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This study aimed to develop a sustainable industrial chemical engineering technology to improve the interaction between technology, plants, and soil in agriculture. The signaling crosstalk between H2O2 and NO and that between H2O2 and Ca2+ influence plant developmental and physiological processes. Many promising technologies for crop stimulation and protection are based on a thorough study of the environmental impact of various physical factors. A low-temperature, high-frequency plasma was generated via cathode high-frequency glow discharge and used for the electrolysis of an aqueous solution of a low concentration of the strong electrolyte KH2PO4, with an electrolysis-activated solution named Plasmolite. The Plasmolite solution yielded a Raman (red) scattering spectrum with a maximum at 1,640 cm−1, which was associated with hydrogen atom vibrations, and other bands at 875, 930, 1,050, and 1,123 cm−1, which were associated with the aqueous electrolyte solution plasma treatment. Based on the goal of producing an optimal H2O2 concentration of 100 μM, two types of seeds were exposed to a Plasmolite-based 2 × 10–5 M KH2PO4 solution moisturizing medium for three days. Approximately 92% of the spring spelled seeds (grade “Gremme”) that were exposed to this test solution sprouted, compared with 76% of the seeds exposed to a control solution. The spring rye seeds (grade “Onokhoyskaya”) that were exposed to the test solution sprouted at a rate of 90% compared with 75% in the control. The percentage of seeds that sprouted with a root length of more than 6 mm was approximately 80% for the test solution, compared to 50% for the control. Based on these results, the use of Plasmolite is considered to be promising for the production of activated H2O2 for protecting plants and stimulating growth, particularly for enhancing the functions of K and P2O5 of fertilizers.
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INTRODUCTION
Soil and plant health and productivity are crucial for sustainable development [1–4]. Agricultural landscapes and soils can be altered due to the fact that farmers and agribusinesses fail to take advantage of up-to-date technologies in sustainable chemical engineering, which provide long-term soil and plant stability and productivity [5]. Alterations in the soil can cause the uncontrolled transfer of solutions [6], the degradation of organic matter [7], limiting the potential use of humic substances (HSs) to stimulate remediation of soil [8], and restricting polymicrobial association to the initiate biological processes in soil [9]. The increasing use of standard toxic agro-chemicals has led to negative environmental effects [10]. Chemical conversions of agro-chemicals and interactions between agro-chemicals are also often dangerous. Most agricultural land across the world is in at-risk farming zones, and it is necessary to use anti-stress regulators to enable ongoing successful agriculture.
Promising technologies for crop stimulation and protection are based on a thorough dosed physical factor environmental impact [11]. Special attention should be paid to the use of small amounts of environmentally safe and low-cost stimulators. It is important to attempt to administer stimulants as close as possible to the target area [10–12]. Hydrogen peroxide (H2O2) is a reactive oxygen species and serves as an important plant stimulator. It is found in nanomolar to low-micromolar concentrations in the environment [13–15] and is generated widely in biological systems [16, 17].
Changes in H2O2 levels may impact metabolic and antioxidant enzyme activities, encouraging plant growth and stress tolerance [18–20]. Signaling crosstalks between H2O2 and NO and between H2O2 and Ca2+ have been shown to influence seed germination, photosynthesis, root growth, and stomatal closure modulation [18–21]. However, the mechanisms that allow for the different functions of H2O2 in plants still need to be determined [22].
Pre-sowing seed treatment, foliar plant treatment, and soil treatment using solutions with a low concentration of H2O2 have been shown to increase agricultural plant tolerance to stress [17], resistance to pathogens [23], antioxidant activities [24], and the starch content in leaves and fruits [25]. Soaking seeds in solutions made up of various concentrations of H2O2 has been shown to enhance stomata density, increase the length and quantity of the histological components of leaves and roots [26–30], and reduce fungi infestation in seeds [31]. The concentration of H2O2 used in these treatments, however, needs to be controlled to avoid harmful effects. For example, the application of 5% H2O2 has been sh wn to destroy 90% of organic matter in soil [32]. Seeds taking in 10–100 mM H2O2 at 25 or 29 °C were observed to germinate in three days, but higher H2O2 concentrations were inhibitory, and applying H2O2 at concentrations of 1,000 and 3,000 mM fully inhibited germination [33]. The growth of Arabidopsis has been inhibited by applications of 1 mM H2O2 [34]. In mammals and yeast, H2O2 toxicity occurs at low-millimolar, but not micromolar, concentrations [35–37].
The specific targets of O2− and H2O2 toxicity in plants have not been extensively studied and their effects are often obscured under the blanket term “oxidative stress”. The technology of H2O2 production, treatment dosage, duration, and timing is of vital importance for implementation. A promising field of research and practice is the use of electrolysis to achieve biological activation in aqueous solutions. The use of KH2PO4 at concentrations from 10 mM to 1 M as the supporting electrolyte is more effective for the electrolytic production of hydrogen than the use of a solution of 25 wt% KOH [38]. The electrolytic method for preparing potassium dihydrogen phosphate [39] allowed the electrolysis of 1–8 M KH2PO4 to be carried out.
Various methods and devices for producing activated water using electrochemical methods have been described [40]. For example, nonequilibrium low-temperature plasma, formed in water vapor in contact with an aqueous electrolyte, has been shown to generate reactive oxygen and nitrogen [12, 16, 17]. It is important to note that active forms of oxygen and nitrogen strongly influence biological processes [20, 41].
The high variability of the sources and doses of H2O2 in different experiments show a strong need for carrying out new studies on the production of H2O2 and its application to plants and soil.
High-frequency low-temperature plasma generated via cathode high-frequency glow discharge can be used to perform electrolysis on an aqueous solution of a strong electrolyte KH2PO4 at low concentration. This Plasmolite is an electrolysis-activated aqueous solution of a controlled concentration and offers an environmentally friendly stimulator of plant growth and development [42], while also acting as a remediation substance [43]. The Plasmolite production process is fundamentally different than traditional methods of water activation. Plasmolite is produced in a plasma-chemical reactor by the action of a non-equilibrium plasma of a high-frequency glow discharge and plasma cathode electrolysis.
Glow discharge occurs in water vapor between the metal cathode and the electrolyte surface (anode). In this case, the electrolyte is exposed to charged particles (electrons, negative ions) and neutral molecules. Electrochemical action occurs during electrolysis between the metal anode and the plasma cathode (plasma-electrolyte interface). The use of a plasma cathode shows an ion recharge process different to that shown by the use of a metal cathode. Electrolyte solutions of potassium salts of nitric or phosphoric acid are used. It is possible to change Plasmolite properties such as pH, redox potential, and H2O2 concentration by choosing the material of the glow discharge cathode, the composition of the electrolyte, and the duration of exposure. The H2O2 concentration is usually 10−3 M. The high concentration of H2O2 in Plasmolite makes it beneficial in agriculture when diluted 100 to 1,000 fold. It is also diluted with distilled water for use in experimental studies on animals and plants. Low-temperature plasma affects the proliferative activity of cells and the repair functions of biological tissues in animals and plants [44]. Plasmolite has been developed in the Prokhorov General Physics Institute of the Russian Academy of Sciences (RAS) [11, 45]. There have been promising results for the electrolytic production of activated H2O2 in plant stimulation and protection, and particularly for enhancing the functions of K and P2O5 of fertilizers.
Farming processes that stimulate plants involve risks and it is necessary to correct the conditions of plant organogenesis. Many older methods that are still in use in agriculture, including irrigation and remediation technologies, are incapable of creating stable responses in agrobiogeosystems to plant stimulation. To ensure the maintenance of continuous soil architecture and a stable supply of moisture for sustainable plant organogenesis, the use of the biogeosystem technique (BGT) methodology has been proposed [2]. BGT-based sustainable chemical engineering technology has a synergistic effect on soil and plant stimulation, achieving long-term soil stability and plant productivity [46, 47].
The current study used an aqueous solution made up of a low concentration of the strong electrolyte KH2PO4 to activate sprouting in plant seeds. The KH2PO4 solution was produced via electrolysis using the high-frequency low-temperature plasma of a cathode glow discharge (Plasmolite). We propose that this approach be used as a constituent part of future BGT sustainable chemical engineering in the field of agriculture. We also developed a robotic device that undertakes continuous intra-soil pulse discrete watering while simultaneously supplying the H2O2 Plasmolite.
MATERIALS AND METHODS
We studied the germination of seeds exposed to an electrolytically activated aqueous solution [38, 39]. Electrolysis was performed using high-frequency low-temperature plasma of a cathode glow discharge. The process was developed in the Prokhorov General Physics Institute of the RAS [40]. The process and the activated aqueous solution as a product of the process were each named Plasmolite. We positioned the Plasmolite as a plant growth stimulator.
The active electrode used was a platinum wire with a diameter of 0.5 mm. The passive electrode was a rod of PGI brand pyrolytic graphite. A voltage of 370 V with a frequency of 110 kHz was applied to the electrodes. The electrolyte was constantly mixed using a magnetic stirrer. The “electrode–solution” layer contact matter was refreshed, and the solution was maintained at a uniform temperature. The temperature of the electrolyte was controlled using forced air cooling. The solution temperature was maintained between 50°C and 55°C.
An oscillogram was taken of the active electrode. Raman spectroscopy deploying red light and a U1000 spectrometer (Renishaw, United Kingdom) was used to study the Plasmolite solution. An argon laser, with a radiation line of 514.53 nm, was used for excitation. The Plasmolite redox potential and acidity were measured.
The Plasmolite activation limit was the 100 μM H2O2 concentration in the electrolyte. The H2O2 concentration was determined using the iodometry method. The redox titration was used for determining the oxidizing agent concentration in the solution [48]. Two experiments were carried out to study the use of Plasmolite to stimulate plant germination.
The seeds were soaked in an aqueous solution that included a low concentration of the strong electrolyte KH2PO4 with H2O2 content (Plasmalite) [22, 28–30, 49]. We avoided the use of an inhibitory dose of H2O2 [33].
Experiment 1
Seeds of spring spelled grade “Gremme” were germinated in a Petri dish on a soaked paper filter. A solution of 2 × 10–5 M KH2PO4 was used for paper towel soaking as the control condition. The Plasmolite stimulating solution was used in the experimental condition. Before carrying out the soaking, the Plasmolite solution was diluted with distilled water in a ratio of 1–500 to achieve a KH2PO4 concentration of 2 × 10–5 M.
The Petri dishes with seeds were kept in a thermostat at a temperature of +20°C. The paper towel was kept wet by adding the 2 × 10–5 M KH2PO4 solution (control) and the Plasmolite stimulating solution diluted with distilled water in a ratio of 1–100, every 12 h. The experiment was carried out for three days. We then calculated the percentage of seeds that germinated.
Experiment 2
Spring rye seeds grade “Onokhoyskaya” were germinated in a Petri dish on a paper towel soaked with 2 × 10–5 M KH2PO4 (control condition), and with Plasmolite stimulating solution. Before carrying out the soaking, the Plasmolite solution was diluted with distilled water in a ratio of 1–500.
The Petri dishes with seeds were kept in a thermostat at a temperature of +20°C. The paper towel was kept wet by adding the 2 × 10–5 M KH2PO4 solution (control), and the Plasmolite stimulating solution was diluted with distilled water in a ratio of 1–100, every 12 h.
Experiment 2 was also carried out for three days and we calculated the percentage of seeds that sprouted. The percentage of seedlings with root lengths of more than 6 mm were also recorded.
RESULTS
The acquired active electrode oscillogram is presented in Figure 1 [50]. Raman (red) scattering spectrum of the Plasmolite solution was also obtained. The scattering maximum was at 1,640 cm−1, and bands at 875 cm−1, 930 cm−1, 1,050 cm−1, and 1,123 cm−1 were also observed previously [16]. The Plasmolite redox potential ranged from −1,000 mV to +1,500 mV, and its pH ranged from 3 to 12 during its synthesis.
[image: Figure 1]FIGURE 1 | Voltage (yellow curve), current (red curve), and plasma glow (blue curve) oscillograms of the active electrode.
The Plasmolite solution was stored in the dark at a temperature of +20°C. The solution activation level was characterized by the H2O2 content, determined using the iodometry method. The concentration of H2O2 in the solution was 6 × 10–5 M on the first and third days after the production of the Plasmolite solution, and 3 × 10–5 M on the sixth day.
The plant germination results for Experiment 1 are presented in Table 1 and Figure 2. The percentage of grade “Gremme” spring spelled seeds that germinated three days after the beginning of seed germination was higher when fresh Plasmolite moisturizing medium was used than when the control moisturizing medium was used (Table 1). These seeds were also observed to be better developed three days after the start of the seed germination on a soaked paper towel in a Petri dish at a temperature +20°C when the Plasmolite medium was used (Figure 2B) than when the control was used (Figure 2A).
TABLE 1 | Percents of spring spelled seeds, grade “Gremme”, that germinated three days after the beginning of seed germination for the two moisturizing mediums tested.
[image: Table 1][image: Figure 2]FIGURE 2 | Spring spelled seedling, grade “Gremme”, three days after the beginning of seed germination on a soaked paper towel in a Petri dish at a temperature of +20 °C (A) Paper towel soaked with a control 2 × 10–5 M KH2PO4 solution; (B) Paper towel soaked with a Plasmolite-based 2 × 10–5 M KH2PO4 solution.
The results of plant germination for Experiment 2 are presented in Table 2. A greater percentage of the grade “Onokhoyskaya” spring rye seeds developed root systems with root lengths of more than 6 mm three days after the beginning of the seed germination when the Plasmolite medium was used than when the control was used.
TABLE 2 | Percents of spring rye seeds, grade “Onokhoyskaya”, that developed root systems three days after the beginning of the seed germination on a soaked paper towel in a Petri dish at a temperature of +20°C for the two moisturizing mediums tested.
[image: Table 2]The data for Experiments 1 and 2 showed the positive role of Plasmolite as a plant growth stimulant. However, no appropriate technology is currently capable of producing enough Plasmolite to meet the practical needs of large scale agriculture. There are also currently no effective devices for applying Plasmolite to the soil. We propose the use of BGT methodology involving an intra-soil pulse continuous-discrete watering robotic system [2, 51, 52], which could simultaneously water and add the stimulant to the soil (Figure 3).
[image: Figure 3]FIGURE 3 | Robotic device for carrying out intra-soil pulse continuous-discrete watering and at the same time supplying the soil with Plasmolite H2O2. Power supply unit 1, wheel chassis unit 2, control unit 3, water supply unit 4, disc 5, axis 6, syringe element 7, syringe element positions 7.1–7.5, flexible supply coupling 8, retractable syringe 9, Plasmolite H2O2 (and/or other substances) supply unit 10.
DISCUSSION
Properties of the Plasmolite Solution
Based on the voltage, current, and the plasma glow oscillograms of the active electrode (Figure 1), the results of the present study indicate that electrolysis of the aqueous solution of strong electrolyte KH2PO4 can proceed actively at a low electrolyte concentration (0.01 M).
The Raman (red) scattering spectrum maximum at 1,640 cm−1 of the Plasmolite solution was associated with hydrogen atoms vibrations. The scattering spectrum bands at 875, 930, 1,050, and 1,123 cm−1 were associated with the treatment of aqueous electrolyte solution with plasma.
The Plasmolite solution redox potential ranged from −1,000 mV to +1,500 mV and its pH ranged from 3 to 12 during its synthesis. These data indicate a high amount of plasma cathode electrolysis [40–44, 53].
As a plasma-forming gas, the glow discharge in water vapor initiates the plasma-chemical decomposition of a water molecule. Free electron dissociative adhesion in the plasma leads to the formation of the negatively charged H2O−ion. The water molecule decomposes when the electron gas temperature is higher than 1.5–3.5 eV [40]. The overall reaction can be described using the equations:
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Where M is a molecule (ion) playing the role of a third body necessary for the progress of the reaction. The reaction starts with an electron impact. The chain process includes a dissociative attachment reaction that increases the effectiveness of the process [44, 53]. One H2O2 molecule is synthesized per molecule of hydrogen released.
The decrease in Plasmolite solution H2O2 concentration from 6 × 10–5 M on the first day after Plasmolite production to 3 × 10–5 M on the sixth day as described in the present study reflected a reduction in Plasmolite solution activity over time. The seed and/or plant should be treated with the Plasmolite solution immediately after it is produced, or better yet while it is being produced.
The dual nature of H2O2 as a toxic molecule on the one hand, and as a signal molecule on the other, ensures its ability to exercise precise spatial and temporal control on the production and degradation of Plasmolite H2O2. The levels of the H2O2 concentration in germinating seeds and young seedlings can be modulated via pre-sowing seed treatment [54].
As described in the Results above, a higher percentage of grade “Gremme” spring spelled seeds (in Experiment 1) germinated when they were soaked in the Plasmolite-based 2 × 10–5 M KH2PO4solution experimental moisturizing medium than when they were soaked in the 2 × 10–5 M KH2PO4 solution used as the control. The number of grade “Onokhoyskaya” spring rye seeds (in Experiment 2) that sprouted was 20% higher in the 2 × 10−5 M KH2PO4-based Plasmolite solution than in the control 2 × 10−5 M KH2PO4 solution (Table 1), and the percentage of sprouted seeds with a root length of more than 6 mm was 60% higher when Plasmolite was used than when the control medium was used (Table 2). These data indicate the high biological efficiency of Plasmolite as a plant organogenesis stimulant [24, 26]. The H2O2 concentration in the Plasmolite was extremely low compared to that of standard H2O2 used to stimulate seeds and plants in previous research [25, 28].
These results indicated that the Plasmolite solution distinctly influenced the seeds in a way different from the influence of standard H2O2 on seeds. The standard H2O2 concentration of 100 mM stimulates seed germination [28, 33]. In contrast, the Plasmolite solution inhibits plant germination even at a 100-fold lower H2O2 concentration of 1 mM [16]. The H2O2 concentration in Plasmolite is similar to the concentration of H2O2 in coastal terrain rainwater [14, 15].
We expect future studies to improve understanding of this phenomenon. The low active concentration of Plasmolite is promising because a small reagent volume is more suitable for the development of a combined robotic system. This potential system could be used for watering, stimulating, and protecting plants and to achieve better conditions for the functioning of the HSs and polymicrobial biofilms in the soil.
The pretreatment of seeds and stimulation of plants with H2O2 has been shown to positively influence plant productivity in agriculture [33], horticulture [25], and other spheres of biological activity. The positive impact of H2O2 treatment has been attributed to its suppression of pathogen activity and reduction of seed infestation with fungi [31, 32]. Other studies have indicated that treating plants with H2O2 increases the antioxidant defense of plants and improves their tolerance to different stresses [22]. The results of the present study are promising not only for the production of H2O2 via electrolysis for the stimulation and protection of plants, but they also provide insights into the potential functions of Plasmolite as a fertilizer that contains electrolytically activated K and P2O5.
Plant organogenesis can be orchestrated by applying H2O2 from early seedling growth up to harvesting [30]. Analysis of the growth and development of seedlings (Figure 2) at different stages of morphogenesis indicated their dependence on the amount of H2O2 in the activated solution used. Plant and soil health can be improved depending on the H2O2 dose used [31, 55].
The effect of H2O2 on plant physiology and the biological processes in the soil are synergistic [22]. To fully achieve this effect, and achieve the full direct and indirect potential of H2O2, it is important to improve the functioning of the soil organic matter (SOM), dissolved organic matter (DOM), HSs, and polymicrobial biofilms in the soil. The intra-soil injection of liquid fertilizer provides agronomical advantages [56, 57]. This approach is beneficial for protecting plants and watering the soil.
We propose the use of the biogeosystem technique (BGT) methodology [52] for applying the Plasmolite H2O2 and realizing its potential to stimulate plants and biological processes in the soil. Bacteria are the main microbial representatives in the rhizosphere. Multiple mechanisms have been identified for the stimulation of plant growth by rhizobacteria [12]. Plant organogenesis and productivity, however, face soil biology limitations, namely connected to the conditions for rhizosphere development.
Plasmolite Solution Plant Stimulation Technology Based on the Biogeosystem Technique Methodology
Currently, the available structures and architectures that are used in soil geophysical systems [58, 59] are inappropriate for rhizobacteria and the synthesis of soil organic matter [60], soil humeome functions [61], and plant growth. Soil compaction and illuviation are biological stress factors that cause a low tolerance to the environment in plants. A fine multilevel soil aggregate system [62, 63] can be provided by carrying out intra-soil milling on top of 20–45 cm of soil. This procedure improves the biological capabilities of the soil [64]. New abundant soil interfaces resulting from intra-soil milling [65] ensure a high rate of occurrence of biological processes in the multilevel soil architecture system, and would increase the biological potential of Plasmolite H2O2. Another BGT methodology involves the intra-soil pulse continuous-discrete watering paradigm [2]. The use of an intra-soil pulse continuous-discrete robotic watering system provides the possibility to simultaneously supply Plasmolite H2O2 to the soil. Performing intra-soil pulse continuous-discrete watering has been shown to yield matrix potentials of −0.2 to −0.4 MPa, values much lower than those resulting from standard irrigation, but at the same time a priority for plant and soil biome organogenesis. This discrete intra-soil watering is vital for Plasmolite H2O2 function because there would be no need to supply excess H2O2 to compensate for the loss of water from the soil to the vadose zone since this would not occur. New BGT technology could also be used to address the issues resulting from an excessive supply of water, which is itself a dangerous plant stress-factor that can become a problem in standard irrigation.
Intra-soil pulse continuous-discrete robotic watering could provide an optimal amount of Plasmolite H2O2 for plant growth stimulation. This method could be beneficial in achieving an improved turnover of the soil matter since this type of watering strictly controls the spread of water throughout the soil. As indicated in the present study and shown in Figure 3, this type of simultaneous water and Plasmolite H2O2 supply is possible. It is anticipated that the robotic device, our patent, and current research [2, 51] will provide a basis for developing a sustainable chemical engineering technology for soil watering, plant and soil stimulation, and plant protection. The Plasmolite H2O2 and/or other substances can be supplied effectively, ensuring the proper management of plant organogenesis when the amount of water in the soil is sufficient for plant growth. The robotic system provides a synergistic effect of Plasmolite H2O2, fertilization, soil organic matter [7], HSs [66], polymicrobial biofilm starters [9], high rates of soil biological process, and high soil productivity [55].
The mechanisms of the different functions of H2O2 in plants still need to be determined [22]. This task becomes more complicated when accounting for the new data provided by this study and the BGT* methodology. Nevertheless, seed and plant stimulation with H2O2 is of high importance, because the signaling crosstalk between H2O2 and NO and that between H2O2 and Ca2+ are crucial for plant developmental and physiological processes at every stage of plant organogenesis.
CONCLUSION
The biologically activated product Plasmolite was produced by carrying out electrolysis of an aqueous solution of a low concentration (0.01 M) of the strong electrolyte KH2PO4. Electrolysis was achieved by using a high-frequency low-temperature plasma of a cathode glow discharge.
The application of a solution of Plasmolite KH2PO4 with a concentration of 2 × 10–5 M yielded higher percentages of seeds that germinated and that sprouted, with root lengths of more than 6 mm than a control solution that used 2 × 10–5 M KH2PO4 as the moisturizing medium. The concentration of the activation agent H2O2 was 6 × 10–5 M. The obtained data indicate that the Plasmolite solution serves as a plant growth activator.
This study also proposes a robotic device that can perform intra-soil pulse continuous-discrete watering and, at the same time, supply Plasmolite-activated H2O2 to the soil. This provides a sustainable industrial chemical engineering technology for achieving long-term productivity and ensuring the health of soils and plants.
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