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In this study we examine both the effect of changing the applied voltage waveform shape and the modulation
on-time on the amount of ozone dissolved within a liquid in a DBD bubble reactor. In this device, the
discharge forms at the gas liquid interface allowing for effective transfer of the plasma effluent into the
liquid. To produce different voltage waveforms, a multilevel inverter power supply capable of generating
arbitrary waveforms without switching-on and switching-off transients has been used. Of the four waveforms
used in the study (sinusoidal, sawtooth, square and short-pulse), the square waveform was found to be the
most efficient at producing the highest ozone concentration for a fixed peak voltage and average power. To
determine the effect of the modulation on-time, the number of cycles during the on-time were increased from
1 up to 1000, adjusting the off-time accordingly to maintain the same duty cycle. Shorter on-time periods
were found to be more efficient. Experimental and computational results indicate that the time between
subsequent discharges is critical for increased ozone generation efficacy, as this needs to be long enough for
ozone produced in one discharge event to diffuse away from the discharge region before the next discharge
event occurs, thereby avoiding its partial destruction in the plasma. This insight provides a valuable criterion

for the optimization of DBD reactors used in novel biomedical, agricultural and environmental applications.
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1.0 Introduction

The use of ozone in water treatment is now well established across Europe and North America [1]. Ozone’s
oxidation potential is superior to that of chlorine and it is effective at inactivating bacteria, removing odors,
controlling color and causing flocculation of particles to reduce water turbidity [2]. Most civil applications
require large volumes of ozone and large generators have been developed over the years. Dielectric barrier
discharges (DBD) are the preferred type of ozone generators [3] and due to the high energy requirement and
the need for high efficacy, many operational parameters such as input gas mixture, feed gas temperature,
discharge geometry, and electrode size and shape have been investigated [4,5]. A key element for the
efficient production of ozone is the waveform with which the power is applied [6,7]. This is typically
sinusoidal with frequencies ranging from 10 to 100 kHz, with the frequency being a key factor in ozone
production too [8-10]. Higher frequencies allow for higher power density and thus ozone concentrations.
However, it cannot be assumed that this leads to higher efficiency as several studies point towards improved

efficiency at lower frequencies. The optimal frequency is typically system and process dependent [9-11].

Improvements in the production of ozone can be studied via modulation of the plasma. By changing the
plasma on-time and/or the duty-cycle, ozone concentrations can be enhanced [12]. Power modulation allows
time for the system to cool, thereby limiting the temperature build up in the generator whilst reducing the
power consumption in the plasma [12,13]. For example, Olszewski et al. found that at a fixed 50% duty-
cycle, an on-time of 10 ms was more efficient than an on-time of 60 s as this limited the temperature rise in
the device [14]. However, the results presented are rather inconclusive as a shorter on-time of 1 ms was
found to be slightly less efficient than the 10 ms on-time. Other studies have found that an on-time of 0.5 ms
was more efficient than a 2.8 ms on-time, highlighting the need for a better understanding of the processes

that determine the optimum waveform [15].

There are limited studies related to the influence of the shape of the applied voltage waveform on the
production of ozone [16,17], although unipolar waveforms have been found to be less efficient than bipolar
waveform in asymmetric DBDs, a difference attributed to charge accumulation on the electrode barrier [6].
In large scale ozone generators, sinusoidal waveforms are commonly used; however, there is limited
literature to demonstrate that they are the most effective.
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This study explores the effect of waveform shape and plasma on-time duration on the ozone concentration
transferred into a liquid in a DBD plasma micro-bubble reactor. Besides direct 0zone measurements in the
liquid, the degradation of potassium indigo trisulfonate was investigated as a proxy for a water treatment
process. Four waveforms are considered in the study, namely sinusoidal, square, pulse and positive sawtooth;
and the plasma on-time is varied between 8 ps to 50 ms. The peak voltage was kept constant for all
waveforms and the duty-cycle was adjusted to maintain the average power delivered to the plasma the same

in all cases.

2.0 Materials and methods

2.1 Multi-level power supply

The power supply used in this study is high-voltage high-frequency single-phase arbitrary waveform voltage
generator, capable of driving a wide range of capacitively loads [18,19]. The power supply has a cascade of
24 H-bridge modules that can deliver 49 output voltage levels (Figure 1). Each individual H-bridge module
has a 600 V DC supply that is powered by a flyback converter fed from a 12 V DC battery (Figure 1b). A
maximum output voltage of £14.4 kV (600Vx24) can be delivered by the power supply. In this study, only
14 modules were used because the highest voltage required was less than 8.4 kV. An example of each of the
four waveforms used in this study (i.e. sinusoidal, square, pulse, and positive sawtooth) are shown in Figure

2.
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Figure 1 — (a) Multilevel power supply and (b) its electrical topology [19].

3



10

11

12

13

14

15

16

17

18

19

10 - T T T 15 10 , ,
- Voltage [kV] —_— - Voltage [kV]

a) o N —Current[A] | q b) L ‘ —Current [A] | 4
o L 5-

z vzoog l 2z
@ T o § . =
g° g po i r y °g
= 3 = 3
8 050 g l 20
5- 5
-1 -4
10 1 L L 15 10 L - L -6
-1 0 1 2 3 4 5 6 7 -2 -1 0 1 2 3 4 5 6 7
Time [s] %10° Time [s] %107
10 T : 6 10 - : ! 2
- . - Voltage [kV]
C) i —Current [A] | 4 d)
5| | ; s 0
z || | : I 2 z Z
i | 1 -— = -—
% 0 .1\ e —— ‘.‘ o 05 % 0 25
kS M""‘ 2G kS 3
-5 lﬂ 5- 14
B : -4 - Voltage [kV]
“',. - — - ! - —Current [A]
-10 ' ‘ 6 -10 ‘ ‘ -6
0 2 4 [ 8 10 12 -2 -1 0 1 2 3 4 5 6 7
Time [s] %10 time [s] <107

Figure 2 — Voltage (blue) and current (red) time behavior for (a) sinusoidal; (b) square; (c) pulse; and (d)

sawtooth positive waveforms.

All experiments were performed at constant peak voltage (8.4 + 0.2 kV,) and average power (16 £ 1 W), so a
fair comparison about the efficacy of each waveform could be performed. A Tektronix P6015A capacitive
compensated high-voltage probe with a bandwidth of 75 MHz and a Tektronix TCP312 Hall current probe
with a bandwidth of 100 MHz were used to measure the applied voltage v(t) and discharge current i(t),
respectively. Voltage and current signals were compensated for delays introduced by the probes and the
average power was calculated by averaging the instantaneous power p(t)=v(t)-i(t) over one waveform period
[20]. Power measurements were also compared with those obtained using the Lissajous method [21] and

both methods agreed with each other within a 10%.

All waveforms except for the pulse had a frequency of 20 kHz (period 50 us). The pulse waveform, as a
matter of fact, is a square waveform with a frequency of 125 kHz (period 8 us). This is the highest frequency
that can be generated with the supply source used in this work and has been chosen to test the ozone
production efficiency when the rising and falling edges of the voltage waveform are temporally close to each
other. In order to maintain constant frequency, peak voltage and average power for all waveforms, the
applied voltage was modulated and the duty-cycle (equation 1) was adjusted accordingly. In particular, the
duty-cycle was set to 30% for the sinusoidal, 27% for the sawtooth, 18% for the square and 4% for the pulse

waveform.
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Duty cycle (%) = Pulse on time x 100 (1)

Pulse on time+Pulse of f time

In order to clarify different duty cycle percentages for the abovementioned waveforms, a sketch of one

applied voltage waveforms for each duty cycle period is reported in Figure 3.

Pulse } ” ”

DC=4% “ 3 200 ” 400 ” t [us]
Square .
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Sawtooth
DC=27% 50 185 370 t [us]
Sinusoidal ’
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Figure 3 — Applied voltage waveforms with 1 period during the on-time. For each waveform, the duty cycle

(DC) is adjusted so that the average power and peak voltage are the same in all cases.

Due to the topology of the multilevel power supply, the applied voltage does not suffer from switching-on
and switching-off transients often encountered in power supplies with other topologies (e.g. resonant power
supplies). Therefore, it is possible to drive the plasma even with just 1 period of the desired waveform (as
shown in figure 2). Besides the change in applied voltage waveform duty cycle, we have also investigated
the effect of the on-time on the ozone production efficacy. On times corresponding to 1, 10, 100 and 1000

waveforms periods in each duty cycle time interval have been chosen.

2.2 Plasma-liquid micro-bubble reactor

A dielectric barrier discharge (DBD) micro-bubble reactor was used in this study. The device produces
plasma beneath the liquid and in the immediate proximity of the gas-liquid interface where bubbles form.
This is possible by using a woven stainless-steel membrane (Plastok, UK) as both ground electrode and site

5



of bubble generation. The membrane has a diameter of 8 cm an aperture of 35 um and a wire diameter of 30
pum. At a gap of 1 mm below the membrane are the tips of the 19 high voltage electrodes. These consist of
stainless-steel rods with a hemispherical cap at the tip, placed within a quartz crucible with a wall thickness
of 1.5 mm. This array of high voltage electrodes is held within a PTFE mount where the compressed air is
supplied tangentially at 1 standard liter per minute (SLPM) using a mass flow controller (MKS, PR4000B).
Holes in the top of the PTFE mount allow gas to flow towards the plasma discharge before forming the
bubbles in the tank above. The tank has a volume of 1.1 L and at its center there is a draft tube, which as
bubbles rise induces convection currents, effectively mixing the solution and eliminating the need for
mechanical mixing [22]. Although quartz crucibles and a stainless steel membrane were used in this study,

the rest of reactor is the same as that reported in [23,24].
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Figure 4 — (a) Schematic of a cut through of DBD micro-bubble reactor with measurement ports.
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2.3 Ozone Measurements

To measure the ozone in the deionized water the UV-absorption was used [25,26]. The ozone transferred
from the plasma to the deionized water was quantified using the Beer-Lambert law. Figure 4 (a) shows a
schematic of the reactor indicating how an ultraviolet (UV) LED source (LLS-255, Ocean Optics) was
directed through the liquid using a collimating lens and optical fibers. A bubble deflector was used to avoid
bubble interference in the ozone measurements. A second lens focuses the light onto an optical fibre. The
intensity of the collected light is measured with a spectrometer (HR2000+, Ocean Optics). By measuring the
transmitted light intensity at 254 nm and knowing the optical path length of the system (14 cm), the ozone
concentration can be determined. A molar absorption coefficient of 3300 M*cm™ was used calculated by in
the calculations [27]. Since changes induced in the temperature of the liquid temperature were less than 3
degrees and the optical cross section of 0zone molecules at 254 nm is only weakly dependent on temperature

[28], temperature effects were neglected.

2.4 pH and Conductivity
Changes in pH and electrical conductivity in the treated water were monitored by taking 15 mL samples
before and after the plasma treatment. pH and electrical conductivity values were measured using a benchtop

meter (A215, Thermo Scientific).

2.5 Indigo Probe

The combined effect of reactive oxidative species and UV light on the liquid was assessed with Potassium
Indigo Trisulfonate (Sigma Aldrich). This chemical probe has a high molar absorptivity (23,800 M~1cm™1)
at 605 nm [29], and it is readily oxidized by reactive oxygen species (e.g. ozone, hydrogen peroxide,
hydroxy radicals) and UV light produced in the plasma. A 1.1 L (0.1 M) solution of Potassium Indigo
Trisulfonate was prepared with in-situ concentrations measured using the same experimental set up used for
the ozone measurements, with the substitution of the UV LED for a white halogen light source (HL-2000,
Ocean Optics). Although proposed as a standard method to measure ozone concentration due to its high
sensitivity [30], its lack of selectivity can lead to indigo degradation trends being different to those obtained

measured by UV absorption when there are multiple sources of oxidation, such as from a plasma.
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2.6 Optical Emission Spectroscopy

The optical emission of the plasma was measured using an optic fibre through a sealed hole in the plasma
module as shown in Figure 4a. The fibre terminal was connected to an Andor SR-303i-A Czerny-Turner
spectrograph with an entrance slit of 10 um and a holographic grating of 2400 | mm™. The detector was a
CCD camera paired to the spectrograph and set to an exposure time of 100 ms. A total amount of 1000
acquisitions were acquired per measurement. Calibration of the spectra in intensity and wavelength was
carried out with a Deuterium- Halogen light source (DH-2000-Bal, Ocean optics) and a Mercury-Argon lamp
(HG-1, Ocean Optics), respectively. The plasma gas temperature was estimated by measuring the rotational
temperature of the 0-2 and 0-3 ro-vibrational bands of the nitrogen C°I1-B®Ily second positive system

transition and comparing them to a synthetic spectra generated with SPECAIR [31,32].
2.7 Ozone diffusion calculation

Ozone diffusion out of a discharge channel in the gas phase was estimated by solving the time dependent

diffusion equation (2):
aCo
— 2+ V.(=Do,VCo,) = 0 )

Plasma streamers are usually characterized by diameters in the order of 10-100 um [33] and for this study we
assumed a typical diameter of 60 um. A filamentary discharge was modelled as a cylinder and the ozone
diffusion coefficient used in the calculation was 0.5 cm? s [34-36]. The initial conditions assume a
cylindrical channel containing ozone and the effect background gas flow is not modelled as this is expected
to be negligible for the time scale and dimensions relevant to the calculations (microseconds and
micrometers). The simulation was performed a Neumann boundary condition away from the discharge

channel):

—D,VCp, =0 3)
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3.0 Results and Discussion

The results of the study are presented in the following two subsections. The first one (section 3.1) considers
the effect of the waveform on the production of ozone and the degradation of indigo dye in the liquid; and

the second one (section 3.2) the effect of the plasma on-time.

3.1 Effect of waveform

To assess the effect of the voltage waveform shape on the ozone production efficiency of the device, the
applied voltage was modulated so that one complete period of the desired waveform was applied during the
plasma on-time (50 us for the sinusoidal, square and sawtooth waveforms; 8us for the pulse waveform; see
Figure 2). The peak voltage (8.4 = 0.2 kV,) and the average power (16 + 1 W) were kept the same for all the
experiments and this was achieved by adjusting the off-time (i.e. duty-cycle) as necessary (as explained in

Section 2.1).

Figure 5a shows the time evolution of ozone concentration in the liquid. The square waveform results in the
production of the largest amount of dissolved ozone, outperforming the sine wave, which in turn produces
slightly higher concentrations than the sawtooth and pulse waveforms. The higher concentration of ozone
generated by the square wave also translates in a faster degradation of the indigo dye (Figure 5b). However,
the trends of ozone and indigo are not identical due to the non-selective nature of indigo. Indigo can be
oxidized by many ROS, including hydroxyl radicals [37] and superoxide [38], which are likely to be formed

at different concentrations from each waveform.

As expected, the air plasma treatments resulted in acidification of the liquid and an increase in its
conductivity. This is caused by the generation of reactive nitrogen species (RNS), such as NO, N,O, NO; that
lead to the production of nitrous and nitric acid [39]. Interestingly, the lowest changes in pH and conductivity
were obtained with the square waveforms (Figure 5¢ and d), which are the ones that resulted in highest ozone
concentrations. This therefore points towards waveforms favoring the production of either ozone, such as the
square waveform or RNS, such as the pulse and sawtooth waveforms. Increasing the gas temperature is a

typical route to tune a system to favored RNS production, as the rate constants for the consumption of ozone
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Figure 5 — The effects of each waveform in the liquid observing the change in (a) ozone and (b) indigo concentration
plus the change in (c) pH and (d) conductivity.

To determine whether the temperature was the factor in the system favoring RNS production, the average
temperature of the discharge was estimated by measuring the rotational temperature of the second positive
system of nitrogen molecules. Figure 6 shows the emission spectra of the 0-2 and 0-3 ro-vibrational
transition of the N, SPS for plasmas sustained with different waveforms and the SPECAIR’s synthetic
spectra fits. All plasmas have an average rotational temperature of T, = 380£15 K. This result differs from
those reported in [19] where different waveforms resulted in different rotational temperatures. However, it is
important to notice that in that study different waveforms deposited different amount of power in the

discharge, whilst in this study the average power was kept constant for all waveforms.
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Figure 6 — Optical emission spectra for all four waveforms and their fit to SPECAIR’s synthetic spectrum. (a) 0-2 and
(b) 0-3 ro-vibrational bands.

Although the average power and the average gas plasma temperature are the same in all cases, different
waveforms deliver the energy in different ways to the discharge. Waveforms characterized by fast voltage
variations, i.e. large dV/dt values, are more effective in creating strong electric fields in the discharge gap
[6]. This generates higher energy electrons and stronger avalanches during gas breakdown, which
subsequently create plasmas with a higher degree of dissociation and ionization. Consequently, when the
square waveform is applied, an elevated number of energetic electrons are available to trigger and enhance
chemical reaction pathways, such as the dissociation of molecular oxygen required for ozone production.
This behavior explains why the square waveform outperforms the sinusoidal and sawtooth waveforms
(Figure 5a). However, it is important to notice that the square and pulse waveforms have the same dV/dt
values, indicating that other factors are equally important in determining the final efficacy of the applied
voltage waveform. A possible explanation can be found in the ozone diffusion out of the discharge channel

after each discharge. This behavior is discussed below.

Since the square and the pulse waveforms have the same rising and falling fronts (see Figure 2), the
difference in their performance must be related to the time interval between these fronts. More precisely, we
argue that the difference in performance is related to the ability of the ozone produced in the rising edge of
the pulse to diffuse away from the discharge region before the arrival of the falling edge. For a mass flow
rate of 1 SLPM, a membrane diameter of 8 cm and a discharge gap of 1 mm, the gas residence time within
the discharge gap is ~300 ms. This time is about 4 orders of magnitude larger than the separation between
rising and falling edges of the pulse and square waveforms (8-50 ps). Therefore, in a first order

approximation, it can be assumed that each plasma avalanche is ignited in a stationary background gas. The
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discharges for all waveforms described in this study are filamentary and ozone is produced within each
plasma filament and then diffuses into the surrounding gas [33]. Figure 7 shows the diffusion of ozone after
its formation within a plasma filament according to the calculation described in section 2.7 and referring to
the waveform train reported in Figure 3. For convenience, the normalized ozone concentration at t = 0 is
assumed to be uniform within the filament (Figure 7a). As time progresses, the ozone diffuses away. Figure
7b shows ozone distribution after 4 us and Figure 7c after 25 us. Figure 7d shows the time evolution of the

0zone concentration at the center of the plasma filament as a function of time.
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Figure 7 — Normalized ozone profiles at (a) t=0 us (b) 4 s and (c) 25 ps after a filamentary discharge. (d) Time
evolution of the normalized ozone concentration at the location of the discharge.

In an ideal situation, the ozone generated in one plasma avalanche should be transported away from the
discharge region before the arrival of a new discharge, as the ignition of a new discharge will destroy some
of the background ozone present in the gas. For the square waveform, the arrival of the falling front happens
25 ps after the rising front (see Figure 3 and Figure 7c, d). At that time, the ozone created by the rising edge
discharge has diffused away and only 20% of the original ozone remains within the discharge channel. On
the contrary, for the pulse waveform, the falling front arrives only 4 us after the rising edge (see Figure 3 and

Figure 7b, d). This means that more than 75% of the ozone created by the rising front still remains in the
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discharge channel and will therefore be partially destroyed by the discharge created by the falling edge of the
voltage waveform. This destruction of ozone can be inferred from the enhanced formation of RNS and
increased acidification seen in Figure 5 c¢) and d) for the pulse discharge. It is therefore concluded that the
longer time between the rising and falling fronts in the square waveform allows a more efficient formation of
ozone. When the second waveform train is produced (Figure 7d), residual ozone concentration is below the
5% for both waveforms. This reasoning can also be applied to understand the similarity in ozone trends
between the sawtooth and the pulse waveforms. As the sawtooth waveform contains 28 voltage wave fronts
during the on-time period, the time interval between each front is about 2 us. As far as this value is quite
close to that of the pulse waveform (4 ps), the ozone is partially destroyed shortly after its production also

with the sawtooth voltage shape.

3.2 Effect of on time

To assess the effect of the on-time on the performance of the device, the applied voltage was modulated with
on-times of 0.05, 0.5, 5 and 50 ms, which correspond to 1, 10, 100 and 1000 periods of a 20 kHz signal.
Notwithstanding that the square waveform is more efficient than the sinusoidal waveform, we explore the
effect of the on-time on the performance of the device for sinusoidal waveforms because most DBDs are
driven by sinusoidal voltages. The peak voltage (8.4 £ 0.2 kV,), the average power (16 £ 1 W) and the duty-

cycle (30%) were kept the same for all the experiments.

Figure 8a shows the time evolution of the ozone concentration in the liquid for different on-times. Shorter
on-times result in larger ozone concentrations and this translates in a faster degradation of indigo dye (Figure
8b). The improved performance for shorter on-times can be attributed to the fact that ozone generated in an
‘on’ period has time to diffuse away before the next discharge is generated, as already discussed in the
previous section. As expected, the air plasma treatments result in acidification of the liquid and increased
conductivity, although no significant difference between the various on-times was observed. These results
suggest that shorter modulations have little effect on the RNS chemistry but do improve the ozone

production.
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Figure 8 - The effects of the modulation number on the liquid observing the change in (a) ozone and (b) indigo
concentration plus the change in (c) pH and (d) conductivity.

5.0 Conclusion

Dielectric barrier discharges have received renewed attention in recent years for their potential use in
biomedical, agricultural and environmental applications. While a large number of publications demonstrate
their potential in these fields, little attention has been paid to the efficacy of the devices and ways to optimize

it.

In this study we have analyzed the ozone production efficiency of a DBD micro-bubble reactor when the
device is operated at constant input power but with different shape and on-time duration of the applied
voltage waveform. This was possible by using a custom-built multilevel power supply capable of producing
arbitrary voltage waveforms without the switching-on and switching-off transients often encountered in

power supplies with other topologies.

Although temperature is a well-known factor in determining the efficacy of ozone generators, performance

differences observed when different waveforms and on-times are used could not be attributed to temperature
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variations in this study. Instead, it was found that the efficacy of the different waveforms depends strongly

on the time in between subsequent discharges as better efficacy is obtained when ozone generated in an

avalanche has enough time to diffuse away from the discharge region before a new avalanche forms. This

guarantees that ozone produced in a discharge event is not destroyed in a subsequent one and it also limits

the poisoning by reactive nitrogen species of the background gas. As a result, square waveforms are found to

be more effective than sinusoidal, sawtooth and short pulse waveforms and for a fixed duty cycle, shorter on-

time periods are preferred over longer ones.
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