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IIpersien HayuyHe aKTUBHOCTH

OnuBepa JoBanoBuh ce TOKOM CBOT' JOCaJallber HAYYHOT pasia OaBHiIa IpOydYaBambeM CHCTEMa
IUIa3Ma MJlasza ca NIMJbaCTOM eJIEKTPOIOM KOjU paau Ha aTMOc(hepCcKoM MPUTHCKY Y obnactu kHz
¢pekBennyja. McnutuBana je meroBe KapakTEpUCTHKE y KOHTAKTy ca TeyHolrhy u OaBuia ce
HOBMM IIpHMeHama y oOjacTuMma Iia3Ma IoJbONpHUBpene U OuorexHosoruje. Jlocamamme
UCTpaXKUBamke OWIO je (OKyCHpaHO Ha EKCIEPHUMEHTaTHO MPOoyYaBamke OCOOMHA OBaKBHUX
NpaXmkEemha M KOHKPETHY MPUMEHY IJIa3Ma Mila3a 3a TpeTMaHe Pa3IMnuuTHX TEUHUX y30paKa.

[TpBu neo ucrpaxkuBama OMO je QoKycupaH Ha JeTaJbHY KapaKTepu3alWjy HM3BOpa IUIasMe U
MpaXmbeha HAa aTMOCHEPCKOM TPUTHCKY y KOHTakKTy ca TedHomhy. YpaheHa je enexTpuyHa
KapakTepu3alyja CHUCTeMa CHUMAameM CTPYjHO-HANlOHCKE KapaKTePHCTUKE TPAXKIbEHa IPH
pa3NMYUTAM YCIOBHUMa pajga cucrema. KopumrhemeMm onTHYKe €MHUCHOHE CIEKTPOCKOINHjE H
TexHuke op3or cimkama I[CCD kamMepom uieHTH(PHUKOBaHE Cy pEaKTHBHE BPCTE HACTAJIE Y TaCHO]
(a3 u CHUMIbEH je TpodUII NpaKkbekha. Y MUIbY YCHEIIHEe IPUMEHE OBOT THIIA H3BOPA IUIa3Me y
OWoNIOWjU ¥ TIa3Ma MOJHONPUBPENN Pa3BHjEeHa jeé METO/AA 3a MPEUU3HO MEPEHmhE CHAre Koja ce
ocnobaha y mpaxkmemny. YIoTpedoM KOMepIrjaTHUX COHIN UCITUTUBAHU Cy e(DEeKTH KOjU HACTajy
y TEYHOCTH YCJIE H3JI0KEHOCTH MPaKiberby 1 paheHe cy mpoMeHe GU3NIKO-XEMHUjCKHX 0COOMHA
teuroctu. [Topen Tora, y OKBUpY JUjarHOCTHKE TeUHE (hase, pa3BHjeHa je CIIEKTPOdOTOMETpH]jCKA
1 KOJIOPHMETPHjCKA METO/1a Mepermha AyroXuBehX peakTHBHUX a30THUX M KUCEOHWYHUX BPCTA Y
TPETUPAHOM Y30pKY. Y 3aBHCHOCTH OJ] TOTa Jia JIM je y30pak Omia ymcra wim 3araljeHa Boja
ypaljeHa cy pa3nu4nTa HCIIUTHBAka TPETHPAHKX y30paKa 1 oJjpel)eHu Cy MeXaHU3MHU HHTEPaKIHje
IU1a3Me ca CBaKUM THIIOM Y30pKa.

VY OKBHpY aKTMBHOCTH KOj€ MOJpazyMeBajy MHTEPAUCLUILNIMHAPHA MCTPAKUBamba OCTBApeHa je
capajma ca KojeraMma u3 Jpyrux MHCTUTYIHja:

- TexHOJOUIKO-METATYpIIKH (akynTeT YHHUBep3uTeTa y beorpaay — ucnutuBana je MoryhHoct
ynoTpebe mia3Me y TeXHoJorHjama npeynirhaBama OTHaHUX BOJa,

- @apmaneyrcku ¢akynrer YHuBep3uTera y beorpagy — ncnuTuBaHa je TOKCUYHOCT IUIa3MOM
TpeTUpaHe BOJIE Y €KCIIEPUMEHTHMA Ca MTallOBUMa,

- Wuctutyt 3a 6uonomka uctpaxupama ,,Cuauma CtTankoBuh" - mpoyyaBaH je yTHLAj TJIa3MOM
TpeTUpaHe TEYHOCTH Ha pacT U pa3Boj OupHUX henwmja.
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thermally sensitive and unstable materials, especially in bio-medicine, the key asset‘is plasma
operating at room temperature [1-4]. Apart for biomedical applications, these plasmas are used in
agriculture and water treatment technologies [5-10]. Nevertheless, in all cases, the potential of
cold plasma was used to create specific particles and form a chemically active medium without

additional chemical reagents.

APPJs are sources of non-equilibrium plasmas that can be made in various, geometries and
electrode arrangements. They usually consist of a dielectric tube, a powered.electrode, that can be
additionally isolated, and a grounded electrode. Depending on. thesgeometry of the electrodes,
operation frequency, power source and working gas, different types:and modes of discharge can
be generated. In all configurations, the discharge is created when the gas at atmospheric pressure
is exposed to a strong electric field. These plasmas are called. non-equilibrium owing to the

different temperatures i.e. energies of the particles [11]:
o
In the case of APPJs, the realized discharge can bea classical streamer or more diffuse discharge.

Discharges generated by dielectric barrier discharge (DBD) devices can be spatially homogeneous
and diffuse [11, 12] while those discharges generated by plasma jets are usually streamers or
streamer-like discharges. The streamer dischargeoccurs after the streamer breakdown. The formed
electrical field accelerates the charged particles, providing energy to the plasma. The presence of
an electric field causes the ionization in.the gas gap and the formation of space charges at the head
of the ionization wave. The field amplification owing to the space charge in the head leads to self-
extending streamer discharge. ﬁus, after inception, the streamer propagation and properties
depend on the system cenfiguration, gaseous surrounding and the target. The energy of the fast-
progressing streamer 1S mostly dissipated into the excitation of working gas [13, 14]. In case of
APPJs this is demonstrated through the propagation of PAPS (Pulsed Atmospheric pressure
Plasma Streamer)-0r, so called, *plasma bullets’ [15-17]. Streamers are also present in other types
of plasma sources. When the discharge current is not limited they precede other types of discharge,
such as sparks andilightning [18].

In several publications it has been investigated how the configuration of plasma jet system
influences the properties of plasma. It has been shown that the efficiency of the power transfer
process from the power supply to the plasma system determines the mode of the discharge [14, 19,

20]- For example, a comparison of two discharge regimes produced by different excitation sources
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(direct current (DC)-pulsed and sine-wave alternating current (AC)) in the same single electrode
plasma jet was reported. It was found that the excitation source determines discharge current, the
length of plasma plume and plasma temperature [21]. The grounded electrode due to'its.capacitive
nature can additionally lead to the energy loss influencing behavior of the plasma bullet, butat the
same time it can increase local electric field that will result in lower voltages needed to sustain

plasma [14]. Control of these plasma properties is essential when comes to plasma treatments.

Many studies have shown that an interaction coupling between plasma andsthe target exists in
atmospheric pressure plasma systems. Target properties influence the discharge morphology and
affect the creation of turbulence in the gas flow [22, 23]. In the presence of the liquid target, plasma
heating leads to evaporation and changes in the composition,of the surrounding atmosphere,
modifying the physico-chemical properties of both the gas and liquid phases [24]. Studies of the
influence of treatment conditions on water properties. have shown that small changes in the
distance and volume of liquid lead to changes in the concentrations of deposited reactive species
[25, 26]. Therefore, an additional complexitysis introduced in the plasma system with the liquid
target. Exposure of aqueous samples to non-thermal.plasma leads to changes in water properties,
creating an acidic environment under certain_treatment conditions, changing conductivity and
redox potential, and creating reactive oxygen and nitrogen species (RONS) [27, 28]. Creating
plasma-activated liquid with specific, predetermined properties and a certain content of reactive
species provides huge application potential but, at the same time, is an extremely demanding task.
Depending on the plasma jet"configuration, type of the discharge and the energy released in the
plasma, different reactions will occur in the gas phase (plasma) and the liquid [29]. One step
towards better understanding of entangled relationship between characteristics of the plasma
source, the discharge properties, and treated sample characteristics, is to carry out detailed
diagnostics of the plasma jet. An important part of that includes investigation of the electrical
parameters such as the efficiency of input power transfer to the source, power dissipation, and

impedance.of the whole system.

In this study, we assessed in detail electrical characteristics of the He plasma jet operating against
water target. The jet was supplied by a continuous sine high-voltage signal at the frequency of
330'kHz. The electrical discharge is generated in the gas phase above the liquid by applying the
voltage at the pin electrode of the jet with distilled water serving as grounded electrode. The main

3
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idea of the research was to perform proper determination of dissipated powers and evaluate
typically used methods in plasma systems applied for water treatments. To estimate powers
dissipated in the system, we employed two standard methods. In the first method, the power is
calculated directly from the product of the measured time-varying current and voltage signals (V-
I). The second method is based on measuring the voltage across a capacitor .coennected in a series

with the grounded sample (Q-V).

These two methods, V-l and Q-V, as we named them here, are some of the most-widely used power
determination procedures. They have been extensively implemented:in numerous plane geometry
DBD configurations and several plasma jet systems including, conventional plasma jet
configurations supplied with both AC [30] and DC voltages [9,31], driven by either a pulsed high-
voltage signal [32] or continuous sinusoidal signal [33]. Furthermore, the input power and the
discharge power have been estimated for diverse plasmajetarrangements such as hollow electrode
APPJ [14, 34], kINPen [33], single-electrode jet [35], DBD je? [36] etc.

In recent years, a number of researchers have investigated cold plasma sources that interact with
the targets of certain characteristics for a particular-application. Plasma jet treatments are most
commonly performed in secondary electrode configurations with a grounded or floating electrode.
Two methods investigated in this work were used for power dissipation measurement in various
plasma jet configurations for the treatment of biological materials and inactivation of bacteria [37,
38], biomedical application that include in'vitro and in vivo treatments [39], producing of plasma

N
activated (tap) water [40].

The research to datevhas tended to compare the differences between several measurement
techniques for power'determination only in the field of DBD plasma reactors [41-44]. However,
as the Q-V method is mostly used with different DBD source configurations, there are few
comprehensive analysestand comparisons of the two methods for pin-to-plate plasma jets [33, 35]
operating with /pulsed excitation. Although previous studies have investigated pin-to-plate
configurations of plasma jet, there has been no study that we are aware of, which dealt with plasma
jets interacting with liquid targets and driven by continuous sine wave. Therefore, the aim of this
wark was tQ assess the power consumption (at the target) of a high-frequency pin type plasma jet

by usingsboth V-I and Q-V methods and compare the obtained results.
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2. Experimental setup and methods

2.1. Plasma jet system

Figure 1 presents a schematic diagram of an experimental setup. Plasmal source used in-this
experiment was a plasma jet designed to operate as a pin-electrode configuration at atmospheric
pressure. It consisted of a cylindrical metal body (diameter 22 mm) and glass‘tube whose inner
and outer diameters are 4 mm and 6 mm, respectively. A powered electrode.was made of stainless
steel wire with a diameter of 1 mm. It was covered with a ceramig.insulating tube and placed along
the glass tube axis. The sharpened tip of the wire protruded 3 mm fromi.the ceramic insulation into
the glass tube (see figure 1(b)). The powered electrode was connected to the high-voltage (HV)
signal by a BNC connector positioned at the top of the metallic jet:body. The second electrode was
the target — a distilled water sample placed in a<well of.6-well microtiter plate. The initial
conductivity of water was 1.5 uS/cm (Hanna Instruments, H|7%312 electrode, HI5521 controller).
The plate was positioned below the tip of the powered electrode (see figure 1(b)). The volume of
water sample in the well was 4 ml. The distance between the liquid surface and the wire tip was
10 mm in all measurements. The copper tape:was attached at the outer bottom side of the well and
grounded. The experimental setup, togetherwith the positioning of the grounding tape, is a typical
system which is used for plasma treatment of liquid samples. The setup on one side allows
measurement of electrical signals while, onthe other side, treated liquid is in contact only with the
clean vessel so the chemigcal reactions are governed solely by the plasma-liquid interaction.
Treatment of a liquid in contact with a copper tape showed that it produced additional chemical
reactions and specific:species inthe liquid after the treatment [25]. Comparison between a setup
where copper tape is inside the liquid sample or outside has been investigated for a similar system
[29] showing rathersmall differences in the signals recorded in the grounded line. Also, working
with the sine wave high wvoltage signal at high frequencies allows using different materials as a

vessel for.the samples.
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Figure 1. Schematic representation of experimentalsetup (a) and‘enlarged view of the powered electrode and

target placed below. the tip.of the electrode (b).

The plasma in the experiments was‘generated and controlled by using a commercial HV high-
frequency power supply (T&C Power Conversion AG 0201HV-OS 140 W - 500 kHz with
continuous sinusoidal signal withthe frequency of 330 kHz. The power supply allows control of
an output power (not output voltage or current) and measures the power forwarded from the device
to the plasma system as well"as the reflected power. The reflected power in all experiments was
below 2 W. Due to several elements in the electrical circuit, there is a difference between the power
measured at the source and the power delivered to the plasma. Since the power delivered to a
discharge is a crucial parameter in the electrical diagnostics of a plasma jet, this indicates a need
to measure current and voltage waveforms at the plasma jet itself. To monitor the instantaneously
applied voltage waveforms at the power electrode we have used a HV probe (P6015A
TEKTRONIX):The current waveforms were measured by using a current probe (Agilent N2783B)
connected to the'main line of the plasma jet (see figure 1(a)). To avoid an offset in the signal, the

current probe.was regularly demagnetized.

In the part of the electrical circuit containing the water sample we used two different approaches
to.measure the voltage and current waveforms. When utilizing the V-1 method, the resistor of 1 kQ
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resistance was connected in a series to the ground line of the electrical circuit (see schematic in
figure 2). For the Q-V method (Lissajous figures) a capacitor was connected in seriesto the ground
line of the electrical circuit (see schematic in figure 2). For these purposes, the capacitors had
capacities of 0.8 nF and 10.3 nF. In both cases, the voltage drop across the elements placedin the
ground line (vg) was measured by using a voltage probe (Agilent N2863B). The resistivity and
capacitance of the used voltage probe are appropriate so it minimally perturbs the electrical circuit
and influences the measurements. We used the Tektronix MDO3024; ascilloscope to record all

~
waveforms.

Tl

Figure 2. The electrical circuit of the plasma jet system: v—applied alternating voltage at the powered electrode,
VG - voltage in the ground line, i- current in the plasma jet main line, ic - current through the grounded line, R
= 1kQ, C =0.8nF and 10.3nF, Zne- impedance of the plasma jet system configuration without plasma, Zp —

impedance of plasma.

In all experiments He was used as a working gas with a fixed flow rate of 2 sim adjusted by a mass
flow controller (Omega FMA5400/5500). The open-end geometry of the plasma jet enables the

mixing of the He with the surrounding air. When plasma is ignited, the filamentary type discharge
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operates in the gas mixture around the tip of the powered electrode. With the increase of the.input
power, the generated streamer propagates through the gap and for the most operating parameters

it was touching the liquid sample.

2.2. The root mean square (RMS) values and V-1 method

The electrical circuit (schematic in figure 2) allows monitoring fof voltage and current
instantaneous signals through the plasma jet main line and in the ground:line. The waveforms of
applied voltage v and current i through the plasma jet main line were plotta in figure 3.

v(kV) normal mode —— i(mA) normal mode
— v(kV) average mode ——i(mA) average mode
LI B L —— 1 —— 1 60
- 45
< 30
415
<
=
N—r

Time (us)

Figure 3{ Voltage and current waveforms obtained at the electrode in normal mode and average mode (16
cycles averaged). Waveforms were measured for applied peak-to-peak voltage of 5.5 kV, f = 330 kHz, and He
flow of 2 sim4Electrical circuit configuration was with the resistor R = 1 kQ in the grounded line. Half period

of applied voltage (T/2 = =/f) and phase difference (Ag) are noted in the plot.
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These signals were captured by the oscilloscope in normal acquisition mode and also by‘averaging
16 acquired waveforms. The signals obtained in average mode closely follow the'shape of the
signals recorded in normal mode but without the noise which is visible mostly at\the current

waveform.

The acquired time-dependent values of voltage and curent through the plasma,jet main line, v(t)
and i(t), and voltage drop across a resistor in the ground line vg(t) were used for electrical
characterisation and powers calculations. The root mean square values of Qe voltage and current

were calculated in the following way:

VRms = \/% fOnTVZ (t)dt 1)
s = 277 i (e (22)
4
T .
lorus = ==y iZdt (2b)

where T is a period of the given signal‘and n is-number of periods, ic(t) = vs(t)/R and R is the
electrical resistance of the resistor.in the grounded line.

In the V-1 method, first the time-dependent powers delivered to the plasma jet and consumed by
plasma were calculated as the'preduct of voltage v(t) multiplied by the appropriate current, i(t) or

ic(t). The average powers are then obtained as:
T .
Ppean = %fon v (t) -i(t)dt (3a)

Pmean_G = %fOnT v(t)- ig(t)dt (3b)

In all calculations as input data we used the waveform values obtained in avaraging mode.
Comparison between two sets of data (obtained in normal and averaging mode) showed differences
in calculated values less than 1% which is below experimental error. The phase differences (Ag)

(see figure 3) between high voltage and other obtained signals were calculated in the following
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way: Ap = (AUT) x 360°, where At is time period between points where both signals had zero

values.

2.3. Q-V method

Another method commonly used for electrical characterization and measurement, of power
consumed by plasma is based on a charge-voltage plot or Lissajous figure«For these measurements
the capacitor was inserted in series with plasma jet and grounded line, so the same electrical
charges formed in the discharge flow through the grounded target and the capacitor. By measuring
the capacitor voltage, knowing the capacitance and assuming«purely capacitive properties, the
charge flow through the capacitor can be obtained. In the Lissajous figure, the area enclosed by
the curve is equal to the energy dissipated per one period of.applied voltage:

E=C $v(t)dvs = § v(t) i—f dt = @ ()
where C and vg(t) are capacity and voltage across the addition; capacitor (figure 2), v(t) is applied
high-voltage signal, f = 1/T is the corresponding frequency, and Pmean c IS average power
consumed by plasma [43, 45, 46]. In this work; the closed area of a Lissajous figure was obtained
by the Polygon area function in the Origin software (Origin Lab Corporation, Northampton, MA,

USA). A different approach to ealculate the area inside the Lissajous figure can be found in [47].

To ensure that the influence of the capacitor on the whole system is minimal, the capacitance was
chosen to be large compared to.the equivalent capacitance of plasma jet, gas gap, and target. This
difference is at least one order of magnitude. The second important property is the type of selected
capacitor. It has been'suggested:that ceramic capacitors are preferred owing to their relatively low
parasitic losses and.accuracysin‘measurement of charge [48]. An additional advantage is that they

are not polarizedand may be safely connected to an AC source.

3. Results and discussion

3.1. Instantaneous voltage and current

Before the_ onset of the plasma jet electrical measurements, the power supply has been set to
operate. at the frequency of 330 kHz with the lowest reflected power. The voltage and current

sighals were monitored for three different configurations of the ground line and in figure 4 we
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gas (Plasma OFF) and with the He flow of 2 sim (Plasma ON).
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Figure 4. Voltage and current,waveforms were measured for applied peak-to-peak voltage of 5.5 kV and
frequency 0f 330 kHz. Dashed lines represent cases when the plasma was OFF, while full lines represent Plasma
ON regime. In plats (a) and (e) Plasma ON and Plasma OFF signals overlap. (a) v - applied voltage at the
electrode, (b)-(c) electrical circuit configuration with the resistor R = 1 kQ: i - current in the plasma jet main
ling, ic - current through the grounded line, (d)-(e) electrical circuit configurations with capacitors: ve- voltage

across the 10.3 nF (blue line) and 0.8 nF (green line) capacitor.
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The waveforms when the plasma was on are plotted by a full line while the dashed line‘shows the
case without plasma (achieved without He flow). All presented signals were recorded with the
applied peak-to-peak voltage of 5.5 kV. The waveforms in figures 4(a)~(c) are acquired in
electrical circuit configuration with the resistor and represent averaged value of 16 acquired
waveforms. The signals in figures 4(d) and (e) were obtained in electrical‘€ircuit configurations
with capacitors by averaging 512 waveforms. Identical waveforms were obtained for the applied
voltages v(t) (figure 4(a)) and currents i(t) (figure 4(b)) in configurations when two capacitors were
inserted in the grounded branch of the circuit. Therefore, for simplicity, onlyone set of v(t) and i(t)

signals are presented.

The high voltage signal applied to the plasma jet in the configuration with resistance R in the
grounded branch of the circuit is shown in figure 4(a). It has a regular sinusoidal shape regardless
of whether the plasma is ignited or not. Figure 4(b) shows the current i(t) obtained by current probe
and flowing through the main line to the plasma jet. When there is no helium flow the obtained
current signal is sinusoidal since the applied voltage is:lower than the breakdown voltage in air.
When the plasma is ignited, the current waveform-is.deformed from the sine wave and it has two
peaks, one per each positive and negativerhalf period of imposed voltage. The appearance of the
peak in the current waveform is connected:to the streamer type of the discharge. The observed
deformation in the current waveform when discharge occurs has been found previously in other
atmospheric plasma jet systems [15, 49=51]. It was the result of discrete propagation of the
discharge outside the gas tube in"a form of PAPS. In general, changes in the shape of the current
signal occur because the current in plasma jet main line is superimposed to the displacement
current. The displacement (capacitive) current can be measured directly when the tube is not filled
with feed gas and there'is,no plasma.

The waveform.of-the.current through the ground line ig(t) is presented in figure 4(c). This is the
discharge current that passes through the liquid target and a resistor connected in series to the
ground. The difference between the waveform shape in the absence and presence of the plasma
exists, but it is less noticeable than that in the case of current i(t). Related to the phase difference,
the'plasma_off current waveforms i(t) and ic(t) in figures 4(b) and (c) lead to the high voltage
waveform by 85° and 88°, respectively. This points that the system is mainly capacitive (for pure
capacitance the phase difference is 90°) with small deviation from 90° due to the inherent
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resistivity of components of the electrical circuit and the plasma source. Deflection from90°,phase
difference means we observe dissipation of the power even when plasma is not ignited. After the
ignition of plasma these phase differences remain almost the same indicatingithat deposited power
in plasma is small with the order of few watts. Voltages across two different,capacitors are
presented in figure 4(d) for C = 10.3 nF and in figure 4(e) for C = 0.8 nF. The voltages across 0.8
nF capacitor are in phase with the applied voltage independently of plasma being ignited or not,

while in the case of 10.3 nF capacitor a small difference in voltage signals.is visible.
~

3.2. Volt-Ampere characteristics of the plasma jet

The volte-ampere V-A characteristics of the plasma jet with distilled water as the liquid target were
presented in figures 5 and 6. By using the recorded waveforms for each selected operation point,
the V-A characteristics were plotted as a function of the’lRMS eurrent through the plasma jet main

line (figure 5) and the RMS current through'the target and.ground line (figure 6).

2.2 R ]I_k T T T T T T T
i =1kQ A
2.0 Plasma ON v -
Plasma OFF AAVv
1.8 1 ~ E
1.6 1 * E
z 14+ N ¥ .
2 ] N ]
>n: 1.2 4 e
1.0 * E
0.8 + _
0.6 E
y N ]
0.4 T T T T T T T T T T T T T
5 10 15 20 25 30 35 40
lous (MA)

Figure’5r V-Aicharacteristics obtained at the plasma jet in presence (Plasma ON) and absence (Plasma OFF) of
plasma for configuration with R = 1 kQ in the grounded line. The V-A characteristics obtained when C = 0.8nF
and C =:10.3nF were used in the electrical circuit are the same and not presented here to keep the clarity of the

figure.
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Both characteristics were recorded for the applied peak-to-peak voltages from 1.5 to 6 k\. The
points were obtained by increasing the output power of the power supply. All measurements.were
performed in triplicate and observed differences in obtained values were net more than 7%. For
all measurements as a target we used distilled water of the same initial conductivity,because it was

noticed that the conductivity of the liquid sample affects the power consumption [52, 53].

The V-A characteristic obtained at the plasma jet (figure 5) was recorded when the resistor was
inserted in ground line of the electrical circuit. The characteristics that were,the same within the
error margins were obtained in the other two configurations of the eleetrical circuit (with capacitors

C =0.8 nF and C = 10.3 nF) and were not shown to keep the graphin.figure 5 clear.

Increasing the power delivered to the plasma jet without'plasmay(triangles) results in a linear
increase of both voltage RMS (Vrms) and current RMS (Irms). With the gas flow, the discharge
becomes visible at Vruvs of 0.5 kV and it first appears as agmall bright point at the tip of the
powered electrode. At Vrms of 1.3 kV, a plasma filament forms and extends 2 mm from the
electrode tip. The filament elongates with an inerease of the input power. The discharge crosses
the entire gap between the powered electrode and target, and streamer touches the water surface at
Vrws Of 1.75 kV. As can be seen in figure 5, for'eurrents above 30 mA and voltage above 1.75 kV
the V-A characteristic measured,with plasma on (inverted triangles) changes slope and it differs
from the V-A characteristics obtained without plasma (triangles). A further increase in the output
power of HV source (applied voltage Vrwvs > 1.75 kV) leads to more intense light emission from
the plasma and to the change of?olour. The streamer also begins to move on the liquid surface.
For the highest applied voltages, it is observable that several short and thin filaments are adjoined

in a streamer.

The V-A characteristics of the discharge plotted against the current in the grounded line Ig_rwms,
shown in figure 6, were:measured in the configurations with resistor R = 1 kQ (figure 6(a)) and
capacitor C =.10.3 nF (figure 6(b)). The pink and blue triangles show results for measurement
when plasma is_ignited, while the grey inverted triangles show results without plasma (without

working gas flow).
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Figure 6. V-A characteristics obtained for the current through the ground line le’rvs in the presence (Plasma
ON) and absence (Plasma OFF) of plasma for the configuration‘with (a) R.=1kQ and (b) C = 10.3 nF in the
grounded line. The V-A characteristic obtained when C = 0.8 nE was used in the electrical circuit is identical to

the characteristic in (a). For better clarity of the figure it issnot.presented here.
%
The V-A characteristics presented in figure 6(a) shows linear dependence and there is no significant

difference between the characteristics when plasma is ignited or not. When the capacitor C =
0.8 nF was inserted into the electrical circuit, the obtained V-A characteristic is similar to the
characteristics presented in figure 6(a). However; the V-A characteristic obtained with capacitor C
=10.3 nF (figure 6(b)) has lower.slope and departs from linear dependence at higher currents. The

impedances of used capacitors can explain the observed difference. It can be assumed that the

capacitor impedance is equal to the capacitive reactance X¢ = Pl that resistance losses are

negligible. Thus, the values 0f'597/Q2 and 46 Q are obtained for C = 0.8 nF and C = 10.3 nF,
respectively. Comparing these results with the resistance of 1 kQ, it is clear that the impedance of
0.8 nF capacitor is closer to'1 k€ while the impedance of 10.3 nF capacitor differs by one and a

half orders of magnitude from that value.

3.3. Impedance of the plasma jet

In order to determine the impedance of the system, we have used a linear fitting of the plotted V- A
characteristics obtained at the plasma jet. The total impedance of the plasma jet system Z was
obtained as the line slope of the calculated linear fit. It was calculated for both regimes — in the

absence (Plasma OFF) and presence (Plasma ON) of plasma and for three different components in
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the ground line of the electrical circuit. The equivalent circuit presented in figure 2 is very:simple
one and serves only for the estimation of the impedance of the used geometry (Plasma OFF) and
of the discharge. These rough estimations of the jet system and plasma impedances are important
when developing and/or choosing the appropriate power supply system. They present a load. that
will influence the work of the power supply, its output and optimal operating frequency. The
plasma, which is highly non-linear system, will in most cases reduce the optimal operation
frequency (‘frequency pulling’) of the power supply [54]. This means:that output voltage can be
reduced due to the exiting resonant state with the power supply transforfher,

During the Plasma OFF regime, the complex impedance Z can be considered as a series connection
of the impedance Zyp and the impedance of the measuring, elementn the grounded line of the

circuit — resistor or capacitor (see figure 2):
2 =Inp + Zgc IS (5)

where all impedances are in complex form, |Zz| = Rpand |Z.| = Xc = ﬁ assuming that the

contribution of the equivalent series resistance of thecapacitor can be neglected. Zyp represents
the equivalent impedance of the plasma jet system configuration without plasma, including
capacitance of plasma jet configuration, target impedance, stray capacitance and parasitic

resistance of cables and connections.

When the plasma is ignited«(Plasma ON regime), plasma impedance is represented by Zp in a
parallel with the impedance Zyp (figure 2). Plasma impedance is a complex system and it is beyond
the scope of this work.to estimate each of the components. After the plasma inception, the
impedance Z is given by:

A 1 1 A
Z_Z_l\u)+2_p+ ZR,C (6)
Table 1 shows the total impedances of the plasma jet system |Z| obtained in the presence and
absence of plasma. The impedances |Z| obtained with three different configurations are in
agreement with each other, with the difference smaller than 3%. This is expected since differences
in the configurations were in the grounded line part. After the plasma is ignited, the total impedance

is reduced by 10%.
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Table 1. The total impedance of the plasma jet |Z| in Plasma ON and Plasma OFF states for

three different measuring elements in the ground line.

Element in the 1Z| (k)
ground line Plasma ON Plasma OFF
R=1.0kQ 54.2 59.0
C=0.8nF 54.3 59.8
C=10.3nF 55.6 584

3.4. Mean powers dissipated into the system

In this part, we present and discuss two measured powers: the mean power delivered to the plasma
jet - Pmean and the mean power consumed by plasma,Pmean_c, i.€., the power measured in the
grounded line originating from the plasma and through the ta?get. Additionally, a comparison of
the results obtained using two standard methods, by integrating of current and voltage product (V-

1) and by Lissajous figure method (Q-V) is presented:

The mean power delivered to the plasmajet Pmean Was determined in all experiments regardless of
which measurement element was. inserted in‘the grounded line. The powers Pmean consumed with
ignited plasma (red squares in plots).and without plasma i.e. feed gas (empty squares) were
calculated by using the equation g) and presented in figures 7 and 8.

Determination of the power Pmean Without plasma has significance for determining the mean power
delivered only to plasma since parasitic resistance in the system is included in power dissipation
measured when the plasma‘isignited. Therefore, to obtain the values delivered to the plasma itself
(Pmean(NET)), thesinput power measured without He flow (Plasma OFF) was subtracted from the

input power when the plasma was on (Plasma ON) for the same applied voltage value:

Prean(NET) = Ppean(Plasma ON) — B ecan(Plasma OFF) (7)
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The minimal uncertainty of both methods in our experiments was estimated to be 0.2W for
voltages below 1.5 kV given by power supply. In this range Pmean(NET) is within this margin. It
is found that the power Pmean(Plasma OFF) increases nearly linearly withythe applied voltage.
Fitting a linear function to the obtained data points permits the determination of power losses for
any applied voltage or current in the measured range. Comparing the dependences 0f Pmean ON
applied voltage Vrms and on the current through the plasma jet Irms (se€ figure 8)yit is clear that

using either voltage or current as an independent parameter leads to the same power dependence.
~
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Figure 7. Mean power delivered to plasma jet Pmean in presence (ON) and absence (OFF) of plasma as a function
of applied voltage Vrwis for configuration with C = 0.8 nF in the grounded line. Power delivered only to plasma

(Pmean (NET) points)is acquired by subtracting the values.
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;g Figure 8. Mean power delivered to plasma jet Pmean in presence (ON). and absence (OFF) of plasma for
21 configuration with R = 1 kQ in the grounded line. Pmean(NET) points are acquired by subtracting the values. (a)
;g Pmean dependence on applied voltage Vrws, (b) Pmean dependence on the current through plasma jet main line
24 Irvs. L 4
25
26 The obtained Pmean(NET) as function of Vrwms is presented in the plot in figures 7 and 8 (star
27
28 symbol). Figure 7 shows the power Pmean Obtained. in configuration with capacitor C = 0.8 nF,
gg while figure 8 shows results measured inithe arrangement with a resistor R. This power was found
g; to be up to 6 W for the Vrus range between,0.5 and 2 kV. In both figures 7 and 8, there is a jump
33 in values Pmean(NET) with the applied voltage above 1.5 kV (or Irms above 25 mA). This is the
34 S - o
35 situation when the streamer reached and.connected to the liquid target surface. By switching to
g? that regime, the power Pmeansjumps._to_ higher values and continues to increase with increasing
38 applied voltage.
39
4 . .
4(1) In case of the measurement of power consumption by plasma, Pmean ¢, We used two different
g methods (V-1 and Q-V). With the serial resistor in the ground line (V-1 method), the power Pmean_c
44 was calculated by using equations (3) and (7). When a capacitor was connected in series with the
45
46 grounded target, the Q=V-method was employed. Figure 9 shows the dependence of the charge on
j; the measurement.capacitor on applied peak-to-peak voltage for capacitor C = 0.8 nF. Lissajous
49 curves and the calculated deposited powers for three different input voltages of 5 kV, 5.5 kV, and
50
51 5.9V are presented.
52
gi The powers were calculated by using equation (4). Since both the applied voltage and the charge
55 oscillate with the same frequency, a Q-V plot will form an ellipsoid Lissajous figure. The elliptical
56
57
58 19
59
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shape of Q-V diagrams is obtained when a continuous plasma current flows during a full period of

high voltage signal [21, 48].

5 T T T T T
1C =0.8nF .
4 4/Plasma ON H
3] Applied voltage i
] 5.0kV :
2 5.5kV
5.9kV
o 17 | 1
=
o017 F LS T 1
_1__ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, _

2_ 777777777777777777777777

-3_: b
R B R . & 4 . S _
'5 | T T T T T T T T
-3 -2 -1 0 1 2 3
v (kV)

Figure 9. Charge — voltage plot (Lissajous figure) and consumed power Pmean_c in the presence of plasma for
three different applied peak-to-peak veltage (5 kV, 5.5kV, 59kV) and signal frequency of 330 kHz. A

capacitor of 0.8 nF was used for measurement:

From the data in figure 9, it was*apparent that the Lissajous loop retained the same shape and
changed the slope (the line eonnecting points of minimum and maximum voltage) as the voltage
changed. The centre of ellipse coincided with the coordinate system point of origin. Comparing
the results for two different capacitors, it was found that the power measured using the 10 nF
capacitor was slightly higher than the power estimated with 0.8 nF capacitor for the same applied
voltage. The/difference was around 23%, and it can be due to capacitor properties or plasma

adjustment:to different circuit elements [33].

Charge-voltage plots for states with and without plasma at the same applied voltage for 0.8 nF and
103 nF meonitor capacitors were presented in figures 10(a) and (b), respectively. Our
measurements show that the obtained Lissajous figure in the absence of plasma had a nonzero area,

Ike..it was a very elongated ellipse. Usually, the curves obtained without plasma ignition the Q-V
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diagram are considered to be a straight line as it was assumed in the other studies with different
plasma sources employed [42, 44]. The existence of the elongated ellipse when plasma is not
ignited may be the result of technical issues such as defective wire connections or uncempensated
probes [48]. In our case, these contingencies were checked and excluded."So, this power
dissipation in Plasma OFF regime manifested the resistive losses present in'the system, i.e. that a
certain power was consumed in this part of the circuit even without plasma. Thisswas observed
also with Plasma OFF power values measured at the plasma jet (figures 7.and 8). Comparing the
plots in figure 10, it can be seen that the power losses measured with 10.3 nF capacitor are one
order of magnitude less than those in the case of 0.8 nF capacitor:In the€ase of high excitation
signal frequency, the parasitic properties of the capacitor:can have a significant value thus
influencing the total impedance of the capacitor in the circuit [383, 41, 55]. This, in turn, influences
determination of power, particularly in the Plasma OFF case.

4
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Figure 10. Charge.— voltage plot (Lissajous figure) and consumed power Pmean c for applied peak-to-peak
voltage of 5.5 k\.-and signal frequency of 330 kHz. Data in (a) green and (b) blue represent state with plasma
and data in black (a) and«(b) represent state without plasma (without He flow). Capacitors of (a) 0.8 nF and (b)

10.3 nF were:used for measurements.
The Q-V plot in the absence of plasma has a shape of an elongated ellipse with the sharp turning
point at maximum input voltage, meaning that charge and supplied voltage are in phase reaching

the peak value at the same time. When the plasma is turned on, a Lissajous curve gains rounded

end-points indicating additional resistive losses in the system. However, the waveforms of voltage
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across the capacitor vg(t) and high voltage v(t) remain in the phase for Plasma ON. Therefore, it
can be assumed that the ignition of plasma does not lead to increase in impedance of an element
of plasma jet system, which can change the phase between voltage signals. This analysis suggests
that the power obtained with Plasma ON contains the total power consumed in the system.:Thus,
determination of the mean power consumed only by plasma, Pmean ¢ (NET),‘has to follow a similar
procedure used for the V-1 method in equation (7): the power calculated from, Plasma OFF
Lissajous figure should be subtracted from power determined from_Plasma ON Lissajous figure

for the same applied peak-to-peak voltage. .

In order to evaluate the two methods for the determination of the dissipated power, the dependence
of the mean power consumed by plasma Pmean_c (NET) on Vrums was plotted in figure 11 with

values obtained with three different electrical elements in the grounded line.

4
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Figure 11. Mean power consumed by plasma Pmean_c (NET) for three different measuring elements in the

grounded line.

The power Pmean_6(NET) ranges from 0 to 1.7 W for Vrus between 0.5 and 2 kV. Compared to the
results calculated for the power Pmean, We observed that less than 30% Of Pmean is consumed by the
plasma and forwarded through the grounded line. It can be seen in figure 11 that the power
dependence on Vrws calculated by the Lissajous figure (triangles) is in excellent agreement with
those values obtained by the V-1 method (squares). The error bars were estimated as standard errors
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from three different measurements. In the Vrws range from 0.5 to 1.1 kV, the calculateddifference
between powers measured in the presence and absence of plasma is close to zero. However, the
plasma could be observed with the naked eye as a small bright region at the tip of the electrode
even in this range of applied voltages. Therefore, these power values were lower than the

sensitivity of the methods.

3.5. Difficulties in measurements of power

The most common problems in the power measurement are unwanted losses in the circuit that
affect repeatability of the measurements. The losses in the plasma jet system occur due to the
connections of the circuit elements, their quality i.e. characteristics, cables and also measuring
equipment (especially when approaching high frequency.range). In the ground line of the electrical
circuit, we noticed that any change in connections such as thg change of cables, connectors or a
grounding technique will affect the measuredvalues. Te'minimize the power losses and ensure
reproducible results, the cables of appropriate length, connection and quality should be selected

before measurement.

Several cautions need to be noted regarding the use of the Q-V method. The most common
difficulties to pay attention to are: the selection of the appropriate type of capacitor, the use of
proper cables for grounding theiapacitor and the appearance of nodes or discontinuities in the

curve.

Firstly, selection of an appropriate capacitor is considered as the most important part of the
successful application of thissmethod. It was found that the different types of capacitors with the
same capacitanceyield different results. The use of film capacitors has been found to lead to non-
physical results. When using a 10 nF metalized polyester (PET) capacitor, we measured more
dissipated power when the plasma was OFF than when the discharge was ignited. In some cases
when PET capacitor was used, we observed a self-intersecting loop in the part of the figure where
chargerand voltage change sign. The appearance of node points in the curve indicates different
oscillation frequencies of the two signals — applied voltage and capacitor voltage. These findings
suggest that PET capacitors should not be used in Q-V technique for power determination at least

not with high-frequency signals.
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The capacitor size should be chosen with respect to the plasma jet system capacitance, i.e. the
capacitor should be selected that can store all the charge that has passed through the discharge
during one half-cycle of the applied voltage. This can be fulfilled if the capacitor size is at least
one order of magnitude higher than the plasma source capacitance. In this work, the capacitance

size was selected to be three orders of magnitude greater than the plasma jet'system capacitance.

As already mentioned, the connections in the grounded branch of the circuit greatly influence the
repeatability of measurements. Small changes in the position of the cable between the grounded
electrode and the monitor capacitor could cause changes in the inclination and width of the Q-V
elliptic loop. A suitable cable which does not influence characteristies of Lissajous curve should
be selected for the measurement.

Finally, despite its type and capacitance, every capacitor gives open loops. The Q-V plot is
discontinuous because the curve after one period of applied vgltage does not return to the starting
point. That is, the charge and voltage values are different in points t = 0 and t = T. This feature of
the Lissajous figure has already been observed for DBD plasma reactors [41, 56]. Despite this, the
integration of the figure area is still possible, although there is a gap in the curve. This issue can
be diminished when using high-resolution oseilloscope that provides waveforms with large

number of points.

The main challenge with the usg of the V-l method is resistor selection. It should be large enough
to limit the discharge currenta:This is especially important in case of the low resistivity targets
(conductive targets). An uncontrolled increase in discharge current can lead to a change in the type
of discharge and then to heating.and evaporation of the liquid target. However, the measurement
resistor must be smallrenough<to measure the voltage across the resistor with a voltage probe.
Moreover, there are certain problems with using the V-1 method when the pulsed power source is
used in the experiment:"In that case, when calculating the power, it is necessary to perform
integration over.the entire pulse duration period. Integration over one part of the period of the input
signal which is shorter than the pulse duration, gives an inaccurate result for the power deposition
as it couldrinclude only positive or negative part of the waveform oscillation. This would lead to

anunderestimation or overestimation of the measured power.

24

https://mc03.manuscriptcentral.com/pst

Page 24 of 27



Page 25 of 27

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - PST-2022-0072.R1

4. Conclusion

In this paper, we presented results of electrical diagnostics of the He plasma jet powered by
continuous sine HV signal and operating in contact with a liquid sample. The main goalswere to
use data from systematically performed measurements of electrical parameters of such.system for
determination and comparison of mean power consumed by plasma Pmean-g@btained by using two
different methods - V-1 and Q-V. It must be emphasized that displacement current can be significant,
especially in the case of atmospheric pressure plasma sources, and itineeds tebetaken into account.
Since it is mainly result of the capacitive characteristics of the plasma'systems it does not influence
mean power deposited (consumed by) to the plasma. This is evoked hy.the fact that plasma jets in
configuration with pin electrode are employed in different applications in contact with liquid target
but without thorough investigation of power measurement techniques especially for the case of

continuous wave power supply.
@

For that purpose, voltage and current waveforms were monitored and V-A characteristics of the
plasma jet and the discharge were established.»The phase difference between the current and
voltage signal showed mainly the capacitive nature of the system, regardless of plasma presence
in the system. As obtained V-A characteristics were linear, the data were used to determine the
impedance of the whole system from the linearfitting of the plot. The impedance was almost the
same regardless of the ground circuit configurations.

The mean power delivered totheplasma jet was determined by using the V-1 method and found to
be up to 6 W for Vrus range between 0.5 kV and 2 kV. It was shown that plotting the power values
using either voltage or currentas:an independent parameter results in the same power dependence.

The mean power consumed by plasma was determined by using two different methods. In both
case when the capacitor was inserted in the ground line of the electrical circuit, an elliptical shape
of the Lissajous figure was obtained. However, measured power observed with two different
capacitorsidiffers,by23%, suggesting slightly different adjustment of the plasma operating point
due to the system conditions. Also, it shows that the properties of the capacitor should not be
neglected when calculating the power delivered to the plasma as the capacitor should not be
considered as an ideal element of the circuit. Nevertheless, this study has found that the discharge
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power dependence on Vrwms calculated by the V-1 method is consistent with those observed by the

Lissajous figure (Q-V method).

Nevertheless, proper utilization of the power measurement method is necessary if oneperforms
optimization of the energy efficiency of the plasma system. The mean power delivered to plasma
calculated by both methods ranges from 0 to 1.7 W for Vrms range between 0.5 kV and 2 kV.
Therefore, this means that less than 30% of the power delivered to the plasma jet is consumed by

the plasma. o
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INFLUENCE OF PLASMA PROPERTIES ON REACTIVE
SPECIES IN PAW
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We have used a pin-type of atmospheric pressure plasma jet (APPJ) for treatment of distilled water
samples and production of plasma activated water (PAW). Electrical characterization of the APPJ
and plasma power measurements were performed in order to obtain information about stability of
the treatment conditions, the plasma properties, and the influence of plasma parameters on PAW. In
order to investigate the influence of working gas on the PAW chemistry, we have performed
treatments with helium or argon streamer discharges. Diagnostics of treated liquid samples were
carried out to evaluate the effectiveness of plasma treatment. Results show that chemically reactive
gaseous environment of helium discharge favours the production of nitrates and nitrites. At the same
time, the argon discharge produces an order of magnitude higher values of hydrogen peroxide and
nitrates, but the amount of nitrites is quite low.

1. Introduction

Cold atmospheric pressure plasmas have been intensively investigated over the past decade due to their
great potential for various applications. In the area of plasma agriculture, gaseous plasma treatment of
aqueous solutions has multiple advantages such as reduction or elimination of organic contaminants and
antimicrobial effects [1, 2]. The exposure of water to plasma induces a number of reactions occurred in
the gaseous phase and introduces reactive oxygen and nitrogen species (RONS) species in agueous
phases. The resulting “plasma-activated water” was shown to remain active long after the plasma is
turned off [3]. Among the most commonly detected chemical species in PAW are hydrogen peroxide,
nitrite and nitrate due to their relative stability. These reactive species play a key role in the reactions
involving dissolved organic species in water and can effectively inactivate bacteria or microorganisms
[4]. Proper and detailed diagnostics of plasma sources will help to achieve better understanding and
establish the correlation between the plasma processes and the treatment effects which is of crucial
importance for further applications. From the point of view of plasma physics, the central issue is to
standardize the performance in RONS production. Here we will present the results of the influence of
the type of the working gas used (He or Ar) on the production of RONS in PAW.

2. Experimental setup

In the study, we assessed the performance characteristics of the pin-type configuration of an APPJ
powered by a continuous high voltage signal at frequency 330 kHz and operated with He and Ar as
working gases. Schematics of APPJ and experiment set up are provided in Fig.1. Determination of
concentrations of three reactive species (H.02, NO3, NO3) in liquid and pH of treated aquous solution
was performed. Plasma source consists of a metal cylindrical case, a glass tube with concentrically
placed powered sharpened electrode. The copper tape at the bottom of the microtiter plate was connected
to the ground through a 1 kQ resistance for monitoring the discharge current flowing through the plasma.
The electrical volt-ampere characteristics as well as the power consumption were analysed with
electrical probes.
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Fig. 1. Schematic overview of the experimental set up.

Two types of plasma treatments were done: with He as working gas with flow rate of 2 sim and Ar with
flow rate of 1 sim. Treatment times were 5 and 10 minutes. The volume of treated samples placed in the
wells of 6-well microtiter plate below the APPJ was 4ml. The distance between the water surface and

wire was 10 mm in all treatments. In order to characterize PAW we used colorimetric methods for
measuring the concentrations.

3. Results and Discussion
In Fig. 2. we show concentrations of long-lived reactive species obtained after 5 and 10 minutes
treatment of water sample by a pin-electrode jet. We measured completely different concentrations of
all reactive species depending on the working gas. By changing the working gas, concentrations of
produced H>O, and NO3 in PAW are measured to differ by an order of magnitude. For both gases the
results show an increase in concentration of H.O2 and NO3 with treatment time. The amount of nitrite
generated by He plasma is almost same after 5 and 10 min while in case of Ar plasma the concentrations

of nitrite in liquid are negligible. This result may also reflect a significant difference in power dissipation
under different feed gas composition.
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Fig. 2. Concentrations of nitrite, nitrate, and hydrogen peroxide in PAW samples after 5 and 10 minutes
treatments using He and Ar as working gases.
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4. Conclusions

Plasma treatments of distilled water were done using an APPJ in a pin-electrode configuration. These
experiments demonstrated that changing the working gas produced different amounts of measured
reactive species in PAW while in both cases filamentary type of plasma was established. Correlating
measurement of plasma parameters with liquid sample properties will enable to investigate influence of
different plasma parameters on changes in the properties of treated samples. Furthermore, it will be
important to explore the potential use of these samples for the particular application in plasma
agriculture field.
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Plasmas for plant bio-engineering and in agriculture for resource recovery

N. Puag!, N. Skoro?, S. Zivkovié?, M. Milutinovi¢?, S. Jevremovi¢?, O. Jovanovié¢!, G. Malovié! and Z.Lj. Petrovi¢®

Ynstitute of Physics, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia
2Institute for Biological Research “Sinisa Stankovic“, University of Belgrade, Bul. despota Stefana 142, 11000
Belgrade, Serbia
3Serbian Academy of Sciences and Arts, Knez Mihailova 35, 11000 Belgrade, Serbia

Abstract: We have used different low-temperature atmospheric pressure plasmas for direct
or indirect treatment of plant tissue. The plasma sources were characterised in detail by using
optical emission spectroscopy, mass spectroscopy and electrical probes. The influence of the
plasma treatments on the plant cells was investigated through enzyme response, development
of calli and process of somatic embryogenesis. Also, the effect of plasma treated water and
plasma decontaminated water was followed through the process of seed germination.

Keywords: plasma agriculture, plant calli, plasma decontamination.

1.Introduction

In the last decade the atmospheric pressure plasma
systems have been extensively used in biomedical
application [1-3]. Their construction and development was
governed by the type of application and by the type of
biological system that is treated. In parallel another field of
plasma applications was growing — plasma agriculture. The
first experiments were done with the low pressure
nonequilibrium plasmas and primarily in treatments of
seeds [4, 5]. Due to the fact that most seeds, plants, plants
cells etc. cannot withstand vacuum, the devices that are
nowadays mostly used are operating at atmospheric
pressure. In such system, for example, the rich plasma
chemistry changes the coat of the treated seed resulting in
changes in wettability, better water uptake, increased
percentage and speed of germination [6-8]. At the same
time the pathogens that can be found on the seed coat and
can be responsible for low germination percentage or
contaminated plant are also destroyed during the plasma
treatments. Therefore, unlike the classical methods
involving different chemicals, plasma treatments can have
a double or even multiple impact on the treated seeds.

As with the mammal cells, the interaction of the
chemical species created in plasma and the triggered
mechanisms are of the outmost importance. In the world of
plants this can be done through investigation of the plasma
treatments of the plant calli. In biological research and
biotechnology the plant callus (pl. calli) is induced from
plant tissue and it forms growing mass of plant parenchyma
cells. The influence of the plasma created reactive oxygen
and nitrogen species (RONS) and their interaction with
calli can be investigated through the response of the cell
enzymes. Puac et al. have shown that the interactions of the
plasma created RONS with the plant cells can have even a
long term influence [9].

Apart from the plasma treatments where plasma is in
direct contact with seeds or plant cells like calli, there is a
large group of experiments that investigate the influence of
plasma treated water (plasma activated water — PAW) on
theses specimens. It was shown that PAW used for

imbibition of the different types of seeds increases
germination percentage and on the molecular level changes
the enzyme activity level.

Another very important topic is the possibility of re-
usage of the water contaminated by agricultural means
(pesticides, fertilization, biological farm waste etc.). Here
we will present the results of applications of atmospheric
pressure plasmas in direct treatment of plant seeds and calli
or treatment of clean or contaminated water.

2.Application of atmospheric pressure plasmas in
treatments of plant tissue and water used in
agriculture
We have used several types of nonequilibrium plasma
systems that operate at atmospheric pressure for direct
treatments of plant calli, for treatment of water in order to
produce PAW and for treatment of water contaminated

with pesticides.
v
/“

L

Fig. 1. Daucus carota callus

Pin geometry plasma sources used for these applications
operate in the range of frequencies from kHz to MHz.
These devices were used with helium as working gas and
He gas flow was kept constant at 1 slm and 2 slm
depending on the application. All plasma systems were
characterised in detail by optical emission spectroscopy,
mass spectroscopy and by using electrical probes.

The direct plasma treatment of plant calli was used to
investigate the plasma cell interactions and to follow the
response of the plant tissue several hours and days after the



treatment. Some of the samples that were used were taken
from the model plants (like carrot cells — see Fig. 1.) and
others from the plants that have an issue that needs to be
overcome. For example callus of the yellow irises fall in
the second group with its inability to enter the process of
somatic embryogenesis (SE).

The direct plasma treatments of calli of Daucus carota
were performed in order to investigate if the process of SE
can be triggered even in the conditions where it is disabled.
This means that the ratio of the growth hormones (in
particular Auxin) in the culture medium is set to keep out
the plant cells from going into SE. The results of such
treatments are shown in Fig. 2. We can see that even in the
conditions where SE cannot be initiated, plasma treatment
triggered this process and the number of formed somatic
embryos is higher with longer treatment time.

N

=}

S
1

300

200

100 +

Number of somatic embryos/100 mg calli

o
I

con 10s 30s 60s

treatment time

Fig. 2. Number of somatic embryos in Daucus carota
callus for untreated and treated samples.

In case of water treatment, we have used clean distilled
water and water contaminated by pesticides for creation of
PAW. Both types of treated samples were then used for
imbibition of seeds and investigation of effects on
germination percentage and enzyme response. In order to
determine the amount of active RONS species the PAW
and decontaminated water samples were also characterised
in detail by using spectrophotometry, total organic
compound, dissolved oxygen, pH and conductivity
measurements.

3.Conclusion

Nonequilibrium plasmas have shown a lot of potential in
applications in biotechnology and agriculture. We have
used several types of atmospheric plasma sources for
treatments of plant calli or clean/contaminated water that
was used for imbibition of seeds or watering of plants. All
the plasma devices were characterised in great detail and
optimised depending on the type of the sample and
application. In the direct plasma treatment of plant calli it
was determined that plasma species interacting with plant
tissue can serve as a trigger for process of SE, even when
this process is blocked or conditions unfavourable.

When used in treatments of water, RONS created in
plasma and deposited in PAW increased the germination
percentage of the imbibed seeds. Also, in the case when
this water was contaminated by pesticides it was found that
plasma treatments reduced harmful effect.
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Abstract. In this work we present a method for purifying water contaminated with pesticides for further
application in agriculture. For this purpose, a needle-type atmospheric pressure plasma jet (APPJ) was
used, with electrode powered by a high voltage signal at frequency 330 kHz. We have used He as
working gas with flow rate 2 sim. The solution of pesticide Malathion in distilled water was treated as
contaminated sample. Optical emission spectroscopy was performed during liquid sample treatment.
Pollutant concentrations in the samples were analysed and parameters of the chemical kinetics were
obtained. Malathion destruction is described with the first order reaction. Then, the samples were used
for radish seed imbibition. The results have shown that the plasma decontaminated water treatments
have positive effect on germination of radish seeds.

1. Introduction

For more than a decade cold atmospheric pressure plasma have been successfully used in
various types of biomedical treatments [1-3]. Studies performed within this field proved that
non-equilibrium plasma is very versatile and efficient medium with complex dependence
between its properties and controlling parameters as well as the interaction between plasma and
treated surfaces. Research in the new field of plasma agriculture, which brings novel
applications for APP, in the first place should study the key mechanisms underlying particular
application in order to understand and control new processes [4]. One of the most important
issues of modern agriculture is water pollution due to immense use of pesticides.

Thus, in our study we investigate application of cold atmospheric pressure plasma source for
decontamination of water containing dissolved pesticide. Here, as an initial step, we present
results of employment of atmospheric pressure plasma jet (APPJ) for the decontamination of
aqueous solutions of pesticide Malathion.

2. Experimental

In Fig. 1 we show a schematic diagram of our experimental setup. Plasma source used for
treatments is an atmosphere pressure plasma jet (APPJ) which consists of a metal cylindrical
case, glass tube, with the inner and outer diameters of 4 mm and 6 mm, respectively, with
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concentrically placed powered electrode. The electrode was made of stainless steel wire with
the diameter of 1 mm. The end of the wire is sharpened and it is extending for 3 mm from the
ceramic insulation into the glass tube. A commercial high voltage RF generator working at
frequency of 330 kHz is used as a power source. In all treatments He was used as a working
gas with flow rate of 2 sim. The experimental setup is similar to the one described in [5].

Power
Current p source
probe 1
el
-
Hv | (== He
probe (2slm)
v
—4 Oscilloscope|
Voltage
probe
R =)
3
| 3

Fig. 1 Schematic overview of the experimental set up.

The samples containing Malathion were treated in the wells of 6-well microtitter plate. The
volume of treated solution of Malathion in the well was 4 ml and initial concentration was 500
ppm in distilled water. Treatment times were 5 and 10 minutes. At the bottom of the micro titter
plate copper tape is glued and connected to the ground through a 1 kQ resistance for monitoring
the current passing through the plasma. The distance between the surface of the liquid in the
plate and wire was 10 mm. Optical emission spectroscopy is performed by using a UV-VIS lens
positioned above the microtitter plate (as shown in Fig. 1), a fiber and spectrometer (Shamrock
750). Analysis of the liquid samples are accomplished in HPLC measurements, determining the
area below the peak corresponding to Malathion.

3. Results and Discussion

In order to study the pollutant degradation process induced by plasma we performed
characterization of plasma and liquid samples that are treated with the APPJ. Monitoring of the
current through the plasma allowed us to continuously check the treatment conditions. Since
we had the values of Irms = 5 YA in all treatments, we had stable plasma conditions. To reveal
what kind of excited species we produce in plasma, we employed optical emission spectroscopy
measurements. The lens was positioned in such way that its viewing angle contained the plasma
plume and the interface volume between plasma and the liquid surface.
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Fig. 2 Optical emission spectrum of APPJ with 2 sim of He as working gas recorded while operating against water

sample contaminated with 500 ppm of Malathion.

In Fig. 2 we show emission spectrum taken at treatment conditions in wide range of
wavelengths — from 290 nm to 800 nm. The spectrum is recorded in time-integrated manner
with exposition time of 500 ms. Lines with the highest intensities are designated in the plot.
Overall, the highest intensity lines belong to excited Nitrogen molecules, particularly the
Second Positive System (SPS). Then, the lines of the First Negative System (FNS) of Nitrogen
ion follow in the intensity scale. Strong Oxygen atom line at 777 nm is also visible suggesting
the existence of high concentration of Oxygen atoms. These atoms are produced in the plasma
is several dissociation channels [6]. Therefore, both atomic Oxygen species and probably some
Nitrogen species are present in the plasma above the liquid [7]. Three He lines are also visible
although their intensity is much lower in comparison to Nitrogen and Oxygen lines. Low-
intensity OH (A-X) band (306-309 nm) can be also found in the spectrum. This band originates
mostly from excited OH radicals formed after molecules of water vapour dissociation [8].

Fig. 3 shows data of measured Malathion decomposition in liquid samples treated by the APPJ.
The initial concentration in these measurements were Co=10ppm and the evaluation of
concentrations C after treatments of 1 min, 5 mins and 10 mins was performed from the
chromatographic peak area of Malathion peak. In Fig.3b) the relative concentration values are
plotted in semi-logarithmic scale and fitted with linear fit. Therefore, Malathion destruction
process can be defined with the first order reaction with R?=0.989. From the fit we obtained
parameters of the chemical kinetics k=0.5 min'* and T12=1.4 min.



! ! ! ! ! ! 6 T T T T T
104 (@ Walation | 05 min®
[ J
54 -
0.84 E
44 _
o >
Q 06 1 9 . ]
O Q
° £
- - 1
0.4 2] Py i
0.2+ E i i
[ ] ! b
00 T T T T T f O T T T T T
0 2 4 6 8 10 0 2 4 6 8 10
t [min] t [min]
(a) (b)
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Treated contaminated water samples were used for imbibition of radish seeds. The 40 seeds
were placed in Petri dishes and they were imbibed with 2 ml of liquid per Petri dish (5 cm in
diameter). The dishes with the seeds were left in a room with constant temperature and with
day-night cycle. For the control samples, we used seeds imbibed with distilled water and
solution of Malathion (500ppm). All experiments were done in triplicate.
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Fig. 4 Mean values of radish seeds germinated after 18 hours of imbibition with different water samples. dH20 —
distilled water, distilled water contaminated with 500 ppm Malathion, MD5 — contaminated water treated 5 minutes,

MD10 — contaminated water treated 10 minutes.



In Fig. 4 we show histograms of mean value of germinated radish seeds (left hand-side axis)
and germination percent (right hand-side axis) 18h after seed imbibition. Comparison between
control groups showed that the number of germinated seeds imbibed with distilled water is
almost twice as higher than the number of seeds germinated after imbibition by Malathion
solution. As for the seeds imbibed with plasma decontaminated water, we can see the positive
effect of longer plasma treatment of water polluted by Malathion. More precise, the results on
plasma treated samples show that in this case duration of treatment of water polluted by
Malathion significantly affects germination. While the set imbibed with solution treated for 5
mins is almost the same as the Malathion sample with the germination below 40%, the sample
treated for 10 mins has the germination of almost 60%, i.e. the value which is 1.5 times higher.
However, even after 10 mins of plasma treatment these seeds still have germination lower than
70% which is the value obtained with seeds imbibed with distilled water. Nevertheless, it is
clear that seeds imbibed with plasma treated samples have higher germination percent than the
seeds imbibed with contaminated water.

4. Conclusion

We conducted a research aiming to explore the possibility of utilization of atmospheric pressure
plasma for decontamination of water polluted with organic pollutants. As the first step, we
choose to target pesticide Malathion dissolved in distilled water. The liquid samples were
treated by Helium APPJ while performing electrical and optical diagnostics. The optical
emission spectrum showed existence of nitrogen and oxygen reactive species and small
concentrations of OH radicals. Measurements of pollutant concentrations before and after
treatments showed that destruction process can be fitted with first order reaction. Finally, radish
seeds were imbibed with plasma treated samples. Results of germination of seeds imbibed with
plasma decontaminated water showed increase in number of germinated seeds compared to the
case of seed imbibition with Malathion polluted water. This proves that plasma treatments can
purify water and cause decomposition of pollutant molecules to the extent suitable for the
plasma treated water to be reused for plant cultivation. However, in order to achieve efficient
process, one need to investigate decomposition mechanisms triggered by plasma treatment and
the influence of treated solution on seed physiological processes.
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2. EXPERIMENTAL SETUP

The Fig. 1 shows a schematic diagram of the experimental setup.
Plasma source was an atmosphere pressure plasma jet which consists of a metal
cylindrical body, glass tube, with the inner and outer diameters of 4 mm and
6 mm, respectively, and concentrically placed electrode with ceramic insulation.
The electrode was made of stainless steel wire with the diameter of 1 mm. The
end of the wire (powered electrode) is sharpened and it is protruding for 3 mm
from the ceramic insulation into the glass tube. As power source we have used a
commercial high voltage RF generator working at frequency of 330 kHz. In all
experiments He was used as a working gas with flow rate of 2 slm.
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Figure 1. Schematic overview of the experimental set up.

The samples containing Malathion were treated in the wells of 6-well
microtiter plate. The volume of treated solution of Malathion in the well was 4
ml and initial concentration was 500 ppm in distilled water. Treatment times
were 5 and 10 minutes. At the bottom of the micro titter plate we glued copper
tape that was connected to the ground through a 1 kQ resistance. The distance
between the surface of the liquid in the plate and wire was 10 mm.

3. RESULTS AND DISCUSSION

Treated solutions as well as distilled water and Malathion contaminated
solution were used for the imbibition of maize and radish seeds in Petri dishes,
with 12 and 40 seeds, respectively in each dish. The seeds were imbibed with
2 ml of liquid per Petri dish (5 cm in diameter). The dishes with the seeds were
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left in a room with constant temperature and with day-night cycle. All
experiments were done in triplicate.

For the control samples, we used seeds imbibed with distilled water and
solution of Malathion (500ppm). Histogram shown in Fig. 2 presents mean value
of germinated maize seeds four days after imbibition. Comparison between
control groups showed that number of germinated seeds imbibed with distilled
water is more than twice higher than number of seeds germinated after
imbibition by Malathion solution. As for the seeds imbibed with plasma
decontaminated water, we can see the positive effect of plasma treatment of
water polluted by Malathion. The number of germinated seeds watered with the
solutions treated for 5 minutes and 10 minutes is higher 1.5 times than in the
untreated Malathion solution. Mean values in both sets of seeds imbibed with
decontaminated water are the same (around the value 5) within the error bar.
Nevertheless, it is still lower than the control group imbibed with distilled water
where the mean value is 7.3.
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Figure 2. Mean values of maize seeds germinated after 4 days of imbibition with
different water samples. dH,O — distilled water, distilled water contaminated
with 500 ppm Malathion, MD5 — contaminated water treated 5 minutes, MD10 —
contaminated water treated 10 minutes.

Similar results are obtained in the case of germination of radish seeds.
Fig. 3 shows mean values of germinated radish seeds 18 hours after imbibition.
In this case, values in control groups with H,O and 500ppm Malathion have
difference of 1.75 times. However, the results on plasma treated samples show
that in this case duration of treatment of water polluted by Malathion
significantly affects germination. While the set imbibed with solution treated for
5 mins is almost the same as the Malathion sample (mean value around 15.5), the
sample treated for 10 mins has the value which is 1.5 times higher.
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Figure 3. Mean values of radish seeds germinated after 18 hours of imbibition
with different water samples. dH,O - distilled water, distilled water
contaminated with 500 ppm Malathion, MD5 — contaminated water treated
5 minutes, MD10 — contaminated water treated 10 minutes.

4. CONCLUSION

Results of germination of seeds imbibed with plasma decontaminated
water showed increase in number of germinated seeds compared to the case of
seed imbibition with Malathion polluted water. This proves that plasma
treatments can purify water and cause decomposition of pollutant molecules to
the extent suitable for the plasma treated water to be reused for plant cultivation.
However, in order to achieve efficient process, one need to investigate
decomposition mechanisms triggered by plasma treatment and the influence of
treated solution on seed physiological processes.
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Abstract Text:

As water scarcity becomes widespread concern in many countries, new approaches for water
processing are being considered. In order to have the potential to be applied in the industry, these new
methods should be primarily environmentally friendly and with low-energy consumption. Employment of
non-equilibrium plasma for water treatment entirely satisfies these two points and therefore makes
plasma a good candidate. Non-equilibrium (or cold) plasma at atmospheric pressure has so far been
successfully used in various applications related to biology and medicine. Plasma rich-chemistry
environment produced at room atmosphere with ambient temperature enabled treatment of cells,
plants, bacteria, tissues etc. with aims ranging from destruction of pathogens to healing or enhancing
the growth in biological systems. Therefore, these applications clearly point out that plasma sources
can deliver broad spectrum of treatment conditions.

The latest research direction related to plasma and liquid treatment is plasma agriculture where
different approaches for application of plasma in agricultural processes are investigated. Within these
novel research area we investigate two possible applications: for the treatment of clean water samples
for the production of plasma activated water (PAW); and for decontamination of polluted water
containing organic micro pollutants (OMPs). PAW in comparison to clean water is rich in reactive
oxygen and nitrogen species (RONS) and this proves to be an important asset when applied to seeds
and plants. We showed that germination and plant growth can be enhanced when PAW is applied for
seed imbibition and plant watering. On the other hand, the presence of reactive oxygen species in
plasma and inside the treated water samples (especially droplets or aerosols) induces the
decomposition of different molecules of OMPs. We demonstrated ability of plasma decontamination for
several different organic molecules, such as decomposition of Malathion in atmospheric pressure
plasma jet with high efficiency, and also for some chemicals used as chemical warfare surrogates.
Apart from direct treatment of polluted samples by plasma, we have investigated a possibility of using
PAW as a decontamination chemical to decompose organic dye Acid Blue 25 dissolved in water. Along
the line of plasma agriculture research we combined the effects of two plasma applications in the
plasma processing of agricultural waste water for reuse in irrigation. The experimental results showed
that pesticide-containing polluted water can be decontaminated and at the same time enriched with
RONS that positively influence germination of maize and radish.

These successful applications unfold many questions related to the plasma properties, plasma gas and
liquid phase chemical reactions, an entangled connection between plasma produced reactive species
and their chemical interactions with organic molecules in water. In order to make a detailed insight into
the treatment process, we performed comprehensive diagnostics of the plasma and of the liquid
samples. Our results provide information about electrical and optical plasma properties and make
connection with physical parameters of the liquid sample (pH, electrical conductivity). We used
colorimetric methods to determine RONS in the treated liquids. To acquire information about plasma-
induced decomposition and obtain by-products in the treated samples we performed liquid
chromatography coupled with mass spectrometry. All these results provide important knowledge on
plasma water treatments and represent another step towards understanding which are the best
parameters for treatment monitoring and techniques for up-scaling plasma devices to treat large
amounts of water.
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1. Introduction

Knowledge of the composition of active
species generated in low temperature plasmas is
of crucial importance for new biomedical and
chemical applications [1]. Plasma activated water
(PAW) is a major area of interest within the field
of plasma agriculture. A number of researchers
have reported that PAW, containing mainly
reactive species, have wide variety of
applications such as increasing the germination
percentage of treated seeds, decontamination and
sterilization of food products etc. PAW can also
be an ecological alternative method for
fertilization, decontamination and modification
of soil [2].

Here we will present the electrical
characterization and optical emission
spectroscopy (OES) of an atmospheric pressure
plasma jet (APPJ) that can operate in two
different discharge regimes and it is employed for
treatments of water samples and PAW
production.

2. Experimental Setup

Plasma treatments of distilled water were
carried out using an APPJ in a pin-electrode
configuration with different flow rates of He as
working gas.

The water samples were placed below APPJ
powered by a continuous kHz sine signal and
treated for 5, 10 and 20 min. OES of the plasma
above the sample surface was performed during
water treatment. To assess concentrations of long
lived reactive species formed in the liquid phase
we used a colorimetric method.

3. Results and Discussion

Fig. 1. presents concentrations of long lived
reactive species existing in PAW after 20 min

treatment. In case of helium flow of 1 sIm plasma
plume was formed in air above the water sample
(histogram left side). The right side of histogram
shows results for regime when plasma was in
contact with water (He 2slm). As can be seen
from the Fig. 1. there was a significant difference
in hydrogen peroxide concentrations, but almost
same amount of nitrogen reactive species was
acquired.
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Fig. 1 Concentrations of hydrogen peroxide, nitrate and
nitrite in PAW samples treated for 20 minutes for two
different He flow rates.
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CREATION AND DESTRUCTION OF CHEMICAL SPECIES IN LIQUIDS
TREATED BY ATMOSPHERIC PRESSURE PLASMAS - FROM GAS PHASE
CHEMISTRY TO BULK LIQUID

N. Skoro®?, N. Puaé®, O. Jovanovié®, A. Petrovi¢®, Z. Lj. Petrovi¢®

@ Institute of Physics, University of Belgrade, 11080 Belgrade, Serbia
® Serbian Academy of Sciences and Arts, 11000 Belgrade, Serbia

Large number of recent studies are investigating operation of cold atmospheric pressure
(CAP) plasmas in contact with liquids. This is a continuation of the research related to
biomedical applications where CAP has proved its excellent potential for sterilization and
cleaning of both living tissues and inorganic materials from pathogenic microorganisms
[1]. Applications of CAP use chemically reactive gaseous environment that contain
reactive oxygen and nitrogen species such as ¢OH, eNO, H202, NO2-, NO3-, HNO3 etc.
These species produced in CAP, which is in contact with the liquid, can penetrate and
react with molecules in a bulk liquid modifying its physical and chemical properties [2].
This interaction goes through the interfacial region located between the gaseous plasma
and a bulk liquid where many important processes involving short-lived species occur. As
a result, the treated liquid is activated or, in case of polluted water, decontaminated by
plasma [3]. However, in many cases specific plasma-liquid interactions behind the
achieved positive results are elusive due to unknown processes in the interfacial region.

Here we will present results of laboratory-scale studies using different plasma source
configurations that aim to induce decontamination of polluted water and/or activation of
clean water. In all experiments we used plasma jets powered by a continuous kHz signals
with the liquid samples placed below the jets. We will show results of detailed plasma
diagnostics as well as measurements of basic physico-chemical properties of treated
samples in order to reveal the influence of the plasma treatment. Special attention will be
devoted to the possibility of assessing reactions in the interfacial region in order to clarify
important reactions which exist in the particular treatments.

Acknowledgement: This work is supported by projects ON171037 and 11141011 of the
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Plasma treatment of liquids and applications in agriculture
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As recent investigations in non-equilibrium atmospheric pressure plasma field are directed towards
different applications in biology, agriculture and food industry, many new challenges emerge. In this
work we aim to examine properties of a plasma treated water and its further influence on biological
samples within the scope of plasma agriculture applications of atmospheric pressure plasma jets. We
used two configurations of plasma jets for treatments of pure distilled water and water contaminated
with dissolved pesticides. The jet parameters were varied and we measured physico-chemical
properties of the treated liquid samples. Moreover, we used the treated samples for imbibition of
commercially used plant seeds and then investigated their germination.

1. Introduction

With expansion of the field of non-equilibrium
low temperature plasmas to atmospheric pressure
sources, their application domain has grown
immensely. In the last 20 years, development of new
plasma sources operating at atmospheric pressure has
been mostly related to the new biomedical
applications such as wound healing, cancer treatment
as well as sterilization and treatment/production of
biocompatible materials [1,2]. Since low temperature
plasmas are environmentally friendly and the active
gaseous environment is at room temperature, recent
investigations are directed towards different aspects
of plant biology, agriculture and food industry [3].

Although investigations in these fields so far
proved that there is a great potential for application of
atmospheric pressure plasma (APP) sources, what
also became known is that complexity of the
processes in the whole plasma-treated target system
is immense thus making a large obstacle in studying
the mechanisms of interaction between plasma and
target of interest.

2. Results and Discussion

In this work we aim to examine results of a plasma
treatment of liquid and its further influence to
biological samples within the scope of plasma
agriculture applications. Treatments of pure distilled
water and water contaminated with dissolved
pesticides were performed by using a plasma jet. In
the study we used two configurations of APP jets
powered by a continuous kHz signal and operated
with He and Ar as working gases. After the
procedure, we  established physico-chemical
properties of the liquid sample, e.g. by measuring
concentrations of nitrite ions, nitrate ions and
hydrogen peroxide by using a colorimetric method.
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Fig. 1. Reactive species concentration in water sample
contaminated with 500 ppm of Malathion after 5 mins
treatment by pin-electrode jet.

In Fig. 1 we show concentrations of reactive species
obtained after 5 min treatment of Malation spiked
water sample by a pin-electrode jet. Depending on
the working gas, H»O, concentrations differ by an
order of magnitude while nitrites and nitrates show
completely different behaviour. Therefore, it is
obvious that changing the working gas produced
different reactive species in the liquid. This proved to
be of great importance since the treated samples were
used for imbibition of commercially used plant seeds
and a follow-up of their germination process. Within
the framework of plasma agriculture, changes in the
properties of treated liquid samples could play
essential role when successful and efficient treatment
of pure or contaminated water is expected. Moreover,
as reactive species produced in the plasma treatment
are also biologically significant molecules important
for functioning of plant cells their mutual balance is



also important. Therefore, the influences of plasma
parameters, properties of plasma treated sample and
of the biological target are all intertwined in
particular plasma treatment. Only a detailed
knowledge of all parameters and mechanisms could
provide a prosperous result for the particular
application in plasma agriculture field.

This research has been supported by MESTD
Republic of Serbia, under projects 11141011 and
ON171037.
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In recent years, expansion of non-equilibrium plasma applications is directed towards plasma sources oper-
ating at atmospheric pressure that are used for treatment of liquids. Usually, different applications involving
liquid targets have different aims and, as precondition for all these applications, it is important to make the
plasma processes as efficient as possible in every specific case. Therefore, these tasks are demanding due to
the complexity of plasma chemistry, which depends on the type of plasma source and is further tangled by the
presence of liquid target. Here we will present results of a laboratory-scale study aiming to make comparison
between different plasma source configurations and to reveal their influence on treated pure and contam-
inated water samples. Two-level approach is necessary: on one side one should characterize the plasma
used for treatments while, on the other side, properties of the liquid samples should be obtained. Detailed
discharge diagnostics involving optical emission spectroscopy and electrical characterisation will provide in-
formation on plasma conditions for particular source. Emission spectrum provide information on excited
species produced in the gas phase. Measurement of electrical signals allow to calculate power input provided
to the system and thus establish a parameter describing the plasma. Additionally, certain physicochemical
properties of the treated liquids (pH, dissolved Oxygen content, conductivity, total organic carbon content
in contaminated samples etc.) will be obtained allowing to cross reference data with plasma characterization
and give an insight into interaction chemistry of the specific plasma source used for liquid treatment. Results
regarding the influence of different plasma source configurations to the treated liquid will be presented in the
context of possibility of applications in the field of plasma agriculture (PAW, water decontamination etc.).
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Identifikacija degradacionih produkata malationa nastalih primenom plazme na
atmosferskom pritisku
lvana V. Mati¢ Bujagi¢, Svetlana D. Gruiji¢, Olivera J. Jovanovi¢*, Nikola D. Skoro*

Tehnolosko-metalurski fakultet, Univerzitet u Beogradu, Karnegijeva 4, Beograd
*Institut za fiziku, Univerzitet u Beogradu, Pregrevica 118, Beograd

U ovom radu opisan je razvoj instrumentalne metode za odredivanje proizvoda degradacije
organofosfatnog pesticida malationa. Za razgradnju malationa u cilju dekontaminacije
poljoprivrednih otpadnih voda koje se potom mogu ponovo koristiti za zalivanje, primenjen
je izvor plazme na atmosferskom pritisku - plazma mlaz. Polazni rastvor malationa i uzorci
tretirani plazma mlazom su analizirani koris¢enjem LTQ XL linearnog jonskog trapa, kao
masenog spektrometra. Na osnovu rezultata MS" analize odabrane su reakcije
fragmentacije dobijenih degradacionih produkata malationa. Uz tecno-hromatografsku
analizu, ove reakcije su zatim koris¢ene za identifikaciju i pracenje malationa i odabranih
produkata degradacije u tretiranim uzorcima. Kao dominantni produkti razgradnje
identifikovani su dietil-2-merkaptosukcinat (m/z 229), kao i malaokson (m/z 315) koji se
dalje degraduje u dimetilfosfonat (m/z 111). Takode je utvrdeno postojanje degradacionih
proizvoda (m/z 127, 273 i 293) koji su prisutni u manjem obimu. Na osnovu dobijenih
rezultata predloZen je put razgradnje malationa i nastanak degradacionih prozvoda.

Zahvalnica: Ovaj rad je finansijski podrZzan od strane Ministarstva prosvete, nauke i tehnoloskog
razvoja Republike Srbije (projekti: ON 172007, ON 171037 i1l 41011).

Identification of malathion degradation products produced by atmospheric
pressure plasma
lvana V. Mati¢ Bujagi¢, Svetlana D. Gruji¢, Olivera J. Jovanovi¢®, Nikola D. Skoro”

Faculty of Technology and Metallurgy, University of Belgrade, Karnegijeva 4, Belgrade
*Institute of Physics, University of Belgrade, Pregrevica 118, Belgrade

This paper describes the development of an instrumental method for determination of
degradation products of organophosphate pesticide malathion. For degradation of
malathion, an atmospheric pressure plasma jet was applied, for the purpose of
decontamination of agricultural wastewater, which can then be re-used for watering. Initial
malathion solution and samples treated with atmospheric pressure plasma were analyzed
using the LTQ XL linear ion trap as a mass spectrometer. Based on the results of MS" analysis,
fragmentation reactions of obtained malathion degradation products were selected. Using
liquid chromatography, these reactions were then used to identify and track malathion and
selected degradation products in the treated samples. The dominant degradation products
were identified as diethyl-2-mercaptosuccinate (m/z 229), and malaoxon (m/z 315), which
further degrades to dimethyl phosphonate (m/z 111). Additional degradation products (m/z
127, 273 and 293), present to a lesser extent, were also determined. Based on the obtained
results, the pathway of malathion degradation and formation of degradation products was
proposed.
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Significant effects observed in applications of atmospheric pressure non-equilibrium plasmas have been shown to be due to the effect of plasma produced
atomic and molecular reactive species. Some of those species are the ones acting as signaling agents initiating response of the living cells. At the same
time, albeit in larger numbers, they may be chemical agents that can damage or dissociate unwanted living organisms, human cells or chemical components
We try to follow the trail of atomic and molecular physics starting from their formation, their passage into liquids and then passage into living cells or the
reaction of cells that they invoke. Two examples will be the long term changes in enzymes regulating hydrogen peroxide in plant cells and destruction of
malathion, a pesticide used in agriculture that may be a model of more lethal weapons of mass destruction. Finally we shall llustrate how presence of those
active species in plasma treated water affects the germination of seeds. -/abstract- Authors Zoran Lj Petrovic, Nikola Skoro, Suzana Zivkoviv{c}, Milica
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Production of reactive species in pure and polluted water
treated by atmospheric pressure plasma

0. Jovanovi¢ (1), N. Skoro (1), N. Puaé (1) and Z. Lj. Petrovié¢ (1, 2)

(1) Institute of Physics, University of Belgrade, Belgrade, Serbia
(2) Serbian Academy of Sciences and Arts, Belgrade, Serbia

Recent studies deliver wider knowledge on the role and significance of reactive oxygen and
nitrogen species (RONS) that lead to their new chemical and biological applications and, at the
same time, make a demand for development of new methods to generate them. Numerous
research show that atmospheric pressure plasma can be used to efficiently produce numerous
aqueous reactive species in plasma treated water. In the studies involving the influence of
plasma treated water on biological samples researchers demonstrate that hydrogen peroxide as
well as nitrite and nitrate play an important role in biological effects. Therefore, it is suggested
that quantitative analysis of the above species should be related to the plasma source
characterization in terms of the evaluation of the biological activity of liquids treated with
atmospheric pressure plasma source.

In this work we have used an atmospheric pressure plasma jet to produce nitrate and nitrite ions
and hydrogen peroxide in liquid samples. The plasma source used in the experiments was a
pin-electrode jet with He as working gas with different flow rates. The treatments of pure
distilled water and water contaminated with dissolved pesticides were performed. The liquid
samples were placed below the plasma source powered by a continuous kHz signal and treated
for different treatment times. After treatments, the physicochemical properties of the treated
samples were measured. Additionally, we measured concentrations of nitrite ions, nitrate ions
and hydrogen peroxide generated by the discharge plasma in exposed water solutions. This was
done by using a colorimetric method with test strips. The chemical analysis of agueous solutions
after treatments show that creation of RONS in pure and polluted water is different, i.e. that the
treated liquid composition is affecting the RONS production. The existence of hydrogen
peroxide and nitrite ions was observed in all samples, but nitrate ions were detected only in
clear treated water. Additionally, results show that increase in concentrations of nitrite ions and
nitrate ions depends on the duration of the treatment.
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Atmospheric pressure plasma decontamination of water polluted by
organophosphates used in agriculture
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In biomedicine, atmospheric pressure plasmas (APP) have proved their excellent potential for
sterilization and cleaning of both living tissues and inorganic materials from pathogenic
microorganisms [1]. Moreover, large number of recent studies are investigating operation of APP
in contact with liquids. Results show that chemically reactive gaseous environment produced by
plasma sources can influence and modify physical and chemical properties of liquids [2]. As a
result of the knowledge acquired in previous studies the investigation of APP now widens to a new
emerging research field - plasmas in agriculture, where novel applications for APP appear.

Nowadays, one of the biggest environmental problems is water pollution with contemporary
agriculture techniques as one of the main sources causing the pollution of surface waters. Organic
micropollutants, originating from immense use of pesticides in agriculture production, require
special chemical or biological treatments for water purification, again using environmentally
hazardous substances. Our idea is to employ APP for decontamination of water polluted by
pesticides, which is by now successfully used is warfare applications [3]. As a first step, we
conducted a study on decontamination of water samples polluted with different pesticides, i.e.
organophosphate compounds, by using an atmospheric pressure plasma jet (APPJ) operating with
He as working gas. The plasma jet was powered by a continuous kHz signal source. Liquid samples
placed below the APPJ were treated for different duration times, different sample volumes and
different water contamination levels. Optical and electrical characterization of the APPJ was
performed in order to obtain information about stability of the treatment conditions and the plasma
properties. Before and after the treatment liquid samples were analyzed by spectrophotometric
techniques, high performance liquid chromatography (HPLC) and liquid chromatography coupled
with mass spectrometry (LC-MS) in order to follow degradation of organophosphates. Significant
and efficient degradation of pesticides is noticed in all cases and appearance of degradation
products is observed in the liquid sample. Thus, we could also evaluate toxicity of produced by-
products. From measurements of parent molecule degradation we established dependence of the
decontamination efficiency on treatment time. Having in mind the possibility of reuse the
decontaminated water in agriculture, we also investigated the influence of treated water on seed
germination.
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