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Abstract

The Multi-hollow Surface Dielectric Barrier Discharge (MSDBD) generated in ambient
air at atmospheric pressure was used to treat maize, pea, wheat and parsley seeds. Plasma
exposure was applied as a pre-treatment before the seeds coating with agrochemicals. The
aim of this study was to decrease the dustiness of coated seeds using plasma pre-treatment.
The optimization process of plasma treatment parameters for individual seed species con-
sisted of choosing a suitable exposure time (20 s, 60 s) and airflow (10 L/min, 15 L/min).
The plasma made the seeds’ surface more hydrophilic; therefore, better agrochemicals
adhesion was achieved on the seeds’ surface. Wettability improvement was demonstrated
via water uptake of seeds and apparent contact angle change. Ambient air plasma ata 15 L/
min flow rate was measured using optical emission spectroscopy, and the values of vibra-
tional (3000 K) and rotational (347 K) temperatures were obtained from spectra simula-
tion. The surface temperature of the MSDBD ceramics plate was measured with a thermal
camera for different gas flow rates and constant input power of 30 W because the tem-
perature is crucial parameter for seed treatment. The surface morphology was not affected
due to plasma treatment, even for a longer exposure time. A significant decrease in dusti-
ness measured according to the Heubach method was achieved for pea (57.1%) and parsley
(41.4%) seeds. A lower decrease in dustiness was registered in the case of wheat (14.6%)
and maize (17%) seeds. The results showed that MSDBD plasma generated in the air at
optimized conditions is able to decrease the coated seed dustiness regardless of seed type
and size, while seeds germination and surface coverage percentage remained unchanged.
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Introduction

One of the most important areas of plasma technology is the use of non-thermal plasma in
low-temperature applications. Due to the non-equilibrium state of plasma, where the elec-
tron energies are much larger than the energy of other particles, plasma treatment at a rela-
tively low temperature of the working gas is possible. It is essential in several applications
in biology, agriculture, the food industry, and medicine, where high temperatures may have
undesirable and damaging effects on plasma-treated materials. Plasma applications for
biology-related areas have a long history, such as sterilization, promoting cell attachment
and proliferation on biomaterial surfaces, and modifying biomaterial surface wettability.

In the last decades, research on applying low-temperature plasmas in the agriculture
and food industry gained a significant impulse. The effects of non-thermal or cold plasma
are currently under extensive investigation in agricultural science as an alternative to tra-
ditional seed treatment technologies. The traditional chemical methods were usually une-
conomic because large amounts of chemicals were needed, and some residual chemicals
on the seed coat would bring soil pollution; therefore, more concern has been given to
the physical methods for enhancing seed vigour. Numerous studies provide evidence that
plasma seed treatment improved the agricultural performance of crops. Seed exposure to
plasma can lead to stimulation of germination and seedling development. The improve-
ment of germination and reduction of diseases as well as changing their water absorption
properties, are crucial parameters for the growth process of agricultural seeds. Plasma
treatment of seeds for various types of crops represents a promising technology for agricul-
ture and food production. The effect of low-temperature plasmas on seeds has been tested
at low and atmospheric pressure for different discharge configurations and various seeds.

A detailed review focusing on the use of non-thermal plasma treatment of agricultural
seeds to stimulate germination and remove surface contamination [1-5], as well as a review
describing the role of plasma technology in the food industry [6—10] were published. Low-
pressure discharges are widely used for decontamination and germination improvement of
agricultural seeds. The effect of the radio frequency plasma source on different plant spe-
cies was studied in several works [11, 12].

Radio-frequency (RF) plasma stimulation of germination and inactivation of pathogenic
microorganisms on grain crops, legumes and aster were investigated by Filatova et al. [13].
The interaction of cold radiofrequency plasma with the seeds of beans (Phaseolus vulgaris)
focused on water absorption was studied by Bormashenko et al. [14]. It was observed that
plasma treatment promotes hydrophilization and markedly accelerates water absorption.
The effect of the RF discharge operating in helium on the germination rate of well-watered
oilseeds and oilseeds under drought stress was examined. The apparent contact angle was
reduced, and the germination rate significantly improved after the plasma treatment. Cold
plasma treatment improved oilseed rape drought tolerance and was able to protect oilseed
rape seedlings against damage caused by drought stress [15].

Low-temperature atmospheric pressure plasma (APP) has emerged as a powerful tech-
nology to improve the properties of seeds [16]. APP plasma sources have benefits such as
the ability to be large-scaling, low costs, no needed expensive vacuum systems and high
processing speed.

Various types of plasma sources were used, for example, plasma jets [17, 18] or dielec-
tric barrier discharges [19-22]. The so-called Diffuse Coplanar Surface Barrier Discharge
(DCSBD) generating a cold plasma in ambient air with high power volume density was
used to treat seeds, too [23-25]. The plasma treatment of seeds with DCSBD brought
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promising results. Structural damage on the surface was observed via scanning electron
microscopy (SEM) for pea seeds after long-time plasma treatment (120 s, 600 s). It was
shown that a higher and more intensive water uptake positively correlates with the increas-
ing exposure time of cold plasma [26]. Growth, anatomy, and enzyme activity changes in
maize roots induced by the treatment of seeds with DCSBD were evaluated by Henselova
et al. [27].

Many authors studied plasma-activated water [28-30] for improved seed properties.
Positive effects of cold plasma treatment on seed germination and seedling growth were
observed for many types of seed, for example, maize [31, 32] pea [24, 33] and wheat
[34-36].

In this study, we focus on the cold atmospheric pressure plasma (CAPP) treatment of
different vegetable seeds to increase the wettability and adhesion of agrochemicals to the
seeds’ surface. Adhesion improvement of agrochemicals leads to the decrease of coated
seeds’ dustiness. Fine particles of agrochemicals released from coated seeds during the
handling of seeds are inhaled by workers, which negatively affects their health. Besides
this, it has a negative effect on the environment due to air, water, and soil pollution [37].
Therefore, reducing the amount of released particles from coated seeds is desirable. A
novel plasma system called Multi-hollow Surface Dielectric Barrier Discharge (MSDBD)
was used for seed treatment in ambient air with exposure times in the range of 10-120 s.
Dried seeds of maize, pea, wheat and parsley differing in size and surface type were exam-
ined. Improvement of wettability was monitored by water uptake measurement and contact
angle analysis. The surface morphology was evaluated using scanning electron microscopy
to check the possible changes on the surface. Seeds germination and planting of seedlings
in the field were controlled by appropriate methods standardly used in agriculture. The
plasma treatment of seeds was used as a pre-treatment before seed dressing with agrochem-
icals. Therefore, the surface coverage of seeds with agrochemicals with and without plasma
pre-treatment was evaluated. The effect of plasma treatment on the dustiness of coated
seeds was monitored by the standardized Heubach method, and the aim was to decrease the
dustiness. Besides these analytical methods, part of the article is devoted to plasma diag-
nostics and electrical characteristics of MSDBD. Optical emission spectroscopy (OES) and
thermal imaging camera were applied for plasma temperature monitoring and evaluation
because the temperature is a crucial parameter for thermal-sensitive samples. Simulation of
OES spectra was used for the estimation of rotational and vibrational temperatures.

Materials and Methods

Plant Material

Dried seeds of maize (Zea mays L.), pea (Pisum sativum L.), wheat (Triticum aestivum
L.) and parsley (Petroselinum crispum) used in the experiments were obtained from the

SEMO, a.s. company located in SmrZice, Czech Republic. The seeds were stored at room
temperature in closed bags in the dark.

Plasma Source and Treatment of Seeds

The multi-hollow surface dielectric barrier discharge (MSDBD) operating at atmospheric
pressure in ambient air was used to modify the seed’s surface properties. MSDBD ceramics
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purchased from Kyocera consists of 105 holes with a diameter of 0.6 mm each, spaced at
1.8 mm horizontally and 2.1 mm vertically. The plasma unit is made of metallic parallel
electrodes, with an inter-electrode distance of 0.5 mm, embedded in an alumina (Al,O5)
ceramics plate. The dimensions of the entire ceramics plate are 30X 30X 1.5 mm, and the
total active area of produced plasma corresponds to 18x18.9 mm. The 3D model and
profile view of the MSDBD ceramics plate is presented elsewhere [38]. The plasma was
generated by a sinusoidal alternate-current (AC), high-voltage (HV) power source with an
external signal of frequency ~ 18 kHz. The operation of MSDBD plasma is possible at dif-
ferent flow rates from O to 50 L per minute (L/min) in ambient air or various gases such as
nitrogen, oxygen, argon, and pure water vapour [38—42]. The flowing gas serves not only
to blow the plasma out of the holes but also to cool the ceramic plate. Therefore, the gas
flow affects the resulting ceramic surface temperature along with the input power value.
Possible input power is in the 2-30 W range and is monitored with a wattmeter. Produced
plasma fills all the holes in the MSDBD ceramics at specific input power differing in used
gas and also covers the surface of ceramics with increasing the input power. This type of
plasma discharge is used for the treatment of polycarbonate surfaces [38] or ozone genera-
tion [41].

Plasma treatment was done on apparatus consisting of 4 MSDBD plasma units (see
Fig. 1) at an input power of 30 W for each unit and a flow rate of 15 L/min for each plasma
unit. Only in the case of parsley seeds, due to their small size and weight, we used a flow
rate of 10 L/min. A higher flow rate than usual was chosen due to the lower temperature
of the ceramics plate, which was measured using a thermal camera. Examined exposure
times were in the range of 10-120 s. Samples were in direct contact with the ceramics plate
surface, and the movement was carried out by mechanical movement. Seeds were rotated
many times during the plasma exposure.

Plasma Diagnostics
Electrical Characterization

The V-A characteristics of the MSDBD plasma unit were captured using two passive
high voltage (HV) probes P6015A (Tektronix UK Ltd.) and current probe M4100 (Pear-
son Electronics), connected to the channels of oscilloscope 6100A WaveRunner, 4-
Channel, 1 GHz (Teledyne LeCroy Corporation). The peak-to-peak values of voltage
were measured by a passive HV probe connected to the HV electrode and a second
passive HV probe connected to the grounded electrode. The current probe recorded the
discharge current on the cable to the grounded electrode, and the scheme is presented

Fig.1 The apparatus consists of 4 MSDBD plasma units
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elsewhere [43]. The resulting total voltage was calculated as the difference between
the voltage measured on the HV electrode and the voltage acquired on the grounded
electrode. The total input power of HV power source was monitored by a wattmeter
OM402PWR (Orbit Merret) with an accuracy of 0.3%.

Temperature Monitoring

Since the MSDBD ceramic is heated during the plasma generation, we measured its
temperature depending on the plasma treatment parameters. The thermal camera TiS10
(Fluke Europe B.V) with an IR resolution of 80X 60 px was used for monitoring the
MSDBD ceramic temperature, and the emissivity was set to 0.95. The temperature was
monitored at the input power of 30 W for different flow rates (5-20 L/min) until the
value stabilized (up to 3 min).

Optical Emission Spectroscopy

The vibrational and rotational temperatures in plasma were calculated from optical
emission spectra obtained via optical fibre connected to a Shamrock 750 spectrograph
(Andor Technology), at a grid of 600 gr/mm, with a Newton CCD detector (Andor
Technology) cooled by a Peltier cooler set to —60 °C. The measured data were pro-
cessed with massiveOES software [44-46] using a spectra simulation.

Analytical Methods
Water Uptake

Dry seeds of maize and pea (40 seeds for each species) were weighed on the analyti-
cal balance RADWAG AS 310.R2 (RADWAG Vihy s.r.o.) plasma treated (60—120 s)
and weighted after the treatment to monitor the possible weight loss during the plasma
treatment. The defined number of seeds was submerged in its entire volume in a Petri
dish with distilled water for 5 min at a room temperature of 24 °C. Imbibed seeds were
dried using filtration paper, weighed, and put again in a new distilled water with the
same volume for different times (0.5 h, 1 h, 1.5h, 2 h, 2.5 h, 5 h) up to 20 h in total [24].
The procedure of drying and weighing seeds was repeated after each time interval. The
increase in seeds’ weight during the imbibition was compared with a reference value of
untreated seeds that were also imbibed, and the tests were carried out in 9 repetitions.
Water uptake (WU) can be expressed by the following equation [47],

WU = FW — DW
w

« 100% (1.1)

where FW — is the fresh weight of samples stored in distilled water, DW — is the weight of
dry samples.
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Wettability Change Evaluation

Wettability change after the plasma treatment was demonstrated using a drop (1 ul) of
methylene blue solution p.a. (supplied by PENTA s.r.o.) placed on the surface of wheat
seed. Photographs were captured with See System software (Advex Instruments, s.r.0.);
however, the water-based solution contact angle cannot be measured due to the highly
curved seed surface. This test was used only as a qualitative analysis showing the wettabil-
ity change observable by the naked eye.

Germination

The germination of individual seed species was determined according to the International
Seed Testing Association (ISTA) methodology [48], which sets the conditions for carrying
out the tests, such as the type of substrate (filtration paper), temperature regime (constant
20 °C for pea and wheat seeds or temperature changing in a regime of 20/30 °C for maize
and parsley seeds), light regime (artificial light source alternating light and darkness) and
special pre-treatment of seeds (pre-cooling in case of wheat for dormancy breaking). The
ISTA methodology specifies for each type of seed the number of days after which ger-
mination should be calculated. For maize, it is after seven days, for peas after eight days,
for parsley after 28 days and for wheat after eight days. Tests were carried out in the ger-
mination chamber and were done in four repetitions for each species. An amount of 50
seeds was used for one test, and the standard error was determined from test repetitions.
Germination testing was done by manually counting the seedlings, whereas reference sam-
ples without plasma treatment were evaluated too. Germination value was calculated as a
ratio of germinated seeds (capable of growth) after a certain number of days after sowing,
divided by the total number of planted seeds x 100.

Morphological Changes of Seed Surface

Imaging of surface morphology was done on Scanning Electron Microscope Mira3 (Tes-
can). The detector of secondary electrons and accelerating voltage of 5-15 kV was used.
Seeds were covered with 20 nm of Au/Pd layer by sputter coater Quorum Q150R-ES (Quo-
rum Technologies) to prevent sample charging. The surface morphology analysis was car-
ried out with a magnification of up to 10 000.

Seed Dressing

A few seed species differing in size, from a few mm to 1 cm, and surface type, from smooth
to irregular, are examined in this study. Therefore, these seed species vary in sensitivity to
abrasion and absorption capacity. These factors and seeds’ properties affect the seed coat-
ing process with agrochemicals (fungicides), which should protect the seed from patho-
gens and diseases. There are many ways to dress the seed surface with agrochemicals, from
wet to dry or combined methods. In our case, we used incrustation technology in which
a mixture of polymer, additive and dye is applied to the seeds’ surface. The incrustation
technology is characterized by high coverage. The liquid mordant is injected onto the seed
surface when seeds are placed in a closed drum rotating at a certain velocity. A thin film of
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mordant is formed on the surface of the seed, and the coated seeds are dried immediately
after. The dose of mordant per 1 kg of seeds corresponds to 6 ml for pea, maize, and wheat
seeds. A higher amount of 56 ml is used for parsley seeds due to their smaller size and,
therefore, a higher amount of seeds in 1 kg. Surface coverage tests were done externally
(Agritec s.r.0.) when plasma-treated seeds were coated with mordant using incrustation
technology, dried and sent for analysis.

Dustiness of Coated Seeds

To determine the dustiness of the coated seeds, we used a device for measuring dustiness
according to the standardized Heubach method called "Assessment of free-floating dust
and abrasion particles of treated seeds as a parameter of the quality of treated seeds" [49].
The measurement takes place by filling a defined amount of coated seeds (100 g) into the
metal drum, inserting filter paper made of glass microfibers Whatman GF 92 with a diam-
eter of 47 mm (HELAGO-CZ, s.r.0.) into the filter unit and folding it together. We connect
other device components and start the measurement cycle on the control unit. During the
experiment, the drum with the seeds rotates at a defined speed for 2 min, and due to the
rubbing of the seeds against each other, dust particles are released, which are carried away
by the air stream and subsequently captured on the filter paper. Analytical balances with
high accuracy (0.1 mg) are needed to evaluate dustiness. We weighed the filtration unit
with the filter paper before and after the experiment with adhered dust particles. We obtain
the value of dustiness P in grams per 100 kg of seeds by a subsequent calculation accord-
ing to formula 1.2 [37]. The dustiness was evaluated for each seed species in three repeti-
tions, and the value given represents the average of these measurements:

(W, — W) » 100000
P= W [g/100kg] (1.2)

s

W, — the weight of the filtration unit with filter after dust measurement; W, — the weight
of the filtration unit with the filter before dust measurement; W — the seed batch weight.

Results and Discussion
Plasma Diagnostics
Electrical Characterization

Typical voltage and discharge current waveforms of the MSDBD plasma are shown in
Fig. 2 for an input power of 30 W and 15 L/min flow rate. The plasma unit was powered by
a sinusoidal signal with an amplitude of approximately 15 kV (peak-to-peak) and 18 kHz
frequency. It is obvious that a typical phase shift between the current and voltage corre-
sponds to ©/2 rad value. Curves C2 and C3 show the voltage curves measured through two
high-voltage probes. We get the resulting total voltage by subtracting them. On the maxima
of the current sinusoidal waveform are visible typical sharp peaks representing the filamen-
tary component of the MSDBD plasma. Besides sharp peaks near the current maxima, we
also observe recurring peaks caused by the type of generator used. However, it does not
affect the measurement result because its value cancels itself out under the curve.
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Fig.2 Typical V-A characteristics of MSDBD plasma measured at an input power of 30 W and flow rate of
15 L/min

Surface Temperature Monitoring

The temperature of the MSDBD ceramic plate was monitored in time in dependence
on a flow rate of compressed ambient air at the constant input power of 30 W (Fig. 3a).
The initial temperature of the ceramic plate before each plasma ignition corresponded to
20 °C. The measurement started at a flow rate of 5 L/min when the temperature reached
the value of 87 °C after 3 min. The value decreased to 68 °C at a flow rate of 10 L/min,
to 59 °C at a flow rate of 15 L/min, and to 53 °C at a flow rate of 20 L/min. The cooling
of the ceramic plate is more intensive with increasing flow rate; therefore, the tempera-
ture decreases with increasing gas flow. We used the flow rate of 15 L/min for experi-
ments with seeds when the maximal temperature in the centre of the ceramic plate was
59.5 °C (Fig. 3b).
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Fig.3 a The MSDBD ceramic temperature development over time in dependence on the flow rate (5-20 L/

min) of compressed ambient air at an input power of 30 W; b thermal image of MSDBD ceramic plate at
15 L/min flow rate after stabilization in time
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Fig.4 Typical spectra of MSDBD plasma generated in air and nitrogen at 15 L/min flow and at 30 W input
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Fig.5 Calculated rotational (T,) and vibrational (T,;,) temperatures as a function of the gas flow rate in air
and nitrogen at 30 W input power

Optical Emission Spectroscopy

Optical emission spectra of MSDBD plasma were captured in different gases (air,
nitrogen), and the nitrogen vibrational bands are shown in Fig. 4. The rotational and
vibrational temperatures were calculated from the nitrogen vibrational bands of the
second positive system (SPS) of Av= —2 (transition C3Hu—>B3Hg) in the range of
366-382 nm. The distributions of the calculated rotational (T,,) and vibrational (T,;,)
temperatures in dependence on the gas flow rate (5-50 L/min) are presented in Fig. 5.
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The vibrational and rotational temperatures were determined from simulated spectra
[44]. It was observed that the T, value is decreasing with an increasing flow rate inde-
pendent of used gas (air, nitrogen). MSDBD rotational temperatures for airflow rates of
5 L/min and lower were calculated by Homola et al. [38], and the value of 360 K for a
5 L/min flow rate is in accordance with our results. We used higher gas flow rates result-
ing in more intensive cooling of the ceramic plate to achieve lower surface temperatures
for seeds treatment as thermal-sensitive samples. T, for 15 L/min flow rate, which was
used in experiments, corresponds to the value of 347 K for air and 331 K for nitrogen.
The maximal examined flow rate was 50 L/min resulting in a decrease of T, to 328 K
in air and 319 K in the nitrogen atmosphere. The vibrational temperature is independ-
ent of the gas flow rate (air, nitrogen) and reaches around 3000 K in air and 2000 K in

nitrogen. The standard error of rotational and vibrational temperatures was estimated to
be 10%.

Seed Treatment
Wettability Change Evaluation

It is generally known that plasma treatment changes the surface wettability of materi-
als, which also applies to seeds. Chemical changes on the seeds’ surface induced by
plasma treatment are often responsible for the wettability change due to upper surface
functionalization via reactive particles generated directly in the discharge and plasma
afterglow (plasma-chemical reaction with the composition of treated surface; formation
of functional groups with different, e.g. polar character) as it is described elsewhere
[23-27, 31]. In addition, wettability improvement is often related to better adhesion. For
this reason, we tried to evaluate the change in seed wettability after plasma treatment.
The standard method of measuring the contact angle could not be used here due to the
curved and irregular surface of the seeds. However, it served us for qualitative analysis
only when we could distinguish with the naked eye the difference in the contact angle
size of the methylene blue drop applied on the untreated surface and the plasma-treated
surface of the seed. Wettability change after plasma treatment was demonstrated on the
surface of wheat seeds (Fig. 6) and maize seeds (Fig. 7) for different exposure times.

Fig.6 Demonstration of the wettability change through a drop of methylene blue solution on the surface of
a an untreated seed and b plasma-treated wheat seed for 20 s (Color figure online)
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Fig.7 Effect of plasma treatment exposure time on the surface wettability of maize seeds presented through
a drop of methylene blue solution of a untreated, b plasma-treated (PT) for 20 s, ¢ PT for 60 s, and d PT for
120 s seeds (Color figure online)

Water Uptake

The principle of this method is that the seed volume increases during the imbibition pro-
cess due to the water soaking into the intercellular spaces inside the seed. Water uptake
was tested on pea and maize seeds due to bigger seed sizes for easier handling. Initially,
it was checked that the plasma treatment caused seed weight losses of less than 1% due to
the heating. The average weight of the dry seed batch corresponded to 3.2 g for pea seeds
and 6.1 g for maize seeds. These weighted seeds were imbibed for 5 min—afterwards,
the increase in water uptake after plasma treatment is already noticeable for maize seeds
(Fig. 8). Water uptake after 5 min imbibition was 2% higher compared to the control sam-
ple; however, the effect of plasma exposure time was not evident yet. The steepest increase
in water absorption was observed during the first 2.5 h. After 2.5 h, the water uptake value
differed by 3% for 60 s treated and 4.6% for 120 s treated maize seeds compared to the con-
trol sample. The influence of plasma treatment duration on the amount of absorbed water
is pronounced in time. After 5 h of imbibition, the difference in water uptake between
untreated and plasma-treated maize seeds was similar to after 2.5 h. It seems that water
uptake in time slows down after 5 h. Finally, water uptake was evaluated after 20 h of imbi-
bition in total, and the difference between untreated and plasma-treated maize seeds was
more significant than for shorter imbibition times. The amount of absorbed water was 5.1%
higher for 60 s PT maize seeds and even 6.7% higher after 120 s plasma exposure. Overall,
the control sample of maize was able to soak water in an amount corresponding to about
75.6% of its original weight. After MSDBD plasma treatment, this amount increased to
80.6% (60 s PT) and 82.2% (120 s PT), respectively.

Fig.8 Water uptake for MSDBD
plasma-treated maize seeds (60 @l Reference
and 120 s) and untreated (refer- 80 4 = Plasma 60 s
ence) maize seeds displayed as = Plasma120's
a function of imbibition time. =
Values are the mean value +SD, % 60 4
n=09, for 40 pieces of seeds in <
each repetition =

& 40

(]

=

20 -
0 m L |

5 30 60 90 120 150 300 1200
Imbibition time [min]
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A similar situation occurred for imbibed pea seeds (Fig. 9), with the difference that
after 5 min of imbibition, the increase in water uptake of plasma-treated seeds was low
(0.5-0.8%). After 2.5 h, the water uptake value differed by 4% for 60 s treated and almost
6.4% for 120 s treated pea seeds compared to the control sample. The increase in water
uptake is higher than for maize seeds after the same imbibition time. After 5 h of imbibi-
tion, the water uptake increases after plasma treatment were comparable for pea and maize
seeds. In total, the control sample of pea seeds was able to soak water in an amount cor-
responding to about 139.5% of its original weight. After MSDBD plasma treatment, this
amount increased to 142.5% (60 s PT) and 140.7% (120 s PT), respectively. After 20 h, we
observed comparable results for pea seeds within the margin of error. Standard deviations
(SD) shown in the graphs (Figs. 8, 9) were calculated from 9 repetitions (n=9).

Effect on Germination

Germination tests were carried out for the exposure times of 20 s and 60 s for wheat, pea
and maize seeds, while the parsley seeds were treated only for 10 s and 20 s due to smaller
seeds size (Fig. 10). Reference sample of untreated seeds was tested as well for all spe-
cies. This study aimed not to improve germination; however, to ensure that germination
is not significantly decreased after plasma exposure. Wheat seeds germination (97%) was
stable regardless of the plasma treatment duration. The germination of parsley is also rela-
tively high (93%), and due to the plasma treatment, it has only slightly decreased to 92%
and 91%, respectively. However, within the margin of error, it is comparable to the germi-
nation of the untreated sample. Germination of maize started at 83%, slightly increased
after 20 s plasma treatment, and this trend continued with a longer exposure time of 60 s
when germination reached 88%. It follows the results in the study of maize seeds treated
with DCSBD for 60 s [47]. A different trend was observed for pea seeds when germination
decreased from 88 to 84% after 20 s plasma exposure and reached its original value of 88%
after 60 s treatment. In comparison, Svubova et al. observed the same value of germina-
tion after 60 s DCSBD treatment of pea seeds as for reference value [24]. We can conclude
that the germination stayed stable regardless of MSDBD plasma treatment time up to 60 s
and did not decrease significantly for all seed species, while in some cases, it even slightly
increased.
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Fig. 10 The germination of -
wheat, parsley, pea and maize 1004 o wheat —v—parsiey —=—pea —A—maize
seeds tested in dependence on

MSDBD plasma treatment time

Germination [%]

0 10 20 30 40 50 60

Exposure time [s]

In addition, the germination of plasma-treated seed was also tested under real field con-
ditions. The growth rate and plant size of plasma-treated seeds cultivated in the field were
comparable with untreated samples.

Surface Morphology

We did not observe any changes in the seed surface morphology using scanning electron
microscopy after MSDBD plasma treatment. Considering that the seed surface is irregular
and differs in various parts of the seed, it is not easy to compare individual seeds of one
species with each other. However, we did not register any ruptures or damage on the seed
surface after plasma treatment compared to the untreated control sample. SEM images of
pea, maize, wheat and parsley surfaces are presented in Fig. 11 with a 5000 X magnification
for MSDBD plasma treated and untreated seeds. The exposure time of 60 s was applied
on pea and maize seeds (Fig. 11a—d), whereas wheat and parsley seeds (Fig. 11e-h) were
treated for 20 s. Surface analysis of pea and maize seeds plasma treated for a longer time
(120 s) was carried out as well. However, no changes on the seed surface were noticed nei-
ther in this case.

Surface Coverage Tests

Surface coverage tests evaluate how much of the seed surface area is covered with a
mordant; the value is expressed in percentage. High values of surface coverage (%)
were obtained already for untreated seeds (96-99%) of pea, maize, parsley and wheat
(Table 1). Surface coverage of 20 s plasma-treated seeds was similar or even slightly higher
(97-99%). We can conclude that the surface coverage percentage was stable regardless of
the plasma treatment.
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Fig. 11 SEM images of seed
surface magnified 5000 times:

a untreated pea, b 60 s plasma-
treated pea, ¢ untreated maize,

d 60 s plasma-treated maize, e
untreated wheat, f 20 s plasma-
treated wheat, g untreated pars-
ley, h 20 s plasma-treated parsley

Table 1 Surface coverage values (%) of the seed surface by the mordant with and without plasma pre-treat-

ment

Surface coverage [%]  Wheat Maize Pea Parsley

Sample A B mean A B mean A B mean A B mean
Reference 97 98 975 98 97 975 9% 97 96.5 99 98 985
20 s plasma-treated 99 98 985 98 98 98.0 98 97 975 99 99 99.0
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Dustiness of Coated Seeds

As shown in previous chapters, the wettability and water absorption improved after the
MSDBD plasma treatment. The main goal of this study was to evaluate the effect of
plasma treatment on the dustiness of coated seeds. The dustiness was measured accord-
ing to the standardized Heubach method when the free-floating particles released from the
coated seeds during the rubbing process were captured on specialized filters (Fig. 12). It
was observed that the plasma treatment significantly decreased the Heubach dust value
of free-floating dust and abrasion particles of coated seeds already after 20 s exposure in
plasma (Table 2). The decrease is calculated as the difference between the dustiness of
coated untreated seeds and coated plasma-treated seeds. We measured the most significant
decrease in dustiness for pea (57.1%) and parsley (41.4%) seeds. The dustiness of wheat
and maize seeds decreased after the plasma treatment lower, whereas the decrease was
equal to 14.6% and 17%, respectively. The positive influence of MSDBD plasma treatment
on the decrease of dustiness is evident from the results regardless of seed type and size.

Fig. 12 Example of a filter with
deposited free-floating particles
coming from coated seeds of
maize that are released during
the rubbing process according
to the standardized Heubach
method

Table 2 Obtained dustiness

Seed species Pl - W-W, P [g/100 k D se [%
values for individual seed species cec species asmd ~Wolel Le/ el ecrease [%]

after MSDBD plasma treatment g(]:ated

compared to untreated control

seeds Pea 0 0.00035 0.35+0.08 57.1
Pea 20 0.00015 0.15+0.04
Wheat 0 0.00275 2.75+0.10 14.6
Wheat 20 0.00235 2.35+0.15
Maize 0 0.00173 1.73+0.06 17
Maize 20 0.00143 1.43+0.19
Parsley 0 0.01455 14.55+0.25 414
Parsley 20 0.00852 8.53+0.43
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Conclusions

The aim of this study was to evaluate the effect of MSDBD plasma treatment on the
dustiness of coated seeds of pea, maize, wheat, and parsley. The optimization process of
plasma treatment parameters for individual seed species consisted of choosing a suitable
exposure time (20 s, 60 s) and gas flow (15 L/min), which is used for cooling the plasma
source. The electrical and temperature characteristics of MSDBD plasma were inves-
tigated before seed treatment. Typical voltage and current waveforms for used plasma
treatment parameters are presented here, where on the maxima of the current sinusoidal
waveform are visible typical sharp peaks representing the filamentary component of the
MSDBD plasma. The surface temperature of the ceramics plate monitored with a ther-
mal camera reached the value of 59 °C at a flow rate of 15 L/min and 30 W input power.
Rotational and vibrational temperatures were simulated from optical emission spectra
for gas flow rates in the 5-50 L/min range. The rotational temperature for the 15 L/min
flow rate corresponds to the value of 347 K for air and 331 K for nitrogen. It was found
that rotational temperature decreases with the increasing gas flow rate. The vibrational
temperature is independent of the gas flow rate (air, nitrogen) and reaches the value of
around 3000 K in air and 2000 K in nitrogen.

It is generally known that plasma treatment changes the surface wettability of mate-
rials, which also applies to seeds. Chemical changes on the seeds’ surface induced by
plasma treatment are often responsible for the wettability change due to the increase
of oxygen containing functional groups with polar character. The standard method of
measuring the contact angle of the drop could not be used here due to the curved and
irregular surface of the seeds. However, it served us for qualitative analysis only when
we could distinguish with the naked eye the difference in the contact angle size of the
methylene blue drop applied on the untreated surface and the plasma-treated surface of
the seed. Wettability change after plasma treatment was demonstrated on the surface of
wheat seeds and maize seeds. Besides this, water uptake of maize and pea seeds was
tested using an imbibition process when water was soaked into the intercellular spaces
inside the seed in time. After 20 h of imbibition, the amount of absorbed water was 5.1%
higher for 60 s plasma-treated maize seeds and even 6.7% higher after 120 s plasma
exposure. Overall, the control sample of maize was able to soak water in an amount cor-
responding to about 75.6% of its original weight. After MSDBD plasma treatment, this
amount increased to 80.6% (60 s plasma treatment) and 82.2% (120 s plasma treatment),
respectively. After 20 h, we observed comparable results also for pea seeds within the
margin of error.

The way how to verify the seed viability after plasma treatment is to test its germina-
tion. We can generally state that seed germination values after plasma treatment with
MSDBD discharge were similar to those without plasma treatment. We can conclude
that the germination stayed stable regardless of MSDBD plasma treatment time up to
60 s and did not decrease significantly for all seed species, while in some cases, it even
slightly increased. No morphological changes were observed on the surface of the seeds
after 60 s treatment of pea and maize and 20 s treatment of wheat and parsley seeds.
Surface analysis of pea and maize seeds plasma treated for a longer time (120 s) was
carried out as well. However, no changes on the seed surface were noticed neither in
this case.

It was confirmed that the surface coverage percentage of the seed surface by the mor-
dant was stable regardless of the plasma treatment. Plasma treatment led to a significant
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reduction in the dustiness of the investigated types of coated seeds. The most signifi-
cant decrease was observed in the case of pea (57.1%) and parsley (41.4%) seeds. A
lower decrease in dustiness was registered in the case of wheat (14.6%) and maize
(17%) seeds. The results showed that MSDBD plasma generated in the air at optimized
parameters is able to decrease the coated seed dustiness regardless of seed type and size,
whereas germination and surface coverage percentage were unchanged. Thanks to the
reduction of dustiness due to plasma treatment, it would hypothetically be possible to
reduce the dose of the active substance in the mordant or the amount of mordant used.
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