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Abstract: A novel method based on the combination of simultaneous cold plasma treatment with
Mg nanoparticles deposition, applied to Mung bean seeds by improving their quality, is presented.
The SRIM simulation reveals that only the very top layer of the seeds surface can be altered by
the plasma. The experimental analysis indicates surface composition changes with a polar groups
formation. These groups initiate the shift of surface characteristics from hydrophobic to hydrophilic.
The chemical bond analysis shows the formation of MgO and Mg(OH), compounds, which acts as
a positive factor for seeds germination and growth. The germination experiments showed a 70%
outcome with an average of 73.9 mm sprouts length after 30 min of plasma treatment compared to
the initial seeds (40% outcome and 71.3 mm sprouts length).
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1. Introduction

Mung beans are an important crop widely cultivated across Asia and some parts of America [1].
According to the IMARC group (market forecasters), the global market of Mung beans reached
an amount of 3.4 million tons in 2019 where India is a leader with 60% of the total production.
The Mung beans have gained their popularity as edible sprouts due to the numerous health benefits
and their high nutritional value, which include proteins, fibers, vitamins, minerals, antioxidants,
and phytoestrogens [2,3]. Since the demand of sprouts is still increasing, the crop yield and rate of
seeds germination should increase, respectively.

However, some factors and an insufficient germination of seeds could lead to a reduction
in the production yield of Mung bean sprouts. The main causes of the low germination of
plant seeds are usually connected to genetic factors, the quality of the seeds surface and soil
contamination with microorganisms, as well as the lack of moisture or macronutrients [4,5]. Moreover,
adverse environmental conditions can negatively affect the germination.

The conventional methods used to enhance the germination rate are fertilization and increased
irrigation but it still faces economic and environmental issues [4,6]. The agrochemicals used for yield
improvement might be hazardous for the human health [7]. Moreover, current consumers are interested
in less chemically treated food products. Alternatively, genetic engineering, seeds sterilization with
sodium chlorite, treatment with acids, antibiotics, hot water, or additional macro elements can be
employed for better germination [1,8,9]. However, these processes are considered complex, expensive,
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not always efficient, and sometimes even harmful. Therefore, eco-friendly and non-hazardous
alternative methods are desired.

It is noted that seed germination begins with a water uptake, which induces biochemical
processes [5,10]. The absorption of the water rate is influenced by environmental and plant seed
surface properties (morphological and chemical state). Although increased surface wettability and
water uptake are necessary, they are not sufficient conditions for better germination.

Recently, the treatment of plant seeds surface using non-thermal plasma is one of the emerging
technologies in the agriculture, which can breakdown seed dormancy, control water absorption,
kill bacteria, or positively stimulate germination and growth [11]. Consequently, it gets more and
more attention in China, which uses plasma treating seed technologies commercialized by Russia [12].
However, the existing devices still need many improvements.

The non-thermal plasma consisting of ions, electrons, excited atoms, radicals, molecules, and UV
radiation can modify the surface from several up to tenths of nanometers [13]. During the non-thermal
plasma treatment, plant seeds undergo only a very low stress via plasma activation and are kept intact.
Due to such characteristics, the plasma can induce a mild surface etching (via ions bombardment)
or even enrich the seeds surface with oxygen containing functional groups [5]. These groups can
significantly increase the surface wettability, which has a very positive effect on seeds metabolism
and germination, as well as surface permeability for nutrients [3,7]. Another positive effect of plasma
modification is the sterilization of the seeds surface and elimination of unwanted microbes [1,14,15].
Moreover, the non-thermal plasma is suitable for heat sensitive surfaces, as well as being a fast and
environmental-friendly (without any hazardous chemicals) method, which provides a uniform and
non-destructive surface treatment of plant seeds [7,16]. It is demonstrated that various treatment
parameters can accelerate germination, increase sprout growth, plant height, weight or root growth,
decontaminate the seed surface, or improve the survivability [17]. However, the process mechanism
can still be investigated in more detail.

Among different common gases (such as Ar, He, N, O,), very promising results are shown after
the exposure of seeds to the atmospheric air plasma where enhanced germination and seedling vigor
were observed [17-20]. In the air plasma, reactive nitrogen and oxygen species are generated (RONS
and ROS, respectively). Furthermore, the air plasma consists of predominant excited oxygen (O,*) and
nitrogen (N,*) molecules, atomic nitrogen (N) and oxygen (O), superoxide anions (O,~), and some
radicals such as, HO*, OH~, and OH* [21,22]. The reactive oxygen and nitrogen species have a huge
impact on seeds activation in the plasma [8,23].

Nevertheless, the impact of micro nutrients on seeds germination should not be forgotten.
Magnesium plays an important role in plants as a regulator of biochemical functions and can have
a positive impact on seeds germination, as well as plant growth [24]. It activates enzymes and is
an essential element in the photosynthesis process. Moreover, it is a very important nutrient for
human health [24,25]. S. Shinde et al. synthesized magnesium hydroxide (Mg(OH),) nanoparticles and
investigated their influence on the germination of Zea mays [26]. The authors found a significant increase
in seeds germination and growth (i.e., enhanced shoot height and root length). Another research group
demonstrated that magnesium oxide nanoparticles also improved the green gram (V. radiata) seeds
germination performance [27]. Generally, the plasma treatment of plants and seeds as well as the usage
of additional nutrients are separate approaches and studies for an increment of germination efficiency.
Magnesium is one of the most important elements for the healthy growth of plants and one of the most
limiting macronutrients in agriculture [26,28].

This study focused on the theoretical and experimental analysis of Mung bean seeds surface
modifications, by an implanted gaseous species from the plasma and nanoparticles, which arrive from
magnesium cathodes used during the cold plasma treatment. The oxygen and nitrogen implantation
could promote beans germination and initial growth. Moreover, magnesium nano clusters could act
as nano fertilizers, which improve the plant nutrition level during growth. Basically, magnesium
salts are used as fertilizers in order to increase their concentration in soil. Here, we show an original
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approach attaching magnesium nanoparticles directly to the seeds. Specifically, we investigate the
influence of the treatment on the chemical state characteristics of the seeds surface, the change in the
elemental composition, as well as germination by applying various surface analysis techniques. In this
study, we demonstrate that a combination of simultaneous non-thermal plasma treatment with Mg
nanoparticles deposition on the surface have a significant potential for improving the outcome of
seeds germination.

2. Experimental Details

2.1. Plasma Treatment

During the plasma treatment, the Mung bean seeds were placed in a vacuum chamber on metal
mesh between two Mg electrodes (produced by KJLC, Clairton, PA, USA 99.9% purity). The principle
scheme of the plasma treatment as well as the image of the real plasma treatment process is shown in
Figure 1. The two electrodes and metal mesh between them was used in order to ensure a homogeneous
treatment process for all the seeds surface. The direct current power source (20 W) was used for plasma
generation, while air was used as a working gas. The pressure of 10 Pa was kept constant during
the plasma treatment process (gas flow was maintained around 30 mL/min). The distance between
each Mg electrode and metal mesh was 4 cm. Mung bean seeds were treated in plasma for 10, 30, 60,
and 90 min.

Figure 1. Experimental setup of seeds plasma treatment.

2.2. Plasma Treatment Process Simulations

The air-plasma ion penetration into the Mung bean seeds was evaluated by using SRIM—a free
available Monte Carlo simulation code with a full name: Stopping and Range of Ions in Materials.
SRIM is the most widespread simulation code mainly used for calculations of sputtering and its
application areas. The SRIM software is based on the TRIM code (TRansport of Ions in Matter),
which uses Biersack’s magic formula and the ZBL (Ziegler-Biersack-Littmark) universal interaction
potential for its calculations [29,30].

2.3. Characterization

The surface wettability was evaluated by water contact angle (WCA) measurements, which were
performed immediately (in less than 5 min) after the plasma treatment process. The laboratory made
equipment with a camera and PC computer was used for high resolution pictures of the water drop on
the seeds surface. Deionized water was syringed on the surface of the seeds and the pictures were taken
during the next 3 s. Three seeds were used for each measurement and averaged values were calculated.
The surface elemental composition and chemical bond analysis of the plasma treated Mung bean seeds
were analyzed by an X-ray photoelectron spectroscope (XPS, PHI 5000 Versaprobe, Chanhassen, MN,
USA). During the XPS analysis, the monochromated 1486.6 eV Al radiation, 25 W beam power, 100 pm
beam size, and 45° were used. The Multipak software and NIST Standard Reference Database were
used for the XPS spectra processing and analysis. The elemental mapping of Mung bean seeds was
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done using a scanning electron microscope (Hitachi S-3400N, Tokyo, Japan) equipped with energy
dispersive X-ray spectroscopy (EDS, Bruker Quad 5040, Berlin, Germany).

2.4. Germination

The germination rate is presented as a percentage by indicating the proportion of germinated and
total number of Mung bean seeds, which were seeding for 7 days at room temperature (the temperature
was kept between 21-23 °C during the whole germination process) with 12 h light and 12 h dark.
Twenty Mung bean seeds of each group (initial, 10, 30, 60, and 90 min of the plasma treatment) were
used for the germination experiments. The humidity was set between 60-70%. The calculation of the
germination rate is presented by the following equation:

L Number of germinated seeds
Germination rate (%) = Total number of seeds x 100 % 1)

3. Results and Discussion

3.1. Simulation Results

During the SRIM simulation, some assumptions were taken into account, therefore, the real
penetration depth might vary by several nanometers. First, it was assumed that the surface of the Mung
bean seeds consists of carbon only. The elemental analysis experiments, which are presented below,
revealed that the surface of the Mung bean seeds consist of carbon (more than 80%) and some other
elements: O, Si, and Ca. This result was observed by analyzing a very thin surface layer, which was
up to 10 nm. Moreover, it is known that the carbon concentration could even increase to a very top
layer due to the adventitious carbon [31]. Therefore, the simulation was performed by approaching
the plasma ions that penetrate through the carbon layer of the analyzed seeds and using the density
of carbon during the simulation. Second, nitrogen is a main component of air, which was used for
the plasma treatment. Therefore, the simulation was simplified by taking into account nitrogen as an
ion source. Finally, the calculated air plasma as well as the Mg ion energy, which are required for the
simulation, were about 0.1-0.2 keV.

Figure 2 shows the simulation results of the air-plasma and Mg ions penetration in to the Mung
bean seeds. The results show that the air-plasma ions penetrated into approximately 3 nm depth
of the Mung bean seeds, while the highest concentration of plasma ions penetration was fixed at a
2 nm depth. This means that only a very top layer of the seeds surface is altered during the plasma
treatment and such a method does not make any changes on the seeds bulk. However, a majority
of the researchers claimed that the plasma ion penetration depth into the various seeds is up to
10 nm [10,32,33]. This disparity between the calculated results and the ion penetration depth provided
by other authors could be related to several approaches. First, a majority of the other authors used
the term “up to 10 nm” without any ion penetration depth calculations, while it is widely known
that the plasma can influence only the “very top layer” of the treated material. Up to our knowledge,
there are no articles that indicate a particular penetration depth of cold plasma ions into the seed.
Moreover, the existing ion penetration depth models into other materials used different plasma
parameters including ion flux, temperature, plasma composition, etc. Therefore, it is hard to evaluate
the real difference between our suggested model and the penetration depth results presented by the
other authors.

Moreover, our suggested model revealed that the deposited Mg nanoparticles could penetrate
into 1-2 nm of the Mung bean surface (Figure 2b). The result that air-plasma ions can penetrate deeper
than Mg is reasonable, while both air-plasma and Mg ions have a similar energy during the plasma
treatment and air-plasma ions have a lower diameter, determining an easier penetration process.
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Figure 2. Simulation results of (a) air-plasma and (b) Mg ions penetration in to the Mung bean seeds:
Visualization of ions distribution.

The air plasma consists of a variety of different particles and radicals (electrons, neutral, particles,
excited atoms, molecules), as well as UV irradiation. Therefore, it is well known that the gas plasma
can result in various effects upon the treated surface including cleaning or alteration of the surface.
Many processes can occur during the interaction of air plasma with the seeds surface: The removal
of surface contamination, the formation of an altered layer by the implantation of magnesium ions
and active ions from air plasma near the surface, the adsorption of magnesium atoms on the surface,
the formation of polar molecule groups on the surface which promote surface wettability, the changes
in the surface topography on the nanoscale, etc. [8,34]. Under certain conditions, magnesium particles
from the used electrodes are sputtered by ions existing in the air plasma. The sputtered magnesium
with enough energy is deposited on the seeds surface and oxidized by an active oxygen species in the
air plasma (Figure 3).

Plasma generated
reactive species

Surface changes:
* Wettability

* Composition

* Morphology

* Chemical bonds
* Others

Seed bulk

3 nm interaction zone

Mg nanoclusters

Figure 3. The scheme of the plasma treatment process with Mg nanoclusters deposition on the
seed surface.

3.2. Experimental Results

An elemental analysis of the very top layer of initial and plasma-treated Mung bean seeds was
performed by XPS measurement (Figure 4). The surface of the initial seeds consists of carbon (80.5 at%),
oxygen (15.3 at%), nitrogen (2.0 at%) and a small amount of trace elements (2.2 at%). The clear changes
of the Mung bean seeds surface elemental composition were observed after the plasma treatment.
The amount of carbon decreased approximately two times even after 10 min of the plasma treatment
(43.7 at%). A longer treatment time invoked the reduction of carbon which varied from 24 to 34.7 at%.
On the contrary, the increment of oxygen was observed after the first 10 min of the plasma treatment
up to 42.3 at%. Such an amount of oxygen remained relatively stable despite a longer treatment time.
Similar tendencies were observed by estimating the amount of nitrogen, in which the concentration
slightly increased after the plasma treatment and varied in a narrow range (from 2.4 to 3.6 at%).
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Figure 4. XPS survey spectra of initial- and plasma-treated Mung bean seeds.

These results are determined by the native characteristics of the plasma, while two main processes
(known as plasma cleaning and free radical sites formation) complement each other during the plasma
treatment. The plasma cleaning initiates the removal of organic contaminants, as well as an adventitious
carbon from the surface of the sample. Such a process can be related to the carbon amount reduction,
as well as the oxygen promotion during the plasma treatment. Meanwhile, the formation of free radical
sites usually improves the free surface energy and induces a re-orientation with new chemical bonds
formation (see Figure 5) [35-38].
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Figure 5. XPS fitting results of Cls and Mgls peaks.

One of the main aims of this work was to form Mg nanoclusters on the surface of Mung bean seeds
during the plasma treatment. The analysis showed that 2.9 at% of Mg was observed even after 10 min of
the plasma treatment. Moreover, the concentration of Mg increased with a longer plasma treatment time
and reached 19.0 at% after 90 min of the plasma treatment. This result confirms that Mg nanoparticles
were deposited on the surface of Mung bean seeds during the plasma treatment. The small amount of
trace elements (Si, Ca), which is a component of the seed sheath, was observed by analyzing all types
of seeds. The small increase of Si and Ca elements after the plasma treatment compared to the initial
seeds concentration might be related to the plasma cleaning process, where organic contaminants are
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removed and a more certain elemental composition of seed sheath could be observed. The detailed
results of the Mung bean surface elemental composition before and after the plasma treatment are
presented in Table 1.

Table 1. Concentrations of elemental composition (up to 10 nm) before and after the plasma treatment.

Concentration, at%

Samples
C (@] Mg N Si, Ca
Untreated 80.5 15.3 - 2.0 2.2
10 min treated 43.7 42.3 29 3.6 7.5
30 min treated 42 43.6 5.6 3.0 5.8
60 min treated 34.7 45.4 10.1 2.8 7.0
90 min treated 28.8 419 19.0 3.5 6.7

The chemical bond analysis of Mung bean surface chemical elements was performed by XPS
measurement. Figure 5 shows the Cls and Mgls peaks fitting results of the initial and plasma-treated
(30 and 60 min) Mung bean seeds. The analysis of the Mgls peak showed two types of chemical bonds,
MgO and Mg(OH),, with binding energies at 1304.5 and 1302.3 eV, respectively, which match well with
the theoretical values [39]. The ratio between MgO and Mg(OH); remains relatively stable (roughly
1:1) and Mg does not form any other bond despite a longer treatment time.

It should be mentioned that the analysis of the Ols peak confirmed the MgO and Mg(OH),
chemical bond formation with a similar area ratio as in the Mgls spectra. Moreover, two additional
chemical bonds were found (C-O and C=0). These chemical bonds were identified in detail by
analyzing the C1s spectra. Nevertheless, any relevant information was found by analyzing the Ols
spectra. Therefore, the fitting results of the O1s peak are not presented as a figure.

The results of carbon peak (Cls) deconvolution revealed that it consists of three components:
C-C, C-O, and C=0 at binding energies of 284.8, 286.1, and 288.3 eV, respectively. It is important
to mention that the chemical bond C-C covers the majority of the Cls peak area by analyzing the
initial seeds (76.0% of the area). However, this value decreased until 51.5% of the area after 90 min
of the plasma treatment, while the total amount of C-O and C=0O chemical bonds increased with
each longer treatment time. It is known that carbon chains (C-C bond) are recognized as non-polar
groups, which are responsible for surface hydrophobicity. Meanwhile, the higher amount of polar
groups (C-O and C=0) increase the surface tension and induce its hydrophilicity [40]. These results
revealed that the plasma treatment invoked a reduction of non-polar groups on the seeds surface and
increased its energy. Hence, the surface energy increment determined the formation of strongly polar
functional groups on the seeds surface [41,42]. The polar/non-polar groups ratio and chemical bonds
concentrations of the Cls peak are presented in Table 2.

Table 2. Concentrations of polar/non-polar groups.

Cls, area %

Samples Polar/Non-Polar Groups Ratio
Cc-C c-O0 C=0
Initial 76.0 17.7 6.3 0.32
10 min 71.1 24.3 4.6 0.40
30 min 60.8 25.7 13.5 0.64
60 min 55.0 37.6 74 0.82
90 min 51.5 30.6 17.9 0.94

The water contact angle measurement is a simple technique which is used for a qualitative
evaluation of surface wettability. The WCA measurement was performed after each plasma treatment
time, as well as for the initial Mung bean seeds. The significant reduction of WCA was observed
by comparing initial and any other plasma-treated seeds. The WCA value for the initial seed was
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about 96°. This value decreased until approximately 38° after 1 min and 24° after 5 min. A further
analysis revealed that the value of WCA remained relatively stable (about 15°) after 10 min of plasma
treatment, while the ratio of polar/non-polar groups increased with a longer treatment time (Figure 6).
Such an obvious reduction of WCA determined clear changes of the seeds surface. The surface
conversion from hydrophobic to hydrophilic indicated the increment of free surface energy [40]. This,
in turn, determined a better water absorption into the seed. G. de Groot et al. used the cold plasma
treatment for cotton seed germination improvement [8]. They showed that the cold plasma treatment
invoked the seeds surface hydrophilicity and improved water absorption. Moreover, they showed
that the enlarged water absorption, compared to the initial seed, was directly related to a better seed
germination. The similar germination tendencies were observed by other authors as well, when the
plasma treatment encouraged the seeds surface hydrophilicity, which is directly related to a better
germination process [10,43,44].

100 6 1

) «——Drop

)
o 80 ) Seed 08
@ : - @~ WCA s
Qo o

) T
S 60 4 p/apt 06 §
Q 1 [=4
fu | >
S ! s
o 40 . 04 3

]

3 2 h\ 02 «

0 0
0O 10 20 30 40 50 60 70 80 90
Plasma treatment time, min

Figure 6. Water contact angle (WCA) and polar/non-polar groups ratio (P/n-P) dependence on the
plasma treatment time.

The Mung bean germination experiments were performed with the seeds before and after the
plasma treatment process. First, the initial seeds showed approximately 40% germination (Figure 7a).
The increment of the germination process was observed after 10 and 30 min of the plasma treatment
(50% and 70% germination, respectively). However, a longer treatment time determined a total
reduction of the germination process (10% and 0% after 60 and 90 min of the plasma treatment,
respectively). The results of the sprouts length average values with the standard deviation (SD) are
shown in Figure 7a. The measurements revealed that the longest sprouts were observed after 30 min of
the plasma treatment with the average values of 73.9 mm (SD—23.0). Meanwhile, the length of the
initial and 10-min plasma-treated Mung bean sprouts were fixed at 71.3 mm (SD—22.8) and 65.2 mm
(SD 11.3), respectively.

We speculate that 30 min of the plasma treatment leads to formation of the most suitable number
of polar groups and, in turn, an enhanced water absorption, which is directly related to the seeds
germination process. On the other hand, alonger treatment time (60 and 90 min) inhibits the germination
process by initiating a too intensive polar groups formation (more than 0.6 of polar/non-polar groups
ratio) and invokes an even higher water absorption through the surface sheath, as well as induces
harmful stress in the seeds surface.

Magnesium plays an important role as a cationic macronutrient, which is a component of the
chlorophyll molecule and participates in the activation of photosynthetic enzymes [24]. The deficiency
of magnesium limits the photosynthesis process and leads to deprivation of carbohydrates in roots,
seeds, and tubers [24,45].
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Figure 7. Mung bean germination: (a) Germination percentage with sprouts length averages and
(b) real sprouts images of initial and plasma-treated seeds. Black vertical lines in (a)—errors presented
as standard deviation.

Furthermore, the plasma treatment also helps improve the activity of numerous plant enzymes
including seedling germination enzymes, which impact the overall metabolism of the plant and
increase its growth [46]. On the other hand, the plasma treatment has a positive influence on the
regulation of water uptake balance and physiological metabolic processes by modulating the activity
of antioxidant enzymes [47,48].

The surface morphology views of Mung beans before and after the plasma treatment are shown
in Figure 8. By comparing the initial and plasma-treated Mung beans surface, the results revealed that
its structure remained relatively stable and does not form any obvious changes after 10 and 30 min of
the plasma treatment (Figure 8b,c). Nevertheless, a clear evidence of surface morphology changes was
observed after 60 and 90 min of the plasma treatment, which contains small and significant cracks
(see the red dots in Figure 8d,e). It was assumed that the extensive plasma treatment could influence
the appearance of cracks by composing surface stress. These cracks might act as a water uptake center
itself and inhibit the seeds germination at higher treatment times, as seen in Figure 7.

Figure 8. Morphology views of Mung beans: (a) Initial, (b) 10 min, (c) 30 min, (d) 60 min, (e) 90 min of
the plasma treatment. Red dots—appeared cracks.

Moreover, as observed from the XPS elemental composition results, the amount of Mg increased
with the longer treatment time (5.6 at% after 30 min and 19.0 at% after 90 min of the plasma treatment).
The results of Mg elemental mapping after 30, 60, and 90 min of the plasma treatment are shown in
Figure 9. The elemental mapping results showed that the Mg nanoparticles (red dots) distributed
randomly on the seeds surface after 30 min of the plasma treatment and the highest part of the seeds
surface remained uncovered by the Mg nanoparticles. The different results were observed after 60 and
90 min of the plasma treatment. The significant higher surface area was covered by Mg nanoparticles
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with a clear evidence of Mg clusters formation after 90 min of the plasma treatment. Presumably,
the formation of enlarged Mg clusters might have a negative influence on the Mung bean seeds
germination process, which act as a physical barrier. Nevertheless, further investigations of Mg, as well
as the influence of other minerals on seeds germination and growth, are required.

Figure 9. Elemental mapping results of Mg nanoparticles distribution on Mung bean seeds surface

after 30, 60 and 90 min of the plasma treatment.
4. Conclusions

In this study, a new technique based on the combination of simultaneous non-thermal air plasma
treatment with Mg nanoparticles deposition processes were applied to Mung bean seeds by enhancing
their quality. This method revealed an original approach in order to increase the macronutrients level
on the seeds, which could be controlled during the plasma treatment process. The simulation of the
plasma treatment process showed that ions can penetrate into approximately 3 nm depth of Mung
bean seeds, while Mg ions can penetrate into a 3 nm depth. The two processes known as plasma
cleaning and free radical sites formation invoked composition changes on the seeds surface during
the plasma treatment with the reduction of carbon and increment of oxygen components, as well as
Mg nanoparticles deposition. This stimulates new chemical bonds formation on the seeds surface.
The formation of polar chemical bonds (C-O and C=0) lead to the shift of surface characteristics
from hydrophobic to hydrophilic and, in turn, improve water uptake. Meanwhile, the deposited Mg
nanoparticles formed MgO and Mg(OH), compounds, which can help in plant growth promotion.
Finally, the experiments showed that almost a two times better germination (70% outcome with a
73.9 mm average sprouts length) was observed after 30 min of the plasma treatment compared to the
initial Mung bean seeds (40% outcome with a 71.3 mm average sprouts length).
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