet been reported. Finally, we documented how excessive power levels related to
the presence of prominent thermal filaments induced rapid ozone depletion for small effective thickness and high
frequencies. Although this study was conducted specifically for surface DBD plasmas, we expect these results to
be useful for other DBD configurations such as volume DBD. However, the ozone and power behavior reported
here are strongly connected to memory effects characteristics of dielectric barrier discharges. Hence, more inves-
tigation is needed for other types of cold plasmas used in biomedical applications such as micro or nano-pulsed
discharges, especially if the dielectric barrier is not used.

Data Availability. The ozone and power data has been deposited in the figshare public repository (https://
doi.org/10.6084/m9.figshare.5183452).

References
1. Moisan, M. et al. Plasma sterilization. Methods and mechanisms. Pure Appl. Chem. 74, 349-358 (2002).
2. Mastanaiah, N., Banerjee, P, Johnson, J. A. & Roy, S. Examining the Role of Ozone in Surface Plasma Sterilization Using Dielectric
Barrier Discharge (DBD) Plasma. Plasma Process. Polym. 10, 1120-1133 (2013).
3. Pekarek, S. Experimental study of surface dielectric barrier discharge in air and its ozone production. J. Phys. D: Appl. Phys 45,
075201 (2012).
4. Mastanaiah, N., Johnson, J. A. & Roy, S. Effect of Dielectric and Liquid on Plasma Sterilization using Dielectric Barrier Discharge
Plasma. PLoS ONE 8, 70840 (2013).
5. Corke, T. C., Enloe, C. L. & Wilkinson, S. P. Dielectric Barrier DischargePlasma Actuators forFlow Control. Annu. Rev. Fluid Mech.
42, 505-529 (2010).
6. Singh, K. P. & Roy, S. Impedance matching for an asymmetric dielectric barrier discharge plasma actuator. Appl. Phys. Lett. 91,
081504 (2007).
7. Inan, U.S. & Inan, A. S. Engineering Electromagnetics. 340-342 (Addison Wesley Longman, 1999).
8. Wilkinson, S. P. et al. 45th AIAA Plasmadynamics and Lasers Conference, Atlanta, GA. 2810 (2014).
9. Eliasson, B. & Kogelschatz, U. Modeling and applications of silent discharge plasmas. IEEE Trans. Plasma Sci. 19, 309-323 (1991).
0. Stefanovic, L. et al. Kinetics of ozone and nitric oxides in dielectric barrier discharges in O,/NO, and N,/O,/NO, mixtures. Plasma
Sources Sci. Technol. 10, 406-416 (2001).
11. Eliasson, B., Hirth, M. & Kogelschatz, U. Ozone synthesis from oxygen in dielectric barrier discharges. J. Phys. D: Appl. Phys. 20,
1421 (1987).
12. Kogelschatz, U., Eliasson, B. & Egli, W. Dielectric-Barrier Discharges. Principle and Applications. Journal de Physique IV Colloque
07(C4), 47-66 (1997).
13. Fridman, A. and Kennedy, L. Plasma Physics and Engineering. Second edition. 225-226 (CRC Press, 2015).
14. Tirumala, R. et al. Temperature characterization of dielectric barrier discharge actuators: influence of electrical and geometric
parameters. J. Phys. D: Appl. Phys. 47, 255203 (2014).
15. Dong, B., Bauchire, J. M., Pouvesle, ]. M., Magnier, P. & Hong, D. J. Phys. D: Appl. Phys 41, 155201 (2008).
16. Inan, U. S. & Inan, A. S. Electromagnetic Waves. 51 (Prentice-Hall, 2000).
17. Ulaby, E T. Fundamentals of Applied Electromagnetics. 306 (Prentice-Hall, 2007).
18. Akishev, Y. et al. Stepwise expansion of a surface dielectric barrier discharge as a result of alternation in formation of streamers and
leaders. J. Phys. D: Appl. Phys. 46, 135204 (2013).
19. Sun Q,, Zhu A. M., Yang X. E, Niu, J. H. & Xu, Y. Chem. Commun. 12, 1418-1419 (2003).
20. Forte, M. et al. Optimization of a dielectric barrier discharge actuator by stationary and non-stationary measurements of the
induced flow velocity: application to airflow control. Exp Fluids 43, 917-928 (2007).
21. Pons, J., Moreau, E. & Touchard, G. Asymmetric surface dielectric barrier discharge in air at atmospheric pressure: electrical
properties and induced airflow characteristics. J. Phys. D: Appl. Phys 38, 3635-3642 (2005).

SCIENTIFICREPORTS |7: 6388 | DOI:10.1038/s41598-017-06038-w 10


https://doi.org/10.6084/m9.figshare.5183452
https://doi.org/10.6084/m9.figshare.5183452

www.nature.com/scientificreports/

22. Valdivia-Barrientos, R., Pacheco-Sotelo, J., Pacheco-Pacheco, M., Benitez-Read, J. S. & Lopez-Callejas, R. Analysis and electrical
modelling of a cylindrical DBD configuration at different operating frequencies. Plasma Sources Sci. Technol. 15, 237-245 (2006).

23. Leonov, S. B., Adamovich, I. V. & Soloviev, V. R. Dynamics of near-surface electric discharges and mechanisms of their interaction
with the airflow. Plasma Sources Sci. Technol. 25, 063001 (2016).

24. Durscher, R, Stanfield, S. & Roy, S. Characterization and manipulation of the “saturation” effect by changing the surface temperature
of a dielectric barrier discharge actuator. Appl. Phys. Lett. 101, 252602 (2012).

Acknowledgements

This research has been supported by the Air Force Office of Scientific Research (AFOSR) #FA9550-15-1-0424. We
acknowledge that Alexander Schindler-Tyka helped construct the comb reactor used in this paper. We also thank
the anonymous reviewers for their constructive suggestions and comments.

Author Contributions

S.P. and S.R. conceived the research; S.P. prepared the experimental environment, fabricated the plasma reactors,
performed the experiments and made the figures; J.L., S.R., and S.P. analyzed the data and wrote the paper; S.R.
supervised the project.

Additional Information
Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7: 6388 | DOI:10.1038/s41598-017-06038-w 11


http://creativecommons.org/licenses/by/4.0/

	Functional relationship between material property, applied frequency and ozone generation for surface dielectric barrier di ...
	Physical configuration of the DBD-plasma reactor

	Experimental Procedure

	Dielectric materials. 

	Experimental setup

	Results and Discussion

	Ozone levels versus time. 
	Ozone rate analysis. 
	Ozone rate versus effective thickness. 
	Power as a function of the effective thickness. 
	Effects of excess power dissipation. 
	Influence of the operating frequency. 

	Conclusion

	Data Availability. 

	Acknowledgements

	Figure 1 Configuration of the comb shaped DBD reactor.
	Figure 2 Electrical model of the DBD reactor cross-section.
	Figure 3 Experimental setup.
	Figure 4 Curves of ozone vs.
	Figure 5 Slopes of ozone production curves corresponding to different values of teff.
	Figure 6 Ozone rate vs.
	Figure 7 Power consumption of DBD-plasma reactors at 7 kVpp/10 kHz.
	Figure 8 Experimental results corresponding to teff1, teff2 and teff3 at 7 kVpp/10 kHz teff4 is only added for reference.
	Figure 9 Curves of ozone vs.
	Figure 10 Frequency response of ozone rate and power in the frequency range 8–20 kHz.
	Figure 11 Curves of ozone vs.
	Table 1 Main properties of the materials used as dielectric barrier in the DBD plasma reactor.
	Table 2 Time boundary between zone I and zone II.




