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Abstract

treatment is a few degrees.

Plasma agriculture is a promising niche of interdisciplinary research where the physics, of non-equilibrium gases
meets surface chemistry and biological responses. Despite numerous scientific papers, the interaction of gaseous
plasma with seeds is not understood enough to make the technique useful in practical agriculture. An obstacle is

an improper methodology adopted by different authors. In this paper, we show that the surface wettability does

not depend on discharge parameters such as power and pressure, but rather on the fluence of oxygen atoms onto
the seed surface. The proper methodology is demonstrated for the case of corn seeds. The surface activation, which
enables improved water uptake or good adhesion of a coating, progresses relatively linearly up to the O-atom fluence
of 3 x 10%* m~3 and remains constant thereafter. The minimal water contact angle achievable using oxygen plasma
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Introduction

Broad application of pesticides is nowadays regarded as
tolerable since they improve yields and assure for the
quality, reliability and reasonable price of production to
the benefit of farmers and consumers. Overuse of chemi-
cal agents and pesticides, however, represents a threat
to the environment [1-3]. The global policy is a reduc-
tion in the use of any chemicals in green agriculture. The
chemicals are used regularly in all stages of food produc-
tion, from the treatment of the seeds to crops. The seeds
are coated with various chemicals to ensure appropriate
health state, germination and development of a plant.
The seeds are usually treated with pesticides and various
substances to form films with functional properties [4,
5]. The chemicals could be avoided if a novel technique
assuring for both sterilization and optimal wettability is
invented. Among various approaches, the application
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of gaseous plasma attracted the attention of numerous
groups worldwide.

Gaseous plasma is often referred to as a fourth state
of the matter, following the solid, liquid and gas. In fact,
plasma is a gas with a significant concentration of charged
particles, i.e. free electrons and positively charged ions
[6, 7]. Gaseous plasma can be generated by different
techniques, including heating to high temperatures,
irradiation with energetic beams and shock-waves. In
laboratories, plasmas are usually created by gaseous dis-
charges. Gas is subjected to an electrical field of strength
high enough to cause the gas breakdown: transition from
ordinary gas to gaseous plasma. Plasmas sustained by
such discharges are usually referred as gas discharge plas-
mas. For the sake of simplicity, the term “gaseous plasma”
is used throughout the text. Plasma is generally divided
into equilibrium and non-equilibrium. The merit is the
deviation of the gaseous particles kinetic and potential
energy from the thermal equilibrium. The average kinetic
energy of gaseous particles is expressed as Wy, = % KT i
where k is the Boltzmann constant and T);, the gas tem-
perature (plasma physicists use the expression “kinetic
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temperature”). On the other hand, the concentration of
chemically reactive gaseous species such as ions, atoms,
molecular fragments, molecules and atoms in metasta-

N, Wa/ k Tpo t

ble states is often expressed as 3 o e , where

W, is the activation energy (the difference between the
potential energies of the excited and ground states), and
T, is the potential temperature, i.e. a measure for the
average potential energy of gaseous molecules. The N /N
may be the ionization or dissociation fraction of gase-
ous molecules. Gaseous plasma is in a thermodynamical
equilibrium if all gaseous species have identical kinetic
and potential temperatures, ie. Ty;,=T,,. Otherwise,
gaseous plasma is a non-equilibrium state of the gas [8,
9]. Equilibrium plasma is not useful for the treatment of
seeds since the plasma at high temperature would cause
thermal damage. The plasma state of gas at equilibrium is
not possible at low temperature, say below 1000 °C.

Non-equilibrium gaseous plasma is characterized by
low kinetic temperature (often just above room temper-
ature), but a high concentration of reactive species. The
potential temperature is often close to 10,000 °C, so a
significant fraction of molecules are found in chemically
reactive states such as free atoms [10]. A simple but sci-
entifically spotless explanation of non-equilibrium gase-
ous plasma, as well as its interaction with organic matter,
is explained in books for users of plasma technologies
such as [11]. The potential energy of chemically reac-
tive species is partially transformed to any material fac-
ing non-equilibrium plasma, but the transfer is far from
being complete, so even a prolonged treatment does not
cause prohibitively high temperature of organic materials
upon exposure to such a plasma. Obviously, such plasma
represents a promising tool for the treatment of organic
material such as seeds since it does not heat materials
much but is chemically so reactive that it causes useful
surface modifications of any organic material facing the
plasma.

It is generally accepted that the treatment of seeds with
gaseous plasma causes the following effects:

— Activation of the surface;
— Inactivation of microorganisms;
— Improved germination.

Activation of seed surface

The reasons for these effects are still dim. The surface
activation is often referred to as weak oxidation of the
surface of the seeds [12—14]. Plasma sustained in oxygen,
air or some other gases like carbon dioxide and water
vapour is a source of reactive species such as O-atoms
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in the ground and metastable states, metastable oxygen
molecules and OH-radicals. The species will interact
chemically on the surface of organic material, forming
polar functional groups such as hydroxyl, carbonyl and
carboxyl. These groups will cause an increase of the
surface free energy and thus increase of the wettability
[15, 16]. The wettability is often measured by placing a
water droplet on the surface. The water contact angle is
inversely proportional to the wettability. The appearance
of surface functional groups is measured by various tech-
niques, and the most representative ones are X-ray Pho-
toelectron Spectroscopy (XPS) and Secondary Ion Mass
Spectroscopy (SIMS). The activation was addressed by
numerous authors, including [17-23]. The activated sur-
face will cause improved water uptake and, thus, faster
germination [24-27]. Also, the activated surface is an
appropriate surface finish for the deposition of any pro-
tective coating. Namely, any liquid in contact with the
surface of the highly activated seeds will spread over the
large surface and enter pores and thus assure for excel-
lent adhesion of the coating. Non-activated surface fin-
ish will cause insufficient interaction and the inability of
any liquid of reasonable surface energy to enter the pores
upon sipping, spraying or any other technique.

Inactivation of microorganisms

The inactivation of microorganisms, including virus, bac-
teria and fungi, is often attributed to the oxidation caused
by the interaction of reactive oxygen species from gase-
ous plasma [28-30]. Oxidation causes irreversible modi-
fication of the microorganisms and thus inactivation.
Reactive oxygen species (ROS) at high concentrations
cause oxidative damage of lipids, proteins and DNA,
leading to alteration of intrinsic membrane properties
like fluidity, ion transport, loss of enzyme activity, pro-
tein cross-linking, inhibition of protein synthesis, DNA
damage etc., ultimately resulting in cell death [30]. Dis-
infection, however, was also observed when oxygen-
free plasma was used. Non-equilibrium plasma is often
a source of rather extensive radiation in the ultraviolet
(UV) and vacuum ultraviolet (VUV) ranges. The radia-
tion has been proven to have germicidal effects, so the
inactivation may be due to absorption of UV and VUV
light and thus at least partial destruction of the genetic
material [31, 32]. Synergies between the chemical and
radiation effects may be important as well. The influence
of plasma radiation on the inactivation of microorgan-
isms has been published by several groups, including
[33-39].

Chemical aspects of plasma for decontamination are
of great importance as well. Abdi et al. [40] described
an effect of oxygen on successful decontamination of
cumin seeds by atmospheric pressure DBD plasma. In
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a Review paper by Hertwig et al. [41] they present cold
atmospheric pressure plasma as promising nonthermal
decontamination technology for highly contaminated dry
food products, such as spices, nuts and cereals. Selcuk
et al. [42] reported successful decontamination of vari-
ous agricultural products, such as grains and legumes,
using a non-equilibrium low-pressure plasma reactor,
where the plasma was generated in air gases or SF, gas.
They described the 3-log reduction of pathogenic fungi
on the seeds’ surface after only 15 min of plasma treat-
ment, while it did not significantly affect germination.
Randeniya et al. [25], in their review, described using
low-pressure plasma for stimulation of germination and
early growth of treated seeds. Bormashenko et al. [15]
described that air plasma treatment of plant seeds—len-
tils, beans and wheat significantly increased the wet-
tability of seed surface. Moreover, an increase in the
germination rate and yield of all seeds was also reported
in his study.

Improved germination

Numerous authors have used gaseous plasma for the
treatment of different seeds, and improved germination
was reported by most groups [24—27]. The exact mecha-
nisms that lead to improved germination are not known
yet. For example, Tomaklova et al. found important
modification of the DNA of pea seeds [43]. Another rea-
son could be activation of seed surface caused by plasma
[17-23, 44], leading to improved water uptake and faster
germination [24-27]. On the other hand, Kyzek et al.
reported that a similar plasma only induces an adaptive
response in the same seeds [45]. Mildaziene et al. found
an increase in gibberellin concentration in sunflower
seeds [46], while Rahman et al. reported elevated enzy-
matic activity [47]. The biological response to gaseous
plasma on the molecular level is still in its infancy since
numerous reactions take place upon such treatments
[48]. Despite the fact that numerous authors reported
improved germination, some haven’t found statistically
significant modifications. For example, the group from
Illinois performed systematic treatments of corn seeds
with several plasma sources and found no statistically
significant deviations in the quantity or quality of the
crops [49].

Plasma sources and reactive species

Numerous gaseous discharges will produce non-equilib-
rium plasma. The experimental systems employ plasma
sustained in different gases of different purity, pres-
sures, gas flow rates, types of discharges (i.e. DC, AC,
RF, MW) in various modes, different powers (or power
densities) and other peculiarities. Due to a large number
of free parameters, the results on the impact of plasma
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treatment on seeds, i.e. decontamination, growth, ger-
mination, etc., reported by different authors are not
comparable. Furthermore, many authors failed to report
all important parameters. The discharges will create a
plasma of different parameters, i.e. different densities of
reactive gaseous species. The concentration of reactive
plasma species depends enormously on the peculiarities
of the experimental systems. For example, the RF dis-
charge may appear in two distinctive modes at exactly
the same discharge parameters because a hysteresis in
coupling efficiency occurs [50]. Atmospheric-pressure
plasma sustained in a noble gas of high purity is a tre-
mendous source of VUV radiation, but even traces of
water vapour cause reduction of such radiation for orders
of magnitude [51]. Atmospheric-pressure plasmas are
also renowned for huge gradients in the concentration of
reactive species. The species tend to recombine to par-
ent molecules at three-body collisions, and the frequency
for such collisions is of the order of 10° Hz at 1 bar, and
107* Hz at 1 Pa. From this point of view, low-pressure
non-equilibrium plasmas are preferred for seed treat-
ments. On the other hand, atmospheric-pressure plasmas
do not require expensive vacuum systems and are easily
sustained using an inexpensive low-power, high-voltage
source.

Due to such dependences of the concentration of reac-
tive plasma species, it is impossible to deduce the flux
of species onto the seed surface just from reported dis-
charge parameters. The seeds interact both with the
charged particles and the neutral species, which in the
case of molecular gases can be chemically reactive atoms.
The decisive parameter governing the surface finish is not
the discharge power or configuration but rather the flu-
ence of reactive species onto the seed surface. If the opti-
mal fluence is known, the technique could be upscaled to
the levels useful in practical applications, providing the
surface finish depends only on the fluence of the selected
type of radicals and not other peculiarities of the experi-
mental system. In the following text, we disclose the wet-
tability of the corn seeds treated with gaseous plasma
rich in atomic oxygen. Different experimental conditions
were probed to prove that the wettability is solely due to
the fluence of O-atoms.

Methods

Corn seeds were collected from improperly stored stock
which was supposed to be contaminated with various
microorganisms, in particular fungi. Corn seeds were
organically and conventionally produced and naturally
infected during the germination period and later on due
to non-optimal storage conditions, with fungi such as
Mucor, Aspergillus and Penicillium. Analysis of viable
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Fig. 2 Optical spectra of plasma sustained at the generator power of
250 W and pressure 5, 15, 50 and 100 Pa

fungi was based on cultivation and Next Gen Sequencing
(NGS) method, described elsewhere [52].

Treatments of corn seeds were performed in an experi-
mental system shown schematically in Fig. 1. The dis-
charge tube was made from borosilicate glass of diameter
4 cm and length 80 cm. It was evacuated with a two-stage
rotary pump of nominal pumping speed 80 m3/h and
ultimate pressure well below 1 Pa. On the other side of
the tube, oxygen of commercial purity 99.99% was leaked
continuously during pumping. Plasma was characterized
by optical emission spectroscopy (OES, to reveal the most
significant plasma particles that emit radiation in the vis-
ible range) and catalytic probes (to determine the density
of oxygen atoms). OES measurements were performed
using a 16-bit Avantes AvaSpec 3648 fibre optic spec-
trometer, with a nominal spectral resolution of 0.5 nm in
the range of 200 to 1000 nm. The integration time was
2 ms when plasma was in the H-mode, and 500-10,000
ms when it was in the E-mode. OES spectra are shown
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in Fig. 2. Plasma was ignited and sustained with a radio-
frequency (RF) generator connected to a copper coil
via a matching network. The generator operated at the
standard industrial frequency of 13.56 MHz and variable
power up to 1000 W. The power of 250 W was selected
for all experiments presented in this paper. Corn seeds
were placed in the centre of the coil, as shown in Fig. 1
and treated at different pressures and periods. Each batch
of 10 seeds was treated at pressures 5, 15, 50 and 100 Pa
for the periods of 0.5, 1, 2, 3, 5, 7 and 10 s. Duplicates
of samples for each treatment conditions were made.
Plasma was characterized by optical emission spectros-
copy, and the density of neutral oxygen atoms was meas-
ured with a catalytic probe. The surface wettability of the
seeds was determined immediately after accomplishing
the plasma treatment using a Drop Shape Analyser DSA-
100 (Kriiss GmbH, Hamburg, Germany). A static contact
angle was measured using a sessile drop method. The vol-
ume of a drop was 1 pL. MilliQ water was used for the
determination of wettability. Wettability measurements
were performed on triplicates of the samples, and the dif-
ferences in contact angle between the measurements are
shown as error bars. The surface composition and forma-
tion of functional groups was deduced by the TFA XPS
instrument from Physical Electronics GmbH (Munich,
Germany). Some seeds were incubated in Petri dishes on
agar plates upon high humidity and room temperature to
check for inactivation of fungi spores.

Results

Corn seeds were assorted into the discharge tube, as
shown in Fig. 1, and the system was evacuated to about
1 Pa. This was about the minimal pressure achievable in
the vacuum system loaded with the seeds. The oxygen
flow was adjusted to enable treatment at a selected pres-
sure. The forward power of the RF generator was set to
250 W, and the discharge was turned on for a selected
period (between 1 and 10 s). The optical spectra were
acquired. Different acquisition times were used at differ-
ent pressures because the plasma luminosity depended
enormously on the pressure in the discharge tube. The
spectra are shown in Fig. 2. The intensity of most promi-
nent lines as deduced from the measured spectra for dif-
ferent pressures is shown in Fig. 3, while Fig. 4 shows the
intensity of selected lines normalized to the total inten-
sity of radiation at given experimental conditions.

The O-atom density was measured with a calibrated
catalytic probe. The atom densities for all pressures used
in this study are presented in Table 1.

The seeds were probed for wettability after the plasma
treatments. The static water contact angles were meas-
ured at various treatment conditions, and the results
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Table 1 The density of neutral oxygen atoms in the ground
state as measured at different pressures

Pressure [Pa] 5 15 50 100

O-atom density [x 102" m~3] 5.1 7.7 22 20

are summarized in Fig. 5. One can observe a monoto-
nous decrease of the water angle with increasing treat-
ment time, indicating gradual hydrophilization.

Selected samples were also probed by XPS. High-res-
olution XPS Cls spectra acquired at different analysing
spots of a seed treated with oxygen plasma are shown
in Fig. 6. The spectra differ significantly, indicating the
laterally inhomogeneous composition of the surface
film of thickness as probed by XPS (several nm). XPS
is, therefore, not a representative technique for study-
ing the evolution of functional groups on the surface of
corn pericarp.

298 294 290 286 282 278
Binding energy (eV)

Fig. 6 High-resolution XPS C1s peaks acquired on different analysing
spots

The plasma treatment causes the inactivation of fungi.
The seeds were incubated on agar plates, and the evolu-
tion of fungi was monitored regularly. Figure 7 represents
photos of seeds incubated for seven days. Figure 7a rep-
resents seeds treated for 3 s at the pressure of 15 Pa, and
Fig. 7 (b) represents untreated seeds. The untreated seeds
are fully covered with fungi, while on the treated ones, no
fungi were observable.

Discussion

The experiments were performed in oxygen plasma at
different pressures and the same forward power of the RF
generator, i.e. 250 W. Figure 2 shows the optical spectra
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Fig. 7 Photos of a plasma-treated (3 s, 15 Pa) and b untreated (right) seeds after 7 days of incubation

acquired at different pressures. As expected, the oxygen
atomic lines prevail at moderate pressures. On the con-
trary, the hydrogen atomic lines are much more intensive
that the O-lines at pressures of 5 and 15 Pa. The origin of
hydrogen lines is presence of water vapour in the system.
The water molecules dissociate upon plasma conditions
and the H-atoms are excited to the resonant states which
emit radiation. Since no water was intentionally added
into the plasma reactor, the extensive radiation of hydro-
gen atoms at low pressures indicate desorption of water
from the seeds. The humidity of the seeds definitely influ-
ence the treatment, but it is difficult to quantify it since
the water desorption rate depends both on the initial
humidity and the temperature of the seeds upon plasma
treatment. The influence of humidity is less pronounced
at elevated pressure. For example, the spectrum acquired
at the pressure of 100 Pa is almost free from radiation
arising from H-atoms.

The spectra are not normalized for acquisition time
due to better viewing. In fact, the intensity of radiation
depends enormously on the pressure. The comparable
intensities are shown in Fig. 3. The intensity at the pres-
sures of 5 and 15 Pa is roughly three orders of magnitude
(one thousand times) more extensive than at 50 or 100
Pa. Different discharge modes explain such a huge dif-
ference at the same forward power of the RF generator.
The discharge is in the H-mode at pressures 5 and 15 Pa
and in E-mode at 50 and 100 Pa. The modes have been
explained in detail in [50, 53-56]. Briefly, the huge dif-
ference between the discharge modes comes from dif-
ferent mechanisms of heating electrons in the gaseous
plasma. Practically all available power of the RF genera-
tor is absorbed by gaseous plasma in the H-mode. On the
contrary, plasma in E-mode is capable of absorbing only

a fraction of the generator power. The majority of power
is just reflected or irradiated or spent for other effects
due to improper matching between the RF generator and
gaseous plasma in the E-mode. The power as read on the
power meter attached to the RF generator is therefore
not the best parameter for evaluation of plasma intensity.
A better parameter is power absorbed by plasma, but this
parameter is difficult to measure. Many modern RF gen-
erators are equipped with meters measuring the reflected
power so that the authors may be able to present the sur-
face finish of any material treated with gaseous plasma
as a function of the differences between the forward and
reflected powers. Still, even this parameter may not be
the best as a fraction of the RF power is spent on heat-
ing of the coil and radiation since the coil acts as an
antenna. The best parameter would be power absorbed
by the plasma. This power, however, is difficult to meas-
ure. Such considerations should be taken into account
at any attempt to understand the surface modifications
of a solid material upon exposure to gaseous plasma. It
should be stressed again that the forward power of the RF
generator was the same at all pressures.

The surface oxidation should depend on the fluence
of reactive oxygen species. Plasma sustained in glass
discharge chambers by electrode-less RF discharges
at low pressure is famous for its high dissociation frac-
tion of molecular precursors [57-59]. The high dissoci-
ation is a result of a low loss of atoms in the gas phase
because of the lack of three-body collisions at low pres-
sure, and on the surfaces because of a very small coef-
ficient for heterogeneous surface recombination [58,
60, 61]. The O-atom densities for pressures adopted in
this work are shown in Table 1. The fluence of O-atoms
on the surface is just a product of the atom density, the
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thermal velocity of O-atoms and the exposure time, i.e.
Do=% ng<v>t. Here, D is the fluence (often called
“dose”), ny the O-atom density near a sample surface,
and<v>the average thermal velocity of O atoms, i.e.
<v>=/BkTkin0)/(tmo). Ty,o is the O-atoms
kinetic temperature (see Introduction above), and mg
is the mass of an O-atom (i.e. 16 Da). Figure 5 repre-
sents the evolution of surface wettability versus the
plasma treatment time (t) at different pressures. There
are large differences in wettability at intermediate treat-
ment times. For example, at the treatment time of 5 s, the
WCA is about 10° for samples treated at 5 or 10 Pa, and
60° for the sample treated at 100 Pa. The density of oxy-
gen molecules is, of course, much larger at 100 Pa than
at 5 Pa. The density of oxygen molecules, however, is not
the right parameter since the molecules do not interact
chemically with the surface of corn seeds at room tem-
perature. A better parameter is the density of O-atoms or,
even better, the fluence of O-atoms at various discharge
parameters.

Figure 8 shows the water contact angles measured after
the treatment at various conditions versus the O-atom
fluence. There is some scattering of results, but the cor-
relation is obvious: for the fluences below about 30 x 10%
m~? the behaviour is rather linear, and saturation effect is
observed thereafter. The fluence of O-atoms is, therefore,
a universal parameter (i.e. a parameter based on which
the different discharge systems can be standardized or
compared), irrespective of the treatment time, pressure
or absorbed RF power. Knowing the required fluence,
one may be able to upscale the treatment to large systems
useful in mass treatments, for example, before depositing
any coating that requires high wettability for good adhe-
sion of the coating. The fluence below the recommended
value will result in poor wettability, while much larger
fluences would be unnecessary.
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Fig. 8 The water contact angle versus the fluence of O-atoms
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Let us further examine the optical spectra shown in
Fig. 2, the evolution of selected spectral features (Fig. 3),
and the normalized intensities (Fig. 4). The spectrum for
plasma at 100 Pa was acquired at the integration time as
long as 10 s. Plasma luminosity was really poor at 100 Pa.
Such poor radiation reflects the lack of energetic elec-
trons that are capable of exciting O-atoms or O, mole-
cules to radiative states. The dissociation fraction is also
poor at 100 Pa, but the density of O-atoms in the ground
state (Table 1) is comparable to other pressures. The
intensity of radiation arising from gaseous plasma upon
treatment of corn seeds is, therefore, a completely mis-
leading parameter.

The radiation from plasma is not much more intensive
at the pressure of 50 Pa. The integration time, in this case,
was 0.5 s. The only difference with the spectrum at 100
Pa is the appearance of distinguished peaks of H-atoms
(Ha at 656 nm, Hy at 486 nm) and OH-radicals with
bandhead at 309 nm. The origin of these spectral fea-
tures is water vapour. The vapour is partially dissociated
to H-atoms and OH-radicals, which may be excited to
radiative states at inelastic collisions with free electrons.
The source of water vapour in the gas phase is desorption
from the surfaces, both the corn seeds and the elements
of the vacuum system. The water vapour also desorbs at
larger pressures, up to the saturated water vapour pres-
sure at a given temperature (about 25 mbar at room tem-
perature). The water vapour is, therefore, unavoidable in
vacuum systems loaded with organic materials.

Spectra acquired at pressures 5 and 15 Pa were taken
when the plasma was in H-mode, so the luminosity was
large. The integration time was only 0.002 s at both pres-
sures. The main spectral features at such conditions are
H-atom lines of the Balmer series. The large intensity
does not mean that the concentration of H-atoms is
higher than O-atoms. It just reflects the fact that the exci-
tation to radiative states is more probable for H-atoms
than O-atoms. The optical spectra, therefore, just give a
rough identification of reactive species presented in the
gaseous plasma. Any quantification is a subject of the
not-justified assumptions, so the optical emission spec-
troscopy is used just for rough guidance of plasma chem-
istry. Quantitative results are obtained only by optical
absorption techniques, which require expensive equip-
ment and the interpretation of measured spectra is not
always straightforward.

The relative intensities of different spectral features are
shown in Fig. 4. The relative intensity of radiation aris-
ing from H-atoms decreases with increasing pressure,
and the opposite effect is observed for radiation arising
from O-atoms. Such behaviour is explained by the rela-
tive concentration of water and oxygen molecules in the
gas phase. The concentration of water molecules is rather
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independent of the pressure of oxygen leaked into the
system. As mentioned above, the source of water vapour
is desorption from the surfaces, and the desorption rate
depends practically only on the temperature of solid
materials. Since the plasma is rather cold, the surface
temperature remained practically intact, independent
from the pressure of oxygen in the system. The relative
intensity of hydrogen radiation therefore, behaves oppo-
site to the intensity of oxygen radiation.

Here, it is useful to mention that the plasma radi-
ates not only in the range of wavelengths probed by the
spectrometer (and not absorbing while passing through
glass and optical fibre) but also in deep UV and even
VUV ranges. The literature on such radiation is exten-
sive. For hydrogen, one of the most relevant paper was
published by Fantz et al. [62]. They used almost the same
experimental system as adopted in this study, except that
plasma was sustained in hydrogen (and water vapour, of
course). They found radiation arising from both H-atoms
(Lyman series) and H,-molecules (various series) about
100-times more intensive than radiation from the Balmer
series. Oxygen atoms also radiate in the VUV range with
the main radiation line at about 130 nm, and this inten-
sity is also much more extensive than radiation in the red
part of the spectrum [63]. Any study on the interaction
of gaseous plasma with organic matter should include
the influence of such radiation. The energetic photons
break bonds between atoms in organic matter, and the
penetration depth is large enough to influence also the
sub-surface film. The influence of VUV radiation on the
surface activation, however, is much less pronounced
than O-atoms [64]. Not many research groups employ
VUV spectrometry for plasma characterization, though.

Some spectra also reveal radiation of potassium atoms.
The radiation comes from an excited to the ground state;
therefore, the radiation is extensive even for minute
quantities of K that may enter the gas phase. The origin of
potassium is the pericarp. Figure 6 reveals the presence
of K on the surface as probed by XPS. The potassium
doublet appears at the photoelectron binding energies of
about 291 and 294 eV. It is well distinguished from the
carbon peak at lower binding energies. The relative inten-
sity of K in Fig. 6 depends largely on the probing spot,
so potassium is unevenly distributed on the pericarp sur-
face. The same applies to various functional groups that
could be deduced by de-convolution of the carbon peak,
which spans between about 182 and 188 eV. Further-
more, the pericarp contains crude fibres, starch, proteins
and other substances with numerous functional groups
that overlap in the XPS Cls spectrum. Any de-convolu-
tion is thus senseless.

The plasma treatment causes the inactivation of fungi
spores that are likely to be found on grains taken from
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contaminated stock. The spores are oxidized by atomic
oxygen and also influenced by UV and VUV radiation.
The result is the inactivation of the spores. Figure 7 illus-
trates the effect of plasma treatment on the proliferation
of naturally—contaminated seeds. Unfortunately, incu-
bation, as adopted in this work, does not allow for quan-
tification of results in a similar manner as was done for
surface activation. Drawing correlations between the flu-
ence of O-atoms and the fungi inactivation rate, there-
fore, remains a scientific challenge. Another challenge
is drawing correlations between the fluence of UV and/
or VUV radiation and inactivation rate. Good databases
are available for microorganisms on smooth surfaces,
for example [65]. The pericarp surface, however, is not
smooth so it may be difficult to reach the spores that
might be deep in the pores.

Finally, let us discuss the exothermic reactions upon
treatment of seeds with gaseous plasma. RF discharges
cause the formation of different regions. Let us focus on
plasma sustained by electrode-less discharges as in our
case. There is always a sheath next to the powered elec-
trode. The voltage of the power supply is several 100 V,
and the metallic walls of the experimental system are
grounded. When plasma is in the E-mode, the major
mechanism of power transfer is the acceleration of elec-
trons within the sheath next to the powered side of the
RF coil. The voltage within the sheath oscillates, but there
is a strong self-biasing, meaning that the dielectric wall
backed by the powered side of the coil assumes average
negative potential versus plasma. This segment of the
wall is, therefore a subject of extensive ion bombardment.
If seeds were placed directly on the glass tube, they would
have been heated significantly due to bombardment with
positive ions. To avoid this effect, the seeds were distrib-
uted on a mesh which was kept at the floating potential
at all experiments. The voltage across the sheath next to
the floating object is roughly 100-times lower than next
to the powered side of the coil, so the bombardment is
suppressed.

The heat load due to recombination of neutral atoms
to parent molecules (predominantly O+ Ogyce) = O))
cannot be calculated since the probability for the sur-
face reaction has never been determined. The coeffi-
cients have only been measured for a few polymers, and
the typical values are around 2 x 1073 [66]. The O-atom
density in the plasma at our conditions is between 2 and
8 x 10*! m™3 (Table 1). The power dissipated on a unit
surface of a seed facing plasma is L %n(v)y%. Here,
n is the O-atom density, <v > their average thermal veloc-
ity, y coefficient for heterogeneous surface recombina-
tion of O-atoms in the ground state to O, molecules in
the ground state, and Wp/2 half of dissociation energy
of oxygen molecule (=potential energy of an O-atom).
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Taking into account numerical values, i.e. n=5x 10*
m3,<v>=630 m/s, y=2x103, Wp/2=2.6 eV, one
calculates the power of about 700 W/m?. The seeds will
be heated at the rate of‘% = (P/AAo)/(m/cp), where A,
is the surface of a seed facing plasma, m a seed mass and
¢, its speciefic thermal capacity. The capacity is roughly
estimated to 3000 J/kg K, so the heating rate is roughly
0.1 K/s. The surface recombination therefore does not
cause significant heating of the seeds.

Conclusions

A methodology for the determination of the seed surface
activation upon treatment with oxygen plasma was pre-
sented and discussed in some detail. The key parameter
is the fluence of neutral oxygen atoms. The O-atoms are
reactive enough to cause the formation of polar, oxygen-
rich functional groups, which in turn cause improved
wettability. Such a surface finish is useful for any further
treatment of the seeds, including the deposition of a pro-
tective coating. The adhesion of any coating would be
optimal due to the low water contact angle, which enables
uniform deposition of a coating from a liquid precursor.
The experiments clearly show that other parameters such
as discharge power, pressure, the concentration of water
vapour or radiation from gaseous plasma may be mis-
leading. Namely, for the same power of the RF generator
but different pressures, the intensity of the radiation may
differ for orders of magnitude, which has been explained
by different coupling between the gaseous plasma and
the power supply. The pressure in the discharge tube
does not influence the surface finish much for cases
where low-pressure electrode-less discharges are used for
plasma generation. The observation was explained by a
lack of channels for the association of O-atoms back to
parent molecules. This observation is void for many other
configurations, for example, low-pressure plasmas sus-
tained in metallic chambers (where O-atoms are lost by
heterogeneous surface recombination) or any discharge
sustained at atmospheric pressure (where the lifetime
of radicals is short due to extensive association to stable
molecules at three-body collisions).

The XPS characterization of surface functionalities has
limited application due to laterally inhomogeneous com-
position. The organic matter probed in this study con-
tains crude fibres, starch, proteins and other substances
of different composition and structure, and probably also
different affinity to surface oxidation. Any de-convolution
of the Cls peak is therefore rather arbitrary. The XPS
technique is, however, useful for probing the average sur-
face composition after treatment of grains with gaseous
plasma. The samples should be prepared well since the
desorption of water from the grains may be too extensive
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to enable the ultra-high vacuum condition in the XPS
chamber.

While the evolution of surface wettability versus the
O-atom fluence can be studied in a scientifically spotless
manner, the inactivation of fungi spores remains a scien-
tific challenge. Oxygen plasma, as adopted in this work,
definitely inactivates the vast majority of the spores,
but any quantification in terms of inactivation rate ver-
sus the fluence of O-atoms requires a reliable technique
for counting the number of active spores. Furthermore,
plasma, especially when in the H-mode, represents an
intensive source of UV and VUV radiation that definitely
contributes to the inactivation rate. Synergistic effects
of chemical oxidation with O-atoms and destruction
of proteins by radiation may be important, too. Here, it
should be stressed that the reactive species can oxidize all
organic material (with different affinities, of course), but
UV radiation predominantly affects genetic material.
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