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Abstract

Non-thermal plasma is an innovative, eco-friendly technology, being considered as an emerging technology in many research fields.
This work presents an analysis of the influence of different parameters on the energy efficiency of a T-shaped non-thermal plasma
reactor for plasma activated water generation. The tests were performed on four distinct designs (T1, T2, T3, T4) of this type of
reactor for which the following input parameters were varied: frequency (60, 150 and 250 Hz), water flows (5, 10, 15 and 20
mL/min) and gas flows (1 and 2 L/min Ar). It has been shown that the configurations T3 and T4, whose discharge is generated
between the gas inlet and outlet electrode, are less efficient compared to designs T1 and T2, where the discharge is generated
between the water inlet electrode and the outlet electrode. It was also considered the influence of the polarity of the pulse power
supply where the reverse polarity (T2 design) records significant values at the gas flow of 1 L/min. The carrier gas was argon, which
has been chosen in order to avoid radical quenching reactions by other molecular species, such as nitrates and nitrites, generated in

the atmospheric air plasma.
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1. Introduction

Non-thermal plasma (NTP) represents a new
technology used, in present, for a wide range of
applications. It has already been demonstrated to be
effective in applications such as surface treatment
(Astanei et al., 2016), degradation or conversion of
organic pollutants from aqueous solutions (Brisset et
al., 2016; Moussa and Brisset, 2003; Moussa et al.,
2007) or the treatment of air and polluted water
(Burlica et al., 2019; Ursache et al., 2015; Zadi et al.,
2018;). There are also applications of NTP in medicine
(e.g. wound treatment) (Kramer et al., 2017),
hydrogen generation (Burlica et al., 2011), surface
sterilization or in agriculture (Stoleru et al., 2018).

Advantages of the technology have been
proved to be effective in the field of plants growth in

agriculture, enhancing the bio-mass production rate. It
also reduces the time window of the plant growth until
maturity and provides organic fertilizer for plants, and
in the same time it assures bacterial/fungicide
protection (Burlica et al., 2010; Gomiero et. al., 2008;
Vitousek et al., 1997). The innovative technologies
that uses NTP represent an ecological and non-
stressful plants treatment method ant it can be used in
two different directions:

o the first one, refers to the direct treatment of
the seeds, in order to enhance their germination rate
and to protect them against pathogens (e.g. fungi)
(Kriz et al., 2016; Sera et al., 2013).

o the second direction, is represented by the
indirect treatment throughout the means of plasma
activated water (PAW), which acts as disinfection
agent, due to the presence of hydrogen peroxide
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(H20). In the same time it stands as bio-fertilizer, due
to the nitrogen species induced by plasma treatment in
water (Bafoil et al., 2018; Padureanu et al., 2018;
Sivachandiran and Khacef, 2017).

The interaction of plasma with water droplets
leads to the formation of hydrogen peroxide and
hydroxyl radicals, due to the electron’s
“bombardment” of water molecules. The H,O, formed
in water acts as a disinfection agent on the plants
leaves (inactivates the pathogen microorganisms). In
order to characterize the reactors capabilities to
produce PAW the argon have been used as a carrier
gas, in order to form a homogeneous discharge due to
the fact that argon is an easy ionised gas (the ionisation
energy is low — starting from1520.57 kJ mol ™).

The water treatment with plasma in Ar as the
carrier gas, along of hydroxyl radical (*OH), active
argon ions and free electrons are generally the main
reactive species responsible for the reactive species
produced in PAW (Bian et al., 2007; Clyne et al.,
1969; Siddique et al., 2011), Eq. (1-4).

e +eAr - Ar' +e (1
e +Ar—>Ar-+e +e 2)
Ar* +H,0 — Ar*(H,0) 3)
Ar*(H,0)+H,0 — H,0" +eOH + Ar “)

The interaction between water and plasma
leads to the direct formation of the *OH radicals
mostly due to the free electrons and Ar ions interaction
with water molecules. The formation of the *OH
radicals leads to the generation of the hydrogen
peroxide, as shown in (Eq. 5-7) (Brisset et al, 2008;
Hnatiuc et al., 2012; Locke and Shih, 2011):

H,0 - H +OH (5)
H+H—>H, (6)
OH +OH — H,0, (7)

This work is focused on the study of T-shaped
NTP reactor for PAW production, which further is
used on plants irrigation, in germination and growing
process.

The aim of this study is analysing the influence
of different parameters (frequency, gas and water flow
rate) on the hydrogen peroxide formation and energy
efficiency of a T-shaped NTP reactor for PAW
generation. Moreover, the study follows the influence
of the polarity of the pulse power supply for different
values of pulse frequencies, gas and water flow rates.

2. Experimental
The proposed technical solution to produce

PAW is a T-shaped reactor (T-NTP), consisting of
three ports (Fig. 1), two inlets, one for water and the
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other for gas, and an outlet for PAW, which comes out
as a spray. This new solution assimilates the technique
of spraying water throughout a two-port nozzle into a
simple, robust system, where the mixture of water and
gas is made directly into the plasma area Fig.1(a). In
this case, the electric discharge produced in the reactor
chamber by high voltage pulses is generated between
two of the electrodes. The reactor body dimensions are
25 mm x 20 mm. The electrodes have a length of 40
mm and the inner diameter was 0.2 mm. The novelty
of the proposed solution is that the mixture between
water and gas is made directly into the narrow
chamber of the reactor where the plasma is also
generated.

The T-NTP reactor is supplied by a high
voltage pulsed power supply (HVPS) that generates a
low power electrical discharge, between two of the
reactor’s electrodes Fig. 1(b). A pump injects the
water perpendicularly on the gas flow direction. This
assures a higher interaction between the plasma and
the water. The low power of the plasma does not
increase significantly the temperature of the water
droplets in the reactor, and therefore, enhances the
energy yields for H,O, production due to suppression
of quenching reactions of radicals with other
molecular species.

Initially, pure water has been sprayed into the
reactor, and H,O, (when Ar is used as carrier gas) has
been measured using colorimetric methods based on
titanyl sulphate (TiOSO,) which acts as a reagent. The
colour of the testing solution turns to yellow in the
presence of the H,O».

The experiments have been performed on four
distinct configurations of the T-NTP reactor (Fig. 2),
as presented below:

. T1 direct polarity configuration (design),
where the high voltage (HV) is connected to the water
inlet electrode, while the PAW output electrode is
grounded;

. T2 configuration with reverse polarity, where
the HV is connected to the PAW output electrode,
while the water input electrode is grounded;

e T3 direct polarity configuration, where the
HV is connected to the gas inlet electrode (Ar)
positioned on the side of the reactor, while the outlet
electrode is grounded;

o T4 configuration with direct polarity, where
the HV is connected to the gas input electrode (Ar),
while the output electrode is connected to the ground.

The distance between the electrodes was set to
3 mm. For this experiment, three frequency values of
60, 150 and 250 Hz have been considered for a
constant pulse width of 2 ms.

The distilled water is injected directly in the
plasma region by a pump into the gas flow. This
ensures a greater interaction between plasma and
water droplets. The gas and water were mixed into the
reactor, throughout two-inlet nozzle directly into the
plasma area. Argon was chosen as a carrier gas to
avoid generation of other molecular species than
H,0,, molecular species that could interact with the
hydrogen peroxide and decrease its concentration. For
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the tests, four values of the flow rates of demineralized
water of 5, 10, 15 and 20 mL/ min and two gas flows
of 1 and 2 L/min were considered. The electric
discharge parameters were recorded using a high-
resolution Lecroy 454 digital oscilloscope (OSC). The
voltage was measured using a high voltage probe -
HVP with a ratio of 1:1000 (Fig. 2) while the current
was assessed using a shunt of 100 Q (SH). Typical
waveforms of current, voltage and control recorded
are illustrated in Fig. 3.

The waveforms correspond to the following
experimental conditions: frequency 150 Hz, direct
polarity (DP), gas flow 1 L/min, water flow 20
mL/min. Based on the acquired waveforms for voltage
and current, the average power and energy per
discharge were calculated. The measurement made
based on the current and voltage waveforms have an
approximate error of +5%. The H>O, concentration
was determined using a colorimetric method based on
titanium sulphate as reagent. The absorption spectra of
the solution, recorded by a Shimadzu UV-VIS Mini
1240 spectrophotometer, provide peaks proportional
to the H,O, concentration for the wavelength Amz02 =

410 nm.
lGas

In order to verify the experiments repeatability
and to ensure significant results, 5 to 15 sets of tests
have been performed for each experimental conditions
considered. The standard average deviation of the
obtained results determined for 15 sets of tests
performed for the same experimental conditions is
lower than 5%. For each determination of H>O»
concentration (2 mL PAW and 1 mL TiOSO4 mixed
into a standard quartz cell), at least 3 repetitions have
been performed for each test.

For a complete assessment of the influence of
polarity on the parameters of PAW, the energy
efficiency EEf [g/kWh] has been considered. EEf was
calculated using (Eq. 8):

f = [Hzoz]'vo
1000P,, -t

med

EE ®)

where: EEf is energy efficiency [g/kWh], [H20;] is the
concentration of hydrogen peroxide [mg/L], Vo
represents the volume of the solution generated [L],
Pmed represents the average discharge power [kW], and
t is the time required to produce 20 ml of PAW.
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Fig. 1. a) The T-NTP reactor geometry; b) — the electrical schematic
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Fig. 2. Experimental set-up configurations of T-NTP reactor
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Fig. 3. Current and voltage waveforms

3. Results and discussion

In order to determine the optimum
configuration of the T-NTP reactor for PAW
production, it was assessed the H»>O» concentration
and energy efficiency, while the Ar was used as
working gas. The average power values are presented
in Table 1 for the considered frequencies and gas flow
rates. The discharge power is increasing with the
frequency due to a higher duty cycle — the control
pulse width was kept constant at 2 ms, the most
notable values being achieved at 250 Hz.

In T1 design, the water flow is injected through
the HV electrode (+), so that the electrons emitted by
the outlet electrode (-) result in a mixture of gas-liquid,
where Ar is prevalent. In T2 design the water flow is
injected through the (-) electrode resulting in a low
electrons emission because the water is prevalent in
the reactor chamber.

The differences between T1 and T2 are because
the initiation of the discharge takes place in different
electrical conditions, as a result of different gas-liquid
mixture physical parameters (injection ports and
direction, gas velocity).

In T3 configuration, the Ar gas flow is injected
perpendicularly on the discharge, favouring the
discharge shut down due to the cooling effect
(deionization of excited particles) of the plasma
channel.

In T4 design the water injected in the gas
stream flooded the (-) electrode therefore electrons
emission from the (—) electrode is diminished. In this
case only a part of the amount of energy provided by
the power supply is transferred to the plasma.
Differences in the order of (W) units between
configurations are important.
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The highest average power within the 4
configurations has been measured for T1, where the
discharge is generated between the water inlet and
outlet electrodes, the polarity being considered direct.

Table 1. The average power of the T-NTP reactor
discharge vs. frequency

Average Power [W]

(average for the all 4 values of water flow
Reactor
design - rates) -

1 [L/min] Ar 2 [L/min] Ar

60 Hz [150 Hz|250 Hz| 60 Hz [150 Hz|250 Hz
T1 design | 1.08 | 3.85 | 5.28 | 1.36 | 3.13 | 446
T2 design | 0.90 | 2.74 | 420 | 1.13 | 2.79 | 3.57
T3 design | 1.33 | 2.87 | 394 | 1.22 | 2.65 | 3.74
T4 design | 0.99 | 2.37 | 297 | 1.13 | 2.25 | 3.24

The concentration of H>O, have been measured
for different frequencies, gas and water flow rates. The
variation of H,O, concentration in water with the
water flow rate, for 250 Hz frequency is presented in
Fig. 4. The H,O concentration decreases with the
increase of water flow rate for all configurations
considered. This is due to a lower residence time of
water droplets in the plasma region, which involves a
lower reactive chemical conversion. For the frequency
of 250 Hz, at the 1 L/min Ar and the water flow rate 5
mL/min, the concentration of H,O; in the case of T2
design is more than 5 times higher than the values
recorded for T4 design, as is illustrated in Fig. 4.

The T3 and T4 reactor configurations leads to
lower concentrations of HO, comparative to the cases
where the discharge occurs between the water
injection port electrode and the outlet electrode of
PAW, either direct polarity (T1) or reverse polarity
(T2).
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Fig. 4. T-NTP evolution of H202 concentration at 250 Hz
frequency for 1 L/min gas flow rate

At the highest considered frequency, 250 Hz,
as well as at 150 Hz, T2 reactor design, records higher
values of the concentration relative to the TI
connection, for 1 L/min gas flow. The concentration
of H,O» in the case of T1 reactor design increases with
the gas flow rate, while for the case of the T2
connection, the HO, concentration decreases
insignificantly (Fig. 5). For the configurations T3 and
T4 the H,O, concentration has lower values compared
with the previous configurations converging to the
same values.
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Fig. 5. T-NTP evolution of H202 concentration at 250 Hz
frequency for 2 L/min gas flow rate

In Fig. 6 and Fig.7, the concentration of
hydrogen peroxide variation with the frequency, at 5
mL/min water flow rate, are presented.

It has been previously shown that the water
flow rate of 5 mL/min has the highest values for H>O,
concentration. T2 design shows the most significant
concentration, 40 mg/L, at the gas flow rate of 1
L/min, while for T1 design the concentration evolves
with the increasing of the working gas flow rate
reaching a maximum value of 38 mg/L. The H»O,
concentration is increasing with the frequency due to
a higher average power, which also means a higher
ionization degree of particles in the plasma area.

As previously demonstrated (Locke and Shih,
2011), the energy yield for hydrogen peroxide
produced by water—plasma reactions, in different
environments, is within 0.5-5 g/kWh, in the case of
reactors with fine water droplets sprayed into the low
power plasma with argon as carrier gas.

For a complete assessment of the influence of
the reactor’s configurations on the parameters of
PAW, the energy efficiency EEf [g/kWh] has been
considered. It expresses the amount of H,O, (in
grams) induced in the PAW per kWh. Table 2
integrates all the energy efficiency information
resulting from the tests performed for reactors in
configurations T. The influence of water and gas flow
rate, frequency, polarity and different geometries in
the modification of EEf was also analysed.
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Fig. 6. Evolution of H20:2 concentration by
frequency for 1 L/min gas flow rate
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Fig. 7. Evolution of H202 concentration by
frequency for 2 L/min gas flow rate

A comparison between the four configurations
of the T-NTP reactor is presented in Fig. 8 with the
water flow rate. Similar, as in previous results
presented, the configurations T3 and T4 correspond to
the lowest values for the energy efficiency, even three
times lower than the maximum recorded by the T2
configuration.
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Fig. 8. Energy efficiency for H2O2 production for different T-NTP reactor configurations

Table 2. The energy efficiency of H202 production for T-NTP reactor configurations

EEf nao2 [g/kWh]
Design H20 [mL/min] 1 [L/min] Ar 2 [L/min] Ar

60 150 250 60 150 250

5 3.2 1.7 1.5 3.5 3.9 2.6

T1 10 4.6 2.5 2.4 33 33 2.9
15 6.9 23 2.7 3.6 3.5 3.0

20 1.8 1.5 2.4 4.1 3.7 4.0

5 3.9 2.9 3.1 3.8 2.4 3.4

™ 10 4.5 3.6 2.8 3.6 3.6 3.9
15 6.2 5.2 3.9 3.6 3.8 4.1

20 5.7 3.5 3.7 34 4.0 4.0

5 3.2 24 0.8 1.0 1.1 1.0

T3 10 3.7 3.5 1.6 1.6 1.1 1.4
15 3.1 4.0 1.3 2.0 1.4 1.3

20 33 3.5 1.7 1.4 1.5 1.4

5 0.9 0.7 0.7 1.0 0.6 1.1

T4 10 1.4 0.9 1.1 1.4 0.8 1.3
15 1.3 0.8 1.0 1.6 0.8 1.5

20 1.5 1.1 1.3 1.5 0.7 1.6
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The energy efficiency increases with the water
flow rate, but not always the maximum value is
reached at the highest water flow rate. This aspect is
highlighted in Fig. 8 for the T2 configuration, where
the maximum value of EEf is corresponding to a water
flow rate of 15 mL/min. In Fig. 9, the influence of gas
and water flow rates on energy efficiency, for T1 and
T2, is emphasized.

The T2 configuration has the maximum values
of EEf for the gas flow of 1 L/min, while the energy
efficiency for the T1 configuration increases with the
increase of the gas flow rate. As it can be noticed, the
T2 configuration of the reactor ensures the highest
values of energy efficiency.

4. Conclusions

This study presents the influence of the
geometrical and electrical parameters of a NTP-T
shaped reactor on hydrogen peroxide production. The
evaluation was performed for different values of
frequency (60, 150, and 250 Hz), water flow rates (5,
10, 15, and 20 mL/min) and gas flow rates (1 and 2
L/min Ar).

The reactive species generated in the T-NTP
reactor depends on the geometry of the reactor but also
on the electrical configuration of the electrodes. The
highest values of H>O, concentration and energy
efficiency were obtained for the connections at which
the discharge is generated between the water inlet
electrode and the PAW outlet electrode (T1 and T2
design).

The H,O, concentration decrease with the
water flow rate and increases with the frequency. T2
reactor design ensures the highest values for energy
efficiency of the considered T-NTP reactor designs for
1 L/min Ar. Instead, the T1 design, records the highest
values for energy efficiency, at a gas flow rate of 2
L/min. T3 and T4 configurations have the lowest
energy efficiency for hydrogen peroxide generation.

The reactor configuration and electrical
parameters can be chosen accordingly to the
requirements for PAW used in agriculture
(greenhouses irrigation).
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