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Plasma-activated water production and its
application in agriculture
Dingmeng Guo,a Hongxia Liu,a* Lei Zhou,b Jinzhuo Xiea and Chi Hea

Abstract

The use of plasma-activated water (PAW) treatment is a promising technology that has many advantages, such as high effi-
ciency, flexibility, environmental safety, and no residue. Thus, PAWhas been applied in the agriculture industry to increase agri-
cultural production. The application of PAW technology in agricultural production should emphasize its systematic nature,
controllability, and operability, making it practical. This review systematically illustrates the production of PAW and the factors
influencing it. The application of PAW in agriculture and its mechanism are discussed, including the effect on seed germination,
the promotion of plant growth, and the control of plant diseases and pests. The implications of PAW for agriculture production
and some of the related challenges are discussed. This review provides a deeper understanding of the viability of PAW technol-
ogy in agriculture production.
© 2021 Society of Chemical Industry.
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INTRODUCTION
With the growth in the world population, the demand for agricul-
tural products has increased significantly.1 Nevertheless, there still
exists a contradiction between the total demand for agricultural
products and agricultural production.2,3 Food and Agriculture
Organization (FAO) statistics reveal that the yield of agricultural
products such as rice, potatoes, and fresh vegetables in China in
2019 decreased compared to 2018.4 Improving the output of agri-
cultural products has become an urgent problem in agricultural
production. At present, the traditional way to improve the output
of agricultural products is by applying chemical fertilizers and pes-
ticides. However, the abuse of chemical fertilizers and pesticides is
becoming severe, and could destroy the agricultural ecosystem,
cause point source or non-point source environmental pollution,
and affect seriously the growth and development of crops.5,6 To
solve this problem, researchers have explored many new technol-
ogies. In recent years, the application of non-thermal plasma tech-
nology in agriculture has attracted more attention.
Plasma is the fourth state of matter, which is the aggregation of

high-energy particles (electrons, ions, excited atoms, excited mol-
ecules, free radicals, etc.) with special chemical activity. It has
super oxidation properties and can reduce the organic matter
content. There is no selectivity in the reaction and no residue in
the environment. Since the 1970s, cold atmospheric plasma tech-
nology has been applied gradually to seed germination, plant
growth, sterilization insecticides, virus inhibition, agricultural
product preservation, and pesticide residue degradation due to
its fast, efficient and pollution-free characteristics.7–10

However, non-thermal plasma technology is not flexible
enough to treat the plant surface uniformly, and its improper
operationmay damage the plant surface. Some scholars therefore
exposed water to various forms of plasma discharge to generate
plasma-activated water (PAW).11 Compared with traditional

plasma treatment technology, PAW has the virtues of flexibility
and safety to ensure the effect of plasma treatment and to over-
come the limitations of equipment and instruments, and to act
directly on plants.12 In this paper, we considered the generation
of PAW and the factors influencing this. The application of PAW
in agriculture was analyzed from the viewpoints of seeds germi-
nation, plant growth, disease and pest control, and the different
mechanisms of action of PAW. Finally, the uses of PAW in agricul-
tural development, and the challenges posed by it, are
considered.

THE PHYSICAL AND CHEMICAL PROPERTIES
OF PAW
Many studies on PAW indicated that the main active substances
of PAW are reactive oxygen species (ROS) and reactive nitrogen
species (RNS).13 The main components of ROS include hydroxyl
radicals, hydrogen peroxide, singlet oxygen, superoxide anions,
and ozone, whereas RNS mainly includes nitrate, nitrite, peroxyni-
trite, nitric oxide radical, ammonia, and nitrogen.14 Among them,
the long-lived reactive species are hydrogen peroxide, nitrate,
and nitrite. Figure 1 is a schematic diagram of PAW component
formation, including the discharge area, gas phase, and reactive
species formed inside the liquid.15 The physical and chemical
properties of water, such as conductivity, pH, and redox potential,
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are affected by plasma activation. The PAWproduction process, as
shown in Fig. 2, indicates the control factors that affect the prop-
erties of PAW in each process. We selected the discharge struc-
ture, activation method, activation time, storage time, and the
working gas species to discuss these controlling factors.

Discharge structure
The discharge structure is a significant factor in producing plasma.
The commonly used discharge structures to make plasma include
dielectric barrier discharge, plasma jet, glow discharge, spark dis-
charge, corona discharge, and gliding arc discharge (Fig. 3). The
PAW produced by spark discharge and microwave discharge
mainly contains nitrogen-based chemicals such as nitrates and
nitrites. In contrast, the PAW produced by glow discharge
and dielectric barrier discharge mostly contain hydrogen perox-
ide and nitrate. The main reason is that higher plasma tempera-
ture is conducive to the gas-phase formation with higher

nitrogen dioxide density, resulting in higher nitrate concentra-
tion.16,17 Hoeben et al.18 analyzed the concentrations of nitrites,
nitrates, and peroxides in deionized water activated by 150w
hot arc plasma. As a result, the generating efficiency for nitrite,
nitrate, and peroxide are 23 nmol NO2

−·J−1, 9 nmol NO3
−·J−1

and 2 nmol H2O2·J
−1, respectively. Different discharge structures

will form different reactive compositions, resulting in different
physical and chemical properties of PAW. Sliding arc discharge
will cause significant water acidification, whereas spark discharge
will lead to a neutral or higher pH value.19 Darmanin et al.20 pro-
duced two different PAW types by plasma discharge on the sur-
face of the anode side and the cathode side of the copper
sheet. Anode side PAW is rich in nitrate, pointing that the amount
of ionic conducting species is further than cathode side PAW
which is rich in nitrite.
Finally, some researchers studied the optimization of the form

of the reactor to obtain better performance from PAW. Nedyba-
liuk et al.21 developed a plasma-liquid discharge system based
on rotating sliding discharge of a single liquid electrode. Com-
pared with other single-electrode rotary sliding discharge, it can
be used to manufacture a long-life plasma generator due to its
small electrode ablation. Wu et al.22 strengthened the dissolution
of ROS and RNS in the water by bonding plasma andmicrobubble
technology. It could improve the concentrations of nitrite,
nitrate, and ozone in this water at least twice as much as
conventional PAW.

Activation method
The PAW pathways include plasma activation of water above
(PAW-A) and below (PAW-B) water surface. Properties of PAW
generated by different activation methods are also different.
Plasma radiation initiate changes in water composition in
PAW-A treatment at the plasma gas-water surface.23 When dis-
charged below the water surface, the water becomes part of the
discharge response, making the reaction more fierce and produc-
ing more active species.Figure 1. Schematic diagram of the formation of PAW components.

Figure 2. PAW production process and control factors.
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For PAW-A, the effects of mass transfer were crucial in the PAW
system. Nevertheless, there are barriers to mass transfer from gas
to water. Optimizing the reactor to mix gas and water violently
can solve this problem. Some scholars used a peristaltic pump
to refresh the page and increased the contact area between
plasma and water.24 Others pass plasma through the tube to the
bottom of the reservoir to enhance contact time between plasma
and water. Sysolyatina et al.25 proposed a novel method to pro-
duce PAW, which was procured using a plasma producer by
two-way mass transfer between moist air and fine water spray.
Kovačević et al.26 used precipitation membrane dielectric barrier
discharge (DBD) to generate PAW. The principle is that the solu-
tion flows through the discharge area in a thin film state from
the top, adding the contact region between solution and plasma,
thus improving the mass transfer efficiency. Adjusting the plasma
distance from the water surface can also selectively produce reac-
tive oxygen and nitrogen species (RONS) in the water.27

For PAW-B, the oxygen content in water is higher than that in
the air at constant volume. Therefore, PAW-B generates more
oxygen-containing groups after the impact of plasma reactants
and water and is more likely to turn out ROS and free electrons.28

Liu et al.24 compared the PAW components when water was used
as a positive pole and water as a negative pole and reported that a
water cathode performedmuch better than a water anode in pro-
ducing hydrogen peroxide past plasma water interactions. When
water acts as the cathode, the hydrogen peroxide was combined
with deliquesced hydroxyl radicals. The dissolution of gaseous
hydrogen peroxide had no noticeable effect on the concentration
of hydrogen peroxide.29 When water acts as the anode, the low
hydrogen peroxide productivity in this system was due to
quenching the deliquesced hydroxyl radicals through aqueous
electrons. Alkalization in the plasma directly influenced the water
zone.30 Besides, energy expenditure for activating water by
plasma radiation is less than producing the plasma.31

Activation time
Activation time refers to the time for the plasma to activate the
water. In the current study, the activation time is mostly 5–30 min.
An increase in the activation time will lead to more plasma in con-
tact with the water, thus producing more RONS. Furthermore, the
activation time will affect the physical and chemical properties of
PAW.32 Laurita et al.33 found that longer treatment times led to a
greater concentration of nitrate and hydrogen peroxide. But with

the extension of treatment time, nitrite in PAWwas unstable in an
acid environment (pH < 3.5) and showed a downward trend.34

Ma et al.35 reported that the electrical conductivity, temperature,
and oxidation–reduction potential (ORP) of PAW increased over
the plasma activation time. Still, the pH of PAW dropped during
the first 10 min activation and reached a steady-state of around
3 after 20 min activation. Kucerova et al.36 discovered that, due
to a natural hydrocarbon buffer system, the pH value of plasma-
activated tap water (PATW) remains quite stable (pH 7.5). The
change is very mild with the activation time of tap water. Park
et al.19 presented the results of water analysis after treatment with
a transfer arc. The pH value increased by 30 s after treatment and
decreased steadily with the passage of treatment time.

Storage time
As time goes by, the properties of the PAW will also change. Pro-
longed storage time will influence the content of RONS in PAW.
Zhao et al.37 used a 15 kV atmospheric cold plasma jet for 5 min
to produce PAW. The concentration of hydrogen peroxide
decreased from 16.25 μmol·L−1 to 3.74 μmol·L−1 after 48 h stor-
age. In the process of cold storage, the content of nitrite
decreased. After treatment, nitrite was 17.28 μmol·L−1 immedi-
ately, 13.61 μmol·L−1 after 24 h, and 11.08 μmol·L−1 after 48 h.
The redox potential of treated water is 553 ± 5 mV. From day
4 to day 9, the potential increased to 630 ± 10 mV. Andreev
et al.38 prepared PAW using electrode-microwave discharge
plasma and found that the hydrogen peroxide content was
3 × 10−3 mol L−1, which could be stable for more than 7 days.
Vlad et al.16 assessed the time evolution of the PAW and proved
that properties of the PAW were steady for more than 21 days.
Moreover, Kutasi et al.39 indicated that wavemicrowave discharge
can change the recombination pathway of hydrogen peroxide
and prolong the storage time of the nitrite radical.

The working gas species
Different working gases lead to different kinds and concentra-
tions of reactive species and electrons in the plasma, and the
physicochemical properties of PAW are also different. Figure 4
showed the effects of working gas on the formation of major spe-
cies in water. Above all, in the case of helium or oxygen discharge,
with the extension of plasma treatment time, the pH value shows
an alkaline condition. Besides, in the case of nitrogen and air, the
reactive nitrogen oxide formed by nitrogen and oxygen reaction

Figure 3. Various discharge structures activation of water above (a-f) and below (g-k) water surface are used for PAW generation. (a) plasma jet,
(b) dielectric barrier discharge, (c) glow discharge, (d) gliding arc discharge, (e) spark discharge, (f) gas-phase pulsed electrical discharge, (g) plasma
jet, (h) dielectric barrier discharge, (i) point-to-plate/mesh electrode discharge, (j) bubble discharge, (k) gliding arc discharge.
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during discharge interacts with water, resulting in the activated
water's acidic tendency.40 The RNS in activated water comes from
the dissolution of nitrogen-containing substances. The RNS con-
tent is therefore higher when air and nitrogen are used as the
working gas while working gas oxygen and argon are conducive
to the formation of ROS, such as hydrogen peroxide. Zhang
et al.41 compared the concentration of hydroxyl radical in PAW
produced by the argon, nitrogen, air, and oxygen as working
gas. The results indicated that when the activation time is
10 min, the concentration of hydroxyl radical oxygen-PAW and
air-PAWwas 0.8906 and 1.0633 mmol·L−1, respectively. Moreover,
when the argonwasmixedwith 1% air or nitrogen as working gas,
the nitrate and nitrite content in PAW increased sharply, while the
pH and content of hydrogen peroxide decreased. Thus, it is clear
that the existence of a nitrogen atom in the working gas is essen-
tial for the generation of nitrate and nitrite.42

Furthermore, the working gas flow rate also affects PAW proper-
ties. When the working gas flow rate is low, the gas stays in the
plasma discharge area for a long time, and the plasma density is
high. When the gas flow rate is high, more plasma will be pro-
duced per unit time. Uchida et al.43 demonstrated the remarkable
effect of gas velocity on the emission characteristics near the
water surface. The area of plasma irradiation on the water surface
increases with an increase in gas velocity, which leads to a rise in
the total number of charged particles transported to water.

THE APPLICATION OF PAW IN
AGRICULTURE
PAW affects seeds germination
Many publications have provided exhaustive reports about the
use of PAW on seeds to increase the germination rate, and have
indicated that PAW is highly efficient in seed germination. All of
this research were shown in Table 1. For instance, Naumova
et al.50 produced PAW to treat rye seeds: PAW treatment of rye
seeds for 5 min increased the germination rate by 50%. Kucerova
et al.36 applied spark discharge generating plasma-activated deio-
nized water (PADW) and PATW to dispose wheat seeds. The ger-
mination rate increased by 26% and 103%, respectively. Judee
et al.45 prepared PATW to treat lentil seeds, and the results
showed that the maximum germination rate of lentil seeds trea-
ted by PATW was up to 99%. Chiara et al.47 also found that PAW
could promote the germination of soybean seeds, and the

germination rate could reach 100% on the third day. Furthermore,
Sajib et al.44 investigated the impact of PAW on the black gram
and revealed that the germination rate of black gram seeds
increased significantly, by 10–15%. Andreev et al.38 found that
PAW could improve radish and other crop seeds' drought resis-
tance and improve the seed germination rate under drought con-
ditions. This is consistent with the result obtained by Loganathan
et al.,48 and the germination rate of radish seeds reached 100%.
According to literature reports, the mechanism of PAW treat-

ment on seed germination promotion mainly includes the follow-
ing three aspects. First, the ROS induced by PAW might cause
seed coat cracking and make the seed coat thin, which improves
its assimilation of water and nutrients, resulting in enhanced ger-
mination rate, germination index, and vigor index.51 Chen et al.52

reported that hydrogen peroxide in the ROS helps to crack hard
seeds, letting them absorb moisture. Second, RNS in PAW can
be used as the nutrient for seed germination. As a nutrient, nitrate
was taken up by the seed, reduced by nitrate reductase to
become nitrite, and then further reduced by nitrite reductase
to become the ammonium ion, last incorporated into amino
acids.53 Finally, reactive oxygen and nitrogen species (RONS),
especially hydrogen peroxide and nitrate in the PAW, may act as
the signaling molecule to stimulate seed germination, involving
changes at proteomic, transcriptomic, and hormonal levels.54

Abscisic acid (ABA) is a plant hormone that inhibits growth and
plays an essential role in seed dormancy.55 The RONS can activate
the mitogen-activated protein kinase (MAPK) cascade mecha-
nism, leading to the expression of the PsMAPK2 gene, affecting
the level of plant hormones, resulting in decreased ABA and jas-
monic acid (JA) content in seeds, thereby promoting seed germi-
nation.56 Hydrogen peroxide can also impair ABA's transport and
induce the reduction of ABA by directly or indirectly acting on the
embryo. Protein carbonylation is a useful biomarker of oxidative
stress and can reduce seed dormancy. Hydrogen peroxide can
induce carbonylation of seed storage proteins and stimulate seed
germination. Some glycolytic enzymes stimulate the pentose
phosphate pathway (PPP) during storage protein carbonylation.
The PPP activation can provide nicotinamide adenine dinucleo-
tide phosphate (NADPH) to the thioredoxin system, which pro-
motes seed germination.57 For instance, nitric oxide can diffuse
through cell membranes that may participate in the ABA catabo-
lism or GA biosynthesis processes, thereby enhancing the germi-
nation of seeds.58 But the H+ ions harm the germination of
seeds.59

PAW promotes plants growth
Plasma-activated water can also improve plant growth. This
research is shown in Table 2. Maniruzzaman et al.60 used air as
the working gas to produce PAW and treated the wheat seedlings
with pot culture for 28 days; the biomass of the seedlings was
87% higher than the control group. Beyond that, PAW can also
promote the growth of vegetable and fruit plants. Iwata et al.66

treated radish buds with PAW, which doubled their length. Taka-
hata et al.62 also reported that the height of radish buds increased
by 53% by PAW treatment. Takaki et al.65 prepared PAW to
improve cabbages' growth rate. The results showed that dry
weight of cabbages treated with PAW-10 (PAW with activation
time of 10 min) and PAW-20 (PAW with activation time of 20 min)
increased by 0.044 g and 0.076 g, respectively, 3.9 times and 6.6
times that of the control group. Lindsay et al.61 used PAW pre-
pared by coaxial glow discharge under atmospheric pressure to
irrigate marigold, tomato, and carrot branches, and its mass

Figure 4. Effects of working gas on formation of major species in water.
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increased by 1.7–2.2 times. Zhang et al.67 also discovered that
PAW could significantly improve the germination rate of lentils
and promote the stem of lentils' growth better than chemical
fertilizer.
The mechanism of PAW for plant growth is considered a syner-

gistic effect many factors. First, nitrate is of great essential content
for nitrogen in temperate soils.68 Hence, the nitrate in the PAW is
one of the chief elements for accelerating plant growth.65 The
nitrate-nitrogen can be absorbed from roots and increase the
growth of plants.64 After nitrate-nitrogen enters plant cells, it is
reduced step by step by nitrate reductase and nitrite reductase.
Eventually, this generates ammonium ions, which enter amino
acids to form nutrients to promote plant growth.56 Besides, the
expense of bicarbonate ions during the plasma-activated process
also boosts plants' growth.45 Second, ROS, especially hydrogen
peroxide, plays a vital role as a signal molecule in enhancing plant
tolerance mechanisms, reducing oxidative plant damage, and
maintaining standard plant physiological andmetabolic activities.
Iseri et al.69 found that the application of low-concentration
hydrogen peroxide from external sources can enhance ascorbate
peroxidase (APX) activity and proline accumulation in tomato
seedlings. That can help maintain osmotic regulation and mem-
brane stability, improve the antioxidant status of tomatoes, and
significantly enhance oxidative stress. Stimulus reaction makes
tomato seedlings grow better under cold pressure. Ascorbate per-
oxidase is a plant's non-enzymatic defense system, which can
react directly with active oxygen in plant cells to stimulate oxida-
tive defense. Malonaldehyde (MDA) is a product of membrane
peroxidation, and it has been taken as a direct indicator of lipid
peroxidation and membrane damage.70 Sayed et al.71 also
reported that hydrogen peroxide treatment could reduce hydro-
gen peroxide and MDA content in pea seedlings through the
accumulation of proline and ascorbic acid to reduce the negative
effects of cadmium on the growth of pea. Finally, RONS can pro-
mote plant growth by affecting plant hormone levels and gene
expressions, such as indole acetic acid (IAA) and ABA. Increasing
plant cell elongation is the primary physiological function of IAA.
The content of IAA in mung bean sprouts increased significantly
after plasma treatment.46 Abscisic acid is a hormone that inhibits
plant growth and inhibits cell division and elongation. As

explained in the previous section, RONS activates some genes'
expression through the MAPK cascade and reduces ABA content,
thereby promoting plant growth. Moreover, hydrogen peroxide
is significant for accelerating the growth of plants. When hydro-
gen peroxide concentration was lower than 0.07%, the treat-
ment was very beneficial to plant growth. When the
concentration of hydrogen peroxide increased sharply to
0.1% and 0.3%, plants' growth was restrained.72 In brief, hydro-
gen peroxide can promote plant growth by inhibiting the
growth of undeveloped leaves, reducing bud shedding, and
promoting the expression of the flower-related genes.73

PAW controls diseases and pests
The research on PAW control of diseases and insect pests is spo-
radic and experimental. Guo et al.74 treated grapes with PAW pre-
pared by jet corona discharge and found that PAW could reduce
the surface yeast 0.51 ± 0.11 log CFU·ml−1. In the meantime,
PAW completely inhibited the mycelium growth of Fusarium gra-
minearum for 24–36 h. It reduced the germination rate of its con-
idia, which could be used to control wheat scab.75 Bertaccini et
al.76 reported that PAW could be used as a resistance inducer
for plants to induce tomato plants' defense against Xanthomonas
campestris pv. vesicatoria (Xv) and grape plants against phyto-
plasma. On this basis, Perez et al.77 further studied the relative
ability of PAW to protect tomato plants against leaf spot disease
and reported that the disease severity could be lower when
PAW was applied 1 and 24 h before the pathogen inoculation,
providing relative protection of 61% and 51%, respectively. The
phenylalanine ammonia-lyase (pal) gene transcription abun-
dance for tomato plants treated with PAW and then inoculated
with Xv was significantly greater than that for plants only inocu-
lated with the pathogen. These consequences were bespoke that
the pal gene may be a major factor in response to PAW stimula-
tion.78 Adhikari et al.79 illustrated that irrigation of tomato seed-
lings with PAW resulted in better growth morphology
(compared to longer stem and root), oxidation and defense gene
expression. Sroykaew et al.80 contrasted line-to-line discharge and
plasma-jet discharge to generate PAW in terms of their effective-
ness in treating sugarcane leaf disease. The results showed that
the line-to-line discharge treatment reduced the incidence of

Table 1. Main research results of the application of PAW to promote seed germination

Seed Plasma devices
Voltage/
power

Working
gas

Activation time
(min mL−1)

Mode of
activation

Storage
time

Treatment
time

Germination
rate Ref.

Wheat Spark discharge 6 W Air 0.5 a — Soak 3 h 100% 36

Black
gram

High voltage
discharge

6 W O2 0.12 b 30 min Soak 24 h Increased
10–15%

44

Lentil DBD 12 kV Air 0.3 a — Soak 3 h 99% 45

Mung
bean

Plasma jet 30 mA N2, He,
O2, Air

0.2 a — 20 mL per
day

90.33–
97.33%

46

Soybean DBD 80 kV Air 0.25 a — 2 mL per
day

100% 47

Radish DBD 40 kV Air 0.12 a — 1 mL per
day

Increased
60%

48

Rapeseed Arc discharge 30 W Ar,O2 0.2 b 30 min Soak
4 days

Increased
16–18%

49

a: Plasma activation of water above water surface.
b: Plasma activation of water below water surface.
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disease by 50%, and the plasma jet discharge treatment reduced
the incidence of disease by 40%. In terms of pest control, Sun
et al.81 invented a liquid fertilizer containing 60% PAW and
revealed that it could reduce grape insect pests.
Control of PAW for plant diseases and insect pests can mainly

occur in twoways. The PAW can protect plants from pests and dis-
eases by killing pathogenic bacteria on the plants' surface.82 Fig-
ure 5 is a schematic diagram of PAW killing pathogenic bacteria.
The PAW contains RON and ROS, which can enter bacterial cells
through the instantaneous pores in the active transport cell mem-
brane. The RNS and ROS in the cell can oxidize DNA, protein, and
lipids, break DNA, break down proteins, and trigger lipid peroxida-
tion, thereby causing the contents to flow out of the bacteria and
die.83 In RNS and ROS, ozone and peroxynitrite dominate the ster-
ilization matrix.84–87 Many researchers also speculate that the
acidity and active substances in PAW are interrelated. The lower
the pH, the easier the bacteria will die. First, the presence of
hydrogen ions reduces the resistance of bacteria to acidic envi-
ronments.35 The ROS and RNS will react with the lipids and carbo-
hydrates of DNA proteins in cells, lower the pH level of cells, and
cause physiological dysfunction and cell death. Besides, PAW
can serve as a resistance inducer for plants, triggering their
defenses against pests and diseases. Hydrogen peroxide and
nitric oxide in PAW both induce the expression of pathogenesis-
related (PR) proteins, antioxidant enzyme activity, salicylic acid
(SA), and JA pathway enzymes via MAPK signaling pathways;
these defense proteins and phytohormones strengthen the plant
pathogen defense pathway.63

CONCLUSION AND FUTURE PERSPECTIVES
The unique physicochemical properties of PAW and its unusual
biochemical activities are attracting increasing attention in aca-
demic and agriculture communities. This review summarizes the
PAW way of production and describes how the application of
PAW promotes seed germination, affecting plant growth, and
prevents diseases and insect pests. In the agricultural field,
research into the application of PAW so far has faced many chal-
lenges: (i) Existing research into the properties of PAW is insuffi-
cient – there has been a lack of comprehensive quantitative
analysis and research on the change of PAW properties with stor-
age time; (ii) most of the mechanisms are concentrated in long-
living active species such as hydrogen peroxide, nitrates, and
nitrites, and there is a lack of research on the effects of other

active substances; and (iii) the research direction of literature
mostly focuses on seed germination and the plant growth stage,
while there is less attention to disease and pest control research.
Future research directions mainly focus on the following

aspects:

(1) The conditions of PAW production should be optimized to
make the PAW more controllable, which includes improving
the PAW production equipment and the search for ways to
control the physical and chemical properties of the PAW. For
example, the axial magnetic field concentration of the plasma
can be found as a tool for the axial manipulation of the
plasma jet. The chemical composition of PAWwill also change
with time, so it is important to explore the physical and chem-
ical properties change trend in actual production.

(2) Many liquids such as phosphate buffer saline, ionic liquids,
and hydrogen peroxide have also been activated by plasma
to obtain plasma-activated liquids with more stable proper-
ties, stronger reaction, and better effect. It is indispensable
to research the properties of different media and liquid, to
select the appropriate liquid type according to the target
and the desired impact in practical applications.

(3) At present, studies on the control of diseases and pests with
PAW are in the sporadic and scattered experimental stage.
However, this application is essential for the agricultural
industry. We should therefore pay more attention to the
mechanism of the PAW in diseases and pests control, and
combine the findings with the other two applications. It has
important scientific significance and application prospects in
the agricultural field to find the optimal condition or interval.

ACKNOWLEDGEMENTS
This research was supported financially by the Natural Science
Foundation of China (no. 31871889) and the Natural Science Basic
Research Plan in Shaanxi Province of China (no. 2017JM5067).

REFERENCES
1 Caicedo-Solano NE, García-Llinás GA and Montoya-Torres JR, Towards

the integration of lean principles and optimization for agricultural
production systems: a conceptual review proposition. J Sci Food
Agric 100:453–464 (2020).

2 Huang Z, Research on the trend of agricultural production in China
based on supply side reform. J China Agric Resour Reg Plann 39:
183–189 (2018).

Figure 5. Schematic diagram of PAW killing pathogenic bacteria.

Plasma-activated water production www.soci.org

J Sci Food Agric 2021; 101: 4891–4899 © 2021 Society of Chemical Industry. wileyonlinelibrary.com/jsfa

4897

http://wileyonlinelibrary.com/jsfa


3 Zimin L, Dan Y and Tao W, Agricultural production mode transforma-
tion and production efficiency. China Agric Econ Rev 11:160–179
(2019).

4 FAO. FAOSTAT-Crops (2021). Available: http://www.fao.org/faostat/en/
#data/QC.

5 Xie S, Yang F, Feng H andWei C, General characteristics of the chemical
fertilizers and pesticides use and the analysis of use reduction effect
in China. Environ Pollut Cont 41:490–495 (2019).

6 Xie SW, Feng HX, Yang F, Zhao ZD, Hu XD, Wei CY et al., Does dual
reduction in chemical fertilizer and pesticides improve nutrient loss
and tea yield and quality? A pilot study in a green tea garden in
Shaoxing, Zhejiang Province, China. Environ Sci Pollut Res 26:2464–
2476 (2019).

7 Iqbal T, Farooq M, Afsheen S, Abrar M, Yousaf M and Ijaz M, Cold
plasma treatment and laser irradiation of Triticum spp seeds for ster-
ilization and germination. J Laser Appl 31:7 (2019).

8 Li L, Li JG, Shao HL and Dong YH, Effects of low-vacuum helium cold
plasma treatment on seed germination, plant growth and yield of
oilseed rape. Plasma Sci Technol 20:7 (2018).

9 Kim J-W, Puligundla P and Mok C, Microbial decontamination of dried
laver using corona discharge plasma jet (CDPJ). J Food Eng 161:24–
32 (2015).

10 Feng X, Ma X, Liu H, Xie J, He C and Fan R, Argon plasma effects on
maize: pesticide degradation and quality changes. J Sci Food Agric
99:5491–5498 (2019).

11 Samukawa S, Hori M, Rauf S, Tachibana K, Bruggeman PJP, Kroesen GMW
et al., The 2012 plasma roadmap. J Phys D 45:253001 (2012).

12 Yang B, Zhong CS, Wang WZ, Liao ZJ, Chen R, Wang Y et al., Advances
in the application of plasma-activated water in agriculture. Agri Eng
9:101–107 (2019) (In Chinese).

13 Liu DX, Liu ZC, Chen C, Yang AJ, Li D, Rong MZ et al., Aqueous reactive
species induced by a surface air discharge: heterogeneous mass
transfer and liquid chemistry pathways. Sci Rep 6:23737 (2016).

14 Thirumdas R, Kothakota A, Annapure U, Siliveru K, Blundell R, Gatt R
et al., Plasma activated water (PAW): chemistry, physico-chemical
properties, applications in food and agriculture. Trends Food Sci
Technol 77:21–31 (2018).

15 Kaushik N, Ghimire B, Li Y, Adhikari M, VeeranaM, Jha N et al., Biological
and medical applications of plasma-activated media, water and
solutions. Biol Chem 400:39–62 (2018).

16 Vlad I and Anghel SD, Time stability of water activated by different on-
liquid atmospheric pressure plasmas. J Electrostat 87:284–292 (2017).

17 Niquet R, BoehmD, Schnabel U, Cullen P, Bourke P and Ehlbeck J, Char-
acterising the impact of post-treatment storage on chemistry and
antimicrobial properties of plasma treated water derived from
microwave and DBD sources. Plasma Processes Polym 15:11 (2018).

18 Hoeben WFLM, van Ooij PP, Schram DC, Huiskamp T, Pemen AJM and
Lukeš P, On the possibilities of straightforward characterization of
plasma activated water. Plasma Chem Plasma Process 39:597–626
(2019).

19 Park DP, Davis K, Gilani S, Alonzo CA and Fridman G, Reactive nitrogen
species produced in water by non-equilibrium plasma increase
plant growth rate and nutritional yield. Curr Appl Phys 13:S19–S29
(2013).

20 Darmanin M, Kozak D, Mallia JDO, Blundell R, Gatt R and
Valdramidis VP, Generation of plasma functionalized water: antimi-
crobial assessment and impact on seed germination. Food Control
113:107168 (2020).

21 Nedybaliuk OA, Prysiazhna OV, Martysh EV and Fedirchyk II, Plasma-
liquid systemwith rotational gliding discharge with liquid electrode.
Probl At Sci Technol 94:191–194 (2014).

22 Wu MC, Uehara S, Wu JS, Xiao Y, Nakajima T and Sato T, Dissolution
enhancement of reactive chemical species by plasma-activated
microbubbles jet in water. J Phys D Appl Phys 53:485201 (2020).

23 Oehmigen K, Hoder T, Wilke C, Brandenburg R, Hahnel M, Weltmann K
et al., Volume effects of atmospheric-pressure plasma in liquids. IEEE
Trans Plasma Sci 39:2646–2647 (2011).

24 Liu J, He B, Chen Q, Li J, Xiong Q, Yue G et al., Direct synthesis of hydro-
gen peroxide from plasma-water interactions. Sci Rep 6:38454
(2016).

25 Sysolyatina EV, Lavrikova AY, Loleyt RA, Vasilieva EV, Abdulkadieva MA,
Ermolaeva SA et al., Bidirectional mass transfer-based generation of
plasma-activated water mist with antibacterial properties. Plasma
Processes Polym 17:e2000058 (2020).

26 Kovačević V, Dojcinovic B, Jović M, Roglic G, Obradović B and
Kuraica M, Measurement of reactive species generated by dielectric
barrier discharge in direct contact with water in different atmo-
spheres. J Phys D Appl Phys 50:19 (2017).

27 Uchida G, Nakajima A, Ito T, Takenaka K, Kawasaki T, Koga K et al.,
Effects of nonthermal plasma jet irradiation on the selective produc-
tion of H2O2 and NO2− in liquid water. J Appl Phys 120:203302
(2016).

28 Tian Y, Ma R, ZhangQ, FengH, Liang Y, Zhang J et al., Assessment of the
physicochemical properties and biological effects of water activated
by non-thermal plasma above and beneath the water surface.
Plasma Processes Polym 12:439–449 (2015).

29 He X, Lin J, He B, Xu L, Li J, Chen Q et al., The formation pathways of
aqueous hydrogen peroxide in a plasma-liquid system with liquid
as the cathode. Plasma Sources Sci Technol 27:085010 (2018).

30 Lin J, He XY, Chen Q, Xiong Q, Li JS, Wang X et al., The formationmech-
anism of aqueous hydrogen peroxide in a plasma-liquid systemwith
liquid as the anode (vol 74, 80, 2020). Eur Phys J D 74:2 (2020).

31 Piskarev IM, Water activated by air spark plasma radiation. High Energy
Chem 53:82–86 (2019).

32 Lietz AM and Kushner MJ, Air plasma treatment of liquid covered tis-
sue: long timescale chemistry. J Phys D 49:425204 (2016).

33 Laurita R, Barbieri D, Gherardi M, Colombo V and Lukes P, Chemical
analysis of reactive species and antimicrobial activity of water trea-
ted by nanosecond pulsed DBD air plasma. Clin Plasma Med 3:53–
61 (2015).

34 Lukes P, Dolezalova E, Sisrova I and Clupek M, Aqueous-phase chemis-
try and bactericidal effects from an air discharge plasma in contact
with water: evidence for the formation of peroxynitrite through a
pseudo-second-order post-discharge reaction of H2O2 and HNO2.
Plasma Sources Sci Technol 23:015019 (2014).

35 Ma R, Wang G, Tian Y, Wang K, Zhang J and Fang J, Non-thermal
plasma-activated water inactivation of food-borne pathogen on
fresh produce. J Hazard Mater 300:643–651 (2015).

36 Kucerova K, Henselova M, Slovakova L and Hensel K, Effects of plasma
activated water on wheat: germination, growth parameters, photo-
synthetic pigments, soluble protein content, and antioxidant
enzymes activity. Plasma Processes Polym 16:e1800131 (2019).

37 Zhao YM, Ojha S, Burgess CM, Sun DW and Tiwari BK, Inactivation effi-
cacy and mechanisms of plasma activated water on bacteria in
planktonic state. J Appl Microbiol 129:1248–1260 (2020).

38 Andreev SN, Apasheva LM, Ashurov MK, Lukina NA and
Shcherbakov IA, Production of pure hydrogen peroxide solutions
in water activated by plasma of an electrodeless microwave dis-
charge and their application for controlling plant growth. Dokl Phys
64:222–224 (2019).

39 Kutasi K, Popovic D, Krstulovic N and Milosevic S, Tuning the composi-
tion of plasma-activated water by a surface-wave microwave dis-
charge and a kHz plasma jet. Plasma Sources Sci Technol 28:095010
(2019).

40 Wang XY, Qi ZH, Song Y and Liu DP, Application of plasma discharge
activation to sterilize physiological saline. J Phys 65:123301 (2016)
(In Chinese).

41 Zhang X, Zhou R, Bazaka K, Liu Y, Zhou R, Chen G et al., Quantification
of plasma produced OH radical density for water sterilization.
Plasma Processes Polym 15:1700241 (2018).

42 Lai C, Deng Y and Liao Y, A study on the influence of gas mixtures on
the property of plasma-activated water. Plasma Processes Polym
17:1900196 (2020).

43 Uchida G, Nakajima A, Takenaka K, Koga K, Shiratani M and
Setsuhara Y, Gas flow rate dependence of the discharge characteris-
tics of a plasma jet impinging onto the liquid surface. IEEE Trans
Plasma Sci 43:4081–4087 (2015).

44 Sajib SA, Billah M, Mahmud S, Miah M and Reza MA, Plasma activated
water: the next generation eco-friendly stimulant for enhancing
plant seed germination, vigor and increased enzyme activity, a
study on black gram (Vigna mungo L.). Plasma Chem Plasma Process
40:119–143 (2020).

45 Judee F, Simon S, Bailly C and Dufour T, Plasma-activation of tap water
using DBD for agronomy applications: identification and quantifica-
tion of long lifetime chemical species and production/consumption
mechanisms. Water Res 133:47–59 (2018).

46 Zhou R, Li J, Zhou R, Zhang X and Yang S, Atmospheric-pressure
plasma treated water for seed germination and seedling growth of

www.soci.org D Guo et al.

wileyonlinelibrary.com/jsfa © 2021 Society of Chemical Industry. J Sci Food Agric 2021; 101: 4891–4899

4898

http://www.fao.org/faostat/en/#data/QC
http://www.fao.org/faostat/en/#data/QC
http://wileyonlinelibrary.com/jsfa


mung bean and its sterilization effect on mung bean sprouts. Inno-
vative Food Sci Emerging Technol 53:36–44 (2019).

47 Chiara LP, Dana Z, Agata L, Daniela B, Fabio P, Pietro F et al., Plasma
activated water and airborne ultrasound treatments for enhanced
germination and growth of soybean. Innovative Food Sci Emerging
Technol 49:13–19 (2018).

48 Sivachandiran L and Khacef A, Enhanced seed germination and plant
growth by atmospheric pressure cold air plasma: combined effect
of seed and water treatment. RSC Adv 7:1822–1832 (2017).

49 Islam S, Omar FB, Sajib SA, Roy NC, Reza A, Hasan M et al., Effects of
LPDBD plasma and plasma activated water on germination and
growth in rapeseed (Brassica napus). Gesunde Pflanz 71:175–185
(2019).

50 Naumova IK, Maksimov AI and Khlyustova AV, Stimulation of the ger-
minability of seeds and germ growth under treatment with
plasma-activated water. Surf Eng Appl Electrochemistry 47:263–265
(2011).

51 Dobrin D, MagureanuM,Mandache NB and Ionita M, The effect of non-
thermal plasma treatment on wheat germination and early growth.
Innov Food Sci Emerg Technol 29:255–260 (2015).

52 Chen ZX, Silva H and Klessig DF, Active oxygen species in the induction
of plant systemic acquired resistance by salicylic acid. Science 262:
1883–1886 (1993).

53 Lisza D, Ehsan K, Dawei Y, Anne K, Rothstein SJ and Eiji N, Regulation of
seed dormancy and germination by nitrate. Seed Sci Res 28:150–157
(2018).

54 Barba-Espín G, Hernández JA and Diaz-Vivancos P, Role of H2O2 in pea
seed germination. Plant Signal Behav 7:193–195 (2012).

55 Panngom K, Chuesaard T, Tamchan N, Jiwchan T, Srikongsritong K and
Park G, Comparative assessment for the effects of reactive species
on seed germination, growth and metabolisms of vegetables. Sci
Hortic 227:85–91 (2018).

56 Zdunek-Zastocka E and Grabowska A, The interplay of PsABAUGT1
with other abscisic acid metabolic genes in the regulation of ABA
homeostasis during the development of pea seeds and germination
in the presence of H2O2. Plant Sci 285:79–90 (2019).

57 Barba-Espin G, Diaz-Vivancos P, Job D, Belghazi M, Job C et al., Under-
standing the role of H2O2 during pea seed germination: a combined
proteomic and hormone profiling approach. Plant Cell Environ 34:
1907–1919 (2011).

58 Liu Y, Ye N, Liu R, Chen M and Zhang J, H2O2 mediates the regulation
of ABA catabolism and GA biosynthesis in Arabidopsis seed dor-
mancy and germination. J Exp Bot 61:2979–2990 (2010).

59 Oehmigen K, Hähnel M, Brandenburg R, Wilke C, Weltmann KD and
von Woedtke T, The role of acidification for antimicrobial activity
of atmospheric pressure plasma in liquids. Plasma Processes Polym
7:250–257 (2010).

60 ManiruzzamanM, Sinclair AJ, Cahill DM,Wang X andDai XJ, Nitrate and
hydrogen peroxide generated in water by electrical discharges stim-
ulate wheat seedling growth. Plasma Chem Plasma Process 37:1–12
(2017).

61 Lindsay A, Byrns B, King W, Andhvarapou A, Fields J, Knappe D et al.,
Fertilization of radishes, tomatoes, and marigolds using a large-
volume atmospheric glow discharge. Plasma Chem Plasma Process
34:1271–1290 (2014).

62 Takahata J, Takaki K, Satta N, Takahashi K, Fujio T and Sasaki Y,
Improvement of growth rate of plants by bubble discharge in water.
Jpn J Appl Phys 54:1AG07 (2015).

63 Sarinont T, Katayama R, Wada Y, Koga K and Shiratani M, Plant growth
enhancement of seeds immersed in plasma activated water. MRS
Adv 2:995–1000 (2017).

64 Maxime B, Achraf J, Yves M, Nofel M, Olivier E, Christophe D et al.,
Effects of low temperature plasmas and plasma activated waters
on Arabidopsis thaliana germination and growth. PLoS One 13:
e0195512 (2018).

65 Takaki K, Takahata J, Watanabe S, Satta N, Yamada O, Fujio T et al.,
Improvements in plant growth rate using underwater discharge.
In: Li J, editor. 7th International Conference on Applied Electrostat-
ics. J Phys Conf Ser 418:12140 (2013).

66 Iwata N, Gamaleev V, Hashizume H, Oh JS, Ohta T, Ishikawa K et al.,
Simultaneous achievement of antimicrobial property and plant

growth promotion using plasma-activated benzoic compound solu-
tion. Plasma Processes Polym 16:1900023 (2019).

67 Zhang S, Rousseau A and Dufour T, Promoting lentil germination and
stem growth by plasma activated tap water, demineralized water
and liquid fertilizer. RSC Adv 7:31244–31251 (2017).

68 Krapp A, David LC, Chardin C, Girin T, Marmagne A, Leprince A et al.,
Nitrate transport and signalling in Arabidopsis. J Exp Bot 65:789–
798 (2014).

69 Iseri OD, Korpe DA, Sahin FI and Haberal M, Hydrogen peroxide pre-
treatment of roots enhanced oxidative stress response of tomato
under cold stress. Acta Physiol Plant 35:1905–1913 (2013).

70 Liu D, Wu L, NaeemMS, Liu H, Deng X, Xu L et al., 5-Aminolevulinic acid
enhances photosynthetic gas exchange, chlorophyll fluorescence
and antioxidant system in oilseed rape under drought stress. Acta
Physiol Plant 35:2747–2759 (2013).

71 Sayed S and Gadallah M, Hydrogen peroxide supplementation alleviates
the deleterious effects of cadmium on photosynthetic pigments and
oxidative stress and improves growth, yield and pods quality of pea
(Pisum sativum L.) plants. Acta Physiol Plant 41:113 (2019).

72 Zhou R, Zhou R, Wang P, Xian Y, Mai-Prochnow A, Lu X et al., Plasma-
activated water: generation, origin of reactive species and biological
applications. J Phys D-Appl Phys 53:303001 (2020).

73 Ismail SZ, Khandaker MM, Mat N and Boyce AN, Effects of hydrogen
peroxide on growth, development and quality of fruits: a review.
J Agron 14:331–336 (2015).

74 Guo J. Study on the sterilization Mechanism of low-temperature
plasma and the Bactericidal action of active water [D]: Zhejiang Uni-
versity (2016). (In Chinese)

75 Guo J, Huang K, Wang X, Lyu C, Yang N, Li Y et al., Inactivation of yeast
on grapes by plasma-activated water and its effects on quality attri-
butes. J Food Prot 80:225–230 (2017).

76 Bertaccini A, Biondi E, Canel A, Colombo V, Contaldo N, Gherardi M.
Plasma Activated Water to Enhance Plant Defenses. Available:
https://www.ispc-conference.org/ispcproc/ispc23/206.pdf.

77 Perez SM, Biondi E, Laurita R, Proto M, Sarti F, Gherardi M et al., Plasma
activated water as resistance inducer against bacterial leaf spot of
tomato. PLoS One 14:e0217788 (2019).

78 Hao XY, Sun XL, Wang TC, Lu KL, Lai ZX and Cheng CZ, Research pro-
gress in the characteristics and functions of PAL gene and its coding
protein in plants. J Trop Crop Sci 039:1452–1461 (2018) (In Chinese).

79 Adhikari B, Adhikari M, Ghimire B, Park G and Choi EH, Cold atmo-
spheric plasma-activated water irrigation induces defense hormone
and gene expression in tomato seedlings. Sci Rep 9:16080 (2019).

80 Sroykaew J, Leksakul K, Boonyawan D and Akarapisan A, Treating
white leaf disease in sugarcane cuttings using solution plasma.
Chiang Mai Univ J Nat Sc 17:61–72 (2018).

81 Sun D, Chen X, inventors; Xuzhou Shuangyu Agric Dev Co Ltd,
assignee. Liquid fertilizer useful for reducing pest occurrence in
grapes, comprises e.g. plasma-activated water, potassium nitrate,
calcium nitrate, ammonium nitrate, magnesium nitrate, ferric chlo-
ride, potassium iodide and zinc sulfate patent CN108314567-A.

82 Ye G, Zhang Q, Pan H, Sun K, Pan J, Zhang J et al., Efficiency of patho-
genic bacteria inactivation by non-thermal plasma activated water.
Sci Sin Vitae 43:679–684 (2013).

83 Zhang Q, Ma R, Tian Y, Su B, Wang K, Yu S et al., Sterilization efficiency
of a novel electrochemical disinfectant against Staphylococcus
aureus. Environ Sci Technol 50:3184–3192 (2016).

84 Pavlovich MJ, Chang H, Sakiyama Y, Clark DS and Graves DB, Ozone
correlates with antibacterial effects from indirect air dielectric bar-
rier discharge treatment of water. J Phys D 46:145202 (2013).

85 Zhou R, Zhou R, Prasad K, Fang Z, Speight R, Bazaka K et al., Cold atmo-
spheric plasma activated water as a prospective disinfectant: the
crucial role of peroxynitrite. Green Chem 20:5276–5284 (2018).

86 Aboubakr HA, Gangal U, Youssef MM, Goyal SM and Bruggeman PJP,
Inactivation of virus in solution by cold atmospheric pressure
plasma: identification of chemical inactivation pathways. J Phys D
49:204001 (2016).

87 Tarabová B, Lukeš P, Hammer MU, Jablonowski H, von Woedtke T,
Reuter S et al., Fluorescence measurements of peroxynitrite/peroxy-
nitrous acid in cold air plasma treated aqueous solutions. Phys Chem
Chem Phys 21:8883–8896 (2019).

Plasma-activated water production www.soci.org

J Sci Food Agric 2021; 101: 4891–4899 © 2021 Society of Chemical Industry. wileyonlinelibrary.com/jsfa

4899

https://www.ispc-conference.org/ispcproc/ispc23/206.pdf
http://wileyonlinelibrary.com/jsfa

	Plasma-activated water production and its application in agriculture
	INTRODUCTION
	THE PHYSICAL AND CHEMICAL PROPERTIES OF PAW
	Discharge structure
	Activation method
	Activation time
	Storage time
	The working gas species

	THE APPLICATION OF PAW IN AGRICULTURE
	PAW affects seeds germination
	PAW promotes plants growth
	PAW controls diseases and pests

	CONCLUSION AND FUTURE PERSPECTIVES
	ACKNOWLEDGEMENTS
	REFERENCES


