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The unique properties of physical plasma and its ability to operate at atmospheric pressure make it an attractive

technology for numerous scientific and industrial applications, ranging from medicine and agriculture to electronics

and materials science. For example, this technology has proven to be a simple and low-cost approach for

nanoparticle synthesis or an effective surface modification agent to produce superhydrophobic and superoleophilic

films for oil-water separation and self-cleaning. 
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1. Introduction

The unique properties of physical plasma and its ability to operate at atmospheric pressure make it an attractive

technology for numerous scientific and industrial applications, ranging from medicine and agriculture to electronics

and materials science . For example, this technology has proven to be a simple and low-cost approach for

nanoparticle synthesis  or an effective surface modification agent to produce superhydrophobic and

superoleophilic films for oil-water separation and self-cleaning . In medicine, plasma is widely used to solve

problems of creating biocompatible materials, orthopedics , oncology, dentistry , dermatology , etc.

In recent years, plasma agriculture has emerged as a promising and innovative field with the potential to evaluate

conventional farming practices. The application of plasma-based technologies in agriculture offers new

opportunities to address various challenges faced by the agricultural industry, such as food security, environmental

sustainability, and the need for increased crop yields .

The generation of plasma can be achieved through various methods. Each of these techniques offers distinct

advantages and can be tailored to suit specific agricultural needs. Moreover, the use of plasma-activated water

(PAW) has emerged as a promising technology with potential applications in agriculture. PAW is produced by

subjecting water to discharges, resulting in the generation of various active species, including reactive oxygen

(ROS) and nitrogen species (RNS) .
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One of the key areas of focus in plasma agriculture is plant growth promotion. Plasma and PAW treatments have

been shown to stimulate seed germination, enhance root development, and increase overall crop productivity.

These effects are attributed to the activation of various plant growth regulators, modification of plant hormone

levels, and the induction of stress tolerance mechanisms. Furthermore, plasma can also improve nutrient

availability and uptake by altering the physicochemical properties of the soil, leading to increased nutrient-use

efficiency and reduced fertilizer requirements.

Another aspect of plasma agriculture is its potential for pest and disease management. Plasma treatments have

demonstrated efficacy in controlling pathogens, offering an environmentally friendly alternative to traditional

chemical-based pesticides. The antimicrobial properties of plasma, coupled with its ability to induce systemic

resistance in plants, provide an approach to disease prevention and control.

Furthermore, plasma and PAW treatments have been shown to alleviate the detrimental effects of abiotic stress

factors such as drought, salinity, and extreme temperatures. By activating stress-responsive genes and enhancing

antioxidant defense mechanisms, plasma can improve plant resilience and ensure sustainable crop production

under challenging environmental conditions.

2. Dielectric Barrier Discharge

Ref  investigated the processing of fresh-cut potatoes using PAW prepared by decreasing discharge frequency.

Two different frequencies, 200 Hz and 10 kHz, were used for the plasma treatment, and their effects were

compared. The study suggests that the plasma-activated water prepared with a lower discharge frequency of 200

Hz is more effective in disinfecting fresh-cut potatoes and exhibits better antioxidant properties. Additionally, both

200 Hz and 10 kHz PAW can effectively inactivate enzymes that cause browning in the potatoes, contributing to

their extended shelf life and improved visual quality during storage.

PAW demonstrates, especially when enriched with magnesium and zinc ions, a positive influence on the growth

and development of Chinese cabbage plants . The treatment results in faster seed germination, enhanced

seedling growth, increased chlorophyll and protein content, and favorable gene expression patterns, which

collectively lead to healthier and more robust plants.

The beneficial effect on lettuce seed germination and subsequent seedling growth is described in . Short

exposure times appear to be more effective for promoting germination and growth, while longer exposure times

may not yield further benefits. The increased chlorophyll content and positive morphological changes in the seeds

demonstrate the potential of PAW as a tool to enhance the performance of lettuce crops.

Foliar application of PAW on maize plants  can lead to changes in chlorophyll content, photosynthetic efficiency,

and nutrient composition, which may influence the plant’s growth and physiological processes.
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Treatment of soybean seeds can promote faster germination and growth . Moreover, the presence of ZnO

nanoparticles can reduce the uptake of heavy metals by soybean plants, which may have implications for reducing

heavy metal contamination in the soil and enhancing plant health and growth in contaminated environments.

The study demonstrates that treatment with PAW can effectively preserve strawberries , maintaining their quality

and preventing spoilage. The PAW-treated strawberries did not undergo any negative changes in their sensory

attributes, and the best quality indicators were observed on the fourth day after processing. The use of PAW in

treating button mushrooms  proved to be beneficial in reducing browning and preserving organoleptic properties.

The influence on plant calcium signaling was investigated in , demonstrating that the chemical composition of

PAW and the frequency of treatments can significantly affect the intracellular Ca  signals in plants.

PAW treatment positively influenced the photo-dependent dormancy mechanisms in Nicotiana tabacum seeds .

It enhanced testa and endosperm rupture percentages, increased the activity of the gibberellin-3-oxidase gene,

and upregulated the expansin-A4 gene, all of which contributed to improved seed germination and growth.

It was found in  that PAW treatments had an impact on root hair density in Arabidopsis thaliana plants, and this

modulation was associated with changes in the expression of certain root developmental genes. The COBL9,

XTH9, and XTH17 genes were identified as potential target genes that were influenced by the PAW treatments.

These genes play essential roles in root development and root hair formation. The study observed that PAW

prepared with a short duration of plasma treatment led to an up-regulation of these target genes, indicating

enhanced root hair development. On the other hand, the long-exposed PAW suppressed root development.

Studying the physical and physical-chemical properties of the soil under the PAW influence  indicates that the

application of PAW had minimal impacts on soil, except for an improvement in water retention. This suggests that

PAW may be a potentially useful tool for enhancing soil water retention and moisture availability for plants without

causing significant changes to other soil characteristics.

3. Atmospheric Pressure Plasma Jets and Plasma Torch

PAW showed itself as an effective tool in degrading pesticide residues on kumquat fruits . Additionally, it helps

preserve soluble solids, increases titratable acidity, and does not affect fruit color change.

Ref  shows that treatment can affect the antioxidant contents in water spinach, particularly in the presence of

heavy metals in the soil. PAW treatment has the potential to increase the total content of phenols and flavonoids in

water spinach plants when certain heavy metals are present in the soil. However, the effects of the treatment on

antioxidant contents can vary depending on the specific heavy metal present in the soil, indicating that the

interactions between PAW and heavy metals play a crucial role in modulating the antioxidant response. Ref 

shows that treatment can be beneficial in reducing the accumulation of Cd in water spinach, but its effect on Pb

uptake and overall biomass may not be as significant.
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The use of PAW as a nitrate source for hydroponically grown green oak lettuces showed promising results in terms

of growth and nutritional quality . It did not negatively affect lettuce growth and yield and may lead to a reduction

in nitrate residues and an increase in essential amino acids in the lettuce. A positive effect on the growth of lettuce

plants was also observed in . However, this effect diminished over time, and there were no substantial

differences in the root system between the PAW-treated and control plants. Additionally, PAW treatment resulted in

higher dry matter content in the lettuce plants.

Pre-treated pepper seeds  and pea seeds  had a significant positive impact on the growth and yield of plants.

The combined effects of glow discharge plasma seed treatment and foliar application of PAW on paddy plant

growth and yield were studied —the air plasma seed treatment involved exposing rice seeds to low-pressure

plasma for 90 s. The combination of plasma seed treatment and PAW application had a significant impact on plant

growth parameters. The treated plants exhibited improved growth, which can be attributed to the synergistic effects

of both treatments. Additionally, the study found that the combined treatment enhanced plant defense mechanisms

by increasing enzymatic activity. This indicates that the plants had a more robust defense system against potential

pathogens and stressors. The concentration of total soluble protein and sugar in rice grains was increased after the

combined treatment, which suggests an improvement in the nutritional quality of the rice.

Ref.  aimed to investigate the effects of plasma-assisted nitrogen fixation on corn plant growth and

development. The experiments involved using deionized water and water enriched with magnesium (Mg),

aluminum (Al), or zinc (Zn) cations. These metal cations neutralized the PAW and enhanced the reduction of

nitrogen to ammonia, with additional hydrogen generated from the reaction between the acid produced by the

plasma and the metal ions. The results showed that corn seeds watered with PAW had a faster germination rate

and more efficient growth, especially in the presence of metal ions. Moreover, high nitrogen concentrations in the

growth medium increased the chlorophyll and protein content in the green parts of the corn plants. This increase in

chlorophyll and protein levels led to the formation of intensely green leaves, indicating enhanced photosynthesis

and overall plant health. The paper comprehensively discussed the chemical processes in water and the role of the

metal’s oxidation levels. Metals immersed in water undergo oxidation, resulting in the generation of metal ions.

These metal ions subsequently convert nitrite (NO ) and nitrate (NO ) species into their corresponding metal

nitrates and nitrites, respectively. Concurrently, the electrons from the metal species lead to the reduction of

hydrogen ions (H ) to hydrogen (H), thereby inducing a substantial increase in the solution’s pH level. Hydrogen

facilitates the reduction of nitrogen to yield ammonia (NH ). As a consequence, the rates of ammonia synthesis

and the degree of pH elevation within various activated waters follow the sequence: Zn-PAW < Al-PAW < Mg-PAW.

At restricted concentrations, metal ions such as magnesium ions (Mg ), aluminum ions (Al ), and zinc ions (Zn )

serve advantageous functions in plant physiology.

The impact on cytosolic calcium levels in Arabidopsis thaliana was investigated in . The results showed that

exposure to PAW induced a rapid and sustained increase in cytosolic calcium concentration in the plant cells. The

specific features of this response were found to be influenced by various factors, including the operating conditions

of the plasma torches used to generate PAW, the duration of plasma exposure to water, the amount of PAW
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applied to the plants, and the temperature and time of PAW storage. When the individual components of PAW

(nitrates, nitrites, and hydrogen peroxide) were administered separately at the same concentrations as PAW, no

significant changes in cytosolic calcium dynamics were observed. This suggests that the combination of these

components in PAW plays a unique role in triggering the calcium response.

PAW treatment indicates strong antibacterial properties  on suspension cells and P. fluorescence biofilms and

outperforms analog mixtures of traceable ingredients commonly used for their antimicrobial effects. Ref 

demonstrated that PAW treatment mediates environmentally transmitted pathogenic bacterial inactivation through

intracellular nitrosative stress, leading to a decrease in bacterial viability and causing morphological changes in the

bacterial cells. Ref  also suggests that PAWs have strong antibacterial properties and low cytotoxicity, making

them promising candidates for various biomedical and disinfection applications, especially when the pH is carefully

controlled.

Plasma-activated acidic electrolyzed water (PA-AEW) was successfully used  as a food disinfectant for bacterial

suspension and biofilm. The results showed that PA-AEW had a significant bactericidal effect against B. subtilis, a

common bacterium used as a model microorganism in research. The sterilization time for PA-AEW was only 10 s,

and during this short exposure, it demonstrated a satisfactory bactericidal effect. The effectiveness of PA-AEW in

killing B. subtilis was found to be higher compared to other treatments, including PAW and acidic electrolyzed

water.

The application of PAW against Escherichia coli, Colletotrichum gloeosporioides, and the decontamination of

pesticide residues on chili (Capsicum annuum L.) was investigated in . The results showed that treatment for 30

min and 60 min effectively degraded carbendazim and chlorpyrifos. In chili, the levels of carbendazim and

chlorpyrifos were significantly reduced. Moreover, the treatment demonstrated strong antimicrobial activity. The

populations of Escherichia coli were reduced by 1.18 Log CFU/mL in suspension and by 2.8 Log CFU/g in chili

after 60 min of treatment. Additionally, the treatment achieved 100% inhibition of fungal spore germination,

indicating its potential as an effective method to control fungal pathogens such as Colletotrichum gloeosporioides.

The investigation focused on nitrate capture in PAW, and its antifungal effect on Cryptococcus pseudolongus cells

was observed in . The study found that enriching PAW with magnesium ions (PAW-Mg ) resulted in the control

of free nitrate through the formation of nitrate salts by magnesium ions. Both PAW and PAW-Mg  exhibited

antifungal activity against C. pseudolongus. However, the efficacy of PAW-Mg  was found to be lower compared

to PAW alone. This suggests that the antifungal effect of PAW can be influenced and controlled by the presence of

captured nitrate.

Ref  described the effectiveness of treatment in inactivating Candida albicans and spoilage fungi from lemon

(Citrus limon). The results showed that PAW was highly effective in reducing the population of C. albicans. Even

with short treatment times, PAW achieved a reduction of more than 6 log10 CFU/mL of C. albicans. PAW treatment

caused damage to the membrane of C. albicans cells. This damage led to the leakage of cellular contents and

ultimately resulted in the death of the cells. Furthermore, the study demonstrated the long-term fungicidal efficacy
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of PAW against C. albicans and the spoilage fungi found in lemon. This suggests that PAW treatment can provide

sustained protection against these fungi, making it a promising option for food preservation and hygiene

applications.

Ref  identified two critical processes that led to the death of A. brasiliensis spores after PAW treatment. First, the

structural damage to the spore cell wall allowed the ROS and RNS in the PAW to penetrate and attack the spore’s

internal components. Second, the genomic DNA of the spores was degraded by the ROS and RNS present in the

PAW, further contributing to cell death.

The research findings  indicate that when plasma-activated water is diluted to concentrations of 0.5–1.0%

in distilled water, it leads to several positive effects on seed germination and plant growth for various crops,

including cotton, wheat, and strawberries. Specified dilution levels have been shown to enhance germination

energy. This likely results in quicker and more vigorous sprouting of seeds, which is crucial for establishing healthy

and productive plant populations. The treatment provides protection against fusariosis, a fungal disease caused by

Fusarium species, and hyperthermia (heat stress) in seeds. PAW demonstrates advantages over conventional

seed germination stimulants such as Dalbron and Bakhor. While these traditional stimulants may have been

effective, the use of plasma-activated water offers additional benefits that might include enhanced disease

resistance, stress tolerance, and overall growth stimulation.

4. Corona Discharge

Longer PAW treatment times positively preserved certain vitamins and polyphenolic compounds in arugula leaves

. Specifically, ascorbic acid, riboflavin, nicotinic acid, and nicotinamide were better preserved in leaves treated

with PAW for a longer duration (20 min). Furthermore, the longer treatment with PAW increased the content of

vitamins B2 (riboflavin) and B3 (nicotinic acid), as well as some individual polyphenols. This suggests that PAW

treatment can enhance the nutritional content of arugula leaves. Interestingly, PAW treatment led to a significant

decrease in antioxidant activity. This could be due to the degradation or modification of certain antioxidant

compounds during the treatment process. Additionally, the study found a decrease in catalase activity in arugula

leaves treated with PAW. Catalase is an enzyme involved in antioxidant defense, and its decrease may be related

to the observed reduction in antioxidant activity. PAW treatment also has potential benefits for fresh-cut vegetables

such as arugula by preserving their nutritional properties , increasing total phenols and glucosinolates, and

improving the redox status without inducing cytotoxicity.

PAW generated with corona discharge, as with others, had a positive impact on wheat grain germination and

seedling growth . PAW exposure increased the germination rate, shoot length, and the fresh and dry mass of

shoots. In addition, PAW also demonstrated effective decontamination properties against bacterial and yeast

pathogens on artificially infected wheat grains. Wheat grains infected with Escherichia coli were effectively

decontaminated after just 1 h of exposure to PAW. On the other hand, decontamination of grains infected with

Saccharomyces cerevisiae required soaking the grains in PAW for 24 h.
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5. Gliding Arc Discharge

The effect of PAW on maize seed germination and growth was investigated in . It was shown that treatment of

corn seeds with 15 min exposed PAW resulted in significant changes to the seeds, while a 5 min exposed PAW did

not cause notable alterations.

For Beta vulgaris seeds , the PAW treatments resulted in a higher germination rate than the treatment with

sodium hypochlorite (NaClO). Although the average seedling length was slightly shorter than the NaClO treatment,

it was still promising for seedling growth. However, in the case of Daucus carota seeds treated with PAW, the

germination and seedling length were lower compared to using a sodium hypochlorite solution but still significantly

higher than in the control group. Moreover, PAW treatment affected the composition of fungal species present in

the seeds of Beta vulgaris and Daucus carota. Different fungal species responded differently to PAW treatment,

and for some types of fungi, the effect was not significant.

Basil plants grown using the plasma-activated nutrient solution (PANS) exhibited significant growth improvements

compared to plants treated with regular nutrient solutions . Specifically, the basil plants grown with PANS were

taller and had a significantly higher dry weight. The study also evaluated the organoleptic characteristics. It was

observed that these plants had significantly greener leaves compared to the control group. Furthermore, the leaves

of basil plants grown with PANS showed higher levels of linalool and methyleugenol, which are compounds

responsible for the plant’s floral and spicy aroma. This indicates that the plasma treatment positively influenced the

aromatic properties of the basil. Another significant finding of the study was related to the reduction of algae

concentration in the hydroponic medium. Repeated treatment of basil plants with PANS helped mitigate algae

growth, contributing to a cleaner and more controlled hydroponic environment.

Seeds treated with PAW-5 (5-min plasma treatment) and PAW-10 (10-min plasma treatment) exhibited significant

enhancements in various germination parameters . Specifically, they had a higher percentage of germination

and germination uniformity and increased average daily germination and germination values compared to the

control group. The study evaluated the effect of PAW irrigation on different types of seeds, including barley,

mustard, and rayo seeds. Irrigation with PAW-10 resulted in a significant increase in germination for all three types

of seeds. Moreover, seeds watered with PAW showed higher water uptake, longer roots, and longer shoots

compared to the control group. This indicates that PAW irrigation positively affected seedling development and

growth. Additionally, vigor analysis demonstrated that seeds irrigated with PAW exhibited stronger growth

characteristics.

6. Spark and Glow Discharges

The research  evaluated different rice starch-phenolic complexes and assessed the contributions of different

factors, including the type of phenolic compound, PAW, and ultrasonication. The addition of gallic acid to starch

molecules resulted in an increase in the activity of removing 1,1-diphenyl-2-picrylhydrazyl (a common method to
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measure antioxidant activity). However, it was observed that the complexes with gallic acid had lower values of the

complexation index and the content of resistant starch compared to the complexes with crude Mon-pu extract.

The PAW effect on the chemical compounds present in the leaves of Eruca sativa (rocket salad) was investigated

in . Different PAW was used to study their impact on the volatile organic compounds (VOCs) in the leaves. A

total of 52 VOCs from various chemical classes were detected and quantified using gas chromatography-mass

spectrometry. PAW treatment can induce chemical modifications in the VOCs. The specific changes in compound

content varied with different exposure times, and some compounds showed significant increases while others

decreased. The decontamination effect was achieved after washing the rocket leaves with PAW . This did not

lead to significant changes in the quality and nutritional parameters. There were only slight changes in color and

the content of bioactive compounds. Moreover, the antibacterial effect of PAW treatment was found to be more

pronounced compared to the use of hypochlorite, which is a commonly used disinfectant in the food industry.

A comparison of the effect with a chemically equivalent solution of hydrogen peroxide (H O ) + nitrates (NO ) on

the growth and physiological parameters of lettuce plants is presented in . When lettuce plants were irrigated

with PAW and the chemically equivalent H O  + NO  solution, they showed similar dry weight of above-ground

parts and roots. However, there were notable differences in certain physiological parameters. The lettuce plants

irrigated with PAW had a higher content of photosynthetic pigments (chlorophyll a + b) and exhibited a higher

photosynthetic rate, and the activity of antioxidant enzymes, such as superoxide dismutase, was lower.

Ref  investigated that PAW treatment can positively influence the early growth stages of maize seedlings under

arsenic stress. The study also highlights the complex interplay between PAW treatment and arsenic stress on

various physiological and biochemical aspects of maize plants.

Application of PAW to pea seedlings  stimulated amylase activity, indicating enhanced starch breakdown without

negatively affecting seed germination, total protein concentration, and protease activity. Furthermore, PAW had

almost no oxidative stress on pea seedlings. In pea seedlings, PAW treatment resulted in a more rapid transition

from anaerobic to aerobic metabolism, as evidenced by the inhibition of alcohol dehydrogenase activity.

Additionally, the presence of reactive oxygen/nitrogen species in PAW did not affect DNA integrity in pea seedlings.

However, the response of barley seedlings was different. They showed high levels of DNA damage, along with a

decrease in the length of roots and shoots and a decrease in amylase activity.

Pea plants grown from seeds pre-treated with PAW showed enhanced growth compared to untreated seeds .

This improvement was particularly noticeable in the number of seeds per pod and the total number of seeds per

plant. Morphological changes on the seed surfaces may include alterations in the surface structure, texture, or

microstructure of the seeds. Such changes could potentially contribute to the improved growth and yield observed

in the treated plants.

Significant changes in the concentration of hydrogen peroxide (H O ) and ROS were observed in the seeds,

leaves, and roots of the black gram plants . Specifically, an increase in the level of catalase enzyme was
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observed in the roots of plants grown from seeds treated with PAW for 3 and 6 min. This increase in catalase

activity is consistent with the activation of the VmCAT gene, which encodes for the catalase enzyme in black gram.

The study  indicates that PAW has both positive and negative effects on Triticum aestivum. While it may promote

the germination of wheat grains and the growth of roots and shoots at specific concentrations and pH levels, it also

demonstrated cytogenotoxic potential, indicating possible harmful effects on cell division and genetic material.

The application of PAW and the biostimulator  decreased the incidence of fungal diseases on the lawn,

positively influenced turf density, led to a thicker and more lush lawn, and positively affected overwintering.

A reaction-discharge system optimization to continuously produce a PAW with specific physicochemical and anti-

phytopathogenic properties was performed in . PAW was found to have bacteriostatic and bactericidal effects

against two phytopathogenic strains, Dickeya solani IFB0099 and Pectobacterium atrosepticum IFB5103.

The scalable treatment of flowing organic liquids using ambient-air glow discharge for agricultural applications was

a focus in . The plasma treatment of the L-phenylalanine solution had a dual effect. On one hand, it stimulated

hydroponic radish seedlings, resulting in a 40% increase in growth. On the other hand, it also demonstrated a

bactericidal effect on E. coli (specifically, E. coli O1:K1:H7), leading to a reduction in bacterial load.

7. Underwater Discharge

Ref.  highlights the beneficial effects of spraying plasma-activated water on potato plants, leading to enhanced

growth, biochemical activity, nutritional composition, and yield of the potato crop.

The series of papers  highlights the diverse applications of PTS in agriculture. PTS can be utilized as

both a disinfectant and a nutrient solution for various agricultural practices. It can be used either in its freshly

prepared form for disinfection purposes or diluted for irrigation, hydroponics, aeroponics, and mist generation. In

the case of apple fruits, PTS has been shown to impact the calcium (Ca) content of the fruits when used for

irrigation. This suggests that PTS application could have a positive effect on fruit quality and potentially extend the

storage duration of the fruits. PTS has also been demonstrated to be effective in enhancing sorghum seed

germination. Additionally, the treated plants displayed drought resistance. The use of the technique has been

extended to field experiments conducted in a saline semi-desert environment. This implies that PTS could have

applications in regions with difficult growing conditions, potentially helping plants adapt to challenging soil and

environmental conditions.

8. H O  and NO  Generation Efficiency for Different Types of
Plasma Sources

The use of PAW and PTS in agrobiological tasks and the study of plant physiology necessitates the accurate

determination of the concentrations of ROS, RNS, and other bioactive compounds and nanoparticles that arise
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during plasma treatment. Researchers analyzed dependencies on the energy input for hydrogen peroxide

generation, as well as the concentrations of nitrite and nitrate ions in different types of water. The results have been

categorized based on the type of plasma source, as previously described. The results at two different scales are

shown in Figure 1 and Figure 2. It is important to note that the majority of investigated studies do not focus on the

energy optimization of ROS and RNS generation. Furthermore, ROS and RNS production depends on a multitude

of system parameters: interaction surface area with the liquid, the distance between electrodes and liquid, gas

composition in the plasma–liquid interaction region, gas flow rate (if applicable), liquid flow rate (if applicable),

electrode material (for immersed electrodes), and more. Therefore, these results serve to illustrate the most

general trends.

Figure 1. Production of hydrogen peroxide in water depending on energy input per milliliter of water for various

types of plasma sources. For the convenience of analysis, the results are presented on two scales: (a) energy input

up to 8000 J/mL and (b) energy input up to 1500 J/mL.
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Figure 2. Production of NO  ions in water depending on energy input per milliliter of water for various types of

plasma sources. For the convenience of analysis, the results are presented on two scales: (a) energy input up to

8000 J/mL and (b) energy input up to 1500 J/mL.

The analysis, first, shows the need to standardize the description of plasma source characteristics, treatment

methods, and ROS and RNS concentrations in PAW. Without this standardization, comparing experimental results

and, more importantly, reproducing them using different plasma sources becomes challenging, significantly

impeding the integration of plasma technologies into widespread practice.

Regarding PAW creation, all types of plasma sources demonstrate their viability. Each type has its advantages and

drawbacks, which define their respective areas of application and demand.

DBD shows good energy efficiency when the goal is not to achieve ROS and RNS concentrations exceeding

5−6 mM and when large volumes of PAW are not required. To enhance productivity, increasing the plasma–

liquid interaction surface area is necessary, transitioning from a planar electrode configuration to, for example, a

coaxial one and implementing liquid flow.

APPJ also appears attractive in terms of energy efficiency. Using gases to create a plasma jet offers broad

possibilities in enriching PAW with target active compounds. For instance, it is feasible to achieve high RNS

production while keeping the liquid free from extraneous impurities. On the other hand, using a gas injection

system places additional demands on workspace organization and slightly raises treatment costs. For creating

larger volumes of PAW, using a microwave plasma torch as the plasma source seems more efficient.

Corona, gliding, and spark discharges might not initially show high ROS and RNS production, but they provide

the opportunity to create “pure” PAW without side impurities, which is in demand, for example, in medicine or

food processing. To improve the energy efficiency of PAW generation, increasing the plasma–liquid interaction

x
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area can be achieved through multi-spark (multi-electrode) systems. Gas injection into the discharge region is

also described to enhance the production of target bioactive compounds.

Underwater discharges allow for the generation of large volumes of PAW with high concentrations of ROS and

RNS. These discharges can be employed for creating concentrates to replace chemical fertilizers in

agrobiological tasks or for disinfection purposes. However, close attention must be paid to studying electrode

erosion and electrolysis processes, which significantly contribute to the chemical composition of PAW. The

presence of metal nanoparticles and dissolved metal compounds can either help or hinder the benefits of PAW

use.
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