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Atmospheric pressure plasma sources are increasingly used in life science, from biomedical fields to
agricultural and food applications. The use of liquids as targets in plasma treatments leads to the
absorption at the plasma-liquid interface of reactive species produced by the discharge. This study
focuses on the optical diagnosis of a liquid-compatible plasma source (50 Hz, 15.5 kV) and correlating
the physico—chemical changes in the treated liquids with the plasma operating parameters and the
ability of liquids to store the reactive species long-term. Furthermore, the effects of the treated liquids
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on seed germination and response to saline stress were investigated.
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1. Introduction

In the last decade, the interest towards un-
derstanding the processes that occur at the
plasmar-liquid interface has been increasing signif-
icantly [1-6]. This interest is mainly owed to the
emergence of the plasma medicine field and the sub-
sequent shift towards indirect treatments, i.e., re-
placing direct live target treatment with the ad-
ministration of a plasma-treated medium [7-9],
thus minimizing the risk of exposing living targets
to high-voltage discharges. Naturally, these studies
have shifted towards other life science applications,
the most prominent of which in recent years is agri-
culture — from eliminating fungi and bacteria from
seed surfaces to stimulating germination and plant
growth [10-15].

In the plasma region ionization processes and
electron collisions and recombinations lead to the
formation of a multitude of reactive chemical
species: atomic oxygen, nitric oxide, nitrous oxide,
ozone, hydroxyl, hydrogen peroxide, nitrates, ni-
trites, and many more [12, 16-18]. All these reac-
tive species have various lifespans, some of them
persisting, others recombining with other radicals.
At the plasma-liquid interface, some of these reac-
tive species will diffuse in the target liquid, affect-
ing its chemistry, thus making it more suitable for
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various applications from surface decontamination
and water purification to cell proliferation and seed
germination [19, 20].

The work presented here proposes an electrode
geometry that minimizes the risk of water contam-
ination during treatment and allows for a relatively
large volume of water to be treated, namely 30 ml.
Furthermore, we analyze the effects of plasma on
the treated liquid, both immediately after treat-
ment and over time. This evolution of liquid proper-
ties is important for long-term storage and prospec-
tive uses outside laboratory conditions. Looking at
agricultural applications, we evaluated the effects
of using treated liquids on quinoa seed germination
and response to saline stress.

2. Materials and methods

2.1. Atmospheric pressure plasma source

When approaching the liquid treatment, our main
focus was minimizing any possible contamination
during plasma treatment. To that extent, we de-
veloped an experimental setup, presented in detail
in Fig. 1, which ensures that the target liquid comes
in contact only with the glass Petri dish (9 cm in
diameter, 2 mm thick, 1.5 cm in height; acting as
a dielectric layer). Stainless steel pin electrodes are
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Fig. 1. Schematic representation of the experi-
mental setup.

connected to a copper plate and enclosed in a di-
electric lid with ventilation holes, connected to a
gas circulating pump that allows us to extract and
investigate the changes in gas chemistry throughout
plasma treatment.

The entire ensemble is connected to an alternat-
ing current power supply (quasi-sinusoidal wave-
form, 50 Hz, 15.5 kV peak-to-peak voltage). The
plasma ignited between the stainless steel pins and
the target liquid has a multispark-like appearance.

The liquid was treated for 5 min in batches
of 30 ml. For these specific experiments, the target
liquid was distilled water (DW).

2.2. Plasma diagnosis methods

Current and voltage values were monitored us-
ing Pearson 6585 and Tektronix P6015 probes, re-
spectively. During the rising (in the positive part)
and on the falling (in negative part) of the quasi-
sinusoidal voltage, around 300 current peaks are
developed, with peak intensity ranging from 2 up
to 60 mA and peak duration from 10 up to 60 ns.

Gas analysis was performed during treatment by
extracting the gas from the discharge area and cir-
culating it through a quartz gas cell, connected to
an UV-Vis spectrometer (Thermo Scientific Evo-
lution 300) and a glass gas cell with ZnSe win-
dows connected to an infrared spectrometer (Jasco
FT/IR-4700).

2.3. Liquid analysis methods

Reactive oxygen and nitrogen species with
shorter life spans were assessed immediately af-
ter treatment using test strips (Quantofix) for ni-
trite, nitrate, and peroxide, and a colorimetric disk
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Fig. 2. Typical trace of gas phase ultraviolet-
visible (UV-Vis) spectra acquired during plasma
treatment. Panel (a) illustrates gas spectra obtained
with discharge operating in air, panel (b) illustrates
gas spectra obtained with DW in the discharge area.

checker for ozone using the diethyl-p-phenylene di-
amine method (HI38054). Conductivity and pH val-
ues were measured using the pH/conductivity meter
SevenDirect SD23 (Mettler Toledo).

For reactive species, aging following treatment ni-
trite and nitrate concentrations were assessed using
two photocolorimeters (Hanna Instruments). Ni-
trite concentration was evaluated using the ferrous
sulfate method (HI97708) and nitrate using the cad-
mium reduction method (HI97728).

2.4. Saline stress and seed germination

For the saline stress, quinoa (Chenopodium
quinoa) seeds from “Titicaca” cultivar were chosen;
it is a high yielding, highly nutritional plant, with
small disk shaped seeds. Saline stress was admin-
istered by using various concentrations of NaCl,
however, in this paper we are focusing only on
300 mM Na(Cl solution, using both distilled water
and treated distilled water (TW). The seeds were
placed in Petri dishes, in batches of 50, on filter
paper with 5 ml of liquid and monitored for 7 days.

3. Result and discussion

The infrared and UV spectra of the gas extracted
from the discharge area are presented in Fig. 2
and Fig. 3. These measurements were performed
both with and without liquid in the discharge area.
While the absence of liquid leads to the presence
of ozone characteristic peaks in both analyses, in-
troducing liquid in the discharge space leads to the
formation of nitrogen and oxygen radicals. These
radicals are the ones diffusing at the plasma-liquid
interface and lead to the presence of reactive species
in liquid.
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Fig. 3. Typical trace of gas phase Fourier-

transform infrared spectroscopy (FTIR) spectra ac-
quired during plasma treatment. Panel (a) illus-
trates gas spectra obtained with discharge operat-
ing in air, panel (b) illustrates gas spectra obtained
with DW in the discharge area.

TABLE I

Analysis result comparison for DW and TW. Values
presented below are an average of 5 distinct exper-
iments. For DW, reactive species concentrations are
below the limit of detection (LOD) or nonexistent.

Measurement Dw ™
pH 6 3.5
Conductivity [pS/cm] 1.8 155
Nitrite [mg/L] <LOD 15
Nitrate [mg/L] <LOD 100
Peroxide [mg/L] <LOD 2
Ozone [mg/L] <LOD 0.2

Analyzing the presence of reactive species and
changes in pH and conductivity immediately follow-
ing the treatment, yielded the results presented in
Table I. Continuous monitoring for the first 30 min
following treatment shows complete disappearance
of ozone and peroxide, as well as significant changes
in the nitrite and nitrate concentrations.

Due to the rapid changes that occur immedi-
ately after the treatment, monitoring of the reac-
tive species aging followed a different protocol. Hav-
ing a limited amount of liquid that can be treated
(30 ml), a series of 15 consecutive treatments was
performed, resulting in 450 ml of TW. All treat-
ments were mixed in a sterile bottle and deposited
at room temperature for further analysis. The first
measurements were performed 30 min after the last
30 ml of TW was added and mixed thoroughly to
eliminate sudden changes in concentration appear-
ing immediately after treatment.

The evolution of nitrite and nitrite concentra-
tions, as well as pH and conductivity values, pre-
sented in Fig. 4, shows the most significant changes
occurring in the first 5 to 10 days, followed by
the measured values. The second half of monitoring
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Fig. 4. Time evolution of (a) nitrite and (b) ni-
trate concentrations, (c) pH, and (d) conductivity.
Day 0 represents the values for DW, while day 1 is
the first measurement for TW, 30 after finishing all
water treatments.
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Fig. 5.
saline stress.
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TABLE II

Germination rates and biomass evaluation of the
three experimental conditions. The germination rate
was calculated after 7 days of incubation. Biomass
values represent the average of 41 seeds.

Experiment Germination | Biomass
condition [%] [g]
Ref. DW 87 0.66
300 mM NaCl + DW 83 0.39
300 mM NaCl + TW 90 0.46

period shows a much smaller variation in values,
while, at the same time, being still vastly different
from the initial values related to DW.

TW was used to assess the saline stress response
and germination rates of quinoa seeds. The saline
solution was obtained using both DW and TW,
and the concentration presented below is of 300 mM
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NaCl. All these results were compared with quinoa
seeds placed in plain DW (from the same batch as
the one used to obtain TW). As illustrated in Fig. 5,
we observed an increase in germination rate when
compared to both quinoa seeds with no saline stress
and quinoa seeds that were watered with DW saline
solution.

However, when evaluating fresh biomass of all
three experimental conditions, both batches of seeds
under saline stress exhibit a biomass of approxi-
mately half of the one calculated for the reference,
as presented in Table II. This result does emphasize
that, even though our experiments aid in increasing
germination rates, under saline stress conditions the
impact on biomass is minimal.

4. Conclusions

The plasma source developed for liquid treat-
ments presents one major advantage, namely by
ensuring the target liquid comes in contact exclu-
sively with the glass Petri dish, we managed to
minimize the contamination risks. The liquid anal-
ysis results emphasize the ability of the treated wa-
ter to preserve a lot of its properties for long-term
use, without any costly storage solutions. Our find-
ings demonstrate that the plasma-treated water has
the potential to improve the germination of quinoa
seeds under saline stress, but further studies should
be done in order to improve its performance.

Acknowledgments

This work was supported by a grant of the
“Alexandru Ioan Cuza” University of Iasi, within
the Research Grants program, Grant UAIC, code
GI-UAIC-2023-04. Quinoa (Chenopodium quinoa)
seeds were kindly provided by Professor Vasile
Stoleru from Iasi University of Life Sciences.

References

[1] A. Nakajima, G. Uchida, T. Kawasaki,
K. Koga, T. Sarinont, T. Amano, K. Take-
naka, M. Shiratani, Y. Setsuhara, J. Appl.

Phys. 118, 043301 (2015).

S. Horikoshi, N. Serpone, RSC Adv. 7,
47196 (2017).

V. Gamaleev, N. Iwata, M. Hori, M. Hira-
matsu, M. Ito, Appl. Sci. 9, 3505 (2019).
C. Man, C. Zhang, H. Fang, R. Zhou,
B. Huang, Y. Xu, X. Zhang, T. Shao,
Plasma  Process. Polym. 19, 2200004
(2022).

2]
3]
[4]

566

5]

[6]

[7]

18]

19]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

R.J. Wandell, S. Bresch, H. Wang,
V. Babicky, P. Lukes, B.R. Locke, Int. J.
Plasma Environ. Sci. Technol. 14, e01008
(2020).

C. Bradu, K. Kutasi, M. Magure-
anu, N. Puac¢, S. Zivkovi¢, J. Phys. D
Appl.Phys. 53, 223001 (2020).

A.B. Stache, I. Mih4ila, I.C. Gerber,
L.M. Dragos, C.T. Mihai, I.C. Ivanov,
I. Topala, D.-L. Gorgan, Appl. Seci. 13,
7803 (2023).

U. Schnabel, R. Niquet, U. Krohmann,
J. Winter, O. Schliiter, K.-D. Weltmann,
J. Ehlbeck, Plasma Process. Polym. 9, 569
(2012).

F. Utsumi, H. Kajiyama, K. Nakamura,
H. Tanaka, M. Mizuno, K. Ishikawa,
H. Kondo, H. Kano, M. Hori, F. Kikkawa,
PLoS One 8, 81576 (2013).

P.N. Bala Subramanian, J. Anantha-
narasimhan, P. Leelesh, H. Rao, A.M. Shiv-
apuji, P. Girard-Lauriault, L. Rao, J. Appl.
Phys. 129, 093303 (2021).

S. Padureanu, R. Burlica, V. Stoleru,
O. Beniuga, D. Dirlau, D.E. Cretu, D. As-
tanei, A. Patras, Agronomy 13, 459 (2023).
L.-I. Leti, I.C. Gerber, I. Mihaila,
P.-M. Galan, S. Strajeru, D.-E. Petrescu,
M.-M. Cimpeanu, 1. Topala, D.-L. Gorgan,
Plants 11, 2181 (2022).

M. Zver, D. Dobnik, R. Zaplotnik,
M. Mozeti¢, A. Filipi¢, G. Primc, J. Wa-
ter Process Eng. 53, 103839 (2023).

I. Florescu, I. Radu, A. Teodoru, L. Gu-
rau, C. Chireceanu, F. Bilea, M. Magure-
anu, Plants 12, 794 (2023).

I. Burducea, C. Burducea, P.-E. Mereuta
et al., Foods 12, 208 (2023).

P. Attri, K. Ishikawa, T. Okumura,
K. Koga, M. Shiratani, Processes 8, 1002
(2020).

H.-H. Kim, A.A. Abdelaziz, Y. Teramoto
et al., Int. J. Plasma Environ. Sci. Technol.
(IJPEST) 17, 02004 (2023).

M. Janda, K. Hensel, P. Téth, M.E. Has-

san, Z. Machala, Appl. Sci. 11, 7053
(2021).
S. Ognier, D. Iya-sou, C. Fourmond,

S. Cavadias, Plasma Chem. Plasma Pro-
cess. 29, 261 (2009).

J.E. Foster, Phys. Plasmas 24, 055501
(2017).


http://dx.doi.org/10.1063/1.4927217
http://dx.doi.org/10.1063/1.4927217
http://dx.doi.org/10.1039/C7RA09600C
http://dx.doi.org/10.1039/C7RA09600C
http://dx.doi.org/10.3390/app9173505
http://dx.doi.org/10.1002/ppap.202200004
http://dx.doi.org/10.1002/ppap.202200004
http://dx.doi.org/10.34343/ijpest.2020.14.e01008
http://dx.doi.org/10.34343/ijpest.2020.14.e01008
http://dx.doi.org/10.34343/ijpest.2020.14.e01008
http://dx.doi.org/10.1088/1361-6463/ab795a
http://dx.doi.org/10.1088/1361-6463/ab795a
http://dx.doi.org/10.3390/app13137803
http://dx.doi.org/10.3390/app13137803
http://dx.doi.org/10.1002/ppap.201100088
http://dx.doi.org/10.1002/ppap.201100088
http://dx.doi.org/10.1371/journal.pone.0081576
http://dx.doi.org/10.1063/5.0039253
http://dx.doi.org/10.1063/5.0039253
http://dx.doi.org/10.3390/agronomy13020459
http://dx.doi.org/10.3390/plants11162181
http://dx.doi.org/10.1016/j.jwpe.2023.103839
http://dx.doi.org/10.1016/j.jwpe.2023.103839
http://dx.doi.org/10.3390/plants12040794
http://dx.doi.org/10.3390/foods12010208
http://dx.doi.org/10.3390/pr8081002
http://dx.doi.org/10.3390/pr8081002
http://dx.doi.org/10.34343/ijpest.2023.17.e02004
http://dx.doi.org/10.34343/ijpest.2023.17.e02004
http://dx.doi.org/10.3390/app11157053
http://dx.doi.org/10.3390/app11157053
http://dx.doi.org/10.1007/s11090-009-9179-x
http://dx.doi.org/10.1007/s11090-009-9179-x

