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ABSTRACT

This article is devoted to the issues of using plasma technology to produce plasma-activated water, which serves as liquid nitro-
gen fertilizers. The use of plasma-activated water in crop production is associated with seed treatment, subsequent stimulation
of seed germination, and the stimulation of agricultural crop growth. The study proposes a new plasma system for the direct
production of activated water based on a hybrid electric discharge, which combines equilibrium and non-equilibrium plasma.
This system operates in a mixture of air and water. The process of plasma-chemical treatment is implemented in a plasma mod-
ule with a pulsation mode of electric discharge combustion in an aqueous solution. This system is environmentally friendly, as
it does not use additional chemicals (since air and water plus electricity are used as raw materials) and does not produce waste.
Using the developed plasma system, plasma-activated water with a high content of stable active forms of oxygen and nitrogen
(NO,>, NO,, H,0,, O,, etc) was obtained. Such plasma-activated water has high potential for effective use, as the long-lived
active compounds contained in the activated water can participate in plant metabolism and serve as nutrients for them. The
small size and weight of the plasma unit, along with its sufficiently high productivity, allow its use in small and medium-sized
farms. This ensures environmentally friendly fertilizer production on-site, provides flexibility to meet changing demand, sig-
nificantly reduces transportation costs, and minimizes losses. The substantial energy consumption required for the production
of plasma-activated water can be offset by integration with renewable energy sources.

KEYWORDS: plasma agriculture, hybrid plasma, nitrogen fixation, plasma/liquid interfacial, plasma chemical reactor, plas-
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INTRODUCTION

Nitrogen fertilizers are essential for the growth of
agricultural crops and, consequently, for feeding
the growing population. Modern fertilizer produc-
tion has supported the growth of industrial societies
for more than a century. Approximately 40—60 % of
global food production is related to the use of com-
mercial fertilizers. According to statistical data, the
global production volume of ammonia (NH,) in 2019
was 235 min t, making it the second most produced
chemical commodity after sulfuric acid (H,SO,) [1].
Ammonia plays an important role in the agricultural
industry for the production of fertilizers. The primary
raw material for the production of nitrogen fertilizers
is fossil fuel, and their production is significantly de-
pendent on the extraction of coal and natural gas. The
most commonly used method for ammonia produc-
tion is the Haber-Bosch process. The drawbacks of
this technology include high levels of greenhouse gas
emissions, exceeding 2.16 kg CO -equivalent per kg
of NH,, as well as a large amount of energy consump-
tion — more than 30 GJ per ton of NH, [2].

Copyright © The Author(s)

42

As a result, the cost of produced fertilizers depends
on market conditions and tends to be high, while green-
house gas emissions during their production are very
significant. In this context, farmers often find themselves
making decisions based on prices rather than plant
needs, leading to inefficient nitrogen use and low appli-
cation efficiency. Moreover, entrenched supply chains
often overlook the nuances of developing economies,
making nitrogen unavailable where it is most needed.
Over the past few decades, the world has dramatically
changed due to a sharp increase in population. The con-
sequence of this population growth is high demand for
food, water, and energy resources. The application of
nitrogen fertilizers is one solution to the food security
issue that has arisen globally. However, it should be not-
ed that environmental sustainability is at risk due to ex-
cessive use of chemical nitrogen fertilizers, which neg-
atively impact all segments of the environment, namely
soil, water, and air, and also affects the health of humans
and animals. Several strategies are employed to cushion
the harmful impact of nitrogen fertilizers. In particular,
the use of compost and organic manure, slow-release
and controlled-release fertilizers, as well as nano-fertil-
izers is encouraged. Another widely accepted solution
for reducing the excessive use of chemical fertilizers is
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to improve the nitrogen uptake efficiency of agricultural
crops. Thus, the issue of the form and role of nitrogen
fertilizers requires rethinking [3]. The current challenge
is to shift the paradigm in the field of nitrogen fertilizers
in agriculture towards environmentally friendly produc-
tion, borrowed from nature, obtaining them solely from
nitrogen and oxygen in the air with minimal energy con-
sumption at the point of application. The specific rate of
fixed nitrogen should be close to 200 grams per 1 kWh
of consumed electricity.

It is expected that new plasma technologies, which
provide maximum efficiency with minimal costs, will
contribute to the sustainable development of various
sectors of the economy. In this regard, a unique meth-
od of transferring chemical reactivity and energy from
plasma to water without the presence of any chemical
substances is currently being actively researched. The
interaction of plasma with water results in the creation
of a new product with noticeable and diverse activity,
referred to as plasma-activated water (PAW) [4]. PAW
is environmentally friendly and promising solution
for a wide range of applications: from water treatment
and biomedicine to agriculture. The application of
PAW minimizes the stages of the production process
and either eliminates or significantly reduces the use
of expensive and/or hazardous reagents. PAW is also
used for the inactivation of microorganisms (bacteria,
fungi, viruses, algae, pests, etc.), preservation of food
products (fruits, vegetables, dairy and meat products,
including seafood, etc.), disinfection of dental and
medical equipment surfaces, removal of pesticides,
selective destruction of cancer cells, preparation of
viral vaccines, seed germination, plant growth, as a
source of nitrogen fertilizers, and more. It follows that
the application of PAW allows for the avoidance of
disinfectants (chemicals), preservatives, fertilizers,
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pharmaceutical ingredients, and other substances that
cause various environmental and health issues. De-
spite the promising developments in this field, there
are currently only a few examples of the practical ap-
plication of plasma water activation [5—7]. The pre-
sented study focuses on the production of PAW. It an-
alyzes issues related to the plasma-chemical synthesis
of reactive particles present in the water, as well as
various mechanisms that regulate the activity of PAW
in agricultural applications, the problems of PAW effi-
ciency and selectivity, and the possibilities for scaling
the process. The aim is to advance the understanding
of the fundamental aspects of PAW chemistry neces-
sary for optimizing biochemical activity and transi-
tioning this environmentally and human health-safe
technology into an energy-efficient strategy for prac-
tical application.

The interaction of plasma with water alters its phys-
icochemical properties, which is associated with the
formation of reactive oxygen-nitrogen species (RONS).
Figure 1 shows the formation of RONS [8, 9].

In the initial stage, dissociation of oxygen, nitro-
gen, water molecules, and others occurs in the pres-
ence of high-energy electrons. These dissociated par-
ticles combine to form various compounds, such as
NO,, O, and H,O,. Due to the airflow, these particles
(via diffusion or convection) enter the liquid-gas in-
terphase boundary, where all short-lived particles dis-
appear, while long-lived ones survive. Subsequently,
these “surviving” particles, upon dissolving in water,
react with each other and with water molecules, lead-
ing to the formation of stable RONS (NO,", NO,,
H,0,, O,, etc.).

Furthermore, if certain readily accessible metals
such as Mg, Al, Zn, and Cu are separately immersed
in water activated by plasma, they undergo oxidation
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Figure 1. Scheme explaining the physicochemical changes occurring in water (the formation of RONS) as a result of the interaction

of plasma with water [8]
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in the water, releasing electrons that reduce hydro-
gen ions to hydrogen atoms. The liberated hydrogen
atoms then reduce plasma-excited nitrogen back to
ammonia. The reduction of hydrogen ions by metals
not only regulates pH but also enhances the rate of
ammonia synthesis by providing additional hydrogen
donors. This process opens up new avenues for fur-
ther research in sustainable nitrogen fixation [10].

In the study [11], hydroxyl radicals were appar-
ently introduced for the first time into the electrocat-
alytic nitrogen oxidation reaction (NOR) to produce
nitrates. Here, cobalt tetraoxide (Co,0,, F igure 2,
a) serves not only as an electrocatalyst but also as a
nanozyme (in conjunction with hydrogen peroxide,
producing OH), thereby making this compound suit-
able as a highly efficient electrocatalyst for NOR to
synthesize nitrates. Co,0, + OH demonstrates excel-
lent performance in NOR, employing an environmen-
tally friendly approach. This compound is the most
active catalyst among non-precious metals reported
for the NOR process to date. Additionally, this cata-
lyst exhibits long-term electrochemical and structural
stability. Energy barriers for the conversion of N, to
N,OH" (the rate-determining step) were determined
from Figure 2, b. It was found that the introduction of
the hydroxyl radical OH (Co,0,/H,0, system) signifi-
cantly reduces the energy barrier and accelerates the
reaction. Figure 2, c¢ illustrates the entire scheme of
the electrocatalytic NOR process.

Below, we will discuss the application of PAW for
seed germination, plant growth, as well as its use as
a nitrogen source for various agricultural and aqua-
culture purposes. PAW can be utilized to enhance
seed germination rates. Setting aside the methods of
producing PAW, we will focus on the influence of

*N,OH

*HONNOH *NO

concentrations of major components NO,~, NO,” can
also be oxidized to NO," or it can 1nteract w1th HZOZ,
resulting in the formatlon of peroxynitrous acid (ON-
OOH). The presence of nitrogen in the soil is a pri-
mary factor influencing plant growth and determining
crop yield. From this perspective, increasing nitrate
concentrations through plasma processing potentially
serves as a crucial nitrogen source for plant growth
and development.

In study [12], PAW was obtained by surface treat-
ment of water using gliding arc discharge with a pow-
er of 4.96 W for up to 20 min, resulting in an average
nitrate and nitrite concentration of 6 mg/L. Water ab-
sorption capacity is crucial for seed germination as
it induces swelling and softening of seed coats. PAW
significantly improves the water uptake rate by radish,
alfalfa, and pea seeds [12]. The water uptake rates for
PAW-irrigated seeds (radish, alfalfa, and pea) were
59.94+0.2 %, 147+1.0 %, and 147.70+1.3 % after
10 hours of irrigation, respectively, which was high-
er compared to seeds treated with non-ionized water
(58.49+0.3, 120+0.9 %, 120.59+1.2 %, respectively).
Overall, using PAW for seedling irrigation led to fa-
vorable physical and chemical changes in them, re-
sulting in significantly higher yields over a shorter
period.

PAW can serve as an alternative to chemical fer-
tilizers in agriculture. The effect of PAW treatment at
two concentrations (1.5 or 3.0 mg/L NO,") on various
morphological, physiological, biochemical parame-
ters, and yield of Lactuca Sativa L., cultivated in pots
of two different volumes (400 or 3200 cm?), was stud-
ied in research [13]. The study results indicated that
both PAW concentrations did not affect germination at
the beginning of the process. A positive effect of treat-
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Figure 2. To the use of a Co,0, catalyst: @ — crystal structure of Co,0,;b —
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on Co,0, and Co,0, + OH"; ¢ — simplified mechanism of NO, production on the surface of catalysts [11]
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Table 1. Physicochemical properties of the PAW

Water samples pH Nitrite NO,”, mg/L H,0,, mg/L Nitrate NO,~, mg/L |Conductivity, us/cm
Deionized water (DW) 5.74+0.06 0.00 0.00 0.00 1.53+0.13
PAWS5 min (PAWS) 3.62+0.02 1.09+0.11 0.0940.01 25.29+2.88 118.10+2.26
PAW7 min (PAW7) 3.34+0.03 1.2440.12 0.14+0.01 49.05+2.61 218.5049.64
PAW12 min (PAW12) 2.94+0.08 1.85+0.07 0.27+0.02 102.67+6.30 460.33+15.25
PAW19 min (PAW19) 2.62+0.07 3.68+0.12 0.88+0.04 202.87+8.74 972.93+32.41
PAW40 min (PAW40) 2.37+0.04 5.17+0.16 1.31£0.04 389.08+12.24 1847.00+79.19

ment was observed in the increase of lettuce length at
the 1.5 mg/L NO,~ concentration, while chlorophyll
content significantly increased at the 3.0 mg/L NO,
concentration. Dry weight was notably higher in let-
tuce treated with PAW grown in larger pots after 57
days. Nitrite content in lettuce grown in larger pots
was lower compared to lettuce grown in smaller pots,
regardless of PAW concentration.

PAW samples in [14] were obtained using five dif-
ferent treatment durations and utilized in the experi-
ment. The samples are denoted as PAWi (i — plasma
treatment time in minutes): PAWS, PAW7, PAW12,
PAW19 u PAWA40 (see Table 1).

The use of PAW increases the total root length and
the number of root hairs in Arabidopsis roots, which
serves as a typical model for studying plant genetics
and developmental biology (Figure 3).

In [15], the foliar application of PAW was eval-
uated on plant growth during the vegetative period.
Periodic application of PAW positively influenced the
chlorophyll content in maize leaves. Chlorophyll con-
tent decreased over time with maximum application of
distilled water by 34.6 and by 24.7 % with PAW at the
same doses. Foliar application of PAW significantly
increased the electrical capacity of roots, aboveground
biomass, and nutrient content in dry matter, except for
nitrogen. Periodic application of PAW increased ni-
trogen content in aboveground dry matter by 13.3 %.
The chemical activity of PAW was assessed based on
hydrogen peroxide, nitrite, and nitrate formation. The
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Figure 3. Effect of PAW on root length at the developmental stage
of Arabidopsis [14]

average concentration of hydrogen peroxide in PAW
was (0.7£0.2) mg/L (0.022+0.004 mmol/L), nitrite
concentration was (1.071+0.005) mg/L, and nitrate
concentration was (24.7+2.3) mg/L.

The results obtained by the authors [16] indicate
that PAW can effectively stimulate the growth of
wheat seedlings and positively influence their metab-
olism, particularly in nutrient-deficient soil.

The enhanced response to the use of PAW is like-
ly associated with increased water absorption, which
leads to accelerated utilization of seed nutrient re-
serves and nitrogen metabolism during the vegetative
growth of wheat. Seeds grown in PAW interact with
H,O, primarily in the early stages of growth during
imbibition and germination, while NO,” and NO," are
metabolized after the seeds begin to grow.

At Kwangwoon University, Seoul, South Korea,
physiological, biochemical, and molecular changes
were observed in tomato seedlings treated with PAW
compared to the control seedlings [17]. The altered
chemical properties of water under the influence of
cold plasma are shown in Figure 4, a—c.

The effects of PAW treatment at different time
intervals are presented in Figure 5, a—c. Pre-germi-
nated lettuce plants were grown in pots with soil
and irrigated with PAW or solutions of H O, and/or
NO,". After 5 weeks, growth parameters, leaf quanti-
ty and quality, fresh and dry plant mass, chlorophyll
content of photosynthetic pigments, photosynthesis
rate, and the activity of antioxidants and superoxide
dismutase (SOD) enzymes were determined. Lettuce
plants irrigated with PAW, compared to the chemical-
ly equivalent solution of H,0, and NO,", had the same
dry mass, but PAW induced higher content of pho-
tosynthetic pigments, higher photosynthesis rate, and
lower SOD activity. NO,™ primarily contributed to an
increase in dry weight, content of photosynthetic pig-
ments, photosynthesis rate, and better plant appear-
ance. H O, contributed to an increase in dry weight
and induced SOD activity. Overall, H,0, and NO," at
appropriate concentrations can stimulate plant growth
and influence their physiological properties.

In the study [18], the role of PAW was evaluated
by examining its effects on lettuce plants and compar-
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NO_ before and after different times of water exposure to plasma.

Mean=+SE (n=3) of each experiment represented in terms of error bars. The SE between the mean of the control and the treatment
group was analyzed by student t-test. p-value denoted by * (p< 0.05), 6 (p <0.01), # (p <0.001) [17]

ing the influence of PAW with the effects of H,O, and/
or NO,~ (considering solutions of various concentra-
tions). chemical composition and pH of plasma acti-
vated water (PAW) and various H,0,/NO," solutions
are shown in Table 2.

The Company VitalFluid B.V. from Eindhoven
University positions itself as global leader in PAW
application [19]. The synthesized in plasma liquid
nitrogen fertilizer is referred to as “Organic nitrogen
VitalFluid”. In organic plant cultivation, the USDA
(U.S. Department of Agriculture) does not permit the
use of nitrogen fertilizers in a form directly available

Control 15 PAW

for crop uptake. Typically, nitrogen is applied in an
organic form, which must be processed by microor-
ganisms before becoming available to the crop. Nitro-
gen fertilizers in the form of PAW are readily accessi-
ble for assimilation, providing a clear advantage over
organic fertilizers.

The VitalFluid B.V. company developed an organ-
ic nutrient solution in accordance with USDA stan-
dards using PAW and tested it in a pilot production
system. A greenhouse experiment (crop cultivation
area of 120 m?) was conducted with tomato crops
grown in a hydroponic system on a peat substrate, fol-
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Figure S. Effect of PAW treatment at different time intervals: ¢ — on the physiological state of tomato seedlings (28 days) grown in
vermiculite; b — shoot and root length (cm); ¢ — shoot and root length ratio; +SE of mean (n = 3) of each experiment represented
in terms of error bar. Significant difference between the mean of control and treatment group was analyzed by student t-test. p-value
denoted by * (p < 0.05), 5 (p <0.01), and # (p < 0.001) [17]
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Table 2. Chemical composition and pH of PAW and various H,0,/
NO," solutions

. . H,O,, NO, -,
Solution/variant (abbrev.) rr21 MZ m1\3/1 pH
Control (tap water) - ~0.02 ~7.5
PAW ~0.42 ~0.85 ~7.5
H,0, (4) 0.4 - ~7.6
H,0, (1) 1.0 - ~7.7
H,0, (10) 10.0 - ~7.8
NO, (85) - 0.85 ~7.9
NO, (2) - 2.0 ~7.9
NO, (20) - 20.0 ~7.9
H,0, (4) + NO, (85) 0.4 0.85 ~7.9
H,0, (10) + NO, (20) 10.0 20.0 ~7.4

lowing USDA organic cultivation principles. Half of
the greenhouse section served as the control (follow-
ing USDA principles). In the other half of the green-
house, nitrogen fertilizers in the form of PAW were
provided by VitalFluid. On average, 10 mmol/L of
NO," of natural (plasma) nitrogen was applied. At the
beginning of the experiment, the yield was the same
for both treatments, but crop development was entire-
ly different. The crop grown with VitalFluid clearly
had sufficient nitrates for growth, while the reference
crop suffered from nitrogen deficiency, leading to re-
duced productivity (Figure 6) [20].

Using natural PAW nitrogen as the primary nitro-
gen source in USDA organic tomato production has
been shown to provide opportunities for water and nu-
trient savings through drainage water reuse. This can
improve resource efficiency in USDA organic tomato
production.

The literature on plasma agriculture has described
in detail the effectiveness of various approaches to us-
ing PAW, from seed to field. It can be concluded that,
in general, plasma-treated water has a significant ef-
fect on seed germination and seedling growth. Plants
irrigated with plasma-treated water have increased
yields. The studies conducted show that PAW can act
as both a plant growth stimulator and an immune in-
ducer. Thus, special attention should be paid to better
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Figure 6. Cumulative yield of tomatoes (kg/m?) for VitalFluid
(VF) and for reference sample (BIO) [20]

understanding the potential of cold plasma in plant
growth, development and protection. Numerous lab-
oratory tests have been performed that demonstrate
clear benefits of using PAW and the feasibility of mov-
ing to large-scale field practice. The solution to this
problem is related to the development of affordable
and reliable high-performance plasma equipment.

AIMS OF RESEARCH

The aim of the study is to investigate the potential
for high-performance activation of water or aqueous
solutions using a hybrid electrical discharge in bubble
water for the efficient production of PAW — liquid
nitrogen fertilizers.

To achieve this goal, the following objectives must
be accomplished:

e develop and implement a plasma system operat-
ing with a hybrid electrical discharge (with both equi-
librium and non-equilibrium zones) in a water-bubble
medium.

e determine the operating parameters of the sys-
tem that ensure direct fixation of NO_ in the plasma
flow reactor with a hybrid mode of electrical dis-
charge operation.

MATERIALS AND METHODS

To accomplish the objectives, a plasma system utiliz-
ing a flow-type plasma-jet plasma-chemical reactor
has been developed.

The developed reactor system for NO_ synthesis
includes a plasma-jet reactor equipped with a recuper-
ative cooling-heating system, a power supply, water

P
Y

Diameter
of plasma
channel

Figure 7. Zoomed in photo of the discharge region and filamenta-
ry plasma channel formed along the surface of the water film for
the argon carrier gas [21]
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and air supply systems, and monitoring and measure-
ment equipment.

The electrical discharge in the plasma-chemical
reactor occurs on the surface of air bubbles in water
(Figure 7) [21]. This phenomenon underpins the tech-
nology for direct nitrogen fixation in water.

The power supply system for the electrical dis-
charge is built using resonant inverters with a capac-
ity of up to 20 kW. Experiments were conducted by
varying the frequency of the applied voltage from 5
to 100 kHz. Bipolar pulses with a voltage amplitude
of 4000 V are applied to the reactor electrodes. Air
flow rates during the experiments did not exceed 2 m?/
hour. Tap water was used in the experimental studies,
with a maximum flow rate of 2 tons per hour.

A critical aspect in developing the technological
equipment is determining the energy consumption
during the discharge process. This determination was
carried out by analyzing current and voltage oscillo-
grams during discharge (Figure 8).

To obtain oscillograms, a dual-channel DSO3202A
Digital Storage Oscilloscope with a bandwidth of 200
MHz and high sampling rate was used. Digitalization
of the oscillograms was performed using the Orig-
inPro 2017 software. Following digitalization, the
acquired data facilitated the necessary calculations
in the Mathcad mathematical software. Specifically,
power calculations were conducted for all phases of
discharge combustion.

The parameters of PAW were monitored using
ion chromatography on a compact IC-flexometer 930
(manufactured by Thermo Scientific) with a Dionex

025
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: ®
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Delay 0000005

CHI1 10.0V/div CH2 10.0V/div ~ 20.00 us/div ~ 5.00 MSa/s
Figure 8. Typical oscillogram of voltage (/) and current (2) for an
optimal discharge shape (breakdown voltage 3000 V and current
amplitude 14 A)

IonPac AG9-HC guard column and an analytical col-
umn Dionex lonPac AS9-HC. The Horiba NO, ana-
lyzer was used as the measuring instrument. For rapid
analyses, QUANTOFIX® indicator test strips were
employed. pH values of the solution were measured
using a D-51 HORIBA pH meter, and conductivity
was assessed with a CONDS5021ST device from Sato
Shouji Inc. The analysis of NO and NO, content in
exhaust gases was performed using a Testo 340 gas
analyzer. Conductivity of both tap water and PAW
was monitored using a COND5021ST device from
Sato Shouji Inc.

RESULTS

In order to address the research objectives, ERA LLC,
in collaboration with GEFEST PE, has developed a
new plasma system for direct high-throughput pro-

Figure 9. Plasma system for high-performance production of PAW: ¢ — plasma module; b — system in operation
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Figure 10. Impact of energy consumption of the plasma NO_syn-
thesis process on the total cost of nitric acid production [22]
duction of PAW. This system integrates both equilib-
rium and non-equilibrium plasma states and operates
in an air-water mixture. The process is implemented
within a plasma module utilizing a pulsating mode of
electrical discharge combustion in a flowing bubble
stream of water (Figure 9, a, b).

When conducting the research, it was taken into
account that a very important indicator characteriz-
ing operating costs is energy consumption. It is ob-
vious that energy consumption has a great impact on
the overall cost of RONS production (NO,”, NO,,
H,0,, O,, etc.), while increasing capital costs has lit-
tle impact on the overall economics of the process.
The assessment of energy consumption’s impact on
the cost of nitric acid in the plasma synthesis of NO _ is
depicted by solid and dashed lines in Figure 10 [22])
Analysis of Figure 10 demonstrates that the plasma
NO synthesis process becomes competitive com-
pared to the Haber—Bosch process based on electrol-
ysis combined with the Ostwald process at an energy
consumption of 0.7 MJ mole-N',

Among the various nitrogen fixation processes,
one of the most promising methods is low-tempera-
ture non-equilibrium plasma [23-25]. Compared to
the Haber—Bosch process and the early Birkeland—
Eyde process, non-equilibrium plasma allows for a
larger portion of the supplied energy to activate N, at
room temperature and atmospheric pressure. The en-
ergy consumption for nitrogen fixation with non-equi-
librium plasma can be lower than in standard ammo-
nia synthesis, determined by thermodynamics.

The development by the authors is based on two
principles. Firstly, extended Zeldovich mechanism
was taken as a basis. The extended Zeldovich mech-
anism [26] is a chemical mechanism describing the
oxidation of nitrogen and the formation of NO , ac-
cording to reactions:

kl
N2+O<—>NO+N; (1)

k.

N+0, SNO+0; @
k3

N+OH&NO -+, 3)

where: k, and k, are reaction rate constants according
to Arrhenius law.

Secondly, non-equilibrium plasma affects electro-
chemical processes influencing chemical bonding of
molecules within the plasma and/or on the surfaces
of processed materials. Conversely, equilibrium plas-
ma, characterized by high energy density, ensures
efficient performance. However, achieving non-equi-
librium states with high energy densities is challeng-
ing. Therefore, the authors have developed a hybrid
plasma processing method that combines both equi-
librium and non-equilibrium plasma, leveraging the
advantages of each. The electrical discharge in the re-
actor (Figure 9, @) ignites around air bubbles in water
(Figure 7). The power supply system for the electrical
discharge is based on a resonant inverter with a capac-
ity of up to 20 kW at a frequency of 20 kHz. Bipolar
pulses with a voltage amplitude of 4000 V are applied
to the electrodes. The formed sheath around the dis-
charge occupies a volume hundreds of times larger
than the discharge channel itself, creating a non-equi-
librium plasma environment where all plasma-chem-
ical reactions occur.

The radical termolecular reaction (3) between OH
and N is still poorly understood, but under conditions
of a water plasma discharge, it has a significant in-
fluence on the formation of NO in the presence of
nitrogen. cobalt tetraoxide (Co,0,) can act as an elec-
trocatalyst (in combination with hydrogen peroxide,
producing OH), and can be used as a highly efficient
electrocatalyst for nitrate synthesis.

In the exhaust gases at the outlet of the plasma
module (Figure 9, a), NO remains which is not sol-
uble in water. The final stage of the process involves
the absorption of NO, by water. During the oxidation
of NO to NO,, several side reactions occur, resulting
in the formation of a mixture of nitrogen oxides: NO,
N,O,, NO,, N,O,, N,O. The composition of the mix-
ture can vary significantly, but NO, is always the pre-
dominant component. To enhance the absorption of
NO, by water, it is necessary to increase pressure and
decrease temperature, while maintaining elevated wa-
ter temperature in the discharge zone. To meet these
conflicting conditions, the plasma module design in-
cludes an internal heat exchanger, and a separator with
gas-water separation is installed in the pneumatic line.
Subsequently, this gas containing NO is mixed with
ozone for complete oxidation to NO,, followed by
dissolution in water in a bubbling reactor (Figure 11).
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Figurell. Pneumatic hydraulic diagram of the plasma system

Table 3. Parameters of the plasma system for the production of
PAW and liquid nitrogen fertilizers

Parameter Magnitude
Power 10 kW
Water consumption up to 2 t/h
Air consumption up to 5 m’h

NO

N up to 6 mol NO,~ per hour (0.4 kg)

Concentration NO,~ up to 500 mg NO,™ per liter

Installation dimensions 0.7x0.7x1.5m

Installation weight 150 kg

The parameters of the plasma system for the pro-
duction of PAW and liquid nitrogen fertilizers are pre-
sented in Table 3.

The system is scalable up to 100 kW with a capaci-
ty of up to 20 t/h. Typical research results are present-
ed in Table 4.

In this series of experiments, air was introduced
into the system.

DISCUSSION

The authors, along with several other researchers, are
developing a process that simulates lightning flash-
es in nature. Understanding the chemical processes
occurring during induced plasma discharge in water
will lead to an understanding of the impact of PAW on
seed germination and plant growth.

Table 4. Research results

The electric discharge in the surrounding air pri-
marily produces NO and NO,. During lightning flash-
es, the air transitions from the gaseous phase to the
plasma phase, splitting N, and O, molecules into ac-
tive radicals. As demonstrated in [16], upon contact
with water, hydroxyl radicals (OH") are formed, which
quickly recombine into hydrogen peroxide (H,0,):

OH"+OH" > H202
gaseous NO, dissolves in water, forming nitrites NO,~
and nitrates NO,™:
NO2 + NO2 + H20 - NO; + NO; +2H*;
NO +NO + HZO - 2NO; +2H*
in an acidic environment NO,~ can be oxidized to NO,

3NO; +4H" +H,0 - 2NO+NO; +3H,0"

or NO, reacts with H O, to form an intermediate
compound, peroxynitrous acid:

3NO; +4H*+H* - O =NOOH+H20,

which is an unstable product and over time decom-
poses either into NO," or into the radicals NO," and
OH™:

O=NOOH —>NO’; +OH",
O=NOOH —>NO; +H*.

Power, Gas consfn?}s)tion, cons\Z:r:;iion, Ozone, con?l):/lazztzi/ity, NG, NO;, NO,, Oy
kW m/hour L/hour g/hour uS/em ppm mg/L mg/L mg/L
4.3 Air 0.8 240 - 240/500 2200 150 30
4.3 Air 0.8 240 10 240/530 330 180 40

- Air 0.8 240 - 240 - - 0
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Thus, the resulting reactive particles dissolve in
water and produce PAW. In this form, a mixture of
long-lived active oxygen and nitrogen species (H,0O,,
NO,", NO,, and others) is considered a clean and sta-
ble alternative to chemical fertilizers. Such PAW can
be effectively utilized for various agricultural purpos-
es [27-29].

The new plasma process, based on phenomena bor-
rowed from nature, is currently in the developmental
and testing stage. Plasma sources used in plasma ag-
riculture may vary in design and operating principle.
However, their primary goal is to generate plasma and
deliver RONS to seeds, plants, soil, or water. Plasma
generation devices can range from portable units to
larger systems, depending on the scale of agricultural
operations and their requirements. The choice of de-
vice for plasma generation in water plasma treatment
plays a crucial role in obtaining a variety of RONS.
In several studies [30-33], a comprehensive analysis
was conducted on the efficiency of RONS genera-
tion from different types of plasma sources. Various
plasma reactors were investigated, including spark
discharges, glow discharges, corona discharges, laser
discharges, radiofrequency cross discharges, dielec-
tric barrier discharges, arc discharges, microwave dis-
charges, and plasma jets in contact with water.

In the plasma system developed by the authors, a
hybrid plasma is utilized, combining equilibrium and
non-equilibrium plasmas. The plasma module oper-
ates in a pulsating mode of electric discharge com-
bustion (transitioning from arc to diffuse discharge,
accompanied by a significant increase in plasma vol-
ume by orders of magnitude) within a flowing bub-
ble stream of water. The conductivity of the liquid
plays a crucial role in plasma formation and electrical
breakdown. Electrical breakdown is a pivotal phase
for generating plasma discharge. Analysis of oscil-
lograms (Figure 8) revealed that a system with rapid
voltage rise time exhibits much higher tolerance to
liquid conductivity and can sustain a stable discharge.
Highly reactive particles are produced specifically in
the electric discharge in the presence of water and air,
dissolving into water to form PAW. Some authors also
note that using air as the feed gas in the plasma setup
leads to a greater variety of RONS compared to using
other gases such as argon, N,, and O,. The plasma sys-
tem (Figure 11) includes ozone injection for oxidizing
residual NO.

As indicated by the research results presented in
Table 4, the system with a hybrid plasma discharge
ensures sufficiently high levels of RONS concentra-
tion in PAW. The results obtained during the study
suggest that the developed plasma system can be used
for the direct high-yield production of PAW.

The increase in the amount of air passed through
the discharge zone enhances the content of RONS in
PAW. Similar results have been obtained in studies
[14,17].

It should be noted, however, that as demonstrated
by a series of practical studies, different concentra-
tions of RONS in PAW have varying effects on the
development of different agricultural crops and seed
germination. For instance, in study [30], correlations
between the characteristics of PAW and their impact
on various crops were analyzed. Such data allow for
the adjustment of RONS content in activated water to
target specific agricultural crops. High-concentration
solutions can be diluted with water if necessary. Plas-
ma-treated solutions remain stable for several days of
storage [13], allowing for the transportation of PAW
and its prolonged use over time. PAW has significant
potential for effective use in various agricultural ap-
plications, as long-lived liquid RONS (H,0,, NO_,
NO,") can participate in plant metabolism or serve as
nutrients [16].

Nitrites and nitrates in PAW act as nitrogen fertilizers
and contribute to enhanced seedling growth. As noted in
[16], NO," primarily enhances dry biomass, photosyn-
thetic pigment content, photosynthesis rate, and overall
plant appearance; and H,O, contributes to increased dry
biomass. Additionally, PAW improves seed germination
and early seedling development [16].

It should also be noted that agricultural plants are
highly susceptible to pathogen attacks. However,
PAW contains various RONS in concentrations that
can help activate plant defense systems [17].

The small size of the developed plasma system for
PAW and liquid nitrogen fertilizer production, and
also its lightweight and sufficiently high productivity
in generating RONS (Table 3) enable developed plas-
ma system’s use in small and medium-sized farms, as
well as its shared use among multiple farms.

CONCLUSION

The analysis of the current state of PAW application
in agriculture has shown its potential to enhance many
key crop production indicators. A primary challenge
lies in transitioning from laboratory conditions to in-
dustrial-scale applications. High-throughput produc-
tion of PAW holds promise through the use of hybrid
plasma discharge, combining non-equilibrium and
equilibrium (arc) discharges with water plasma. Ex-
perimental research results on PAW production have
demonstrated the effectiveness of hybrid plasma gen-
eration technologies in producing water enriched with
active substances. Such PAW can be effectively used
for seed germination, plant growth, and development.
PAW presents an alternative to chemical nitrogen fer-
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tilizers in agriculture. Plasma technology for atmo-
spheric nitrogen fixation enables the production of
liquid nitrogen fertilizers directly at agricultural sites,
eliminating issues related to transportation, product
loss, and environmental protection. The advancement
of plasma agricultural technologies can be further fa-
cilitated by integrating plasma systems with inexpen-
sive renewable electricity sources. The potential of
PAW lies in its relative simplicity and convenience of
production, although standards development is need-
ed for widespread adoption in crop cultivation.
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