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Štěrba, Ph.D. from the Department of chemistry, University of South Bohemia
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Abstract: The thesis covers the main results of research on atmospheric pressure
plasma modification of biopolymers for the preparation of functional materials.
Sodium alginate solutions processed by means of a plasma jet were successfully
used for the casting of foils with advanced mechanical properties. It was observed
that alginate’s final performance does not only depend on the originating biopoly-
mer viscosity but is significantly influenced by the type of working gas used for
plasma modification. The antibacterial effect of alginate foils incorporated with
almond essential oil was demonstrated as a promising extension of alginate’s
application in food storage. The results of plasma-initiated degradation of high-
molecular-weight chitosan were studied in terms of its water-solubility. The anal-
ysis of structural properties demonstrated deep destruction of chitosan including
the fragmentation of low-molecular-weight oligomers presented in the control sam-
ple. The fraction perfectly soluble in water was obtained using plasma processing
as was demonstrated by NMR. The plasma solution system was demonstrated to
be a suitable tool for enhancing chitosan’s degradation for a possible application
in crop protection.
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Introduction
Living in a modern consumer society has countless privileges. However, inno-
vations and trends keep raising global demands. Environmental pollution by
conventional synthetic polymers has been recognized as one of the major prob-
lems. The main drawback of plastic use is its insufficient processing: more than
half of plastic waste becomes thrown into the environment. The extremely slow
degradability of conventional polymers and the toxicity of their residuals pose a
serious threat to many ecosystems inhabiting our planet. Among all strategies
aimed to solve this problem, materials stemming from renewable resources could
represent a promising alternative to conventional plastics.

Biopolymers derived from living organisms (such as starch, proteins, cellu-
lose, chitin, chitosan, and alginate) are the major source for the development
of advanced polymeric materials to replace petrochemicals in many industrial
applications. They are gaining increasing attention in the scientific community
due to their unique properties (non-toxicity, biocompatibility, biodegradability)
and great application potential (e.g., in biocatalysis, medicine, and the food in-
dustry). However, compared to synthetic polymers, biopolymers are sometimes
incompatible with traditional processing technologies and demonstrate inferior
performances in terms of functional and structural properties [1].

Among different novel approaches for polymer processing, non-thermal plasma
is successfully used for the improvement of biopolymers’ functionality and prop-
erties. Unlike traditional wet chemical techniques, atmospheric pressure plasma-
based methods eliminate the toxic solvent usage, are biocompatible, uniform in
treatment, and suitable for heat-sensitive components. As a source of many active
species, atmospheric-pressure plasma promotes biopolymer activation, fragmenta-
tion, and re-polymerization, which may be beneficial for obtaining new materials
with desired characteristics.

This work aims to investigate the influence of plasma at atmospheric pres-
sure on the chemical composition, structure, and functional properties of selected
biopolymers. The research has been done on sodium alginate and chitosan, which
were processed separately by different plasma sources and subsequently charac-
terized by focusing on different properties.

The plasma processing of sodium alginate was motivated by two main appli-
cations:

1. promoting biopolymer crosslinking improves the functional properties of
films with the the perspective of use for food packaging;

2. impregnating essential oil as a nature-derived antibacterial agent to produce
novel bactericidal material for potential use in bio-medicine (e.g., for wound
healing) as well as for the short-term storage of biological substances.

The sodium alginate was processed in form of an aqueous solution via an
atmospheric pressure plasma jet ignited in Ar and Ar/air mixture. The plasma-
treated solution was further used for the casting of biodegradable foils. Both
solutions and foils were characterized regarding their mechanical, structural, and
composition properties as well as metabolic activity.
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The main drawback of chitosan lies in its poor water solubility making prob-
lematic its application as a natural fertilizer. Therefore, the solution of high
molecular weight chitosan was processed using DC glow discharge with a liquid
cathode to obtain lower-molecular-weight oligomers possessing solubility in wa-
ter. The plasma-initiated degradation of chitosan without violation of its chemical
structure was successfully confirmed.
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1. Theoretical part

1.1 Plastics and processing
The excessive use of conventional plastics in our society is currently attract-
ing worldwide attention. Due to their remarkable properties such as elasticity,
thermal stability, and durability, they are applied in different fields of industry,
including packaging, clothing, building and construction, aerospace, and trans-
portation.

Plastics have become ubiquitous. According to statistics, global plastic pro-
duction has risen from 1.5 Mmt in 1950 to 367 Mmt in 2020 [2] from which 21.3%
has been recycled, 21.8% incinerated, yet the vast majority (53.8%) disposed [3].
The idea of plastic recycling has been believed to solve the waste crisis. How-
ever, not all plastic materials are suitable for undergoing the recycling process.
In addition, manufactured plastics used in fast-moving consumer goods are of-
ten difficult to be recycled due to the multi-material multilayer plastic packaging
techniques [4]. The latter often discourages consumers in many steps involved in
the process. Therefore, incineration and landfill are thus the two most common
methods used for plastic waste treatment. With toxicity caused by the ash and
long-term degradation, neither of the methods suits the sustainable scenario.

Plastic degradation is particularly controversial. The poor degradability of
plastics improves their material performance but threatens the environment by
causing water and soil contamination ([5], [6]), harming wildlife [5] and even
human health ([7], [8]). The majority of conventional plastics physically mill
into smaller particles, so-called microplastics (< 5 mm), representing a threat
to marine ecosystems [9]. Plant growth and photosynthesis [10], mortality in-
crease by ingestion ([11], [12]), and impact on the reproductive system of marine
organisms [13] are a few examples of bulk plastic and microplastic adversity.
Especially when it comes to white pollution, solid waste from petroleum-based
synthetic polymers, such as polyethylene (PE), polypropylene (PP), polystyrene
(PS), polyvinyl chloride (PVC), or polyethylene terephthalate (PET) used for
packaging bags, tableware, plastic bottles, pipes, etc. In 2018, packaging ac-
counted for 46% of global waste generation, being the main source of waste pol-
lutants [14]. Table 1.1 summarizes the chemical structure and estimated half-life
of the most common petrochemical plastics used in the packaging industry.

Society thus faces the most complex environmental crisis of the human era.
A reconsideration of the “single-use” lifestyle is inevitable. Published by the
European Commission, one of the key areas in need of research and innovation
toward sustainable development [15] includes

innovation in new materials to replace traditional plastics (e.g., bio-
degradable plastics).

A simple proposition opens up by finding a substitute with attractive and
functional properties.
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Polymer
type

Chemical structure Estimated half-life (y)

Land Marine

HDPE 250 58

PP 780a 53

PS > 2500b -

PVC > 2500b -

PET > 2500b 2.3a

Table 1.1: Structural formulae of conventional petrochemical polymers and esti-
mated half-life (adapted from [16]). Half-life refers to converting the first 50% of
the polymer mass.
aCorresponds to data collected in the presence of a degradation accelerator and/or for plastics
containing a rapidly degrading filler. bThe value indicated that the relevant studies detected
no measurable degradation, possibly due to the duration of the experiment being too short,
allowing only an estimated lower limit for the extrapolated degradation time.

1.2 Biopolymers
Biopolymers, or natural biodegradable polymers, are long-chained well-defined
macromolecules synthesized in plants and living organisms due to complex
metabolic processes. With their unique properties such as biodegradability, bio-
compatibility, non-toxicity, and abundance in nature, biopolymers have garnered
interest both in academia and industry. They prove application in drug delivery
([17],[18]), food packaging ([19],[20],[21]) wound dressing ([22],[23]), tissue engi-
neering ([24],[25]), wastewater treatment ([26],[27]) or agrotechnology ([28],[29]).

Typical examples of biopolymers are proteins, such as collagen embodied in
connective tissues or its derivative gelatin. Cellulose, chemically extracted from
the cell walls of cotton, wood, and some herbaceous plants is the most abundant
biodegradable polymer on the Earth. As a well-known carbohydrate extracted
from agricultural plants, starch has become one of the cheapest biopolymers re-
ceiving considerable attention for starch-based composites [30]. Chitin and its
derivatives can be found in the exoskeleton of crustaceans, whereas alginate is
mainly found in red, brown, and some green algae. Bacterial polyesters, such
as PHB (polyhydroxybutyrate) or PHBV (polyhydroxybutyrate-valerate), are
produced by a wide range of bacteria as reserve materials for carbon and en-
ergy. Several studies have also confirmed the benefits of other existing natural
biodegradable polymers, including elastin [31], fibrin [32], or hyaluronate [33].

Biopolymers come under a large group of materials called biodegradable poly-
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mers. The term degradable indicates the ability of the polymer to be decom-
posed by the action of enzymes and/or chemicals with living organisms (bacteria,
fungi, or yeast) [34]. The classification of biodegradable polymers slightly differs
across literature depending upon the origin or the synthesis method. In general,
biodegradable polymers can be either natural or synthetic. Depending on their
degradation mode, they can be further classified as hydrolytically or enzymati-
cally degradable. Upon their origin, they can be derived from petrochemical or re-
newable sources. Figure 1.1 refers to the classification of biodegradable polymers
based on their evolution (from left to right): 1) obtained from biomass, 2) ob-
tained from petrochemical resources, 3) obtained from microbial production, and
4) conventionally and chemically synthesized [35]. Biomass and micro-organisms
products should be considered natural biopolymers.

Figure 1.1: Classification of biodegradable polymers, adapted from [35].

Although synthetic biopolymers do not follow the objective of this study, we
shall make a brief discussion on their basic properties and recent applications.
Even though the association of synthetic and biodegradable may seem paradox-
ical, polymers with hydrolyzable backbones have been found to be susceptible
to biodegradation [16]. Poly(α-esters), poly(capro lactones), poly(ester amides)
(PEA), polyurhetanes, and polyanhydrides are hydrolitically degradable polymers
comprising labile chemical linkages.

From the class of poly(α-esters), the most extensively investigated polymers
are PGA (polyglycolic acid), PLA (polylactic acid), and their copolymer PLGA.
Glycolic acid naturally occurs in certain fruits, beets, and sugarcane, whereas
lactic acid can be found either in living organisms or synthesized by the mi-
crobial fermentation of agricultural by-products (mostly carbohydrates). PLA
meets many requirements in the packaging industry. When plasticized with its
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monomers, PLA becomes increasingly flexible, imitating the performance of con-
ventional polymers [36]. Replacing standard plastic in service ware, PLA has been
commercially fabricated for the use of yogurt cups [37], single-use hot beverage
cups [38] or grocery bags [39]. On the other hand, PGA is a highly crystalline
biopolymer with great mechanical and barrier properties but low solubility in
organic solvents [40]. Several studies have proven PGA’s fine properties, mainly
in the field of tissue engineering [41] and bone fixation [42].

Poly(capro lactones) are semi-crystalline, hydrophobic polymers thoroughly
studied in controlled-release systems for drug delivery [43]. However, a high
degree of crystallinity and hydrophobicity decelerates the degradation process,
and thus, PCL is less biocompatible with soft tissue [35]. A modification of PCL
with poly(ethylene glycol) (PEG), a hydrophilic and non-toxic polymer, is often
proposed to enhance thermosensitive properties of the prior [44].

The second large group of synthetic biomaterials comprises polymers with car-
bon backbones. Vinyl polymers, such as poly(vinyl alcohol) (PVA), are readily
degraded in wastewater-activated sludges but compared to the hydrolyzable poly-
mers, the initial biodegradation step requires an oxidation process [35]. Recently,
significant progress has been made to enhance the properties of polymeric hy-
drogel membranes for wound dressing applications by using PVA-based hydrogel
dressings [45].

1.2.1 Chitosan
Chitosan is a natural amino polysaccharide derived from chitin, a crystalline
biopolymer found in the exoskeleton of crustaceans and arthropods or the cell wall
of fungi and yeast [46]. As plants produce cellulose in their cell walls, similarly,
insects and crustaceans produce chitin in their shells [47]. Considering the amount
of its annual production, chitin has become the most abundant polymer in nature
after cellulose.

Chitosan, β-1,4-D-glucosamine, is the most important derivative of chitin.
During chitin’s extraction from shells, a small amount of deacetylation might oc-
cur, leaving amino groups in the chitin’s ring structure [48]. This makes chitin
a copolymer composed of N-acetyl-β-D-glucosamine units linked through 1,4-
glycosidic bonds, see fig. 1.2. Chitosan is obtained by chitin’s (partial) deacety-
lation in the solid state under alkaline conditions, typically using NaOH, or by
enzymatic hydrolysis in the presence of a chitin deacetylase [46]. During this pro-
cess, a defined percentage of acetylated units is dissociated from the copolymer’s
structure leading to a significant change in the biopolymer’s properties. Conse-
quently, the molar ratio of D-glucosamine units, the degree of deacetylation (DD),
has often been cited as an important parameter determining chitosan’s physio-
chemical and biological properties such as crystallinity, hydrophilicity, degrada-
tion, and cell response [49].

Depending on the initial conditions, different DD might be obtained. The DD
of most commercial chitosan varies between 70% and 90% [50]. The properties of
chitosan depend not only on DD, but molecular weight, the distribution of G and
A-blocks along the main chain, and the purity of the product [51]. With desirable
structural modifications, chitosan has immense commercial potential, especially
in biomedical applications and cosmetology. Hydrogels, films, coatings, fibers,
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and sponges, are only a few examples of chitosan practical utilization.

Figure 1.2: Structure of chitin and chitosan. As a matter of scale, the resulting
product depends only on the molar fraction of blocks in the main chain: chitin
contains > 50% A-blocks, whereas chitosan contains > 50% G-blocks [48].

While chitin is insoluble in most organic solvents, chitosan is soluble in di-
lute acids (1% (v/v) acetic acid is a commonly used solvent) [52]. The necessity
of the use of acids for chitosan dissolution is unfavorable for some applications
including food packaging and agriculture. A large emphasis has been made to fab-
ricate water-soluble chitosan as a natural additive (antibacterial agent) or coating
(release controller) of fertilizers. Low-molecular-weight chitosan exhibits plant-
protective properties against worms, fungi, viruses, and bacterial infections [53].
Improvement of the fertilizer’s degradation rates and water retention capabilities
are other examples of chitosan’s enormous technological potential [54].

1.2.2 Sodium alginate
Alginate, a common term for alginic acid salt, is an anionic polysaccharide com-
posed of uronic acid residues. As a natural biopolymer, alginate is typically
extracted from the cell wall of brown algae by treatment with aqueous alkaline
solutions [55]. After the addition of NaCl or CaCl2 to alginate filtrate, treatment
with dilute HCl enables salt transformation into alginic acid [56]. Further pu-
rification and conversion produce a light yellow sodium alginate powder forming
a highly viscous aqueous solution ([51], [57]). Besides the algal sources, alginate
can also be produced by microbial fermentation using specialized bacteria [58].

Similarly to chitosan, sodium alginate is a linear copolymer comprising (1, 4)-
linked β-D-mannuronic and α-L-guluronic acid residues forming regions of M-
blocks and G-blocks [35]. Illustrated in fig. 1.3, mannuronic and guluronic units
are clearly conformational isomers. The ratio of the two uronic blocks and their
sequential arrangements depends mainly on alginates’ sources. For instance, dif-
ferent parts of Laminaria hyperborea, a species of the large brown alga, contain
different amounts of the two acid residues (the leaves are abundant in mannuronic
acid, whereas the stipe and the outer cortex contain a high amount of guluronic
acid) [59]. The M/G ratio (in some way analogous to DD), as well as the sequence
arrangement, plays a significant role in the polymeric performance. Alginic acids
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rich in consecutive G-blocks (M/G < 1) exhibit higher water solubility than those
rich in consecutive M-blocks [60]. Concerning solubility, pH is another parame-
ter to be controlled. At low pH, alginates with more alternating MG blocks are
soluble, whereas the consecutive block–rich alginates do not dissolve [61]. The
mechanical properties of alginates are typically enhanced by increasing the length
of G-blocks and molecular weight [56].

Figure 1.3: Structure of sodium alginate. M-block represents the mannuronate
residue, G-block stands for the guluronate residue. Chain sequences are composed
either of consecutive or alternating G and M-blocks.

As perspective biomaterials, alginates have been highly studied in the form
of hydrogels. In solution, two G-blocks of adjacent polymer chains can cross-link
with the introduction of Ca2+([62], [57]). Besides gelation alginate has good film-
forming properties, and has been widely used for preparing various membrane
materials [63].

Regarding its functionality and physical properties, sodium alginate can be
easily dissolved in water, compatible with most additive molecules, and miscible
with several materials, including thickeners, sugars, fats, waxes, some surfac-
tants, and some organic solvents (such as glycerin, propylene glycol, ethylene
glycol, etc.) [57]. In addition, alginate evinces proven immunomodulatory [64],
antioxidant [65] and inflammatory [66] effects. However, poor thermal stability,
low mechanical and barrier properties, and incompatibility with heavy metals
obstruct alginates from making a commercial breakthrough [59].

1.3 Essential oils
Foodborne illnesses originating from microbial contamination represent a major
global problem. Opinions on the safety aspects of artificial food additives (ben-
zoates, sorbates, acetic acid, potassium acetate, lactic acid, etc.) differ among
academics and regulators specializing in food science, toxicology, and biology.
Similarly, the use of pure or multi-metal nanoparticles has been questioned for
their toxicity effects [67]. The negatively perceived chemical conservatives have
challenged food industries to develop natural additives offering safer alternatives.

Essential oils (EOs) are one of the natural additives used in edible films and
coatings in the food industry and in cosmetics (e.g., fragrances, creams, or body
care products). EOs are complex mixtures of volatile compounds produced by
living organisms [68]. For the use of commercial production, they are physically
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isolated by pressing and distillation from a plant of known origin. Approximately
3000 EOs are known, of which about 300 are commercially important (destined
primarily for the flavors and fragrances market) [69].

EOs have been extensively studied owing to their different biological properties
and benefits for human health. It has been known that some EOs, such as almond,
oregano, cinnamon, thyme, tea tree, etc., exhibit proven antimicrobial properties
([70],[71],[72],[73]). Yen et al. reported high antioxidant capacity of lemon balm
extracted from M. officinalis as a potential antidiabetic agent [74]. Several EOs
have also demonstrated anticancer and anti-inflammatory activity ([75], [76]).

Regarding the application, EOs can be added directly to the food or incor-
porated into the packaging material [77]. Films incorporated with EOs has been
already tested on several foods such as octopus [78], ham [79], fish patties [80], or
fresh beef [81]. However, no studies have yet been done on incorporating almond
oil into sodium alginate films.
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1.4 Plasma

1.4.1 Elementary processes
It has often been said that plasma is the fourth state of matter. Due to its
definition, people usually refer to plasma in a gaseous state. From the view of
thermodynamics, plasma may exist in the solid, liquid, or gaseous phases, and
yet, with very unlike properties. The main difference between gas and plasma re-
sides in the presence of free-charged particles, ions, and electrons, making plasma
electrically conductive. More precisely, plasma is defined as

a quasi-neutral gas of charged and neutral particles which exhibits collective
behavior [82].

A matter transforms to plasma with the continuous elevation of gas tempera-
ture. Temperature elevation boosts particles’ energy, enhances their motion, and
provokes collisions. When two neutral atoms collide, a charged particle can be
created, a process called ionization. In non-thermal plasma, the electron impact
ionization of gas neutrals represents the main channel to generate free-charged
particles. For example, in argon plasma, high-energy electron interaction with
atomic argon produces electrons and positive ions [83]

e– + Ar −→ Ar+ + 2e−, (1.1)
or in the case of electronegative gases, electron capture may produce a stable
negative ion [83]

e– + O2 −→ O– + O. (1.2)
As such, plasma can generate very high concentrations of energetic and chemi-

cally active species (e.g., excited and neutral atoms and molecules, ions, electrons,
free radicals, metastables, and different wavelength photons), making plasma a
highly demanded technological medium [84].

As the temperature rises, the collision frequency between neutral and charged
particles increases. Unlike neutrals, charged species generate local concentrations
of a positive or negative charge, which gives rise to electric fields. Simultaneously,
their motion generates currents, and hence magnetic fields [82]. These fields exert
electromagnetic forces on charged particles even at long distances. Therefore,
plasma species undergo complex motion affected by local and further conditions
and thus evince a ”collective behavior”. However, the density of ions and electrons
remains the same (ni ≈ ne) in all macroscopic volumes, which explains the term
quasi-neutral.

Plasma can be found in nature during thunderstorms in lightning, in the iono-
sphere, and in space compassed in solar wind and stars, but it is also effectively
man-made in a laboratory. When induced in laboratory conditions, plasma occurs
in the form of electric discharge.

1.4.2 Plasma characteristics
Plasma can be characterized by the two most important parameters - the density
n and the temperature T of plasma species.
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The average kinetic energy of neutral particles, Ek = 1
2KT per degree of

freedom [82], respects Maxwellian distribution with one characteristic tempera-
ture. Likewise, charged particles in plasma, i.e., heavy ions and light electrons,
might have separate Maxwell’s distributions with different temperatures Ti and
Te [82]. This leads to a non-equilibrium state and a rather complicated theory
of plasma dynamics. Such ”two-temperature” plasmas are typically found in gas
discharges [85]. On the other hand, the solar plasma exists in an equilibrium state
with Te ≈ Ti. Plasma temperature is often denoted in terms of energy KTe

1 and
varies from 10−1 to 106 eV [82].

Particle density n varies in a large range from 1 to 1030 m−3. Solar wind near
earth comprises particle density of 106 m−3, whereas the density of a custom
laboratory plasma varies from 1016 to 1020 m−3 [86]. Since charged particles
control the heat transfer to the walls of plasma apparatus, laboratory discharges
often require cooling systems.

As aforementioned, the existence of plasma is provided by several ionization
processes. Plasma can be fully ionized, as in space, partially ionized, as in flu-
orescent lamps, or weekly ionized, as in low-pressure discharges, which contain
many neutral atoms [85]. The degree of ionization α is thus defined as the molar
fraction of the ion density ni [87]

α = ni

ni + ng

, (1.3)

where ng states the neutral gas density.

Plasma criteria

Another fundamental characteristic of plasma behavior is the ability of particles
to shield out the applied electrostatic field, so-called the Debye shielding [82].
Let’s consider an experiment in which a positively charged sphere is immersed in
plasma containing ions and electrons. Eventually, the ions in the ball’s proximity
will be repelled, and the electrons will be attracted, leading to an altered local
charge density. The potential φ(r) of the ball after such a readjustment can be
calculated as [88]

φ(r) = 1
4πε0

exp(−r/λD)
r

. (1.4)

λD is the characteristic length scale known as the Debye length, proportional
to

√︂
KTe/ne [88]. The Debye length indicates the distance of the measurable

potential of the ball (e.g., electrode or probe), or in other words, the distance
over which a significant charge separation can occur. An ionized gas is considered
plasma if ne is high enough so that λD is much smaller than the system dimensions
L, λD ≪ L. In this case, whenever external potentials are introduced into the
system, they are shielded in a region of length λD, leaving the bulk plasma free
of external fields.

Debye shielding is a valid concept only with enough particles in the sheath
region. The number of particles in the Debye sphere of radius λD is defined as [88]

11 eV is approximately equal to 11 605 K.
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ND = 4π

3 neλ
3
D. (1.5)

To ensure the collective behavior of particles, plasma must satisfy the condition
ND ≫ 1.

The second aspect of collective behavior is the time scale, after which a
shielded equilibrium is established. This process involves lighter electrons rather
than heavy ions. The electron plasma frequency ωp, defined as [88]

ωp =
√︄

e2ne

ε0me

, (1.6)

is the response rate to an external disturbance (e.g., electromagnetic waves or
particle beams) at which electrons return to equilibrium. The time it would
take plasma to adjust the insertion of the external field is denoted by τp, where
τp = ω−1

p . External electromagnetic waves of frequency ω lower than plasma
frequency ωp will be shielded, while waves of higher frequencies will propagate.
A system can be considered a plasma if τp ≪ τ , i.e. if ωp ≫ ω.

1.4.3 Plasma classification
Plasma can be classified according to different parameters. According to the
thermodynamic equilibrium condition, equilibrium plasma can be generated at
high pressures and temperatures. On the other hand, a non-equilibrium plasma
(often termed thermal and cold) can be obtained at atmospheric pressure or lower
with the temperature even close to ambient. The considered non-thermal plasma
is exclusively associated with partially or weakly ionized plasma (ne ≪ nn) with
α = 10−4 − 10−6 [83]. Concerning the energy content, the plasma state can be
classified as ideal (classical), non-ideal (degenerate), and relativistic [83].

Tab ?? summarizes types of plasma with respect to plasma temperature T ,
degree of ionization α, pressure p, defined as p = nkBT , and applied generator
field.

Parameter Types of plasma State

T
High-temperature Te ≈ Ti ≈ Tg = 106 − 108 K

Low-temperature Thermal Te ≈ Ti ≈ Tg ≤ 2 · 104 K
Colda Te ≫ Ti ≈ Tg = 300 − 103 K

α
Fully ionized α ≈ 1
Partially ionized α < 1
Weekly ionized α ≪ 1

p
High-pressure p > 104 Pa
Low-pressure p < 102 Pa
Atmospheric p ≈ 1 bar

Plasma
generators

Electrode-discharged direct current (DC)
alternating current (AC)

Inductively-coupled radio frequency (RF)
microwave (MW)

Table 1.2: Classification of plasma according to different parameters based on [89].
aIn literature, often called non-thermal.
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1.4.4 Townsend mechanism of plasma generation
Let’s consider a system of two (conductive) electrodes separated by a plane gap d
of air at atmospheric pressure. If we increase voltage V on one of the electrodes
(negatively charged cathode) concerning the second (positively charged anode),
an electric field E = V

d
will arise in the gap. Primary electrons near the cathode

provide low electric current I0, drift to the anode, ionize the gas and generate
avalanches described by the first Townsend ionization coefficient α [84]. Defined
as the ratio of emitted electron flux to incoming ion flux [85], the first Townsend
coefficient α is a function of reduced electric field strength E/p given by the
empirical expression [90]

α = pA exp
(︃−Bp

E

)︃
, (1.7)

where A and B are parameters depending on the gas type and electric field
range. During the scattering process, primary electrons obtain random motion
being accelerated or decelerated by the field, and produce positive ions moving
to the cathode’s surface, see fig. 1.4. Ions lead to the extraction of electrons due
to the secondary electron emission from the cathode’s surface. The secondary
electron yield is described by the second Townsend coefficient γ [84].

The continuous energy loss from the primary electron collision processes (such
as drift and diffusion to the walls) is, in fact, a severe loss to the system. Lost
electrons have to be constantly replenished by the secondary electrons, i.e., by
ion bombardment of the cathode’s surface [91].

Figure 1.4: Electrical breakdown in a gap between two electrodes with an applied
constant electric field, adapted from [84]. Primary electrons (blue) collide with
neutral gas molecules (grey) and create positively charged ions (+) which reach
the cathode’s surface and generate secondary electrons (purple).

Total current I is thus a function of coefficients α, γ, primary electron current
I0, and the inter-electrode distance d, which leads to the Townsend formula [84]

I = I0 exp(αd)
1 − γ[exp(αd) − 1] . (1.8)

The Townsend breakdown mechanism occurs when the avalanche process can
maintain itself. This can be expressed by the balance condition [85]
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γ(exp αd − 1) = 1. (1.9)
In this case, the denominator of eq. 1.8 approaches 0 (e.g., I → ∞) and the tran-
sition to self-sustained current takes place. In this situation, secondary electron
production at the cathode compensates for the loss of electrons at the anode [91].
By combining the Townsend formula (eq. 1.8) and the Townsend balance con-
dition (eq. 1.9), we obtain Pashen’s law: the breakdown voltage Vb is a function
of the product of pressure and distance between the electrodes [87]. Represented
by the Paschen’s curve Vb(pd), Vb increases linearly for large values of pd. For
small pd there is a limiting value of pd below which breakdown cannot occur.
The breakdown voltage acquires a minimum at some intermediate value of pd
(depending on the combination of gas and cathode material).

1.4.5 Plasma discharges
Plasma discharges can be classified according to several parameters, including
the current-voltage characteristics (fig. 1.5), the electrical breakdown mecha-
nism, the type of the applied electric field, or the electron behavior [83]. Tab.
1.3 proposes a brief classification of the electric gas discharges according to the
essential discharge processes: the electric breakdown mechanism and the electric
power supplies.

Electrical processes Types of discharges

Townsend mechanism
Townsend discharge
Glow discharge
Arc discharge

Streamer mechanism,
micro discharges

Corona discharge
Spark discharge
Barrier discharge

Electrons in high-frequency
electric field

Radio-frequency (RF) discharge
Microwave (MW) discharge

Cyclotron motion, resonances,
wave heating, ExB drift Magnetised discharge

Table 1.3: A brief overview of electric plasma discharges according to the break-
down mechanism and the plasma generation, adapted from [83].

DC glow discharge

The self-sustained (i.e., the avalanche effect of electrons keeps the continuous
production of ion species) continuous DC discharge with cold cathode is defined
as the glow discharge, the best-known type of non-thermal discharge widely used
in plasma physics [84]. The term ”glow” comes from the fact that the discharge is
characterized by the appearance of several zones with a complex pattern of dark
spaces and luminous layers details of which can be found in [92].

Fig. 1.5 shows a schematic current-voltage characteristic of low-pressure DC
discharge. The Townsend breakdown mechanism occurs in the cathode sheath,
leading to the glow discharge ignition (IV, V), as described in the previous section.
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Figure 1.5: Generalized current-voltage characteristic of DC discharge for pres-
sure in the range 101 − 103 Pa, adapted from [93]. The curve can be divided into
three main regions: 1) the Townsend regime (I-III) before spark ignition; 2) the
glow regime consisting of “normal glow” (IV) and “abnormal glow” (V), and 3)
arc regime (VI), where the plasma becomes highly conductive [94].

RF discharge

In RF discharges, the voltage breakdown mechanism is frequently-dependent
showing minimum in the RF domain (20 kHz − 300 GHz), which is valid for a
large range of pressures [95]. Compared to DC discharges, RF discharges are
easier to ignite and can be operated at lower currents and power in the same
pressure range, which reduces the risk for instabilities [95]. Accordingly, RF
plasma sources have been encountered in research and technology with a large
variety of discharge geometries. Among them, designs for specific applications
led to the expansion of atmospheric-pressure RF plasma.

1.4.6 Atmospheric-pressure plasma
Atmospheric-pressure plasma is used in a variety of material and technological
processes. Overcoming the drawbacks of vacuum operation, air-pressure systems
may be suitable for various applications, including treating organic and inor-
ganic surfaces (i.e., wool, seeds, cells, fabric, biopolymers, liquids, or synthetic
polymers).

In air-pressure plasma, the mean free paths between electrons and ions are
extremely short, which makes the generation mechanism collision dominated [96].
Under these conditions, air-pressure plasma may prevail in local thermodynamic
equilibrium (LTE) [96]. LTE is satisfied in thermal plasma; however, in the case
of cold atmospheric-pressure plasma, the electron temperature Te acquires high
values (∼ units of eV), whereas the thermal motion of ions may be neglected. In
cold air-pressure plasma, electrons and ions never achieve LTE [96]. The non-
equilibrium state is possible since energy transfer from the applied electric field
to the electrons is generally more efficient than the energy transfer from particle
collisions [97]. To ensure thermal stability (minimization of gas heating and
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arcing) with increasing pressure, some approaches have been developed, including
the use of noble gases, cooling system, high gas flows, or reduced plasma size
(increased surface-to-volume ratio) [97]. Furthermore, a high concentration of
active species (i.e., reactive free radicals and excited state atoms) makes cold air-
pressure plasma very reactive [96], a desirable property for surface modification.

Atmospheric-pressure plasma jet (APPJ) operated at RF mode is one of the
most developed non-thermal discharge systems, which exhibits many characteris-
tics of a conventional low-pressure glow discharge [98]. Generally, APPJ consists
of two concentric electrodes through which flows one gas or a gas mixture. By
applying RF power to the inner electrode, the gas discharge is ignited. The break-
down voltage Vb of APPJs varies from 50 to 200 V, being the only air-pressure
source with Vb below that of low-pressure discharges [94]. The low injected power
enables a stable discharge operation and avoids the arc transition [99]. Recently,
APPJs have been effectively used in plasma medicine for disinfection and wound
healing [100] as for the treatment of seeds [101], polymer foils [102] or cotton [103].

1.4.7 Solution plasma processing (SPP)
Atmospheric-pressure plasma has also adapted to the treatment of liquids. As
a growing interdisciplinary area of research, solution plasma processing (SPP)
has found applications in almost every scientific field. In the past, SPP has
been mainly focused on wastewater treatment due to its ability to induce reac-
tive species (such as OH radicals, superoxide anion O –

2 , and hydrogen peroxide
H2O2) [104]. Nowadays, intensive progress has led to the synthesis and mod-
ification of various materials, such as metallic nanoparticles [105] or polymer
foils [106].

There are several configurations of plasma-liquid systems. The electric dis-
charge can be ignited in the gas phase above the liquid surface or directly in the
liquid phase. The classification scheme of SPP systems based on the method of
generation and configuration is as follows [107]:

1. Direct liquid phase discharges
2. Gas phase plasma producing reactivity in the liquid

(a) Without direct contact/electrical coupling with the liquid
(b) With direct contact/electrical coupling with the liquid (liquid elec-

trode)
(c) At the plasma-liquid interphase (surface discharges)

3. Multi-phase plasma
(a) Gas phase plasma with dispersed liquid phase (aerosols)
(b) Gas phase plasma dispersed in the gas phase (bubbles) in liquid

Among the various atmospheric-pressure plasma sources, a DC air glow dis-
charge in contact with liquid has been a topic of the ongoing investigation. Glow
discharge with a liquid electrode is a gas discharge excited between an external
anode and an electrolyte surface, serving as a cathode. In this system, plasma
is formed inside the liquid. APPJ is another option allowing plasma treatment
of the liquid surface. In this case, the electric current does not flow directly
through the solution. Plasma modification is reached via APPJ afterglow, and
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the transfer of active species to liquid is ensured by convection and diffusion
mechanisms [108].

1.4.8 Active species
The density of reactive species in non-equilibrium atmospheric-pressure plasma is
crucial for understanding the interaction mechanism between plasma and treated
surface. In particular, reactive oxygen and nitrogen species (RONS), e.g., NO,
O3, OH, H2O2, etc., are of deep interest since they are abundantly present or can
easily be produced from ambient air.

In RF APPJs, primary reactive species are produced inside the discharge vol-
ume [109]. Van Gessel et al. studied the production of NO by APPJ operated
with a mixture of argon and a varying amount of air, oxygen, and nitrogen. Ni-
trogen oxides are primarily formed by reacting N atoms with O2. The NO density
was found to increase with power and air concentration [110]. A measurable NO
production was also recorded in the pure argon state due to the presence of am-
bient air. In another study by Van Ham et al., the O3 density in the effluent of
APPJ was successfully promoted using argon with admixtures of air or oxygen.
Similarly, O3 density increases with increasing power and partial pressure of air
mixed with the argon flow [111].

A major emphasis is drawn to APPJs, which are not in direct electrical contact
with the liquid. Reactive species produced from the nozzle are transported to the
liquid by the APPJ afterglow flow. Since the reactive flow is mainly devoid of ions,
the liquid interaction is dominated by the neutral species produced by plasma and
photolysis by UV photons generated in the plasma [107]. From the short-lived
species, OH radical is a significant species produced by plasma interaction with
liquid [107].

Regarding the formation of reactive species in solution, there is a significant
difference in whether the plasma touches or not the surface of liquid [112]. Kon-
deti et al. studied different modes of the inactivation of bacteria due to reactive
species produced by APPJ in/not in direct contact with the liquid surface [113].
The concentration of long-lived species (i.e., H2O2) in water solution generated by
the Ar plasma decreases with the increasing liquid-nozzle distance. For the 4 mm
liquid-nozzle distance, the pH of plasma-treated H2O solution is significantly re-
duced to all plasma conditions. The short-lived species (i.e., OH•, O –

2 , H•) do
not penetrate to the bottom of the treated solution; hence, they interact near the
plasma-liquid interface. On the other hand, APPJ afterglow flow induces convec-
tion in the liquid. The convection recirculates the bacteria in the solution so that
the surface replenishes with new bacteria during plasma treatment. Convection
is thus an enhancing factor for the involvement of short-lived species in the bulk
processes.
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1.5 Plasma processes and polymers
Before discussing the formation of polymeric materials in plasma, so-called the
plasma polymerization, a review of the fundamental aspects of polymerization is
necessary.

There are two distinct mechanisms by which polymers are built up: step and
chain polymerization. Their crucial difference lies in the nature of the species
that can react with each other.

In step polymerization, a polymer is formed by the stepwise reaction between
the functional groups of reactants with repetition [114]. The size of the polymer
molecules slowly increases from monomer to dimer, trimer, tetramer, pentamer,
etc.

Mn + Mm −→ Mn+m. (1.10)
As any two molecular species can react with each other, the monomer concen-
tration quickly decreases. Long reaction times are necessary for high percent
conversion and high-molecular-weight polymers [114]. Step polymerization dis-
tinguishes between polyaddition and polycondensation, accompanied by releasing
low-molecular products (e.g., water).

In comparison, chain polymerization is initiated by a reactive species R•, free
radical or ion, produced from a compound termed an initiator I [114]. The high-
molecular-weight polymer is formed immediately. Chain polymerization can be
divided into radical and ionic depending on the reactive center. Radical chain
polymerization comprises a sequence of three steps:

1. Initiation - the production of a pair of free radicals from the initiator

I kd−−→ 2 R , (1.11)

and the addition of radical to the first monomer molecule M to form chain-
initiating species

R + M ki−−→ M1 , (1.12)
where kd and ki represent the catalyst dissociation and initiation rate con-
stants, respectively.

2. Propagation - the growth of chain-initiating species by the successive addi-
tions of large numbers of monomers, generally

Mn + M kp−−→ Mn+1, (1.13)

where kp is the rate constant of propagation. Each reaction creates a new
radical enriched by one monomer unit.

3. Termination - can occur either by recombination creating a dead end

Mn + Mn
ktc−−→ Pn+m, (1.14)

or by disproportionate

Mn + Mn
ktd−−→ Pn + Pn, (1.15)

where ktc and ktd are the rate constants of depicted processes.
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It often happens that the growing polymer terminates prematurely via the trans-
fer of atoms from a present compound in the system. This specific chain-braking
reaction is called the chain transfer and may be depicted as

Mn + XA ktr−−→ Mn−X + A , (1.16)

where XA may be monomer, initiator, solvent, or other substance and X is the
atom or species transferred [114].

1.5.1 Plasma polymerization
Tibbitt, Bell, and Shen in 1977 pioneered a kinetics model of plasma polymer-
ization of thin films. A proposed mechanism for the plasma polymerization of
hydrocarbon monomers consists of six possible steps [115]:

Initiation e + M −−→ 2 R + e,
Radical adsorption S + R −−→ Rs ,
Homogeneous propagation Rn + M −−→ Rn+1,
Heterogeneous propagation Rsn + M −−→ Rs(n+1),
Termination Rm + Rn −−→ Pm+n or

Rm + Rsn −−→ Ps(m+n),
Reinitation e + Pn+m −−→ Rm + Rn or

Ps
e, hν, I+

−−−−→ Rsm + Rsn,

where e, M, R, and P refer to electron, monomer, radical, and polymer fragment,
indices s and g designate substrate and gas, respectively. The plasma polymeriza-
tion process involves reactions both between plasma species and surface species.
After less than a decade, Yasuda proposes a bi-cyclic rapid-step polymerization as
the polymer growth mechanism. In particular, he distinguishes the contribution
of mono and bi-radicals to the overall polymer formation [92].

1.5.2 Chain fragmentation and degradation
One of the main characteristics distinguishing plasma polymers from conventional
ones is the process of chain fragmentation (i.e., the loss of functional groups, ring
opening) due to high energy input [116]. The breakage of chemical bonds requires
dissociation energy which is at least as high as the bond energy of atoms. The
dissociation energy also depends on the atom’s chemical environment, details of
which can be found elsewhere [117].

During the process of fragmentation, oligomeric units of different lengths are
formed. Re-polymerization of oligomers generally leads to highly branched and
crosslinked structures. Hence, plasma polymers are considered to be highly com-
plex, three-dimensional networks [83].
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The degree of crosslinking strongly depends on the structure of polymerizing
molecules (e.g., linear chains vs. aromatic rings), and the crosslinked polymeric
matrix is always penetrated by oligomers or even monomers. The relative per-
centage of low-molecular-weight oligomers embedded in the crosslinked skeleton
highly depends on the power input [83].

In addition, a considerable amount of free radicals is often trapped within the
network, making plasma polymers reactive after plasma polymerization [116].
Hence, when the plasma polymer is exposed to air, free radicals react with oxy-
gen and water vapor, causing aging processes [116]. Different attempts have
been proposed to stabilize the outcome structure (e.g., pulsed plasma polymer-
ization, copolymerization, thermal annealing, etc.). Plasma polymers are thus of
disordered structure, randomly branched, and post-reactive, making the plasma
polymerization theory rather complicated.

The degradation and stability of plasma polymers have been largely studied
with thin film deposition in the gas phase. Despite its recognition, the literature
on plasma polymerization in/in contact with liquid is disproportionately thin.
Understanding the physical interactions between atmospheric-pressure plasma
and liquid state is crucial for film-forming biopolymer solutions and will be one
of the main objectives of this study.
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1.6 Advances in plasma modification of biopoly-
mers

Amongst the variety of surface modification techniques, atmospheric-pressure
plasma treatment represents a flexible, chemically devoid, eco-friendly process
enabling to tailor materials’ mechanical, structural, and barrier properties, es-
pecially in the case of biomaterials, where surface development promises direct
application in food packaging.

Non-thermal plasma processing was found to be effective mainly in preventing
bacterial attachment [118]. Cold plasma technology can be applied directly to
plastic packaging, with significant surface decontamination and tuned physical
properties (e.g., an increase of surface energy and surface roughness, improved
oxygen barrier function) and food, without losing nutritional content [119].

In comparison with plastic packages, biopolymer-based packaging materials
are known to exhibit poorer mechanical and adhesion properties. Exposure of
biopolymer, either in the liquid or solid state, to non-thermal plasma may alter
the structure of the biopolymer.

Chitosan is soluble in dilute acidic solutions, being an undesirable effect not
only in packaging but especially in agrotechnology, where the use of water-soluble
fertilizers is inevitable. Chitosan was already shown to undergo structural modi-
fication via solution plasma processing. As aforementioned, exposure of biopoly-
mer to non-thermal plasma leads to the breakage of chemical bonds and chain
degradation. Consequently, lowering the molecular weight should improve the
biopolymer’s solubility.

Tantiplapol et al. studied the effects of solution plasma on β-chitosan’s degra-
dation rate and properties [120]. The solution plasma was operated in ambient
air with a pulsed power supply. The experimental results showed a reduction
in the molecular weight of plasma-treated chitosan with increasing treatment
time. Furthermore, they found that the degradation rate was affected by the
types of electrodes and the applied pulse frequency. The degradation process left
chitosan’s chemical structure unaffected. Another study focused on in-situ treat-
ment of polypropylene foils immersed in chitosan solution via DC atmospheric
glow discharge with a liquid cathode [106]. The treatment led to the depolymer-
ization of chitosan and polypropylene with the formation of chitooligosaccharides.

Despite the many benefits of sodium alginate (i.e., biocompatibility, high sol-
ubility, and ease of gelation), the brittleness of alginate-based films and coatings
is one of the biggest obstacles to overcome. The mechanical properties of al-
ginate are often improved by the addition of plasticizers (namely glycerol and
sorbitol) [121]. The cross-linking mechanism of plasma polymerization might be
another approach to improving alginate’s flexibility.

Only a limited number of studies have been assessed on the solution plasma
processing of sodium alginate, and if so, they were accessed to observe the biopoly-
mer’s depolymerization. In particular one [122], the depolymerization of the al-
ginate via SPP was affected by two important factors: (1) the number of reactive
species generated during the process and (2) the degree of chain entanglement
of the polymers. However, many studies have improved the functionalization of
alginate films with various additives. Santos et al. developed sodium alginate
active films incorporated with purple onion peel extract (POPE) [123]. The pres-
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ence of high phenolic compounds in POPE induced higher antioxidant activity
of alginate films. Moreover, most extract films showed less solubility in water,
justified by the interactions of the anthocyanidin cations with the alginate net-
work, providing the cross-linking of the material. In another work, thyme oil was
incorporated into sodium alginate-based coatings to investigate the mechanical,
antioxidant, and preservation properties of fresh-cut apples [124]. The addition
of thymol resulted in increased tensile strength and elongation at break, proba-
bly due to the formation of intermolecular hydrogen bonds between thymol and
alginate chains. The antioxidant and antibacterial properties of thymol were of
further benefit for the packaging application.
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2. Materials and methods

2.1 Materials
β-chitosan (molecular weight 197 kDa, DD = 82%) was obtained by the deacety-
lation of chitin in Bioprogess Ltd, Russia. Low and medium-viscosity sodium
alginate from brown algae and almond essential oil (bitter) were purchased from
Sigma-Aldrich.

2.2 Solution preparation
β-chitosan acetic acid solutions were prepared by dissolving 4 g of biopolymer in
400 mL 2% acetic acid solution (pH = 2.4) in water under 20 min constant stirring
at 50 ◦C to obtain a 1% (w/v) chitosan solution.

Low and medium-viscosity sodium alginate powder was dissolved in distilled
water to obtain 0.2, 0.5, and 0.9% w/v aqueous solutions inspired by previous
studies [122]. For the preparation of film-forming solution incorporated with EO,
1.0, and 10 mg mL−1 of almond oil bitter was added to alginate in solution ([82]).

2.3 Solution plasma system with DC discharge
for chitosan processing

Fig 1. shows the experimental setup used for plasma processing β-chitosan.

Figure 2.1: Set-up of DC glow discharge in ambient air for β-chitosan solution
plasma processing: 1) oscilloscope, 2) voltage measurement, 3) current measure-
ment, 4) anode, 5) glow discharge, 6) cathode, 7) magnetic stirrer, 8) in-situ
OES.
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A DC power supply ignited a glow discharge between a graphite rod electrode,
the anode, and the surface of the chitosan solution, the cathode. The distance
between the anode and cathode was 4 mm. The glow discharge was operated in
ambient air at 48 W. Chitosan was treated in solution for 20 min.

2.4 Atmospheric pressure plasma jet for algi-
nate processing

The experimental setup adapted by[101] is presented in fig. 2.2. The RF power
supply (Dressler Ceasar, 13.56 MHz) was used for igniting the non-thermal atmo-
spheric plasma used for the treatment of alginate solutions.

Figure 2.2: Set-up of APPJ for alginate solution processing: 1) working gas inlet,
2) PTFE cylinder, 3) cathode, 4) anode, 5) ceramic insulator, 6) water cooling
system, 7) afterglow, 8) plasma-treated solution surface, 9) magnetic stirrer, 10)
in-situ OES.

The treatment process was produced with Ar (2 L min−1) or Ar/air mixture
(0.049/1.5 L min−1) at 35 W. The flow was regulated using calibrated glass tube
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flow meters. The solution treatment was performed for 4, 8, 16, 32, and 48 min.
The distance between the APPJ afterglow and solution surface was kept constant
at 9 mm for all treatments.

2.5 Preparation of water-soluble and insoluble
chitosan fractions

The fractionation of the plasma-treated chitosan solution was conducted to obtain
the water-insoluble and water-soluble fractions [125]. The plasma-treated solu-
tion was neutralized by NaOH up to pH 7.5. The resulting first precipitate was
removed by centrifugation at 6000 rpm for 15 min from which the water-insoluble
fraction was obtained.

An equal volume of acetone was added to the supernatant and mixed. The
second precipitate (water-soluble fraction) was centrifuged under the same con-
ditions. Both the first and second residues were dried in an oven at 55 ◦C for
48 h.

2.6 Preparation of alginate films
After APPJ treatment in liquid-state, sodium alginate films were prepared via
the casting technique on glass Petri dishes (Ø = 51 mm). Casting volume was
chosen 3 mL to obtain 10 - 30 µm thick foils. Samples were naturally dried in
the atmosphere for 24 h hours without controlling the evaporation rate. After
solvent evaporation, the foils were gently peeled from the glass surface and stored
in ambient air for further characterization. Films incorporated with EO were
produced by the same technique.

2.7 Characterization methods

2.7.1 Optical emission spectroscopy
Optical Emission Spectroscopy (OES) provides elemental analysis due to the
emission of light by matter. Basically, the emission spectra are the energy spectra
of photons emitted during the relaxation of the excited electronic state to the
ground state [126]

M∗ → M + hν, (2.1)
where hν is the photon energy. Species immersed in plasma may emit several
types of radiation when interacting with light. Line radiation occurs when a
bound electron undergoes a transition from an upper energy level (II) to a lower
energy level (I). The frequency of the emitted radiation νII→I is simply given by
the energy difference between the two states [127]

νII→I = EII − EI

h
. (2.2)
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This transition is spontaneous, and the emission is proportional to the density
of the charged species in the excited state nII [127]. The fundamental spectro-
scopic equation for the line emission reveals that the emission coefficient εII→I ,
defined as the amount of emitted energy, is proportional to the population den-
sities of the excited states nII [127]

εII→I = hνII→I

4π
AII→InIIL(ν), (2.3)

where AII→I is the Einstein coefficient of spontaneous emission, and L(ν) is the
profile function, describing the broadened shape of spectral lines. With each
transition, a photon with a unique frequency for each atom or molecule is emit-
ted. Thus, the spectral lines may thus provide information about the plasma
composition.

Besides line radiation, two continuous radiations may also occur. The recom-
bination radiation happens when electrons recombine with ions. Bremsstrahlung
(free-free radiation) is emitted when the electrons experience deflection (acceler-
ation or retardation) in the electric field of the ions [127].

In the case of molecules and molecular ions, electronic states α are split into
vibrational levels ν, and these again into rotational ones J . Emission between
rotational levels is typically in the microwave region, between vibrational levels
in the infrared region, and the spectrum lines in the UV-vis region correspond
essentially to electronic transitions [127].

In this study, OES was used for the elemental analysis of the atmospheric pres-
sure low-temperature plasma jet. Time-averaged emission spectra were recorded
by Avantes spectrometer (AvaSpec 3648) in the range of 300 − 850 nm.

2.7.2 Capillary viscosimetry
Capillary viscosimetry, or dilute solution viscosimetry, provides a quantitative
measurement of the increase in viscosity and allows the determination of the in-
trinsic viscosity of dilute polymer solutions at a given temperature. It is a simple,
fast, and inexpensive method, applicable over the complete range of accessible
molecular weights.

The intrinsic viscosity is measured experimentally by a capillary-based method
using an Ubbelohde viscometer. An accurate volume of the solvent (15-17 mL) is
introduced through a filling tube into the reservoir and drawn to the set volume
above the upper mark. As the solution flows down, the flow time between the
upper and lower mark is measured. The experiment is then repeated with different
polymer concentrations.

The mathematical background of this method stands on a set of simple equa-
tions
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ηsp ≈ (t − t0)
t0

, (2.4)

ηred ≈ (t − t0)
ct0

, (2.5)

ηinh ≈ ln ηred

c
, (2.6)

ηred = k′[η]2c + [η], (2.7)
ηinh = k′′[η]2c + [η]. (2.8)

From the intrinsic viscosity [η], the average molecular weight can be calculated
using Mark-Houwink equation [128]

[η] = KMa, (2.9)
where K and a are constants specific to each polymer-solvent combination.

DSV of low and medium-viscosity plasma-treated sodium alginate solutions
was measured in the Ubbelohde tube viscometer (with a capillary 0.56 mm in
diameter) equipped with an electronic viscosity measuring unit and automatic
flow-time meter (ViscoClock, SI Analytics). 15 mL of distilled water was intro-
duced as the solvent, then successively 0.5 mL of treated 0.2% (w/v) solution was
added up to 17 mL. A viscometer was placed in the thermostat to ensure stable
temperature (20.0 ± 0.2)◦C during all measurements. Each measurement was
repeated thrice with 15 min stabilization time between concentration exchanges.
The specific viscosity of these solutions was measured, and the intrinsic viscosity
was determined by performing the extrapolation. The K = 7.3×10−3 mL mol g−2

and a = 0.92 values for sodium alginate in water solutions were taken from [129].

2.7.3 Gel permeation chromatography
Gel Permeation Chromatography (GPC), or also Size-Exclusion Chromatography
(SEC), is a frequently applied technique used for: [130]

1. preparing molecular fractions for characterization or further use,
2. desalting or buffer exchange,
3. estimating molar mass using calibration standards or an absolute method

(e.g. light scattering),
4. estimating molecular association constants.

As the name indicates, its principle is sorting molecules according to their
size in solution. Once a polymer is dissolved, long chains of monomers coil up in
tiny spheres with the size dependent on the molecular weight. Due to chain poly-
dispersity, neither natural nor synthetic macromolecules comprise equally sized
segments. This phenomenon plays a key role in the size separation mechanism.

The polymer solution is injected in a small volume onto the column of porous
structure and carried by solvent through the column (mobile phase) [130]. As
they flow through the column, polymer coils larger than the given pore’s size are
carried right to the detector, whereas the smaller ones enter the pores (stationary
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phase), diffuse back, and come delayed. Thus, the coils migrate through the
column with different velocities.

At the end of the experiment, different sizes of polymer coils are separated,
and their concentration is detected as a function of the retention volume VR [130].
The larger the size of the eluting solute molecule, the smaller VR. The measure-
ment results in a chromatogram where separate or broad peaks appear, depending
on the polymer molar mass distributions. To extract this information from the
raw data, a M -VR calibration curve needs to be established [130].

The molar mass distribution of the β-chitosan water-soluble fraction was stud-
ied using an Agilent 1260 Infinity GPC/SEC setup equipped with a differential
refractometric detector. Two PLGEL columns of porosities 100 and 10 000 L/5 µL
were used with the THF flow rate 0.8 mL min−1 at 30 ◦C.

2.7.4 Nuclear magnetic resonance spectroscopy
Nuclear Magnetic Resonance (NMR) spectroscopy is a powerful technique pro-
viding information about the structure and dynamics of molecules. The basic
physical principle behind the NMR lies in the magnetic properties of certain nu-
clei. All nuclei carry a charge, and in some cases, this charge ”spins” and creates
a magnetic dipole moment µ. Nuclei with the quantum spin number I = 1

2 can
be readily measured [131]. Of these, isotopes 1H and 13C are most widely used
for obtaining the NMR spectra.

In the presence of an external magnetic field, the rise of energy levels occurs.
The energy difference between the two spin states is dependent on the external
magnetic field B0 as [131]

∆E = ℏγB0, (2.10)
where γ is the gyromagnetic ratio and ℏ is the reduced Plank’s constant. As we
measure a compound with many nuclei, the observed NMR signal comes from the
contribution of all magnetic moments µi defined by the magnetization vector M⃗ .
Parallel to the direction of the applied magnetic field B0 [132], if M⃗ is slightly
tilted away, it exhibits Larmor precession with a characteristic frequency ω0 given
by [132]

ω0 = −γB0. (2.11)
The precession of M⃗ is what we actually detect in the NMR experiment [132].

To ensure this particular motion, a radiofrequency (RF) pulse is applied to the
compound with a frequency ω1. If the frequency matches the precessional fre-
quency ω0, the resonance condition is satisfied, proton absorbs energy and raises
to higher energy (spin) state [131].

According to eq. 2.11, only a single proton peak should be expected from the
interaction of RF pulse and B0. In reality, each proton is shielded with its elec-
tron cloud, the density of which varies regarding its chemical environment [131].
When measuring molecules, a correction to slightly different frequencies is pro-
cessed by chemical shift δ, relative to a standard reference compound [131]. Due
to J-coupling, a spin-spin interaction of chemically nonidentical nuclei, peak split-
ting is observed in the NMR spectra giving information about the fine molecule

30



structure. Furthermore, the integral area of the peak intensities may provide
information about the nuclei concentration present in the compound.

In this study, 1H NMR spectra of dissolved untreated and plasma-treated
chitosan and sodium alginate were recorded at 500.17 MHz by an Avance III
(Bruker) spectrometer equipped with a 5 mm TBI z-GRD probe. The spectra
were referenced to external standards of hexamethyldisiloxane (HMDSO).

Two β-chitosan NMR measurements were done, in D2O and DCl/D2O solu-
tion. For the first, 6.4 mg of untreated chitosan, 5.9 mg of water-soluble fraction,
and 5.4 mg of the water-insoluble fraction were dissolved in 0.6 mL D2O. Samples
were heated at 70 ◦C under 80-minute constant stirring. For the latter, 50 µL DCl
(34%) was added to 0.6 mL D2O chitosan solutions. The samples were kept at
50 ◦C for 1 h under constant stirring. The assignment of the spectral signals was
performed according to [133], [134], and [106].

Sodium alginate (0.9% w/v) was dissolved in D2O. NMR measurements were
performed for solutions treated in Ar and Ar/air plasma for 32 min. These sam-
ples were directly measured at 330 K.

2.7.5 Ultraviolet-visible spectrophotometry
Ultraviolet-visible (UV-vis) spectrophotometry is a non-destructive quantitative
and qualitative method used to obtain light absorbance or transmission spectra
of a compound in a solution or solid-state. The light intensity loss during the
propagation through a medium is defined by Lambert-Beer law [135]

A = εcl, (2.12)
where ε is an molar absorption coefficient, c molar concentration, and l optical

length. When an atom or molecule absorbs energy, an excitation to a higher elec-
tronic energy state occurs, associated with vibrational and rotational levels [135].
The absorption usually involves the excitation of bonding electrons. Therefore,
the wavelengths of absorption bands can be correlated with the types of bonds
in the studied sample [135].

In organic compounds, the absorption of UV and visible radiation is restricted
to a certain number of functional groups called chromophores, such as carbonyl,
carboxyl, amido, azo, or nitro groups, that contain valence electrons of low exci-
tation energy. On the other hand, auxochromes are covalently saturated groups
attached to chromophores that do not absorb in the UV-vis region but affect the
position and the intensity of the absorption band. Common examples are halo-
gens, or NH2 and OH groups. Auxochromic substituents have at least one pair
of n electrons capable of interacting with the π electrons in the chromophores’
structure [135]. This interaction stabilizes the excited π∗ state, thereby lower-
ing its energy and increasing the wavelength of the corresponding band. Shift
to longer wavelengths is called a bathochromic or red shift. A shift to shorter
wavelengths is called a hypsochromic, or blue shift, caused by the removal of
conjugation or change in the solvent’s polarity [135].

Due to various effects occurring at the interfaces of the cell (such as beam
reflection at the interfaces, scattering, or absorption by the container walls), the
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beam transmitted by the analyte solution is often compared with the power P of
the beam transmitted by the same cell containing only solvent [135]

A = log Psolution

Psolvent
≈ log P0

P
. (2.13)

For this study, UV–Vis spectrophotometer (Hitachi U-2900) was used in the
range 190–700 nm (scan speed 400 nm min−1, sampling interval 1 nm). Absor-
bance spectra were measured for low and medium-viscosity alginate solutions
(0.2, 0.5, 0.9 % w/v) treated in pure Ar and Ar/air mixture for 4, 8, 16, 32, and
48 min. Analyte solution was poured to (10 mm) quartz cuvette. Distilled water
was used as the reference solvent.

2.7.6 Fourier-transform infrared spectroscopy
Fourier Transform Infrared (FTIR) spectroscopy is a fast, non-destructive analyt-
ical technique that almost entirely replaced dispersion IR spectrometers. Unlike
the latter, FTIR spectrometers measure radiation from all wavelengths simulta-
neously and not successively [136], making the measurements much faster. Radia-
tion containing all IR wavelengths enters the Michelson interferometer and splits
into two beams. As the distance between two path lengths varies, the beams
interfere and create an interferogram. By applying a mathematical operation
(Fourier transform) to raw data, a frequency spectrum can be obtained.

And yet, despite the differences, the principle of infrared or vibrational spec-
troscopy is the same for all the techniques. The inelastic collisions between elec-
tromagnetic radiation and molecules may produce characteristic vibrations of
varying modes (dependent on the nature of the bond) with a unique vibrational
frequency [137]. IR spectrum depicts the transmittance T dependence on the
wavenumber ν, defined as the inverse value of wavelength λ, with characteristic
peak frequencies assigned to unique functional group stretch. Thus, a precise
chemical analysis of the studied compound can be determined.

As a complementary technique, Attenuated Total Reflection (ATR) FTIR is
used to qualify the samples directly in either a solid or liquid state, without ad-
ditional preparation.

The FTIR analysis was performed by Vertex 80 V (Bruker) spectrometer.
Measurements in Attenuated Total Reflection (Nicolet 6700, Thermo Scientific)
were done using a ZnSe crystal.

2.7.7 Nanoindentation
Nanoindentation is a non-destructive technique providing information about var-
ious physical parameters (elastic or shear modulus, hardness, strain-hardening,
cracking, phase transformations, etc. [138]). Measurement in dynamic mode
enables to study of material transitions and viscoelastic properties as a function
of temperature, frequency, or time.

The basic principle of nanoindentation testing stands on a continuous mea-
surement of the penetration depth beneath the specimen surface as the load is
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applied to the indenter [138]. With the known geometry of the indenter (spher-
ical, conical, Vickers, or Berkovich), the size of the area of contact A can be
determined [138]. In the frequency sweep mode, a Berkovich tip is brought in
contact with a sample at a fixed load, then the dynamic load is applied at a fixed
amplitude and the frequency is varied in progressive steps- Mechanical properties
of viscoelastic materials are obtained in terms of complex modulus G∗, storage
modulus G’, and loss modulus G” [138]

G∗ = G’ + iG” (2.14)

tan δ = G”
G’ . (2.15)

Nano-DMA was performed on sodium alginate films drop cast on glass (1.5 ×
1.5 cm). Plasma-processed solutions (0.9% w/v) were treated in Ar and Ar/air
mixture for 48 min. A series of indentations were made at a fixed load of 500 µN,
the amplitude of dynamic load 1 µN in the frequency range of 0.1 - 300 Hz. On
each sample, data were acquired at three different spots and then the values were
averaged. The data obtained at the lowest frequency of 0.1 Hz were very noisy
and not always reliable.

2.7.8 Antibacterial activity
Metabolic activity measurements were applied to evaluate the antibacterial ef-
fect of plasma-treated alginate films incorporated with different concentrations
of almond EO. Initially, 10 µL of food-borne Gram-negative bacteria Escherichia
coli (strain Seattle 1946; ATCC 25922) was diluted in 30 mL CASO Agar culture
medium (Carl Roth®) to obtain a concentration of 50 000 CFU/mL. The bacteria
were incubated at 37 ◦C and agitated with a frequency of 180 rpm overnight.

The foils were initially sterilized with UV radiation for 30 min. The triplicates
of foils (1.5×1.5 cm) were placed into a 12-well plate. Then 57 µL of the bacterial
suspension was added, covered by a micro glass, and incubated at 37 ◦C. A control
bacterial suspension was incubated under the same conditions without adding the
film.

After 24 h of the incubation period, 100 µL of bacteria suspension diluted with
500 mL of CASO medium and AlamarBlueT M reagent (Invitrogen) of 10:1 (v/v)
ratio was transferred into a 96-well plate and incubated for 5 min. The bacte-
ria concentration was measured using a fluorescence spectroscope Infinite M200
(Tecan) with excitation wavelength 550 nm and emission wavelength 590 nm,
where the intensity of the produced fluorescent signal is quantitatively propor-
tional to the number of metabolically active bacteria.

2.7.9 Preparation of alginate coatings of tables grapes
Fresh table grapes (Sweet Joy®; IFG Seventeen, California) were purchased from
a wholesale distributor in the Czech Republic and processed 2 h after the purchase.
Fruits were selected according to shape, color, size, and firmness, with no signs
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of mechanical injury or fungal infection. For the experiment, 1 and 10 mg mL−1

of almond oil were selected in coherence with earlier results ([139], [124]). Low-
viscosity alginate (0.9% w/v) was used as the coating solution treated by Ar or
Ar/air for 32 min. For the edible coatings application, a spraying technique was
used with a standard spray nozzle detached from washed and sterilized spray
system.

Grape clusters were divided into five groups of 10 single berries detached
from branches. They were carefully washed in distilled water for 2 min, dried
in a paper towel, and placed in Petri dishes (⌀ = 14.4 cm) to proceed a 10 min
UV treatment (15 W). Alginate coating was applied at ambient temperature on
the whole surface of one grape at a time from both sides from a 20 cm distance;
∼ 10 µL of sprayed volume was homogeneously applied on both sides of the grape.
Grapes without spraying were used as a control group. Both control and coated
grapes were then stored in a cleaner box at 24 ◦C and 44% RH for 18 days. No
additional chemicals were used to enhance the polymer crosslinking.

The weight loss (WL) was calculated by using the following formula and
recorded with an accuracy of 0.01 g

WL (%) = m0 − m

m0
× 100%, (2.16)

where m is the current fruit weight and m0 is the initial fruit weight. The
grapes were weighted every three or four days (3, 6, 10, 14, and 18).
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3. Results and discussion

3.1 Plasma processing of sodium alginate for
the production of functional materials

Sodium alginate demonstrates strong potential to be employed for the produc-
tion of biocompatible and biodegradable foils for different applications, such as
medicine or food storage. The main drawback limiting alginate‘s use lies in poor
mechanical properties that should be typically improved by adding chemical plas-
ticizers. In this chapter, the APPJ will be described as a potential instrument
for plasma polymerization of sodium alginate to modify the functional proper-
ties of resulting films and also produce novel composite materials with advanced
properties.

Two approaches using Ar and Ar/air mixture as working gas will be com-
pared. First, the characterization of discharge will be described. Further, the
demonstration of plasma influence on alginate in the solution will be demon-
strated. The solution analysis proceeds to the detailed characterization of foils
based on plasma-processed alginate solutions. Finally, the application of APPJ
for the preparation of novel composite materials using a combination of sodium
alginate/essential oil will be demonstrated.

3.1.1 Plasma diagnostics of APPJ
First, the plasma diagnostic of APPJ was carried out by OES. Optical emission
spectra were acquired for pure Ar and Ar/air mixture to analyze the differences
in the chemical composition of plasma. Measurements were performed at the
discharge power of 35 W, which was further utilized in most of the experiments.

Fig. 3.1 shows the emission spectra, and the most intensive emission lines are
listed in the tab. 3.1. Signals of many species were observed in pure Ar plasma.
The most intense lines can be observed in the range of 690 – 850 nm corresponding
to the series of excited states of atomic Ar. The Ar I line situated at 763.7 nm is
the most intensive one. Two atomic oxygen (O I) spectral lines can be observed
at 777.2 nm and 844.8 nm resulting from O2 molecules dissociation. Moreover,
hydroxyl radicals (OH , transition A2Σ+–X2Π) and the second positive system of
nitrogen (N2 SPS) signals can be detected in the region 300 – 450 nm. The same
signals have been detected earlier in spectra of Ar plasma acquired for similar
construction of APPJ [140].

Consistent with the study of Sarani et al., the transition of OH rotational
band at 308 nm is responsible for the production of significant UV radiation [141].
Weak emission signals of the SPS of N2 detected in the range 310 – 440 nm most
likely originated from the diffusion of N2 molecules from the ambient atmosphere
into the plasma zone.
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Figure 3.1: OES spectra of APPJ afterglow recorded in ( ) Ar and ( ) Ar/air.

species λ (nm) λa
ref (nm)

OH 308 308.4900
N2 SPS 336.9 336.7340
O I 777.2 777.1940
O I 844.8 844.6760
Ar I 696.4 696.5431
Ar I 751.5 751.4652
Ar I 763.7 763.5106
Ar I 772.6 772.3761
Ar I 811.8 811.5311
Ar I 826.3 826.4522
Ar I 842.6 842.4648

Table 3.1: Most intensive emission lines of plasma afterglow species in Ar and
Ar/air mixture.
aDetected lines are compared to observed wavelengths from NIST Atomic Spectra Database
Lines Data.

The addition of air to Ar leads to an increase in the intensity of signals cor-
responding to atomic O and the second positive system of N2. Moreover, the
band at 308 nm corresponding to OH was substantially suppressed. According
to [142], this phenomenon might be correlated with a decrease in electron tem-
perature Te at the higher content of molecular species in the working gas mixture.
The addition of N2, O2, and H2O to noble gas discharge results in worse energy
transfer efficiency between electrons and other species, causing a Te drop.

Another possible reason for the hydroxyl signal vanishing lies in their more
efficient recombination due to the appearance of additional pathways. According
to the model proposed by authors of [143], the OH can recombine in the reactions
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with O –
2 , NO , NO2 and O3. Especially the ozone formation in the Ar/air

mixture was confirmed by the appearance of a characteristic smell. Another
interesting effect of air addition was manifested in the transformation of the jet’s
color and shape. After the air addition, the color changed from purple to milk-
white and the length of the afterglow substantially increased.

3.1.2 Characterization of alginate solutions
Atmospheric pressure plasma is a well-known tool for the modification of poly-
meric materials. One of the main advantages of APPJ is the opportunity to
process solids as well as liquids. In this work, the APPJ was applied to treat
sodium alginate solutions used further for casting foils.

I. Determination of molar mass

First, the result of plasma action was characterized by means of capillary vis-
cosimetry because the polymer degradation assumes to be the main effect. The
average molar mass M of sodium alginate was determined from the measured
intrinsic viscosity [η] of alginate solutions treated by Ar and Ar/air plasma using
the Mark-Houwink equation.

The treatment by APPJ in pure Ar has a surprisingly unique character, see
fig. 3.2a. In earlier reported studies, the action of plasma usually resulted in
a continuous decrease in the viscosity of biopolymer solutions, a behavior asso-
ciated with the fragmentation of biopolymer chains and with the formation of
oligomers [106].

Figure 3.2: The dependence of the molar mass M on the treatment time t of
low-viscosity alginate solution (2% w/v) treated in a) pure Ar and b) Ar/air.

However, during the treatment, the solvent continuously evaporates from the
treated volume. Especially during high treatment times, water evaporation be-
comes significant, and the concentration of oligomers in the solution increases. At
this point, the re-polymerization occurs, leading to the formation of higher molec-
ular weight species. The M(t) curve acquires a global minimum at 47 kDa for
4 min treatment time, which should correspond to the highest degradation point

37



of alginate. After 48 min treatment time, the molar mass reaches a maximum
of 576 kDa. Compared to the untreated alginate (181 kDa), plasma treatment
showed a more than a three-fold increase in polymer molar mass.

Surprisingly, the M(t) dependence of alginate treated in mixed Ar/air plasma
does not follow the same behavior. As shown in fig. 3.2b, the molar mass grad-
ually increases with the treatment time, with no local minimum observed. The
curve, however, reaches a local maximum after 32 min of plasma treatment with a
maximum molar mass 619 kDa. This value again represents a three-fold increase
in alginate molar mass.

The immediate increase in molar mass during low treatment times is probably
related to the higher rate of solvent evaporation due to solution warming. This
suggestion is in perfect coherence with the measurements of temperature-time
dependence (tab. 3.3).

Figure 3.3: Time dependence of the solution (0.9% w/v) temperature measured
with a thermoscope during the treatment in ( ) Ar and ( ) Ar/air.

II. UV-Vis spectra

The concentration dependence of low and medium-viscosity alginate treated via
APPJ in Ar and Ar/air is illustrated in fig. 3.4. As expected, both viscosities
show very similar absorption properties. Alginate solutions absorb light mainly
in the UV region (100 − 300 nm) due to the presence of saturated sigma bonds.
An intense σ → σ∗ electronic transitions around 200 nm belong to C–C and C–H
functional groups. After exposing different concentrations of alginate solutions
to plasma, a broad continuous absorption band appears at 265 nm. Nagasawa
et al., who studied the degradation ability of sodium alginate by gamma rays,
assigned the new absorption band at 265 nm to double bonds formed after the
scission of main chains and/or hydrogen abstraction reaction by irradiation [144].
A π → π∗ electronic transition might be related to forming carbonyl C––O groups.
Increasing solution concentration induces higher absorbance of the 265 nm with
no band shift observed.

Based on earlier OES results [122], the number of reactive species depends
remarkably on the amount of water in the system. For low alginate concentra-
tions, the production of ozone and/or H2O2 was reported high enough to reform
the single bonds. At higher concentrations, the number of ozone and/or H2O2
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decreased, and the formation of double bonds predominated. This might explain
the intensity increment of the 265 nm band with increasing polymer concentra-
tion. Furthermore, this phenomenon is in coherence with the effect of plasma
re-polymerization. It is a well-known fact that plasma causes chain fragmenta-
tion, and with sufficient energy input, ring opening might occur. Applying plasma
to a high-concentrated polymer system leads to the formation of a denser network
via the re-polymerization process. Consequently, Ar plasma does not affect the
biopolymer’s chemical composition but strongly affects the chain structure.

Figure 3.4: UV–Vis spectra of a) low and b) medium-viscosity sodium alginate:
( ) control, ( ) treated in Ar, and ( ) treated in Ar/air for 16 min at 35 W.

Adding air to Ar plasma results in a weak absorption band at 360 nm. APPJ
plasma causes the decomposition of not only water and oxygen molecules but also
the transformation of nitrogen molecules. According to [145], this band could be
assigned to NO –

2 produced in SPP via a possible chemical reaction [146]

2 NO + O −−→ 2 NO2 . (3.1)
Low and medium-viscosity alginate solutions follow the same behavior: the

integral area of the 360 nm peak acquires maximum for the lowest concentra-
tions, see tab. 3.2. The intensity decrement coincides with the aforementioned
statement supported by the study of [122].
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Sample Integral area (a. u.)

low-viscosity
0.2% w/v 0.62
0.5% w/v 0.26
0.9% w/v ≪ 0.1

medium-viscosity
0.2% w/v 0.44
0.5% w/v 0.27
0.9% w/v 0.24

Table 3.2: Integral area fit (G/L) of the 360 nm band for different alginate con-
centrations treated in Ar/air.

Moreover, the detailed structure of the 360 nm absorption band (fig. 3.5)
shows the fine structure of rotational and vibrational levels associated with the
excited electronic states of NO2 .

Figure 3.5: Detailed structure of 360 nm absorption band of 0.2% w/v low-
viscosity alginate: ( ) control, ( ) treated in Ar, and ( ) treated in Ar/air for
16 min at 35 W.

Fig. 3.6 shows the UV-Vis spectra of low and medium-viscosity alginate (0.9%
w/v) treated in Ar and Ar/air during different treatment times. As previously
discussed, a band at 265 nm is observed for all samples. Moreover, after 48 min
treatment in Ar plasma, a significant increase in the peak intensity occurs for
the low-viscosity alginate. This result indicates a higher concentration of the
C––O bonds in the alginate structure induced via the action of plasma at high
treatment times. A similar phenomenon is observed with the medium-viscosity
alginate treated in Ar; however, the intensity of the 265 nm reaches a maximum
for the 32 min treatment due to solvent evaporation at high treatment times.

As in the previous case, an absorbance band at 360 nm was observed, assigned
to the NO –

2 species with admixing air to Ar plasma. The band’s intensity increases
with increasing treatment time.
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Figure 3.6: UV–Vis spectra of a) low and b) medium viscosity sodium alginate
(0.9% w/v) treated in Ar and Ar/air at 35 W during different treatment times:
( ) control, ( ) 4 min, ( ) 8 min, ( ) 16 min, ( ) 32 min, and ( ) 48 min.

The discharge power dependence of low-viscosity alginate after a 16 min APPJ
treatment in Ar and Ar/air admixture is shown on fig. 3.7. The purpose of this
measurement was to justify our hypothesis on the power independence of the algi-
nate chemical structure. According to the results, no changes occurred even at a
high discharge power. For economizing reasons, we continued all the experiments
at the possible lowest discharge power 35 W, which could be interesting for future
technological approaches.

Figure 3.7: UV–Vis spectra of low-viscosity sodium alginate (0.9% w/v) treated
in a) Ar and b) Ar/air at different powers: ( ) control, ( ) 35 W, ( ) 45 W, and
( ) 55 W.
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III. 1H NMR spectra

Liquid-state NMR spectra of alginate solutions were obtained as support mea-
surements for UV-Vis results. Unlike chitosan, sodium alginate has five carbons
bound to five hydrogen atoms creating C H linkages (see fig. 3.8). The sixth
carbon outside the ring structure forms an extra double bond with oxygen. Four
oxygen atoms create hydroxyl groups, and, unlike the prior, no methyl groups
are present.

Figure 3.8: Proton ordering of mannuronate ( ) and guluronate ( ) unit in the
sodium alginate copolymer.

Fig. 3.9 shows 1H NMR spectra of untreated and plasma-treated low-viscosity
sodium alginate solutions in D2O. Detected positions of 1H signals in D2O are
summarized in tab. 3.3 according to [147]. Almost all bands were identified in
correspondence to ten 1H resonances of mannuronate (M) and guluronate (G)
unit blocks. The G5 signal referenced to the position of 4.883 ppm is probably
overlapped by the D2O signal at 4.79 ppm. Two signals with the highest chemical
shifts of 5.39 ppm and 5.00 ppm were assigned to G1 and M1, respectively, because
of the strongest deshielding by two adjacent oxygen atoms [147].

Figure 3.9: 1H NMR spectrum of low-viscosity sodium alginate: ( ) control, ( )
treated in Ar, and ( ) treated in Ar/air for 32 min in D2O at 330 K.
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1H signal δ (ppm)
G 1 5.39
G 2 4.24
G 3 4.38
G 4 4.52
M 1 5.00
M 2 4.38
M 3 4.09
M 4 4.24
M 5 4.08
D2O (solvent) 4.79

Table 3.3: Proton chemical shifts δ of sodium alginate in D2O at 330 K.

To investigate the possible chain transformation of low-viscosity sodium al-
ginate treated by APPJ, the M/G ratio was calculated from the G 1 and M 1
integral intensities, such as

M/Gcontrol = IM 1

IG 1
= 38.9

28.0 = 1.4 (3.2)

M/GAr = IM 1

IG 1
= 53.7

22.9 = 2.3 (3.3)

M/GAr/air = IM 1

IG 1
= 35.7

32.5 = 1.1 (3.4)

A significant increase in the M/G ratio after Ar treatment compared to the
control sample was observed. On the other hand, adding air to Ar plasma resulted
in a slight decrease in the M/G ratio. According to the theory of hydrogels, the
gel-forming properties of alginate are determined by the proportion and length
of poly-G blocks. Alginates with M/G < 1 (higher values of G-blocks) form
strong and rigid gels, whereas alginates with M/G > 1 (low values of G-blocks)
produce soft and elastic gels [148]. Although there are not many works showing
the influence of different M/G ratios on films’ properties, we may conclude that
during the SPP treatment in pure Ar, the polymer degradation predominates the
crosslinking mechanism, whereas the air admixture might provoke the formation
of a denser network.

3.1.3 Characterization of alginate foils
I. ATR-FTIR spectra

Fig. 3.10 shows ATR-FTIR spectra of low and medium-viscosity alginate films
treated in Ar and Ar/air plasma (the treatment was held in the liquid state). The
spectra are very similar and agree with those published for alginate elsewhere
([149],[150]). The strong band at 1026 cm−1 [151] might correspond either to
O–H bending or the asymmetric stretch of C–O–C; as their absorption bands
are close to each other, an overlap might occurred. A weak peak 816 cm−1 is
characteristic of mannuronic acid residue. The close-lying bands in the spectral
positions of 1080 cm−1, 1124 cm−1, and 1173 cm−1 were attributed to C–O–C,
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C–C, and C–O symmetric stretching, respectively. A medium-sharp band at
1408 cm−1 and a very strong-sharp peak at 1600 cm−1 correspond to symmetric
and asymmetric COO– stretching, respectively. An emerging signal at 2360 cm−1

was ascribed to CO2 vibrations. The band at 2940 cm−1 was attributed to C–H
stretching. The O–H stretching with a strong shoulder at 3250 cm−1 and a broad
band in the region from 3280 cm−1 to 3380 cm−1 were also identified.

Figure 3.10: ATR-FTIR spectrum of a) low and b) medium-viscosity sodium
alginate films treated in Ar and Ar/air with different treatment times: ( ) control,
( ) 4 min, ( ) 8 min, ( ) 16 min, ( ) 32 min, and ( ) 48 min.

At first glance, the FTIR-ATR analysis did not show a measurable change in
the chemical structure of plasma-treated alginate, even at high treatment times.
However, according to the UV-Vis results, the action of plasma should modify
the polymer’s chain structure. According to the UV-Vis results, we should expect
ester O––C–O–R and carboxyl O––C–O–H bonds with the most intensive peaks
of low-viscosity samples treated in Ar and Ar/air at high treatment times (fig.
3.6). Following the theory, the absorption region for C––O and C––C takes from
1500 to 1800 cm−1 [131]. The C––C stretching of unconjugated linear alkenes
shows moderate to weak absorption in the region of 1640 - 1667 cm−1. The
carbonyl groups of aldehydes absorb near 1720 - 1740 cm−1, whereas the C––O
band of saturated aliphatic esters absorb in the range of 1735 - 1750 cm−1.

The subtle differences between the FTIR spectra can be distinguished after
subtracting the control spectrum from the spectrum of alginate treated by AAPJ
in Ar/air (fig. 3.11). The subtraction yields peaks at 1579 cm−1 and 1601 cm−1,
assigned to the asymmetric COO– stretching, and at 1735 cm−1 and 1732 cm−1,
assigned to the C––O ester groups, at high treatment times.

44



Figure 3.11: The residual spectrum obtained by subtracting the control spectrum
from the a) 32 min and b) 48 min treated spectrum of low-viscosity alginate in
Ar/air. Gaussian/Lorentz fit was used.

In coherence with studies on chitosan degradation upon SPP treatment [106],
this fact confirms the occurrence of secondary oxidation reactions simultaneously
with the destruction of alginate chains on APPJ treatment. No C––C bands were
observed in the residual spectra.

II. Nanoscale dynamic mechanical analysis

The influence of APPJ treatment on the mechanical properties of alginate films,
namely storage modulus G’ and loss modulus G”, are presented in tab. 3.4. The
results of the hardness H are summarized in tab. 3.5

The storage modulus G’ was significantly affected by the type of gas used
in APPJ. The behavior differs for low and medium-viscosity samples. When
low-viscosity alginate films are prepared from solutions exposed to plasma, their
storage modulus increases, which is more severe for treatment in the presence
of air. The storage modulus of medium-viscosity alginate decreases with applied
plasma. For all samples, G’ is an order of magnitude higher than G”, demon-
strating that the elastic component strongly prevails over the viscous component.
Furthermore, G’ increases with frequency; there might be a similar trend for G”,
but its values are too small to make decisive conclusions.
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Sample G’ (GPa) G” (GPa)
0.1 Hz 300 Hz 0.1 Hz 300 Hz

LV
control 2.5 ± 0.3 14.8 ± 2.1 1.2 ± 2.0 3.0 ± 0.7
Ar 48 min 3.4 ± 1.4 12.9 ± 1.9 1.2 ± 0.5 1.5 ± 1.3
Ar/air 48 min 5.6 ± 3.6 19.1 ± 3.4 unreliable unreliable

MV
control 5.0 ± 1.2 12.7 ± 0.6 unreliable 1.2 ± 0.6
Ar 48 min 3.6 ± 0.7 13.0 ± 0.9 1.4 ± 2.8 0.6 ± 1.0
Ar/air 48 min 2.5 ± 0.3 10.3 ± 0.7 1.4 ± 1.5 1.8 ± 0.3

Table 3.4: The results of loss G” and storage G’ modulus of alginate foils cast
from plasma solution processes.

Considering the hardness, low-viscosity alginate film treated in Ar/air for
48 min is the hardest, whereas medium-viscosity film treated in Ar/air and came
as the softest sample. The difference in G’ and hardness is almost two-fold.

Sample H (MPa)
0.1 Hz 300 Hz

LV
control 120 ± 90 600 ± 50
Ar 48 min 70 ± 10 590± 40
Ar/air 48 min 90 ± 20 840 ± 110

MV
control 70 ± 5 530 ± 30
Ar 48 min 60 ± 10 460± 20
Ar/air 48 min 100 ± 50 460 ± 40

Table 3.5: The results of hardness H of alginate foils cast from plasma solution
processes.

III. Surface topography

The surface topography measured by AFM of control and plasma-treated alginate
films before the tip indentation is shown in fig. 3.12. A significant increase in
the surface roughness of alginate foils is observed, especially after Ar treatment
(see tab. 3.6). A similar trend is observed for both low and medium-viscosity
alginate.

It seems that Ar plasma acts as a more destructive rather than reactive
medium compared to plasma with air admixture. The reason might be con-
nected to the velocity of the linking process. High-energetic Ar ions often break
simple C–C and C–H bonds enabling free radicals to create random intermolec-
ular junctions. The leakage and the formation of junctions are usually very fast
simultaneous processes; however, forming a new junction requires the presence
of radicals. In accordance with the results of DSV for low-viscosity alginate
(fig. 3.2), chain fragmentation predominates in the first minutes of Ar treat-
ment. Hence, the increased density of diffused polymer fragments results in a
more porous structure by no means of creating a polymer network.

On the other hand, it has been reported that the admixture of air into the
argon increases the concentration of radicals (e.g., OH, H2O2, and NO2

– ) [152].
Combining a lower energy input and a higher concentration of radicals should
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lead to a less porous and mechanically stable structure. The chains might re-
polymerize in different and more suitable positions with a sufficient density of
radicals. Thus, the mechanical performance of polymer films depends not only
on the nature of bonds during their formation via APPJ treatment and chain
crosslinking but also on the plasma source.

Figure 3.12: Surface topography of low and medium-viscosity alginate foils
treated with Ar and Ar/air for 32 min before the indentation by the Berkovich
tip.

Sample RMS roughness (nm)

LV
control 17.0
Ar 32 min 47.0
Ar/air 32 min 4.2

MV
control 2.3
Ar 32 min 9.0
Ar/air 32 min 3.1

Table 3.6: RMS roughness of plasma-functionalized alginate foils before indenta-
tion by the Berkovich tip.

IV. Solubility tests

To study the effect of plasma on the chain cross-linking, a solubility test was
performed. Control and plasma-treated alginate foils (1.5×1.5 cm) were immersed
in 10 mL of distilled water. The process was filmed on the camera. The period
of total dissolution was calculated as a qualitative estimation of the degree of
cross-linking. The dissolution times are indicated in tab. 3.7.
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Sample Dissolution time (s)
control 1 s
Ar 48 min 7 s
Ar/air 48 min > 1 min

Table 3.7: Dissolution time of control and APPJ medium-viscosity alginate foils.

According to theory, a decisive property of polymer networks is their non-
solubility in suitable solvents. Although the foil treated in air admixture did not
maintain the same shape and water content (due to massive absorption from the
solvent) after being immersed in liquid, it withstood a mechanical manipulation
after 1 min of soaking. This simple test thus supports the idea of a high degree
of crosslinking (a percentage of polymer chains interconnected in the network)
induced by APPJ in air admixture.

Figure 3.13: The solubility test of alginate foil treated in Ar/air for 48 min: a)
before water plunging, b) manipulation after 1 min of soaking.

3.1.4 Understanding the influence of plasma on alginate
properties

To conclude, two main factors have a significant influence on alginate properties:
1) the type of working gas used during solution processing and 2) the density
of polymer chains during solution treatment. For understanding the processes
induced by plasma, different explanations should be proposed for all cases - low
and medium-viscosity alginate, treated in Ar and Ar/air.

Low-viscosity alginate treated in pure Ar plasma evinced an immediate de-
crease in molar mass with a continual increase afterward. This behavior demon-
strates the polymer degradation followed by the re-polymerization process. From
the UV-Vis spectra analysis, the concentration of C––O carbonyl bonds signif-
icantly increased with increasing treatment time. The increase in M/G ratio
calculated from the NMR spectra suggests, that Ar plasma induces a higher
concentration of M-blocks in the polymer structure. In addition, an extreme
increase in surface roughness was observed for low-viscosity alginate treated in
pure Ar. Finally, the solubility tests rejected the possibility of a polymer network
formation. According to the observations, a possible model demonstrating the
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modifications occurring on the micro-structural level was constructed (see fig.
3.15).

Figure 3.14: Possible chemical pathways occurring in the structure of low-
viscosity sodium alginate processed in pure Ar plasma: a) the initial alginate
copolymer composed of alternating M and G-blocks, b) scission of the glycosidic
linkages and pyranose ring structure, c) the degradation of polymer chains result-
ing in the decrease of the average molar mass; cleavage followed by the formation
of C––O carbonyl bonds, d) the formation of C––C bonds with adjacent M-block;
the increase in M-blocks, e) the retention of the pyranose ring structure; a more
flexible C–C bond is created with an adjacent M-block.

The treatment of low-viscosity alginate in Ar/air draws different conclusions.
Compared to pure Ar plasma, the Ar/air environment employs a higher concen-
tration of oxygen and nitrogen species (O , NO2 ). Furthermore, Ar/air plasma
increases solution temperature leading to solvent evaporation and an increase in
polymer chain density. Accordingly, no chain degradation was observed from the
viscosimetry measurement. Besides the formation of C––O bonds, a new band
appeared assigned to NO2 species. No increase was observed in the M/G ratio
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compared to the control sample. The shear modulus gained maximum value; on
the contrary, the AFM measurements indicated the least porous structure of foils.
At last, foils treated in Ar/air withstood immersion in water without dissolving.
The latter is followed by the assumption that adding air to Ar plasma leads not
only to re-polymerization processes but strong chain crosslinking.

Figure 3.15: Possible chemical pathways occurring in the structure of low-
viscosity sodium alginate processed in Ar/air (the mechanism followed by a) and
b) from fig. 3.15): f) the increase in branching via glycosidic cleavage followed
by the formation of C–O bonds; the dissociation of Na ion followed by a chemi-
cal exchange with HNO –

2 species, g) the formation of C––O carbonyl bonds and
attachment to the adjacent G-block to the pyranose ring.

3.1.5 Alginate foils incorporated with EOs
According to the literature, alginate itself does not demonstrate antibacterial or
anti-mold effects. It should be modified by impregnation or grafting of addi-
tional bactericidal agents. Synthetic preservatives and metal nanoparticles are
questioned to be dangerous due to their toxicity, therefore, we decided to use
nature-derived antibacterial additives, such as essential oils.

I. FTIR spectra

The impact of adding essential almond oil on the intensity of spectral bands
is shown in fig. 3.16. Similarly, as in the FTIR spectra of the pure low and
medium-viscosity alginate without natural additives (fig. 3.10), characteristic
vibrations of C–O–C stretching at 1086 cm−1, C–C at 1120 cm−1 were identified.
The primary peak at 1035 cm−1 was ascribed to O–H bending. The two strong
absorption bands at 1413 cm−1 and 1608 cm−1 were ascribed to symmetric and
asymmetric COO– stretching. The band at 2880 cm−1-2940 cm−1 corresponds to
the C–H stretching, whereas the broadband at 3200 cm−1-3500 cm−1 is attributed
to the vibrational stretching of the hydroxyl group. Almond oil is rich in many
nutrients such as fatty acids, polar lipids, and triglycerides as in volatile organic
consitutuents [153]. Fatty acids include carboxyl groups COOH. However, no
significant difference in the spectral structure was observed.
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Figure 3.16: FTIR spectrum of a) low and b) medium-viscosity alginate (0.9%
w/v) incorporated with 1 mg mL−1 of almond oil: ( ) control without EO, ( )
control with EO, ( ) treated in Ar, and ( ) treated in Ar/air for 32 min at 35 W.

II. Antibacterial tests

The antibacterial effects of almond essential oil have been studied. In fig. 3.17,
the relative viability is represented as an indicator of the metabolic activity of
E. coli incubated with the control and functionalized alginate foils for 24 h. All
results are related to the value one corresponding to the bacteria-positive control.

In the case of Ar plasma, the bactericidal effect of essential oil has been ob-
served, but not so evidently, due to the probably low concentration of oil. How-
ever, all three types of samples prepared from Ar/air plasma-processed solution
demonstrated perfect antibacterial activity. Essential oil just improved the bac-
tericidal effect. We assume hydrogen peroxide is responsible for the antimicrobial
action.

Figure 3.17: Metabolic activity of E. coli bacteria after 24 h incubation period
on alginate foils with almond essential oil treated with Ar and Ar/air plasma.
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To confirm the validity of the results, triplicate statistics should be processed
and evaluated. This will be accomplished through further investigation beyond
the time scale of experiments related to the diploma thesis.

3.1.6 Using of plasma-processed alginate for food storage
During the storage period, the weight loss in all samples showed an increasing
pattern (fig. 3.18). Fruit, especially grapes, contains relatively large amounts of
water; when harvested, water loss occurs naturally, and its rate depends on the
temperature and relative humidity of the medium [154]. The grapes were stored
at 23.7 ± 0.5 ◦C temperature and 42.2 ± 0.5 % relative humidity in a biological
box to maintain equal external conditions.

At the end of 18 days of storage, control grapes lost 49.2% of their ini-
tial weight. Even though alginate coatings are considered ineffective in reduc-
ing weight loss, several studies indicated improvement with polymer crosslink-
ing [155]. In our case, the weight loss of grapes coated with plasma-treated algi-
nate/EO complex was found efficient. Alginate treated in Ar/air with 10 mg mL−1

of almond oil showed the best inhibitory effect towards the weight loss reduction,
with a 43.8% weight loss at the end of storage period.

Grapes were inspected every three or four days total of 18 days. During the
inspection period, neither a visible lesion nor a fungicidal infected (e.g., gray mold
caused by Botrytis cinerea Pers., a direct cause of postharvest decay for table
grapes) area was observed in either of the experiments. The only visual decay
was attributed to the shrinkage of fruit skin and fruit wilting due to significant
weight loss. The shelf life of fruits remained intact until the sixth day of the
storage period.

Figure 3.18: Effects of plasma-treated alginate/EO complex coating on weight
loss rates of grapes during 18 days of storage: ( ) control, ( ) Ar + 1 mg/mL EO,
( ) Ar + 10 mg/mL EO, ( ) Ar/air + 1 mg/mL EO, and ( ) Ar/air + 10 mg/mL
EO.
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Figure 3.19: Day 1: the visual appearance of sprayed and controlled grapes at
the beginning of the 18 days storage period.
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Figure 3.20: Day 18: the visual appearance of sprayed and control grapes at the
end of the 18 days storage period.

It is important to note, that all berries were washed and UV-sterilized for
10 min before the storage period. Despite the short time of sterilization, this
precaution had a strong impact on the grapes’ shelf life. The surface of the
grapes was probably sterilized to such an extent that no infection occurred event
after 26 days in either of the samples. Combining this effect with storage in
the biological box was a complete prevention from contact with a pathogenic
environment. For future experiments, these conditions should be moderated to
guarantee a better imitation of real-life conditions.

Considering the outcome, better results are anticipated when replacing the
spraying technique with fruit dipping in the solution. The dipping of berries
should ensure a homogeneous layer of coating on the fruits’ surface. However,
the procedure is time-consuming and less economical.
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3.2 Production of water-soluble chitosan by so-
lution plasma system

In the agricultural context, chitosan is emerging as a potential agent used in the
defense mechanism of plants, as a growth promoter, antimicrobial agent, or as
a safety protection of edible products [156]. Regarding the use of fertilizers, the
solubility of chitosan in acidic solutions is an undesirable effect.

Low-temperature atmospheric plasma is a common technique used for polymer
surface treatment. Non-thermal atmospheric plasma produces reactive species
activating polymers’ surfaces. Chitosan was already shown to undergo structural
modifications in solution plasma processes [157]. The exposure of biopolymer
samples to radicals leads to the breakage of chemical bonds and thus results in
the degradation of polymer chains. As concluded in many studies, lowering the
molecular weight helps to improve chitosan’s solubility.

Chitosan solution (1% w/v acetic acid) was processed using DC glow discharge
in contact with liquid by the group in G. A. Krestov Institute of Solution Chem-
istry of RAS. Then, water-soluble and water-insoluble fractions were separated,
dried, and studied in form of powders. The structural analysis of the powders
was performed in the frame of this diploma thesis.

3.2.1 Molar mass distribution
The main effect of plasma on chitosan’s structure is its degradation - the creation
of low-molecular-weight species, so-called oligomers. This phenomenon was ana-
lyzed by Gel permeation chromatography resulting in a molar mass distribution
of control and plasma-processed β-chitosan.

Fig. 3.21 shows the molar mass distribution of control and plasma-treated
chitosan fractions measured with columns of different porosity. For the untreated
sample, a weak signal at 300 kDa was observed, corresponding to high-molecular-
weight components (fig. 3.21a). This signal was assigned to the initial molar mass
of chitosan. For the water-soluble fraction, a wider distribution in a range of 75 -
410 kDa was observed, due to running degradation processes; all high-molecular-
weight components were dissolved in the case of insoluble fraction, with no signal
detected.

Water-soluble and insoluble fractions were not dissolved properly in THF,
thus the GPC measurements are not ideal. However, low-molecular-weight frag-
ments, contained also in the untreated sample, were successfully dissolved (fig.
3.21b) and detected at 0.3 kDa for all three samples. The distribution of control
chitosan evinces, in comparison with the irradiated samples, a multimodal char-
acter. The presence of secondary modes ((0.6 kDa and 1.1 kDa) is often related
to the branching of polymer chains. The attenuation and further disappearance
of secondary peaks of water-soluble and insoluble fractions, respectively, indicate
a favorable effect of plasma treatment upon chitosan degradation.

Hence, the absence of high-molecular-weight components and attenuation of
secondary modes in the case of plasma-treated chitosan fractions suggest biopoly-
mer destruction under the action of the non-thermal plasma resulting in chain
breaking.
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Figure 3.21: Molar mass distribution of chitosan detected by GPC: ( ) control, ( )
water-soluble, and ( ) insoluble fraction. PLGEL column of different porosity was
used: a) 10 000 L/5 µm and b) 100 L/5 µm, with the THF flow rate 0.8 mL min−1

at 30 ◦C.

3.2.2 1H NMR spectra
The chemical composition of control and plasma-treated β-chitosan fractions in
D2O/DCl and D2O was studied by liquid-state NMR spectroscopy. Each unit
residue of the copolymer has six carbon and seven hydrogen atoms producing
C–H linkages and four hydrogens atoms bound to oxygen, creating O–H bonds
(for notation see fig. 3.22). In addition, the acetylglucosamine units consist of one
methyl group. The positions of 1H signals in D2O/DCl and D2O are summarized
in tab. 3.9 and tab. 3.8, respectively, according to [158].

Figure 3.22: Proton ordering of the glucosamine (left) and acetylglucosamine
(right) units of chitosan.

Fig. 3.23 shows 1H NMR spectra of chitosan dissolved in D2O/DCl without
and under the action of plasma for 32 min. DCl is considered a suitable solvent
for chitosan, which is confirmed by the presence of 1H signals even in the un-
treated NMR spectrum. This is a typical 1H NMR solution spectrum of chitosan
with signals at 2.1 ppm assigned to acetylated methyl protons (A CH3), the pro-
tons in the pyranose ring (A/G H3-6), and two signals at 3.2 ppm and 4.9 ppm
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corresponding to the H-1, and H-2 glucosamine units (G H1, G H2). 1H NMR
spectrum of chitosan soluble fraction gives us complete information on the chem-
ical structure of the plasma-treated sample. Compared with untreated chitosan,
acetylated methyl protons (A CH3) intensity significantly decreases with plasma
treatment. For the plasma-treated samples, the band at 8.5 ppm was assigned to
the pyranose ring’s protonated primary amines NH +

3 [106].

Figure 3.23: 1H NMR spectrum of β-chitosan: ( ) control, ( ) water-soluble, and
( ) insoluble fraction in D2O/DCl at 298 K.

1H signal δ (ppm)
A CH3 1.4
CH3 acetic acid 2.0
A H2 2.7
G H2 3.2
A/G H3-6 3.4 - 4.1
A H1 4.2
G H1 4.9
D2O (solvent) 5.2
NH +

3 8.2

Table 3.8: Proton chemical shifts δ of chitosan water-soluble and insoluble frac-
tions in D2O/DCl at 298 K.

Up to the present, no successful measurement with a high peak resolution
of the 1H NMR spectrum in pure D2O has been published due to poor chitosan
solubility. In this study, the spectrum of chitosan plasma-treated water-soluble
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fraction was successfully measured and analyzed (fig. 3.24). As expected, in the
spectrum of untreated chitosan only the solvent’s signal at 4.8 ppm was detected.
On the contrary, for the plasma-treated soluble fraction, almost all bands were
identified. The H-1 band of glucosamine chitosan was not observed, probably due
to overlap with the strong solvent’s signal. The acetylglucosamine H-1 signal (A
H1) was detected at 4.5 ppm. The internal (non-anomeric) protons connected to
the ring skeleton in both A and G-block residues have similar electron densities
and thus have similar chemical shifts [158]. These signals partially overlap and
produce a broad envelope in a range of 3.3-4.0 ppm of proton signals (A/G H3-
6). Compared to the spectrum measured in D2O/DCl, dissolving chitosan in
water provides better resolution of the pyranose ring signals. The employment
of plasma upon the chitosan modification enlarges the observation techniques
and possibilities for a better understanding of plasma-enhanced micro-structural
mechanisms.

Figure 3.24: 1H NMR spectrum of β-chitosan: ( ) control and ( ) water-soluble
fraction in D2O at 298 K.

1H signal δ (ppm)
A CH3 1.1 - 1.4
CH3 acetic acid 1.7 - 2.1
A H2 2.4
G H2 2.7
A/G H3-6 3.3 - 4.0
A H1 4.5
D2O (solvent) 4.8
NH +

3 8.5

Table 3.9: Proton chemical shifts δ of chitosan water-soluble and insoluble frac-
tions in D2O at 298 K.
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The experimental results indicate that the chemical composition of chitosan
is not affected by the solution plasma treatment. Supported by the work of
Khlyustova et al., the only changes induced by solution plasma were related to the
formation of double bonds and weakening of inter- and intramolecular hydrogen
bonds [157].

To investigate the structural modifications of chitosan after the action of
plasma, the degree of deacetylation (DD) was calculated using the integral area
of the proton H-2 of the glucosamine unit (G H2) and of the peak of three protons
of the acetyl group (A CH3)

DD(%) = IG H2

IG H2 + 1
3IA CH3

· 100%. (3.5)

This approach is a slight modification of the technique proposed by Lavertu
et al. [159], who suggested calculation from H-1 signals of glucosamine unit (G
H1); however, these signals are not visible in the D2O spectrum and overlap with
the solvent’s signal in the D2O/DCl spectra. The results of DD calculated for the
chitosan water-soluble fraction measured in D2O/DCl and D2O, respectively, are
as follows

DDD2O/DCl = 98%, (3.6)
DDD2O = 87%. (3.7)

DD is an important factor affecting the structural and mechanical properties.
It has been reported that increasing DD induces higher elongation at break and
water content [160]. Compared to the DD given by the producer, ∼ 82%, the
plasma treatment increases the ratio of the glucosamine units, especially for the
measurement in DCl. Evidently, the acidic environment influences the final struc-
ture of the biopolymer. Even though the results come in contradiction in relation
to the mechanical properties, the increase in the DD after plasma treatment is in
coherence with the study of Nikitin et al.. For the plasma-treated samples, the
appearance of the protonated primary amines (NH +

3 ) documents the additional
deacetylation occurring by the influence of the plasma [106].
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Conclusion
The aims of this thesis were successfully met as follows:

• Atmospheric pressure plasma jet has been demonstrated as a versatile tool
for the modification of sodium alginate in aqueous solution. The effects of
plasma treatment on the physicochemical properties of alginate have been
investigated by viscosimetry, UV-Vis, and NMR spectroscopy. Differences
in the temporal evolution of molecular weight as well as in the chemical
composition of solution were observed for different plasma-forming gases.

• Plasma-processed alginate solutions were successfully used for the casting
of foils with advanced properties. According to the results of FTIR spec-
troscopy, AFM, and nanoindentation, the addition of air admixture to Ar
significantly influences the final structure of alginate. It is hypothesized
that Ar plasma mostly breaks the glucosidic bonds leading to a drastic
change in the M/G ratio as was confirmed by NMR. The resulting foils are
rough and porous. The admixture of air to Ar initiates the disruption of
C–O–C bonds in the pyranose ring promoting the further formation of a
highly cross-linked structure. The resulting foils are smooth and dense.

• It was surprising to obtain the antibacterial alginate foils by Ar/air plasma
treatment without the addition of bactericidal agents. The hypothesis of
this phenomenon is the release of hydrogen peroxide formed in solution
during the plasma processing and became embedded into foils during their
fabrication.

• Impregnation of alginate foils with almond essential oil to alginate foils im-
proves their antibacterial performance for both types of plasma treatment.

• A promising effect of alginate coatings toward preserving table grapes’ qual-
ity and extending fruits’ shell life was revealed. The results showed a mea-
surable delay in weight loss.

• The chemical composition and structural properties of untreated, water-
soluble, and water-insoluble chitosan fractions were analyzed using com-
bined information from GPC and NMR. According to the results, plasma
action does not affect the chemical composition of chitosan but leads to its
degradation.

• 1H NMR spectrum of the water-soluble fraction of chitosan in pure D2O
was acquired. In contrast, chitosan signals were not detected in the case of
untreated samples. This is great evidence of the successful fabrication of
chitosan oligomers soluble in water using a plasma solution system, which
might be promising for use as fertilizers for agricultural applications.
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