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Abstract. Pre-sowing treatment of seeds with non-thermal plasma of different gases has been studied
on the growth and yield of soybean (Glycine max var. JS-9560) under field conditions for two consecutive
years (2022 and 2023). Five types of gases, N2, He, Ar, Hz, and Oz were used to create plasma in a cylindrical
vacuum container with an RF power supply. Soybean seeds were exposed to plasma for 15 seconds at 80 W.
Growth measurements were taken at 30, 60, and 90 days after sowing the seeds. Plasma treatment improved
germination, plant height, leaf area, and plant fresh weight at all the stages of the vegetative growth period.
N2 and He plasma were most effective in promoting growth and biomass compared to Ar, Oz, and Hz. The
yield parameters in terms of the number of pods, number of seeds, and 100 seed weight were improved to the
extent of around 60 % by N2 and He plasma. Other gases (Ar, Hz, and O2) were less beneficial in increasing
the yield. Pre-sowing treatment of seeds with plasma especially with N2 and He would be highly beneficial
for enhancing the yield of soybean at the field level. The characterization of soybean seeds was conducted
using scanning electron microscopy (SEM), Fourier transform infrared (FTIR), and optical emission
spectroscopy (OES). SEM analysis showed significant changes in nitrogen, helium, argon, oxygen, and
hydrogen plasma treated seeds, indicating alterations on the surface of the starch caryopsis, resulting in large
channels and pores. FTIR spectroscopy indicated modifications after exposure to plasma-treated seeds,
suggesting surface activation due to lipid breakdown. OES detected OH, NO, O, and N2 radicals during
plasma treatment, contributing to the optimal outcome
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INTRODUCTION

In the modern agriculture, there have been attempts to employ techniques that
are environmental friendly and contribute significantly towards increasing the yield of
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crops. One of the physical methods used to improve the yield of crops is the pre-sowing
treatment of seeds with low magnetic fields. On soybean (Glycine max L.) pre-
treatment of seeds with a pulsed magnetic field enhanced the growth and yield at the
field level [16]. Earlier to this had reported enhancement of photosynthesis in soybean
by pre-treatment of seeds with magnetic field [20]. Similarly cold plasma treatment
offers a swift, cost-effective, and environmentally friendly approach to enhance seed
performance and boost crop yield [8, 11]. It plays crucial roles across various plant
developmental and physiological processes. These include diminishing seed bacterial
contamination, modifying seed coat compositions, enhancing seed coat permeability,
and promoting seed germination as well as seedling growth [6, 13, 25]. Treatment of
soybean seeds with cold plasma enhanced seed germination and seedling growth in the
Chinese variety (Glycine max cv. Zhongdou 40) [21]. In the present paper, a detailed
investigation was conducted on the growth and yield of soybean (Glycine max cv.
9560) at the field level. The study covered two consecutive years, 2022 and 2023. Five
different types of plasma were used in the investigation. The plasmas were produced
with O, N2, He, Ar, and H.. The majority of the studies conducted earlier on the pre-
sowing treatment of seeds with plasma have reported enhanced seed germination and
seedling growth in crops like wheat, corn, soybean, tomato, etc. The initial effects of
plasma on the seeds seem to be due to the reactive free radicals of oxygen like
superoxide (0;7), hydroxyl (OH), and nitric oxide (NO) radicals, all of which have
bactericidal effects and are capable of decontamination of seed surface [5]. It plays
crucial roles in a diverse array of developmental and physiological processes within
plants. This occurrence has been observed in various plant species, including
Chenopodium album [19], Oryza sativa [3], Triticum aestivum [18], Lycopersicon
esculentum [12], and Solanum melongena L. [23]. Furthermore, plasma treatment has
been shown to enhance the plant's physiological metabolism, such as increasing
dehydrogenase activity, superoxide dismutase, and peroxidase activities [10], as well
as improving photosynthetic pigments, photosynthetic efficiency, and nitrate reductase
activity [24]. In addition to this, plasma exposure also has a physical effect on the outer
layers of the seed which results in the enhancement of water uptake [5]. Concerning
crop Yyield, enhancement in the yield of tomato and corn by pre-sowing treatment of
seeds with plasma has been reported not many crops have been tested at the field level
for analyzing the impact of the pre-sowing treatment of seeds with plasma on the
growth and yield of crops [9, 17]. The present investigation therefore has the objective
of studying the plasma produced with five different gases on the growth and yield of
an Indian variety of soybean.

MATERIAL AND METHODS

Seeds of soybean (Glycine max var. JS-9560) were acquired from Ms. Jain
Seed Agency in Indore, Madhya Pradesh, India. A careful selection of healthy and
consistent seeds was done for the pre-sowing treatment with plasma.
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STUDY AREA OF THE LOCATION

This study was conducted in the agricultural field of “Shri Vaishnav” Institute
of Agriculture Science (SVVV) in Indore during the consecutive cropping seasons
of 2022 and 2023. The research site is located at latitude of 22.82 and a longitude of
75.84. Data collection occurred from July to October, covering the cropping seasons
in India.

PLASMA TREATMENT

A system for producing glow-discharge plasma utilizing RF and DC power
supplies assembled in the Plasma Research Laboratory was used for the pre-sowing
treatment of seeds. The system consists of a cylindrical stainless steel vacuum
chamber (SS304; height 30 cm; diameter 36 cm; volume 33 liters) fitted with cathode
assembly electrode. A RF power source of 13.56 MHz; 600W and an automated
matching network are employed for RF electric gas discharge. A rotary pump within
the reactor generates a vacuum of 1 x 10~ mbar. Various types of gases are supplied
to the chamber by using a rotating pump.

Fig. 1. Vacuum chamber (a), seeds holder (b).

In Figurel seeds were placed in the vacuum chamber between the electrodes
on a pedestal with the help of a specially designed seed holder. Hundred seeds were
placed on the seed holder for each exposure to plasma. After placing the seeds inside
the chamber a vacuum of 4x10-2 mbar was created with the help of the rotary pump.
Once the vacuum reached 2x10~* mbar, one of the gases (nitrogen, helium, argon,
hydrogen, or oxygen) was injected into the chamber through a dosing valve at a flow
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rate of 100 mbar L/s before applying RF power to the electrodes. Seeds were treated
with plasma for 15 seconds at 80 W. The energy level and the time of exposure were
standardized dose response curves obtained by varying energy levels and the time of
exposure. Following treatment, the gas flow was continued for an additional five
minutes to get rid of any unwanted reactive compounds. The treated seeds were taken
out of the chamber and stored in sealed plastic bags for use in the fields sowing and
growth and yield in the field experiments were carried out in the agricultural field of
“Shri Vaishnav” Institute of Agriculture Science. Initially, we thoroughly plowed
the field and made thorough preparations for planting soybean. Our crop is
dependent on the rainy season. The sowing of untreated or plasma-treated seeds was
conducted using a randomized block design. Each seed row spanned 20 meters with
a 50 cm row-to-row distance and a 15 cm seed-to-seed spacing. Across a total of
18 rows, three rows were allocated for untreated control seeds, while the remaining
15 rows were dedicated to sowing seeds treated with plasma generated from five
different gases (N2, He, Ar, H2, O2), utilizing three rows for each gas. In both 2022
and 2023, we planted 100 seeds in the field, including untreated seeds and those
treated with plasma using different gases. Throughout both years 2022 and 2023 of
the crop season, the overall precipitation ranged between 40 and 45 inches. The
highest germination rates were observed with nitrogen compared to untreated seeds,
followed by helium, argon, oxygen and hydrogen. Growth measurements were taken
at 30, 60, and 90 days post-sowing. The presented growth data represents the average
of five plants, while yield data reflects the average of ten plants. The field data
represents the mean percentages from both 2022 and 2023. For a more intricate
analysis, detailed information is presented in Tables 1, 2, and 3 as well as Figures 2,
4,6, and 8.

SCANNING ELECTRON MICROSCOPY

The intricate micro-morphological attributes of both untreated and plasma-
treated seeds were evaluated through scanning electron microscopy (SEM). The
SEM microscope employed had an accelerating voltage ranging from 0.5 to 30 kV
and offered magnification levels from x18 to 300,000. Prior to microscopy, samples
underwent gold plating using the SEM coating system under argon pressure of 8 Pa.
The gold layer applied had a thickness of 5 nm. Soybean samples subjected to this
analysis were treated by each plasma source at 80 W for duration of 15 seconds.

FOURIER TRANSFORM INFRARED SPECTROSCOPY

Fourier transform infrared spectroscopy (FTIR) examination of the soybean
seeds was conducted utilizing the SHIMADZU 8900 FTIR. Through (FTIR), it was
revealed that certain chemical bonds underwent alterations following exposure to
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plasma using different operational gases on soybean seeds. The spectrometer
facilitated the measurements, with spectra acquired using 20 scans for both
background and sample, at a resolution of 2 (1/cm), within the range of 4000-
400 1/cm. The seeds were ground to make powder and FTIR was performed in
transmission mode.

OPTICAL EMISSION SPECTROSCOPY

Optical emission spectroscopy (OES) serves as a vital method for
scrutinizing plasmas characterized by lower temperatures and densities [26]. In
the case of radio frequency (RF) plasma treatment with various gases, optical
OES was utilized to examine the active plasma constituents. Given the indirect
nature of RF treatment, sample integrity remained unaffected by radiation. Our
experimentation involved the application of five gases: nitrogen, oxygen,
hydrogen, argon, and helium. A standard OES setup comprises a fiber optic cable
for light capture and a compact spectrometer. Light signals were collected via an
optical fiber aimed at the quartz window and then analyzed by an Avaspec
ULS3648-USB2-VA-25 spectrometer, responsible for dispersing and recording
spectral data. This configuration has been effectively deployed for plasma
analysis within a treatment chamber.

RESULTS

The laboratory and field data have been presented for 2022 and 2023 in the
results. In the graph, the mean of two years of data is given in the table.

GROWTH DATA AT 30 DAYS

Growth parameters, including plant height, plant fresh weight, and leaf area,
were assessed after 30 days of growth under field conditions for plants originating
from both plasma-treated and untreated seeds. Plant height exhibited a 48 % increase
in plants derived from He plasma-treated seeds, followed by Ar plasma (34 %), O-
(22 %), N2 (26 %), and Hz plasma (17 %) (Figs. 2 and 3). The total plant fresh weight
experienced a 49 % increase with He plasma treatment, followed by N: plasma
(14 %), H2 plasma (9 %), Ar plasma (18 %), and O: (11 %) (Fig. 3). The maximum
impact of He, Oz, and N2 plasma treatments was observed in the enhancement of leaf
area, showing increases of 44 %, 25 %, and 25 %, respectively, while Hz plasma
(14 %) and Ar plasma (20 %) also exhibited notable impacts. The overall effect of
plasma treatment with all gases, including He, N2, H2, Oz, and Ar, on growth
parameters was significantly greater (Figs. 2 and 3).
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Fig. 2. Leaf area (a) and plant height (b) after 30 days of sowing of plasma pre-treated seeds.

Table 1

Plant height, fresh weight of plant and leaf area after 30 days of sowing plasma pre-treated seeds

Parameters Years Control N2 He 0: Ar Hz
plasma | plasma plasma plasma plasma
2022 34.4 43.7 52.3 41.3 46.44 39.6
Plant 2023
height (cm) 32.8 41.2 477 41 43.6 39
mean 33.6 42.45 50 41.15 45,02 39.3
Fresh 2022 75 8.43 10.53 8.26 9.38 7.8
weight of 2023 7.7 8.9 12.11 8.54 8.6 8.7
plant (g) mean 76 8.665 11.32 8.4 8.99 8.25
2022 17.3 21.8 24,57 20.9 22 18.68
Leaf area
(cm?) 2023 205 255 30 26.5 235 245
mean 18.9 23.65 27.285 23.7 22.75 21.59
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Fig. 3. Plant height (a), fresh weight (b), and leaf area (c) after 30 days
of sowing of plasma pre-treated seeds.

GROWTH DATA AT 60 DAYS

The improvement in the growth of field-grown plants exhibited a consistent
pattern as observed at 30 days of growth. The most substantial enhancements in
plant height, fresh weight, and leaf area were observed in plants arising from
seeds treated with He plasma, followed by Ar plasma (Figs. 2 and 3). Plants from
seeds treated with N2 plasma demonstrated superior enhancement compared to
those treated with H. and He plasma (Figs 4 and 5). By the 60th day of growth,
plants that emerged from seeds treated with He, N2, Ar, and O: plasma displayed
a greater number of pods compared to untreated control plants (Fig. 4). Treatment
with H: plasma had a relatively minor effect on the number of pods formed at the
60-day mark (Fig. 4).
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Fig. 4. Leaf area (a) and plant height with pods (b) after 60 days
of sowing of plasma pre-treated seeds.

Table 2

Plant height, fresh weight of plant and no. of pods/plant after 60 days
of sowing plasma pre-treated seeds

Parameters | Years | Control Ne He O Ar He
plasma plasma plasma plasma plasma

Plant height 2022 60 75.1 81.2 67.2 75.06 63
(cm) 2023 56.64 68.32 72.89 64.77 70.86 60.96
mean 58.32 7171 77.045 65.985 72.96 61.98

Fresh 2022 320 600 540 480 500 420
weight of 2023 350 700 650 600 650 500
plant (g) mean 335 650 595 540 575 460
Leaf area 2022 28 35.3 37 33.6 36.4 29.06
(cm?) 2023 30.5 39.75 415 375 39 32.8
mean 29.25 37.525 39.25 35.55 37.7 30.93

No. of 2022 35 64 58 50 55 42

pods/plant 2023 38 72 64 60 62 48

mean 36.5 68 61 55 58.5 45
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Fig. 5. Plant height (a), fresh weight (b), leaf area (c), and no. of pods/plant (d) after 60 days of
sowing of plasma pre-treated seeds.
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YIELD DATA AT 90 DAYS

Soybean plants reached maturity at 90 days, and the yield data were assessed
in terms of plant fresh weight, number of pods, number of seeds, and 100 seeds
weight (Figs. 6 and 7). Seeds treated with N> and He plasma exhibited the most
significant improvements in yield. Specifically, N2 plasma treatment increased plant
weight by 60 %, the number of pods by 69 %, the number of seeds by 61 %, and the
100-seed weight by 64 % (Fig. 6). The impact of Oz, Ar, and Hz plasma treatments
on seed yield was notably favorable compared to the untreated control (Fig. 6).
Among the other gases, Oz proved more effective than Ar and Ha, but for 100-seed
weight, Ar was more effective than O: (Fig. 6).

Fig. 6. Seeds (a), plant height after 90 days of sowing of plasma pre-treated seeds.

Table 3

Fresh weight, no. of pods/plant, no. of seeds/plant, and 100 seed weight after 90 days of sowing of
plasma pre-treated seeds

Parameters Years Control N2 He 0: Ar Ho
plasma | plasma | plasma plasma | plasma
Fresh 2022 30 46.5 45.1 40.6 42.2 33.6
weight of 2023 24.84 40.48 39.65 36.16 345 30
plant (g) mean 27.42 4349 | 42.375 38.38 38.35 31.8
2022 40 66 60 52 56 45
No. of 2023 37 64 57 54 50 53
pods/plant
mean 38.5 65 58.5 53 53 49
No. of 2022 101 155 142 138 135 115
seeds/plant 2023 97 164 148 150 133 118
mean 99 159.5 145 144 134 116.5
100 seed 2022 12 18.6 16 15.6 15.9 13
fresh 2023 10 17.4 16 15.5 15.8 12.4
weight (9) mean 11 18 16 15.55 15.85 12.7
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Fig. 7. Plant fresh weight (a), no. of pods/plant (b), no. of seeds/plant (c) and 100 seeds weight (d)
after 90 days of sowing of plasma pre-treated seeds.

(©)
Fig. 8. After 90 days of sowing of plasma pre-treated seeds: 30 days old plant (a), 60 days old plant
(b), 90 days old plant (c) in the field.
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PLASMA SOURCES DIAGNOSTICS

SEM

The scanning electron microscope was employed to compare the control seeds
with those treated with plasma, aiming to discern alterations in seed surface
topology, structure, and overall surface characteristics. Untreated seeds were
prepared under identical conditions to serve as the control in the Figure 9, with the
exception of plasma treatment. SEM analysis validated the non-invasiveness of
plasma treatment, indicating minimal alterations in seed surface morphology across
various plasma-treated seeds. Among the sources examined, specific plasma
treatments emerged as the most suitable for enhancing soybean seed germination,
while also demonstrating efficiency in treatment duration and energy usage.

During non-thermal plasma treatment, plant seeds experience minimal stress,
remaining undamaged while being activated by the plasma. This process either
enriches the seed surface with oxygen-containing functional groups or causes slight
surface etching through ion bombardment [21]. These alterations notably increase
surface hydrophilicity, leading to enhanced seed germination, metabolism, and
improved permeability for additional supplements [15, 22].

Fig. 9. SEM characterization for control (a), N2 (b), He(c),
Ar (d), Oz (e), Hz (f) plasma pre-treated seeds.

FTIR

This study employs FTIR spectroscopy as a rapid and non-destructive
analytical tool within the spectrum range of 4000 cm to 400 cm™ to investigate the
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functional groups and polar compounds present in soybean seed samples. Given the
complex chemical structure of soybean seeds, the standard IR spectrum effectively
delineates its chemical composition, enabling unique identification of the plant.
Figure 10 compiles the averaged FTIR spectra of treated soybean seed with various
plasma types. The O—H stretching vibrations, which indicate the presence of
hydroxyl groups, appear in the peaks between 3200 and 3600 cm™, related to
moisture, alcohols, and phenols [2]. Peaks between 2850 and 2950 cm™ correspond
to C—H stretching vibrations, commonly found in aliphatic hydrocarbons, such as
those in lipids (fats and oils). The 16301650 cm™ range reflects C=0 stretching
vibrations, often seen in carbonyl compounds and proteins (amide | band). Peaks
between 1550 and 1570 cm™ are due to N—H bending vibrations (amide Il band),
which are typical of proteins [7]. Lastly, the 1030-1240 cm™ range shows peaks
related to C-O and C-C stretching vibrations, indicating the presence of
polysaccharides like starch, cellulose, or other carbohydrates [4].
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Fig. 10. FTIR of control (a), nitrogen (b), helium (c), argon (d), oxygen (e), and hydrogen (f) plasma
pre-treated seeds.

Variation among soybean seed samples is discerned through spectral data
analysis. The graph illustrates six distinct samples of soybean seed powder's infrared
spectrogram, the spectra are presented in the 4000 cm to 400 cm with precise
averaged peak locations indicating distinctive fingerprint characteristics, particularly
between 1300 cm and 1700 cm™, and 1000 cm and 1200 cm™. Notably, wide
bands appear at wavelengths between 3300 cm™ and 3000 cm, mid-strong bands
between 3000 cm™ and 2800 cm™, an intense band at 1745 cm™, and several
overlapping bands between 1800 cm™ and 600 cm. Comparison of the infrared
spectra of six soybean seed samples treated with different plasma types reveals
discrepancies in absorption band locations or intensities despite variations in sample
forms. Detailed analysis shows distinctive features:

Control samples exhibit a prominent peak at 2923 cm™, corresponding to the
C—H stretching vibration due to presence of fatty acids or lipids. A peak at 1740 cm
is characteristic of C=0 stretching vibration related to triglycerides. Similarly,
Nitrogen plasma-treated samples show peaks at 2924 cm™ and 1740 cm™. The
helium plasma-treated samples display signal at 3187 cm, which corresponds to
moisture content like water, alcohols, or carboxylic acids with O—H stretching
vibration, and other signals at 1741 cm™, 1632 cm™, 1530 cm™?, and 1402 cm™
which are the presence of triglycerides, protein amide-I, protein amide-11, and fatty
acids corresponding to C=0 stretching and N-H bending vibration. The peak at 1402
cm is related to the bending vibrations in aliphatic chains or symmetric stretching
in carboxylate group. Oxygen, argon, and hydrogen plasma-treated samples exhibit
almost identical peaks from 3255 to 3335 cm™ associated with O—H stretching
vibration, 2850-2950 cm™ shows the stretching vibrations of C-H,1744 cm™ C=0
stretching, 1630-1650 cm™ peak represents C=O stretching vibrations, 1550—
1570 cm™ suggest the N—H bending vibrations. In some samples the peaks at



17 Enhancement of soybean growth and yield after pre-sowing treatment 207

1016 cm™ and 1055 cm are showing the characteristic of the sugar backbone
vibrations (C—C or C—O stretching) within polysaccharides or cellulose components.
Various other peaks reflect the presence of different chemical groups and
compounds, such as carbonyl chemicals, aromatic rings, aliphatic C—H stretching
groups, polysaccharides, coumarin, alcohols, and benzene rings.

The IR spectra provide valuable insights into the chemical composition of
soybean seeds, with the samples that were treated with plasma showing a greater
concentration of proteins, carbohydrates, and possibly aromatic compounds than the
control sample. Plasma treatment disrupts the lipids.

OES

Figure 11 employs optical emission spectroscopy (OES) to illustrate the
reactive oxygen and nitrogen species (RONS) generated during plasma in the
gaseous phase with various gas types. During O, plasma, a robust OH peak at
306.9 nm with high intensity, a minor NO peak at 200-280 nm, and the singlet
oxygen (O) positive system at 777.2 nm and 844.1 nm were observed. In N2 plasma,
OH peaks at 306.9 nm and 309 nm, prominent peaks at 358 nm, and N peaks in the
range of 500-700 nm were detected. Additionally, Ar plasma exhibited a significant
OH peak at 309.6 nm and additional Ar lines within the range of 650-850 nm. Air
plasma displayed small emission lines in the range of 200—250 nm, attributed to the
molecular NO B, y system, along with strong N, peaks at 350-380 nm and CH peaks
at 420 nm. In helium plasma, a robust OH peak at 309 nm with high intensity, a
major NO peak at 280 to 290 nm, and He peaks at 388 nm, 502 nm, 588 nm, 667 nm,
and 706 nm were observed. For hydrogen plasma, the largest OH peak was at 309
nm, with small NO peaks spanning 200-300 nm, and the presence of H, and H;g at
656 nm and 486 nm, respectively, along with H, peaks between 580 to 650 nm. These
reactive species, particularly oxygen and nitrogen, significantly facilitated the
sterilization process.
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Fig. 11. OES of nitrogen (a), helium (b), argon (c), oxygen (d),
and hydrogen (e) plasma pre-treated seeds.

DISCUSSION

Pre-sowing treatment of seeds with plasma was shown to be effective in
promoting productivity in crop plants like tomatoes [19], corn [1], and legumes [3].
The results presented here illustrate the effectiveness of O,, N,, He, Ar, and H;
plasma on soybean seeds. A detailed comparative analysis of all the gases used here
had not been under taken earlier at the field level on the growth and yield of soybean.
It is evident from the data that plasma. Pre-sowing treatment of seeds enhances the
growth and yield of soybean irrespective of the type of the gas used to produce the
plasma. The differences are quantitative between the gases. In terms of yield, N
plasma proved to be the most effective by promoting the production to over 60 % in
the number of seeds obtained per plant and the weight of 100 seeds (Fig. 7, Table 3).
H: plasma proved to be the least effective promoting the number of seeds per plant
by 17 % and seed weight by 15 % (Fig. 7, Table 3). The other three gases (He, O,
and Ar) produced an effect that falls in between these two extremes; between 35 to
45 % promotion approximately. It is evident that except for H, plasma, all the gases
here have a significant promotive effect on the growth and yield of soybean at the
field level. The results obtained have been consistent for two years of Kharif season
and pre-treatment with plasma can be recommended as a safe environmentally
friendly method for enhancing the yield of soybean.

SEM analysis validated the non-invasiveness of plasma treatment, indicating
minimal alterations in seed surface morphology across various plasma-treated seeds.
Among the sources examined, specific plasma treatments emerged as the most
suitable for enhancing soybean seed germination, while also demonstrating
efficiency in treatment duration and energy usage. FTIR spectroscopy indicated
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modifications after exposure to plasma-treated seeds, suggesting surface activation
due to lipid breakdown [26]. OES detected OH, NO, O, and N radicals during
plasma treatment, contributing to the optimal outcome.

CONCLUSION

The experiments with pre-treatment of soybean seeds (Glycine max var. JS-
9560) have successfully demonstrated the promotive effect of N,, He, O, Ar, and
H> on the growth and yield at the field level consistently for two years (2022 and
2023). Except for H, plasma, the other four gases have the ability to enhance the
yield by over 40 % to 60 % depending on the type of gas used to produce plasma.
Plasma pre-treatment is a safe and ecologically compatible method to improve the
yield of soybean.
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