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1. SUMMARY

In this study the modulation of the surface properties of wheat seeds is studied, such as
hydrophilicity, promoted by the effect of plasma. Thanks to the improvement in the kinetics of the
water uptake, we can improve the efficiency in the germination process during short treatment
times (< 120 s). While long times treatment and wet conditions has seen relented germination (>
300 s). This fact has been attributed to the fact that key processes in the germination such as the
exchange of gases (Oz and CO), it is hampered by the accumulation of water in the outer layers
of the seed. Total germination is equal to all times of treatment, which has allowed to reject the
possibly damage to the embryo. On the other hand, they have characterized the physicochemical
changes induced by the plasma in the surface seeds. The OES has determined the chemical
species present in the plasma, among which are oxidant species such as hydroxyl radicals and
monoatomic radicals of oxygen. Based on the techniques of XPS, SEM and FTIR-ATR has
determined the presence of a nanometric layer that covers pericarp (matrix of lignocellulose), with
more than 90% of links C-C and/or C-H, that when they oxide (incorporation of polar groups)
reverses the polarity of the layer making the surface more hydrophilic. Starting from 300 s
treatment, all the techniques used suggest a plasma-induced etching effect that degrades totally
or partially the outer layer of wheat seeds.

Keywords: Plasma, hydrophilicity, germination, wheat, etching, OES, FTIR-ATR, XPS, SEM.






Modulation of seed germination by plasma surface treatments. 5

2. RESUM

En aquest treball s'estudia la modulacié de les propietats superficials de les llavors de blat,
com la hidrofilia, promoguda per l'efecte del plasma. Gracies a la millora en la cinetica de la
captacié d'aigua, podem millorar l'eficiéncia en el procés de germinacié a curts temps de
tractament (< 120 s). Mentre que a temps llargs de tractament i de condicions humides s'ha vist
ralentitzada la seva germinacié (> 300 s). Aquest fet s'ha atribuit al fet que processos clau en la
germinacié com l'intercanvi de gasos (Oz2i CO2), es veu obstaculitzat per 'acumulaci6 d'aigua a
les capes exteriors de la llavor. La germinacié total s'iguala per a tots els temps de tractament, el
que ha permés descartar possibles lesions a I'embri6. D'altra banda, s'han caracteritzat els canvis
fisicoquimics induits pel plasma en la superfice de les llavors. Amb 'OES s’ha determinat les
especies quimiques presents en el plasma, entre les quals es troben espécies oxidants com els
radicals hidroxils i els radicals monoatomics d'oxigen. A partir de les técniques de XPS, SEM i
FTIR-ATR s'ha determinat la preséncia d'una capa nanomeétrica que cobreix el pericarpi (matriu
de lignocel-lulosa), amb més del 90% d'enllagos C-C i/o C-H, que quan s'oxiden (incorporacié de
grups polars) reverteix la polaritat de la capa fent que la superficie sigui més hidrofila. A partir
dels 300 s de tractament, totes les técniques utilitzades suggereixen un efecte d'etching induit
pel plasma que degrada totalment o parcialment la capa exterior de les llavors de blat.

Paraules clau: plasma, hidrofilia, germinacio, blat, etching, OES, FTIR-ATR, XPS, SEM.
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3. INTRODUCTION

Plasma technology has now developed rapidly in many sectors of modern industry such as
the aerospace industry, microelectronics, automotive, etc. This is due to the fact that the plasma
is able to modify the surface properties of materials to improve their applications without change
the bulk properties. The way in which the plasma interact with all surfaces is unknown in detail,
but certain mechanisms of modification, such as deposition, erosion or the functionalization of
surfaces are known. They can happen at the same time or separately.!

3.1. WHAT IS PLASMA?

Plasma is the fourth state of matter and it constitutes 99% of the known matter so far.2 Instead,
it is unusual in our day to day because its formation requires energy conditions (pressure and
temperature), which are more common in space. This energy can be thermal or electrical type.
The last one can be used to produce plasma in the laboratory by electric discharges to gases.
Due to the contribution of energy, collisions occur between the particles that led to the ionization
of the gas.

A plasma substance is an ionized gas in which some or all atoms that compose it has lost
and won electrons, constituting free species electrically charged. The plasma is formed with the
same number of positive and negative charges, resulting in a quasi-neutral system.? For this
reason, we discuss another state of matter because it has different properties to gas, such as the
electrical conductivity and a great reaction to the magnetic field. The term “plasma” for an ionized
gas was introduced in 1927, for the first time by Irving Langmuir.4

The plasma is constituted by electrically charged particles, such as ions and electrons, very
reactive neutral species, such as free radicals or atoms, excited molecules, excimerss and
monomers. (Figure 1) It is a very reactive state in which molecules are broken releasing atoms
and radicals that react chemically and quickly forming new species.
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Figure 1. Schematic view of plasma with freely moving charges.

Also, a plasma could return to a gaseous state by a de-ionization process. The light emitted
by the plasma is due to the processes of de-excitation of the atoms, molecules and ions that
constitute it. This characteristic emission for each species emits electromagnetic radiation, which
can be visible or not.

Some examples of plasma that may exist in the universe are the solar crown, the solar wind,
the Earth’s ionosphere and the nebulae. You can also find terrestrial examples such as Aurora
borealis, lightning, fire, fluorescent lamps and also plasma television.

3.1.1. Plasma classification

The most important parameters of plasmas are their free electric charge density (ne) and their
electronic temperature (Te). These allow to classify the plasmas according to their heavy particles
energy or, in other words, according if they are or are not in thermodynamic equilibrium. There
are two types of plasmas. One of them is in thermodynamic equilibrium called thermal plasmas
(Te= Tgas). And the other that is not in thermodynamic equilibrium, it is called cold or non-thermal
plasmas, which is usual in low pressures. (Te 7 Tgas).

The thermal plasmas have a temperature of 103-104K. Its main characteristics are to have

a high free electron density (1020-1025 electrons-m-3)6. The gas temperature is much higher than
the melting point of the most materials, so it is practically impossible to make superficial
treatments without damaging the sample. That is why, thermal plasmas only are used as a source
of energy.

The cold or non-thermal plasmas have an electronic temperature of 105K, while the other
particles, which are not in thermal equilibrium, are at room temperature. This type of plasma is
found in low-energy lamps, and is used for the production of thin films and surface treatments.

This one allows reactions that could not be given at such high temperatures. Also, the proportion
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of molecules is greater than ions and radicals because their degree ionization is lower. As a result,
is what confers that high chemical reactivity at low temperature. These plasmas have a high free
electrons density, but less than in thermal, and the temperature is very lower, about 102 K that is
close to room temperature.”

Non-thermal plasma Thermal plasma

120.000

Electronic

12.000 i temperature

Temperature (°C)

1200 =

Gas temperature

120 1 1 1 1 1 1
103 102 10! 10° 10 102 10% 10¢

Pressure (mbar)

Figure 2. Thermal and non-thermal plasma

3.1.2. Cold plasma technology

In current plasma technology based on the industry and science research, the cold plasma, or
as described above, the plasma in a non-thermal equilibrium is used. It allows surface treatments
because is it possible to have a high electronic energy at low temperature. And this is an essential
factor to initiate many of the chemical reactions efficiently unlike other thermally ordinary
processes. These plasmas can generate many reactive species that could start physical and
chemical process, in a cheaper and more environmentally friendly way.

In low pressures, the working voltage is usually around 1 kV for a power of 100 W7. First, the
vacuum is performed and then the gas is injected continuously. Once it remains in the desired
pressure, the gas is ionized by direct current, radio frequency or microwave. The advantages of
working at low pressure are that the process is very controlled and it is environmentally friendly.
Besides, it requires a little amount of chemicals and that plasma production can be done in a short
time. One of the most important drawbacks is that the cost because requires a vacuum system
and the complicated application in an industry chain, i.e. in a continuous production, too.

In the atmospheric pressure plasma, the equipment that produces it does not require a
vacuum system. Thus, the cost is cheaper and it can also be incorporated into a manufacturing
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chain. This technique also allows to treat more delicate samples that can be damaged by vacuum.
With regard to vacuum plasma there are certain disadvantages, such as the generation of ozone
if the plasma contains oxygen.8 Another inconvenient is that the process is not as controlled as in
vacuum.

3.1.2.1. Discharge at atmospheric pressure

The plasmas can be differentiated according to the frequency of excitation that is applied,
which can be direct current at low frequencies of discharge (1 MHz), radio frequency (1 MHz to 1
GHz) and microwave discharges in which the frequencies are above 1 GHz. Also, we can
differentiate these plasmas depending on the way they are produced. They are called corona
discharge, dielectric barrier discharge (DBD) and incandescent or glow discharge. In this work
will focus on surface treatments by plasma DBD, because it is the most suitable application to get
as homogeneously as possible the seeds atmospheric pressure.?

3.2. CHEMISTRY OF PLASMA

The most important process is the initial ionization that precedes the formation of the plasma.
Then, electrons are accelerated by applied external electromagnetic fields and they gain energy.
In this way, they have more kinetic energy and collide with atoms and neutral species, producing
an ionization in chain. The degree of ionization depends on the species that compose the plasma
and gives rise to plasmas of different characteristics (oxidant or reducer). When the ionization is
low there is a strong thermal imbalance because the energy is barely transferred between
electrons and heavy particles. When you stop supplying power, the plasma shuts down, almost
immediately.

Also other processes are given in the meantime as atomic excitation, which is caused by the
electronic impact with electron of characteristics energies. In addition, occurs the de-excitation,
the plasma emits photons of discrete and determined energies. The molecular dissociation is
given, too. To sum up, the plasmas are a reactive medium in with the molecules become in
radicals or in excited species and interact with each other to form new chemical products.
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3.2.1. Cold plasma technology

There are different mechanisms in which the plasma interacts with the surface. According to
the average energy of the free electrons (1-10 eV) and the type ionized gas, the plasma will induce
a different plasma-surface interaction, such as, deposition, erosion and functionalization. It should
be noted that the superficial modification is only a few nanometers, leaving the most internal
properties of the material intact. Currently, the most plasma treatments are based on improving
de wettability and bonding with the surface of the materials.'" Also, they can allow to create a few
available bonding sites, to get low surface energies and be more hydrophobic and for
decontamination of surfaces. The success of these processes is due to the various advantages it
has with respect to the conventional chemical and physical processes. For example, the low
consumption of chemicals, which is environmentally friendly, allows to treat thermal sensitive
samples, gets highly reactive species, short treatment times. In addition, it allows surface
modification without altering bulk properties.

3.2.1.1. Surface erosion

Erosion is the assisted wear caused by the ionic bombardments that promote the plasma to
the surface. There are two methods called etching'? and sputtering'3. On the one hand, etching
is the chemical mechanism in which the plasma species bombard the surface reacting with the
outermost atoms. Giving rise to volatile products that escape from surface material. (Figure 3) On
the other hand, sputtering is the physical mechanism that the reactive species of plasma collision
with the atoms of the surface very energetically. And expel them from the matrix granting a part
of their kinetic energy. (Figure 4)

] ] ® 9
° e ©
e o e © ® o0
0 b §53888 - fas.ed
Figure 3. Schematic view of etching mechanism. Figure 4. Schematic view of sputtering mechanism.

Argon and helium are used for inert cleaning because only is a physic process by energetic
electron bombardment. Always oxygen plasma is very effective in remove organic compounds,
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such as lipids, oxidizing the hydrocarbon chain and releasing CO2.1* And hydrogen plasma is
used to eliminate oxides, thanks to the reductive properties.

3.2.1.2. Surface functionalization

Many materials have a too inert or non-wettable surface. The activation of the surface is a
solution and consists in the creation of places with radicals in which it makes it more reactive. For
example, argon and helium plasma remove individual atom from the surface by impact. The
radicals that remain free form highly reactive spaces and favor the union with other compounds.
Also, oxygen plasma completely inverts the polarity of the material, transforming its surface into
more wettable. It generates hydroxyl groups, carbonyls and esters.4

3.2.2. Plasma characterization

To characterize the reactive chemical species that induce the plasma, the spectroscopic
technique known as Optical Emission Spectroscopy (OES) is used. The emission of
electromagnetic radiation of the previously excited species that constitute the plasma occurs, the
difference of energies is emitted as a photon and its energy is detected. Each level of energy is
defined by its electronic, vibrational and rotational energy, and as a consequence of each
transition, is associated with a wavelength in a characteristic frequency. The space of the energy
between the vibrational and rotational states is much smaller than between the electronic states
which are in the UV-Vis zone (300-850 nm).'5 Only permitted transitions which conserved the
angular momentum and emissions in that wavelength range can be characterized. It should be
noted that there could be other transitions that do not emit or emit in other range although they
cannot be detected with this microscopy. Therefore, they are part of the plasma.

The reactive species and their amount depend on the type of gas, the humidity, the frequency,
the voltage and the intensity of the electric current that is applied to it. There are two main groups
of very reactive species that in the presence of air plasma, are formed. These are the reactive
oxygen species (ROS) and the reactive nitrogen species (RNS)'6. The creation of these is given
by the interaction with the air and water vapour, and give rise to species such as free radicals
(NO-, OH-, superoxide O2) and strongly oxidizing agents (H202 y Os). Exited states of Oz and N
can also be formed by energy absorption. The presence of monoatomic oxygen (P, fundamental
state), can indicate the presence of other of its excited states ('D and 'S) although its multiplicity
changes and therefore its transition is forbidden. Above all the state with the electronic term, 'D
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is known to be very electrophilic to have a free orbital.'” (Figure 5) These species are very
unstable; they have a half-life of nanoseconds because they are recombined forming other
compounds very quickly.

1s 2s 2p, 2p, 2p,

i ininaa
= [T
Siininam

Figure 5. Fundamental state of atomic
oxygen (3P), first excitation state is ('D)
and the second excitation state is ('S).

3.3. PLASMA IN AGRICULTURE

The plasma applied to agriculture is, for the moment, a very unknown area. The modification
of the surface of the seeds to increase their hydrophilicity is a mechanism that is not yet known in
detail, and will be studied in this project. It is only known that it improves the absorption of water
that is related to germination. Other applications of plasma technology in agriculture, are the
activation of water, increasing the content of nitrogen compounds, post-germination treatments,
for higher plant growth.’® And finally, also for humid areas, to increase the hydrophobia of the
outer layer of the seed with the presence of fluorinated compounds in the plasma.1®

Currently, there are pre-germinative methods to break the latency of a seed, which is the
inability of a seed germinate although apparently the conditions are suitable. One of the methods
is stratification, which consists of cooling the seeds to break the physiological latency of the seed.
Another is the scarification process that is to crack the external coat of the seed, the disadvantage
is that many of the seeds are damaged during the process. And finally, the chemical scarification,
which consists of soaking the seeds for a short period of time in H2SOa.

3.3.1. Structure and composition of wheat seeds

In this project, it has been chosen the wheat seed because its germination is very fast. The
seed is covered by pericarp, composed by outer pericarp and inner pericarp with the same
compounds, but in different amounts. The composition is cellulose, hemicellulose, such as,
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arabinoxylans and lignin.2!(Table 1) Also, these layers have phenolic compounds, too. Other inner
layers there are in the pericarp (testa, hyaline layer and aleurone). These layers protect the
endosperm and the embryo. The endosperm constitutes the 85% of grain weight and it contains
the reserves for the development of the embryo. And finally, the germ consists of the embryonic
axis and the scutellum that functions as a storage organ. With surface treatments by cold plasma
only modify a few nanometers with which only would be observed changes in the outer pericarp.
It should be noted that pericarp could be contains fat and waxy substances that provides

impermeability to the seed.?
P Y

Hemicellulose 60
Cellulose 25
Lignin 12
Phenolic compounds 0,5
Others 25

Table 1. Composition of pericarp in the
wheat seeds.?
Testa (5-8 pym) and Hyaline layer (2-3 pm)
-Cellulose
-Hemicellulose
-Resistant starch
-Iron

HAIRS OF BRUSH
Aleurone layer (30-65 pum)
-Cellulose
-Hemicellulose
-B-glucan

ENDOSPERM BRAN

Outer pericarp (15-30 ym) and inner

pericarp (5-10m)
; -Cellulose
GERM -Hemicellulose
Scutellum and embrionic axis ' -Lignin
-Cellulose
-Fructans Other major components;
-Lignin -Protein
-E and B vitamins

Other major components; -Minerals
-Fat -Phenolics
-E and B vitamins -Ferulic acid

Minarale

Figure 5. Structure and composition of wheat seed.?
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3.3.2. Surface characterization of seed

To know the different depth sensitivities of each technique used are very important to the
correctly characterization the plasma-surface interaction. (Table 2)

Technique Depth sensitivity (nm)
FTIR-ATR 500-1500
XPS 5-10
SEM ~1000
Contact angle Until 0,5

Table 2. Depth sensitivity for each technique used.?*

3.3.2.1. Contact angle

The contact angle is a parameter used in materials to characterize the wettability
properties of these. It refers to the angle that the surface of a liquid forms when coming into
contact with a solid. The value of the contact angle depends mainly on the relationship between
the adhesive forces and the cohesive forces of the liquid.2> When the adhesive forces with the
surface of the solid are very large in relation to the cohesive forces, the contact angle is less than
90 degrees, resulting in the liquid wetting the surface. Therefore, in a qualitative way because the
seed is not a planar surface, if the contact angle is greater than 90°, it will be considered a
hydrophobic seed surface. On the other hand, for a contact angle lower than 90°, the surface has
been modified so that it is more hydrophilic and wettable.

0=Ys¢c— VsL — Y1 cos b,
m Yss

Equation 1. Young equation. ygis the intersuperficial

energy solid-vapor, ys, is the intersuperficial enery Figure 6. Example of contact angle.
solid-liquid, ¥, is the surface tension liquid-vapor and

6, is the contact angle in equilibrium.25
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3.3.2.2. Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) is based on the targeting of a high-energy electron
beam on the sample, scanning its surface. The image is obtained as a result of the interaction of
these electrons with the substrate. It can interact in an elastic or inelastic way. In the elastic
interaction modifies the direction of the electrons incidents without the energy kinetic change and
allows the lateral resolution of the microscope the detection of these, called retrodiffused
electrons. In the inelastic interaction, electron loses a part of the kinetic energy that is passed to
the atoms of the surface without affecting the trajectory that it had. This phenomenon is
responsible for the in-depth resolution and the generation of X-rays, Auger electrons, and
secondary electrons.26 The detection of the latter is those that allow to characterize the
topography of the seed. The sample must be electric conductive or with a nanometric metallic
coating, like gold, so that the surface is not charged and affects the trajectory of the secondary
electron.

Primary
electrons

Sample surface

Auger

electrons
Secondary

electrons (SE)
Backscattered
electrons (BSE)

Sample depth

Fluorescence -
Characteristic

X-rays

Continuum
X-rays

Transmitted
electrons

Figure 7. Scheme of Scanning Electron Microscopy.

3.3.2.3. Fourier-Transform Infrared Spectroscopy coupled to Attenuated Total Reflectance

The FTIR-ATR is a technique that allows us to characterize a few micrometers of depth in the
seed. As the superficial modification induces of the plasma could not be observed. Since it is
under the depth limit of the detection. Even so, it allows knowing the chemical composition of the
layers. The technique is based on absorption spectroscopy, in which a beam of infrared radiation
interacts with the sample. This beam suffers multiple reflections inside crystal (diamond) and
some of its energy is lost because it penetrates the sample.
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ATR's complement is based on measuring the changes occurring in the infrared beam when
it comes into contact with a refraction index crystal or a large angle of incidence. The reflectance
provokes an evanescent wave that extends through the surface of the glass and having contact
with the surface of the seed. At more angle of incidence, more index of refraction of the glass and
lower wavelength of the infrared beam, it will be possible to characterize functional groups that
are in the outermost layers.2?

Evanescent Wave

Sample

A np yau
d=——F— N3 =— 4 /
21N, ,sin2 6-n2, ™ £

Equation 2. d is the depth of the evanescent wave
penetration, A is the wavelength of beam, n,;
refraction index of crystal, n, is the refraction index of
subtract and 6 is the incident angle of infrared
beam.?

¢}

Figure 8. Scheme of Attenuated Total
Reflectance

3.3.2.4. X-ray Photoelectron Spectroscopy

The technique of X-ray Photoelectron Spectroscopy (XPS) can provide qualitative and
quantitative information of all the elements present, except H and He. It consists of irradiating the
sample with a monoenergetic X-ray beam and detecting the electrons emitted by the surface by
the photoelectric effect. The kinetic energy with which the electron is detected after photon
absorption by atom is described with the following equation.2

Eyin = hv — Ep — d)spec

Equation 3. Exin is the photoelectron kinetic energy, huv is the incident radiation
energy, Es is the binding energy and ¢ specis the spectrometer work function.
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The variable, working function ¢, is the extra energy needed to remove the electron from
the surface. As a source of X-rays, a sample of Mg Ka (1253,6 eV) or Al Ka (1486,6 eV) is used,
which is bombarded by electrons, producing an ionization. Consequently, the emission of X-

rays.2

It should be taken into account that the more internal Eiek  |Ek
the electron the stronger it will be its binding energy. This Z;“Q :;fg);vmh,c — _f”p
energy will also vary depending on the type of atom to which —— band
one can alter the electronic distribution. The case of the ., .7
isotopes, they have different number of electrons, but equal o core
nuclear load therefore the binding energy will not change. ;;/lqv—d E——

Neither the hydrogen bonds nor the crystallizing forces alter  Figure 9. Schematic of XPS principle.

the electronic distribution as to modify the binding energy —e——una
that is measured. It produces a phenomenon called \ A
Chemical Shift?8, which is that the most external electrons to B VA,

participate in the links cause the atom to lose negative

_® AUGER ELECTRON
”
-

charge and the internal electron is more attracted by the e e Lion
nucleus. /
I

Auger electron emission may occur?®. These unlike ) e
) o Figure 10. Photoelectron and Auger
photo electrons are independent of the energy of the incident  glectron.

photon beam. (Figure 10)

In the dielectric materials the expulsion of electrons gives rise to a superficial load and
consequently to an electric field that decreases the Exin and produces the bleed of the peaks in
the spectrum. It is necessary to adjust manually and the difference of load is subtracted to all the
peaks selecting as reference the peak C1s in which its energy of binding is 285.0 eV.28

The superficial sensitivity is given by the following equation.

d = 3Acosa

Equation 4. d is the depth resolution A is the travel of free
electrons and « is the detection angle.?8
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4. OBJECTIVES

The project focuses on the superficial modification of wheat seeds by DBD plasma in order to
modify their hydrophilicity, altering the kinetics of water absorption and in this way modulate their
germination.

Another main objective is to relate the observed changes in the germination process with the
physicochemical changes on the seed surface induced by plasma. It is required to characterize
the plasma to know the chemical species involved in the superficial modification and characterize
the topography, contact angle and the chemical composition of the outers layers of seed.

5. EXPERIMENTAL SECTION

This section describes the experimental procedures and the characterization techniques to
study the morphological and chemical modification that has had induce by the dielectric barrier
discharges.

5.1. ATMOSPHERIC COLD PLASMA TREATMENT

The atmospheric plasma used was generated in a dielectric barrier discharge reactor (DBD),
a type of atmospheric cold plasma treatment, consisting of two superimposed simple beakers with
an interspace. (Figure 11) It was formed by two parallel metal electrodes (45 mm in diameter
separated by 12 mm and covered by glass that acts as a dielectric plate. To avoid discharge arcs
that could damage the surface coating of the seed or that could do a heterogeneous treat. Helium
was used as the primary plasma gas because its dielectric break is 0.15 kV/mm, lower than the
air 0.4 kV/mm. lts flow (5 L/min) was controlled with a mass flow meter and controller (Bronkhorst,
Ruurlo, Netherlands). A 16 kHz signal was generated with a Function Generator GF-855 (Promax,
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L'Hospitalet de Llobregat, Spain) connected to a line at amplifier AG-1012 (T & C Power
Conversion, Inc., Rochester, NY, USA. UU.). A matching network and two transformers (HR-
Diemen S.A., Sant Hipolit de Voltrega, Spain) were connected to the output of the amplifier to
increase the voltage up to 20kV. The wheat seeds were placed in the lower glass covering
completely the electrode area, the incident power was adjusted to 30 W and the exposure time
changed from 10 s to 900 s.

Glass reactor ——f=

205 inlet mm—

Electrode
@ /
Seeds

Glass reactor =

Electrode

Figure 11. Dielectric barrier discharge reactor (DBD). Plasma of He and air impurities.

Optical emission spectroscopy (OES) was used to characterize the plasma system used.
Diagnosis of the plasma gas was carried out with a quartz optic fiber spectrometer Black Comer
(Stellarnet, Spain) with concave gratings. Spectra were recorded in UV-Vis wavelength range
190-850 nm with an integration time of 4 s. No UV emission was measured below 300 nm because
the DBD reactor is made of borosilicate glass that cut off the wavelength there. Subsequently,
CO2, N2 and water plasmas were made to observe characterize some peaks.

5.2. MATERIALS AND GERMINATION CONDITIONS

The ecological seeds of wheat (Triticum aestivum L.) were obtained from Mapryser S.L.
(Barcelona) and its certificate of origin is NL-BIO-01. The seeds were stored avoiding exposure
to light and moisture. To carry out the treatment, the seeds that did not seem to have apparent
damage were chosen. Weigh approximately 2,5 g of seeds by balance (KERN ABJ-NM/ABS-N),
this weight allows covering the entire area that of electrodes for a homogeneous treatment as
possible. Once the plasma application is finished, they are weighed again to study the weight
loss. The process is repeated for different times of treatments, 10's, 30 s, 60 s, 120 s, 300 s, 900
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s, and six replicas are made for each time. The treated samples are stored in a desiccator at a
RH of 53% at 25°C.

VVinitial - Wfinal

% Weight loss = x100

VVinitial
Equation 5. Percentage of seed weight loss after plasma

The simulation in the laboratory of the germination of the cereal consists of 55 seeds in each
petri dish with four layers of filter paper (~ 1,25 g). The dishes remain dark, to avoid the differences
of light between the different days of sowing and aired, but covered to avoid contamination in the
samples. The germinated seeds are counted every 20 h, 24 h, 48 h and 72 h. Itis considered that
the seed has germinated when it is observed that the white radicle has emerged more than 1 mm.
Germination is studied for three types of irrigation with ionized water, considered dry, optimal and
wet conditions in previous qualitative experiments with untreated samples. The chosen irrigation
conditions were 3 ml, 6 ml and 12 ml, respectively.

N germinated seeds

% Germination rate = x 100

total seeds

Equation 6. Percentage of seed germination rate.

To study the water absorption, the preparation of the samples and the seeding is carried out
in the same way. The water absorption is calculated by the weight gainin 1 h, 2 h, 4 h, 24 h and
48 h after watering. The temperature in the laboratory during the absorption is 21°C. When the
germination begins and the radicle is observed, the data obtained are not true because the
increase in weight does not correspond to the amount imbibition, but it is the growth of the plant.

Wfinal - VVinitial

% Absorption = x100

Wfinal

Equation 7. Percentage of absorption.

To characterize the wettability of the seed surface as function the plasma treatment, the
contact angle is qualitatively observed. It should be noted that the roughness factor of each seed
affects the contact area, increasing wettability. A small drop of approximately 2 yL is deposited
from a 0,5 uM dissolution of methylene blue (Certified by the Biological Stain Commission, Sigma-
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Aldrich) in order to give the drop color and to appreciate better. The surface tension of methylene
blue solutions at the micromolar level (= 71,0 mN/m) is practically equal to that of de-ionized water
(= 72,0 mN/m).25 The angle was calculated with a goniometer online (Goniometer PRO).

In order to characterize the chemical composition of the seeds, they are analyzed with the
ATR-FTIR technique. The samples were taken out in a Nicolet AVATAR 360 spectrometer
equipped with a Smart iTR ATR sampling accessory (Thermo Scientific, USA) in the range of
400-4000 cm'. Measurements were performed using the Smart ATR Attenuated Total
Reflectance (ATR) Sampling Accessory (Thermo Scientific INC, U.S.A). Spectra were obtained
with an average of 32 scans using a resolution of 4 cm-!. An advanced ATR correction algorithm
(OMNIC 7.3 from Thermo Electron Corporation) was used to correct for distortion intensity, peak
shifts and polarization effects. Corrected ATR spectra were Spectra were normalized (OriginPro
8.5.0) and correspond to the average of five samples.

Then, the surface chemical composition determined by XPS, too. The untreated and plasma
modified seeds was analyzed using a PHI 5000 Versaprobe Il XPS device equipped with an Al
Ka X-ray source (hv = 1486.6 eV)?8 operated at 25 W. All measurements were conducted in a
vacuum of at least 10-6 Pa and the photoelectrons were detected with a hemispherical analyzer
positioned at an angle of 45° with respect to the normal of the sample surface. Survey scans and
individual high resolution C1s, O1s and N1s spectra were recorded with a pass energy of 187.85
eV (eV step = 0.8 eV) and 23.5 eV (eV step = 0.1 eV) respectively. Binding energies were
referenced to the C1s photoelectron peak position for C-C and C-H species at 285.0 eV28. Surface
composition was estimated after a linear background subtraction from the area of the different
photoemission peaks modified by the corresponding sensitivity factors.

To observe the morphology of untreated and plasma treated seeds was assessed by
Scanning Electron Microscopy with an acceleration voltage of 5 kV (HITACHI S-4800, from ICM-
CSIC). Prior to SEM imaging, a Quorum Q150RS gold sputter coater was used to deposit a gold
coating of a thickness of approximately 20 nm on the seeds to minimize charging. Different
pictures of the pericarp were taken on both sides, at 500, 1000, 10000 and 20000 magnifications.
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6. STUDY OF PLASMA CHEMICAL SPECIES

Optical emission spectroscopy is used to study the chemical species that form the plasma. It
allows to characterize species whose de-excitation emit radiation with a wavelength between 300-
850 nm.
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Figure 12. Optical Emission Spectroscopy spectrum of the He/air plasma.

In the spectrum, gives information about the existence of air impurities in the He plasma, such
as, monoxide of nitrogen, hydroxides, exited nitrogen (SPS and FNS), hydrogen, monoatomic
oxygen and helium. (Figure 12) The emissions are constants in time, except for some slight
variation in the peaks of OH and N2. For each chemical species, its series of spectral emission
and its respective electronic transitions, are collected in a table attached in the Appendix 1.
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Figure 13. Optical Emission Spectroscopy spectrum of the He/air plasma and seeds.
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In Figure 13, it can be observed the same plasma emissions with the seeds inside the reactor.
The spectrum indicates the species of NO, OH, SPS (N2), H and He whereas the O emissions
and FNS (N2*) are not observed. In the same way as in the previous spectra, the emissions are
constants in time, except for the OH and the Na.

The decrease in intensity peaks is probably resulting from the introduction of a dielectric, such
as seeds. They hinder the passage of the electric current between the electrodes and as a
consequence the excitations are reduced. The peaks of FNS (N2 *) are not observed because it
is not a majority emission and the signal is practically indiscernible. On the other hand, the
disappearance of the monoatomic oxygen radicals suggests that in the presence of water in the
plasma, it undergoes a quenching process, in which it reacts with water to form hydroxides. It
should be noted that the differences between the peaks of OH emissions, it could be due to the
water desorption of both the reactor walls and the inside of the seed and it could be for be the
quenching product. The emission of Oz (762.0 nm) is not observed in the plasma.33 Possibly the
plasma contains other chemical species that do not emit and therefore cannot be characterized
by this technique.

7. GERMINATION AND ABSORPTION RESULTS

The percentages of germination and absorption as function of the time of plasma treatment
are shown below.
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Figure 14. Percentages of germination as a function of treatment time with plasma under irrigation
conditions of 3 ml, 6 mland 12 ml.

As can be seen (Figure 14), germination depends mainly on the irrigation condition. In dry
conditions (3 ml) germination starts at 48 h, while in optimal and humid conditions, germination
starts at 20 h (6 ml and 12 ml, respectively). Germination according to the treatment time has a
similar tendency for the three irrigation conditions. At short times (< 120 s), the speed germination
is greater than the untreated, while at long times (> 300 s) germination is slows down. At 72 h,
the final germination values are equalized for all treatment times.

After the results obtained in germination, suggesting a change in hydrophilicity of the seeds’
surface, the contact angles have been measured.

ut 60s 900s

Figure 15. Measurement of contact angle of the blue methylene - seed surface treated with plasma.

Itis observed that the contact angle decreases as function of the treatment time, being for the
untreated higher than 120 °, for the 60 s approximately 30 ° and for the 900 s, 0 °. (Figure 15)
Keeping the drop on the samples treated 900 s is practically impossible because the seed
becomes completely wettable. However, the measurements are qualitative because there are



26 Lalueza Sanchez, Alba

significant differences in the surface roughness on each sample. This experiment suggests that
the surface energy of the seeds has increased promoted by the effect of plasma. This could be
due to the presence of polar functional groups, which would cause the hydrophilic properties
observed in the samples.

Then, the study of the absorption was carried out and the following results were obtained.
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Figure 16. Percentages of absorption as a function of treatment time with plasma under irrigation
conditions of 3 ml, 6 ml and 12 ml.

The weight loss is about 1% during the treatment. In dry conditions (3 ml) show a very similar
absorption for all treatment times, for optimal conditions (6 ml), an increase in absorption in short
times of treatment is observed and for wet conditions (12 ml) an increase in absorption is also
observed for short times treatment and a slight slowing down of absorption is observed for long
times of treatment. (Figure 16) It should be noted that for 6 ml and 12 ml germination starts at 20
h (Figure 14), therefore from 24 hours of absorption the values are not truthful. These results
indicate that the plasma treatments favor the absorption of the water and, therefore, the
germination. This fact points to the improvement of the hydrophilicity cereal surface. The slowing
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down of absorption at long times of treatment under optimal and humid irrigation conditions, it
suggests that water absorption hinders the exchange of gases (O2 and COz) with the medium?.
Weight loss during the treatment could be caused by water desorption from the inside of the
seeds. It can be supposed that the effect of the plasma does not produce any damage to the
embryo of the seed since the final germination (approximately with the 72h) is equalized for all
treatment times. This allows the DBD plasma to be suggested as a future alternative to pre-
germinative treatments, explained in the introduction.

8. SURFACE CHARACTERIZATION OF SEEDS

It was decided to characterize the surface of the wheat seeds after observing important
changes in their germination and absorption. On the one hand, the chemical composition of the
surface has been analyzed, qualitatively by the contact angle and quantitatively by XPS and FTIR-
ATR techniques. On the other hand, surface topography has been examined by SEM.

By the SEM technique, the topography of the sample surface is studied.

Figure 17. Images of the seed surface treated at 20k magnifications.
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It is intuited a progressive degradation of the outer layer is observed as a function of the
treatment time. (Figure 17) From 300 s, the damage is more noticeable. This suggests the
possibility that the plasma has induced an etching effect on the surface, producing erosion of the
outer layers. It cannot be insured by SEM, if the total elimination of any of the layers has occurred
during the treatment. Since the thickness and chemical composition of the eroded areas is
unknown (red signal).

In order to study the chemical composition of the outer layers, the FTIR-ATR technique has
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Figure 18. FTIR-ATR spectrum. L is lignin, H is hemicellulose and C is cellulose.

As spectrum describes the principal chemical composition is lignin, cellulose and
hemicellulose. This mixture is characteristic of the pericarp, the outer layer of the seed. (Figure
5). ltis observed that in short times the bands practically do not change. In contrast, to long times
(> 300 s) are observed important changes especially in the stretching C-H (2928 cm-' and 2851
cm-1), in the stretching C = O (1735 cm-') and in the bands of the benzene aromatic of the lignin
(1641 cm', 1610 cm, 1510 cm"). It is also observed variations in the peaks referents to O-H
(3414 cm-' and 1457 c¢m"). (Figure 18) Variations of O-H bands, gradually decrease as a time
function, probably due to water desorption. These spectra suggest that at times greater than 300
s the proportion of lignin decreases considerably with respect to the rest of compounds, signifying
a possible layer change due to etching induced by plasma.
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Although the plasma is not thermal, there may be areas where more energy is concentrated
because the conduction is not entirely homogeneous. Sometimes, the plasmas forms arcs
discharge (filamentous plasmas), and the temperature can increase slightly at some points of the
sample. To reject the possibility that the modification in the seed is only by the thermal effect,
measurements are made for a comparison an untreated seed, one treated with plasma during
900 s and one treated at 130°C for one hour.

—UuT
——900s
130°C, 1 hour

Absorbance

T T
2000 1000

Wavenumber (cm")

Figure 19. FTIR-ATR spectrum. Comparison of thermal treatment with plasma.

It can be seen in the green spectrum, the peaks 3414 cm-1, 2941 cm-1, 2851 cm™! and 1641
cm-, decrease by thermal effect. Whereas, in the red spectrum, the peak 1735 cm- is reduced,
due only to the plasma effect. (Figure 19) According to the literature, hemicellulose is the only
compound, of those previously named, capable of being degraded to 130 °C.381t is confirmed that
the bands that have decreased due to thermal treatment belong to the hemicellulose, while the
band 1735 cm-1 (Stretching C = O) only present in the lignin, is not modified. All bands are
assigned in the table attached in Appendix 2.

This technique allows us to know if etching has been produced indirectly since we cannot
characterize the modified surface. Because of the limited depth sensitivity of ATR-FTIR (Table 2),
crucial information is lost from the uppermost layers, which is particularly important in case of
plasma surface modification as non-thermal plasmas are known to primarily influence the first 50
nm of the sample. In contrast, XPS analyses only the first nanometers of a material surface,
making it a very suitable technique to track plasma-induced surface changes. Therefore, the
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changes in the surface chemical composition of the seed substrates were also studied by XPS in
this work.
Previously, surveys are carried out and emissions are observed in the OkLL (electrons Auger),

O1s, N1s, C1s, K2p and Ozs zones. Then, high-resolution measurements were made for the most
intense peaks.
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91,26 7,28 1,47 0
10 S 84,24 14,23 0,97 0,56
30s 81,40 16,70 1,35 0,55
60 s 80,13 17,79 1,24 0,84
120 s 82,73 13,45 1,65 2,17
300s 75,64 21,13 1,88 1,35
900 s 65,57 28,99 1,29 4,15

Table 3. Percentage of chemical elemental surface composition.

The percentages of photoemissions from the atoms of C, O, N and K are indicated in the
Table 3. The untreated sample indicates that there are more than 90% of C1s, mostly linked as C-
C and/or C-H. As can be seen, the percentage of O+sincreases as function of the treatment time.
At the same time, the photoemissions of Cis are progressively increasing in energy, which
indicates that the electrons of carbon are more attracted. The C-C or/and C-H become to C-O,
C=0 and O-C=0, in this order. The difference in the ratio of O/C is more noticeable from the 300
s of treatment. On the other hand, the percentage of Kz increases and the N+s remains practically
constant.

After the results of the untreated sample, it indicates the existence of a possible layer,
composed of hydrocarbon chains that would cover the pericarp. This layer has not been found in
the literature, but other experiments have obtained similar results for Quinoa.2°This layer could
have an apolar composition and give the hydrophobic character to the surface of the seed. The
appearance of Kzp, it can be attributed to potassium salts diffused to the outermost layers due to
the desorption of H20 during the treatment. Thanks to the increase of O1s, a progressive oxidation
of the possible hydrocarbon layer is intuited. According to the literature, the ratio of O/C of the
lignin is 0, 35,% to 900 s, in which the ratio O/C is 0.43, it can indicate that the plasma has induced
the etching. It could be mean that the hydrocarbon chain is eliminated by letting partially see the
lignocellulosic composition of the pericarp.
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After the study of chemical species that contains the plasma and the effect that induces on
the seed surface, the suggested etching mechanism is as follows. 14
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Figure 21. Etching mechanism of a hydrocarbon chain.

The mechanism shown, initially consists of the superficial bombardment of photons, electrons,
ions, atoms and excited species that form radicals on surface. The OES (Figure 13), indicated
that plasma has a chemical oxidant species, such as hydroxide and monoatomic oxygen. This
fact suggests that these radicals are the main reagents of the oxidations that are carried out.
Then, there are consecutive oxidations as indicated in the previous XPS experiment (Figure 20).
The mechanism ends with the release of volatile compounds, such as COz. (Figure 21)

9. FUTURE WORKS

This project will continue to be developed with the aim of solving problems encountered during
the realization of this work. For future experiments, with the objective to know the chemical
elemental composition for each layer it has been proposed to make a cross-section of the seed,
to perform a microanalysis in the different layers by Energy Dispersive X-ray Spectroscopy
(EDXS). In addition, to know the exact dimensions of the layers is proposed to perform a
controlled sputtering in different times by argon atoms’ collisions, causing erosion at different
depths and analysing them using XPS.
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10. CONCLUSIONS

The OES analysis of the chemical species present in the plasma, indicates that the plasma
of He has air and water impurities, such as, monoatomic radicals of oxygen, nitrogen monoxide,
monoatomic hydrogen, excited species of molecular nitrogen and hydroxyl radicals.

Thanks to these chemical species, it has been possible to modify the first nanometers of the
seed surface, improving its superficial properties, such as hydrophilicity, as indicated by changes
in the contact angle with the surface of the seed.

The process of germination of wheat seeds has been accelerated by an improvement in water
absorption after short time (< 120 s) of exposure to plasma DBD. And at long time of treatment
(> 300 s) germination is slows down, especially in conditions of hydric stress (humid conditions).
It is suggested that the exchange of gases (02 and CO2) with the outside is hampered. At 72 h of
germination is equalized for all treatment times, discarding the possibility of having damaged the
embryo. The arguments given above prove that treatments with atmospheric plasma could be a
future more profitable alternative and environmentally friendly than the current chemical pre-
germinative treatments.

The surface characterization techniques used, physical-chemical changes induced by the
plasma on the surfaces of the seeds are observed. In one hand, the chemical composition of the
pericarp has been determined by the FTIR-ATR (lignin, cellulose and hemicellulose) that does
not change in short times of treatments, but a lignin reduction is observed at long times. On the
other hand, the XPS has shown the existence of a layer that covering the pericarp and its
thickness is below the FTIR-ATR detection depth limit. The composition of this layer is greater
than 90% of C-H or C-C, it suggested could be hydrocarbon chains that award the hydrophobia
to the surface of the seed.

Finally, following the results of the XPS, it is concluded that a process of functionalization is
induced by plasma because it indicates the oxidation of the layer (incorporating polar functional
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groups on the surface that increase the hydrophilia). In contrast, from the 300 s of treatment, with
the SEM there is an important degradation in the outer layer with the FTIR-ATR is determined a
change in the chemical composition and with the XPS an increase in the ratio O/C more
noticeable. From the above, it has been concluded that occurs the partial or total elimination of
the hydrocarbon layer meaning an etching process induced by plasma.
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APPENDIX 1: OES

Specie Peaks Electronic transition Bibliograph
i i iti ibli
P Assignment (nm) 9rapny
OH 309,0 AZY - X 30,31
662,0; 607,9; 561,0; Angstron System
Cco 519,8; 483,5; 451,1; R 30
439,3 B> -ATI
Second Positive
399,8; 380,4;375,5;
0, 90U,4,919,9, System (SPS
Nz 357 5: 337.1 ystem (SPS) 82
C1-B1
First Negative System
N2* 470,9; 427,8; 423,7 (FNS) 32
B2y *u- X2y
501 2s'So— 3p™P1
(S"'=e1) 667 2p'P1- 3d'D; 31
728 2p'P1-3s'So
388 25351 3p3Po,1.2
(s"'=e3) 567 2p%P0.12- 3d"D1 23 31
706 2p3Po,12— 35381
Balmer line
Hq 656,3 (red) n=3 - n=2
H 30,31
Hr486,1 (green) n=4 —n=2
H,431,1 (violet) n=5-n=2
0 845 36%S1- 3p%Po 12
(8=3) o
30
0 615 3p5P123—4d5Do1,234
(8=5) 777 35582 3p5P1,23
380,1; 358,3; 338,6; B System
NO 320,7; 304,3; 289,3; B2y +- X 32

2754
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APPENDIX 2: FTIR-ATR

Wavenumber Band . I "
(cm'1) assignment Hemicellulose Cellulose Lignin Bibliography
3414-3423 S"etcn'"g 0- X X X 34
Asymetrical
2928-2937 Stretching X X 34,35
C-H
Symetrical
2851 Stretching X X 34,35
C-H
Stretching
1735 =0 X 34,36
1641 Absorved H,0 34
Aromatic
1601 skeletal X 36
vibration
Aromatic
1506-1510 skeletal X 36
vibration
1457-1459 Bending C-H X X X 36
Aromatic
1423 skeletal C-H X 36
1382 Bending C-H X X X 37
1365 Bending C-H X X 36,37
1328 Bending C-H X 31
1219-1269 Stretching C-O X X X 32,33
Anti-symetrical
1117-1215 stretching C-O X X 32,33
1031-1036 Be”d”ég C-0- X X X 32
836-867 Bending out B-linkage™ X 30

of plane C-H







