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Abstract: Wood modification is an excellent and increasingly used method to expand the application
of woody materials. Traditional methods, such as chemical or thermal, have been developed for
the targeted improvement of some selected properties, unfortunately typically at the expense of
others. These methods generally alter the composition of wood, and thus its mechanical properties,
and enhance dimensional stability, water resistance, or decrease its susceptibility to microorganisms.
Although conventional methods achieve the desired properties, they require a lot of energy and
chemicals, therefore research is increasingly moving towards more environmentally friendly pro-
cesses. The advantage of modern methods is that in most cases, they only modify the surface and
do not affect the structure and mechanical properties of the wood, while reducing the amount of
chemicals used. Cold plasma surface treatment is one of the cheapest and easiest technologies with a
limited burden on the environment. In this review, we focus on cold plasma treatment, the interaction
between plasma and wood compounds, the advantages of plasma treatment compared to traditional
methods, and perspectives.

Keywords: cold plasma; wood modification; surface properties; grafting; functionalization; surface
modification; surface activation

1. Introduction

In the history of humankind, people all over the world have used wood [1,2]. Due to its
numerous advantageous properties, it is one of the most widely used structural materials [3].
At the very beginning, people used it in the form it was available in nature, but over time,
people began to tailor the properties of wood for particular purposes. As science and
technology advanced, people expected wood products to have more and more advanced
functions and superior qualities, similarly to other modern products. Durability, flame
retardancy, electrical conductivity, improved adhesion, water repellence, and self-cleaning
are just a few of the properties that different industries require from wood products.
Properties can be tailored with different chemical methods but they are not environmentally
friendly and sometimes impair the properties of the bulk wood [4–9].

Fortunately, in the last few years, cost effective and environmentally friendly, green
technologies have come to the forefront and technologies with a high consumption of
chemicals and energy, and those posing health and environmental hazards are slowly
losing importance.

Plasma treatment has become more and more widely used for the modification of
polymer surfaces [10–13]. In some areas, it has even substituted traditional methods,
because it is safe, environmentally friendly, does not use or release toxic chemicals, and is
fast and easy to control [14]. However, adequate methods to completely replace current
wood modification methods have not been developed yet. Plasma treatment is limited
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to the top layers of a sample, which is appropriate for establishing a coating film or form
anchoring points for subsequent reaction, but it cannot change the whole structure of
the wood, which is essential sometimes [15]. The penetration depth of plasma cannot be
increased by changing the reaction parameters. Moreover, during plasma treatment of
wood, all components will be affected by plasma simultaneously, and it is difficult to decide
what causes chemical or physical changes.

In this review, we focus on the advantages of plasma treatments and its effect of the dif-
ferent components of wood, and try to show which components are involved in the chemical
reaction during plasma treatment, which and which degrade first. We also briefly describe
the most commonly used types of plasma and possible plasma–surface interactions.

2. Modification of Wood—Traditional Methods

During the long-term use of wood in many applications, it became clear that untreated
wood is perishable over time [16]. Besides its strengths, wood has a number of weak-
nesses [17], including poor weather resistance (especially to humidity and UV radiation),
or its susceptibility of microorganisms, which considerably limits its application. Its hy-
groscopicity has a significant impact on its dimensional stability—swelling and shrinkage
are inevitable.

With the development of science, the disadvantageous properties of wood can be
significantly improved [18–20]. Some properties can be improved by changing the genetics
of the tree or plant, but this is not applicable in most cases or the method is still in the
experimental stage [3]. For example, modifying the lignin biosynthesis gene can result in
lower lignin content with increased pulp yield, which is desirable in paper production [21].
Therefore, wood with a higher cellulose content could make paper production cheaper.

However, modification of the properties usually means the alteration of the chemical
composition of the wood after preliminary processing [22,23]. Hill [17] classifies modifica-
tions into two groups. According to him, there is passive modification or impregnation,
where the chemistry of the material does not change considerably, and active modification
(chemical, thermal, and/or enzymatic) which alters the chemical nature of wood.

2.1. Impregnation and Coating

One of the oldest methods of conserving some of the properties (composition, di-
mensions or color) of wood is impregnation [24]. The principle of the method is to fill
the cell walls and lumen with different organic or inorganic chemicals or a mixture of
them [25]. During the process, intermolecular forces such as dipole–dipole or hydrogen
bonds may occur between the impregnant and the cell wall components and this results
in a dimensionally stable wood with enhanced resistance to various forms of degradation.
Usually, the impregnation agents are resins, polymers, oils, and inorganic salts which can
penetrate deep into the structure of the wood. Pressure or vacuum is often used to achieve
a near-perfect effect [26]. In terms of mechanism, there are two types of impregnation:
either a monomer is introduced into the cell wall and the subsequent polymerization step
fixes it, or a soluble chemical diffuses into the cell walls and some chemical treatment
makes it insoluble [27]. As a matter of fact, the goal of impregnation is to make the cell wall
permanently swollen so that the hydroxyl groups are physically or chemically unavailable
to water or other chemicals. The most frequently used impregnants are resins (phenol,
urea, or melamine formaldehyde resin, etc.), polymers, compounds containing silicon,
or inorganic salts.

Coating is in fact impregnation but only applied on the top of the wood to create a
protective layer [28]. The coating agent can be water-based, solvent-based, or a powder.
A volatile compound or a pigment is dissolved or dispersed in the solvent, and so it can
be applied to the surface with conventional painting methods. There is powder coating
as well, when the surface is coated with a powder and a subsequent heat or radiation
treatment produces a continuous layer [29].
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2.2. Thermal Modification

The heat treatment of wood is a well-established commercial technology to improve
the dimensional stability and durability of wood. There are many excellent review articles
on this topic [30,31]. The technology has been used since the 1920s, when Tiemann [31]
showed that the drying of wood at elevated temperature improves its dimensional stability.
The process has been refined a great deal since then, but the principle remains the same:
wood is exposed to elevated temperature (150–250 ◦C) without the presence of oxygen
and undergoes a chemical transformation. Outside this temperature range, unwanted
changes occur: below 150 ◦C, water loss typically occurs and above 250 ◦C, carbonization
starts. As the temperature rises, hemicellulose begins to decompose and undergoes dehy-
dration, so hydrophilic OH groups disappear [32]. Later, cellulose degrades, but firstly its
amorphous part. Cellulose is more resistant to heat due to its crystalline structure, so the
crystallinity of the sample will increase and the accessibility of the hydroxyl groups to water
and other chemicals will decrease [33]. During the degradation of lignin, polycondensation
occurs and additional crosslinks are formed in the already cross-linked macromolecule.
This increases the lignin content of the wood and hence its dimensional stability due to the
destruction of the OH groups and the concomitant decreased affinity to water. Overall,
on one hand, thermal treatment reduces the number and availability of hydroxyl groups,
which improves the durability of wood, on the other hand, the degradation of hemicellu-
lose and the decrease in amorphous cellulose content significantly impair its mechanical
properties. Sometimes thermal methods are combined with water or external forces in
order to achieve better results in terms of properties. These are thermo-mechanical or
thermo-hydro-mechanical methods [34–38].

2.3. Enzymatic Modification

In the last decades, the application of biotechnology in pulp and paper industry
has been intensively investigated and some enzymatic processes (e.g., bio-pulping, bio-
bleaching) have already become industrial technologies. However, there is still little interest
in biotechnological treatments in the wood or wood-based industry [39]. This could be
attributed the fact that enzymes cannot penetrate deeper layers of wood; they only affect
the surface. Therefore, this technique is real surface modification. There is increasing
pressure on the industry to reduce the amount of chemicals used, and enzymatic processing
is a promising and sustainable alternative to conventional methods as this method usually
operates under milder reaction conditions [40].

Enzymatic treatment of wood aims to (1) improve the properties of the wood by
modifying the lignocellulose system, (2) activate the surface by creating new properties by
enzymatic pre-treatment, (3) simplify and/or make conventional processing technologies
more environmentally friendly. Since enzymes have high substrate specificity, the literature
focuses on the enzymatic modification, activation and reactions of cellulose, hemicelluloses,
and lignin. An important area of research focuses on wood protection aiming to increase the
interaction between wood and preservatives, and replace chemical agents with “bioagents”,
to improve the finishing of wood surfaces. Others focus on replacing conventional chemical
adhesives by enzymatic treatment in the production of veneers. Most commonly, the effect
of laccase enzymes is investigated. Kudanga and Katrin [41,42] formed a hydrophobic
surface in a laccase-mediated coupling reaction. In this research, authors grafted different
hydrophobic molecules on the wood surface and stable covalent bonds were justified
between the functional groups on the surface and the compounds, resulting in a tenacious
hydrophobic layer on the wood surface. Müller [43], using similar methods, also formed
successfully covalently bonded wood preservatives to the surface.

2.4. Chemical Modification

Chemical modification means that a chemical reagent forms a covalent bond with
any functional group (mostly –OH groups) of some constituent of the wood to change
the selected properties [44]. Wood is traditionally modified by a reaction through its
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hydroxyl groups, since this is the only available functional group in cellulose, hemicellulose,
and lignin. The modification reaction is limited to esterification and etherification [45].
The accessibility of OH groups is highly influenced by their reactivity which is different even
within one anhydroglucose unit, which can be explained with intra- and intermolecular
hydrogen bonds. Moreover, there are amorphous and crystalline regions in the cellulose
chains, which also affect the accessibility of hydroxyl groups. Among the many chemical
modification reactions, acetylation has been studied the most and this method has given the
most consistent results [44]. The procedure has been considerably developed with respect
to catalysts, reactor type, state of the matter of the reactant, and is still commonly used.
Figure 1 shows the different types of traditional wood modification procedures according
to Teaca and Tanasa [46].
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2.5. Efficiency and Environmental Impact of Methods

Each of the methods that can be considered traditional has its drawbacks. The impreg-
nants, especially inorganic ones, can be environmental hazards after the disposal of scrap
wood [47,48] or the combustibility of wood can change because of different resins [49].
There are evidences that copper based nanoparticles preservatives during the decomposi-
tion of treated wood may accumulate in the mycelium of Cu-tolerant fungi and end up in
their spores getting out to the environment and become a potential rick by inhaling [50].
Wastewaters from pulp and paper industry can contain more than 250 identified chemicals,
including harmful components, such as resin acids and sterols. Most of them can removed
with modern wastewater purification technologies, but some of them are still released into
the environment [51,52].

Painting can trap moisture in the structure of the wood, and it then soaks in water [53].
If the coating is damaged, there is nothing left that would protect the wood, so the whole
object must be re-coated [54]. Impregnation focuses changing the surface, as this is in
contact with the environment and possible reactions take place here. Methods that modify
the bulk besides the surface result in the degradation of bulk properties, which is to be
avoided if possible.

Moreover, the previously mentioned technologies have been known for a long time,
but, in the past, there was no economic or environmental urgency to make these technolo-
gies less hazardous. Now, there is an increasing pressure to improve or replace them with
environmentally friendly technologies because of the high consumption of chemicals, water,
and energy. Plasma surface modification can be a solution as its burden on the environment
is considerably less. There are attempts to replace conventional wood treatment methods
with plasma treatment [55–57]. However, the impact of plasma treatment is still being
explored and we believe that the complete elimination of traditional methods is yet to be
seen. Moreover, when the purpose of wood modification is to create structural changes
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in wood, improve its mechanical properties or change the crystal allomorph of cellulose,
plasma treatment will not achieve the desired goal. In such cases, traditional methods are
essential [58].

3. Modification of the Surface of Wood with Plasma

Surface treatment is an important area of surface engineering, which is the targeted
modification of surface properties. The goal is to open new possibilities of application.
Surface treatment is widely used in the industry and a wide range of relevant processes
are known, which can be sorted in several ways, such as chemical or physical methods,
wet or dry processes, and chemical or physical vapor deposition [59]. Although traditional
methods of surface modification (oxidation, fire enameling, and cementation) are useful
in many areas, they are less and less used. In addition, they often produce pollutants
and toxic by-products. Modern surface modification processes eliminate these drawbacks.
For wood, the same surface treatment methods are usually used as for other materials.
The main purpose of these treatments is to establish anchoring sites for additional reactions
or to reduce the surface polarity of wood to improve compatibility with low surface energy
materials for the preparation of composites [60]. In contrast to chemical surface treatment
processes, cold plasma treatment is an environmentally friendly, solvent-free method
requiring relatively little energy and material [61,62]. It can also be used to treat heat-
sensitive materials [63]. Because of these advantages, cold plasma surface modification is
becoming increasingly popular in several industries and the tailoring of surface properties
is intensively researched.

In many cases, using plasma treatment before conventional techniques is beneficial.
It creates additional active points besides the not very reactive hydroxyl groups, which can
lead to much more efficient surface coating, painting or gluing [64]. Furthermore, extrac-
tives, which can be aromatic or aliphatic compounds (fats and waxes) and terpenes or
terpenoids, are always present on the wood surface [39]. These can reduce the effectiveness
of the chemicals, so they must be removed. To prepare an extractive-free wood surface,
plasma treatment is the best way in terms of efficiency, cost, time, energy consumption,
and environmental footprint. However, Avramidis et al. [65] found that only this layer of
extractives was removed during the plasma treatment of wood.

3.1. Plasma

Plasma is a partially or fully ionized gas that can be considered the fourth state
of matter based on thermodynamic considerations. It is characterized by the presence
of neutral and electrically charged particles such as atoms, radicals free electrons, ions,
and photons (including UV photons) [66,67]. Plasma is generally macroscopically neutral in
terms of electrostatic charge. Plasmas can be produced over a wide range of pressures and
temperatures, but two basic types are known: equilibrium (thermal) and non-equilibrium
(cold) plasmas. In the former, the kinetic energy (temperature) of atoms and electrons is in
thermodynamic equilibrium, therefore they cannot be used for the surface modification
of heat-sensitive materials, while in the latter, the temperature of electrons is significantly
higher than that of heavy particles. Plasmas and their applications are described in detail
in several excellent review papers [68–71].

In cold plasma the heavy particles are at or at near room temperature, while the
electron temperatures can be higher by orders of magnitude. High electron temperatures
lead to high chemical reactivity, so cold plasma is suitable for surface modification of
solids [72,73], even if they have otherwise low chemical reactivity in the conventional sense.
Cold plasma can be formed and maintained in several ways, even thermally, but due to its
efficiency, it is advisable to use an electrostatic or electromagnetic field for this purpose.
Cold plasma treatment can be performed under reduced pressure or even at atmospheric
pressure. Although both are viable pathways and the former has a larger scientific literature,
the latter has significant advantages. Atmospheric methods are extensively developed and
used; therefore, we will focus on describing them below.
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3.1.1. Atmospheric Plasma Treatment Applications

Atmospheric plasmas have a wide range of applications. Plasmas are widely used
in treatments involving hazardous or undesirable gases or wastes [74]. Volatile organic
compounds (VOCs) or inorganic gases such as nitrogen oxides (NOx) or sulfur dioxide,
pollute the environment when released into the atmosphere. These toxic molecules can
collide with the reactive particles in the plasma and form free radicals that can assemble
into harmless molecules. Plasma can also be used to produce various gases in the industry,
such as acetylene or conversion of methane to higher hydrocarbon [75]. Various atmo-
spheric plasmas are also widely used in medicine (dentistry, dermatology, sterilization) and
even to increase biocompatibility [76]. Atmospheric plasma methods (corona, dielectric
barrier discharge, plasma jet) are more attractive since on-line treatment is possible without
the use of vacuum [77,78]. Moreover, these methods are cost effective, fast and easy to
handle, and do not need expensive equipment, or cooling water [79,80]. Below are some
atmospheric pressure plasma sources but the list is not exhaustive, only the most frequently
used plasma sources are mentioned. By using specially designed electrodes, or changing
the dielectric, individual plasmas can even be converted into each other (Figure 2).
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• Corona

Electrical discharges are generated with relatively low current (µA to mA), usually
in an air atmosphere. It typically develops between asymmetric (e.g., point-like) metal
electrodes with the formation of an electron avalanche. It takes place under conditions in
which a continuous arc discharge does not yet occur. Corona discharges have a small active
volume and a fibrous structure. It is widely used for the surface treatment of polymeric
materials. It is most commonly used to produce or remove surface electrostatic charges [81].

• Dielectric Barrier Discharge (DBD)

It is also called silent discharge. It is not a new method, but it has only recently
been used for surface treatment. Several types are known: volumetric (tubular or planar),
and surface or coplanar DBD. It operates with alternating current (50–10 MHz), and in
practice, it is a large number of micro-discharges (in pulse mode). It is suitable for forming
relatively homogeneous plasmas with high energy density, low contact time and can be
used together with continuous technologies. Two types of homogeneous atmospheric
DBD plasmas are known: atmospheric pressure glow discharge (APGD) and Townsend
DBD plasma (atmospheric pressure Townsend discharges, (APTS)) [82]. Diffuse Coplanar
Surface Barrier Discharge (DCSBD) is a special type of surface DBD and easy to apply in
industry (Figure 2) [83].
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• Plasma jet

Plasma jets are produced by generating non-thermal plasma in various gases or
gas mixtures with a direct or alternating current with a wide frequency range (up to
microwaves) and blowing it out of the source. The treatment is usually in the afterglow
range. They are suitable for local treatment, e.g., to improve adhesion between two parts to
be joined. Sometimes, with a suitable electrode design, a plasma jet can even be considered
a DBD plasma [84].

• Radio frequency (RF) and microwave (MW) plasmas

They are produced and sustained by high-frequency electromagnetic fields. RF and
MW discharges are typically generated with a frequency of 1–100 MHz, and 0.3–10 GHz,
respectively. Both are frequently used for etching, activation, and plasma polymerization.
RF plasma can be capacitively or inductively coupled; in the latter case, the plasma is in no
contact with the induction coil [85].

3.1.2. Low-Pressure Plasma Treatment Applications

Low-pressure plasmas, which were invented earlier, are widely used in materials
processing and surface treatment. They have some advantages over atmospheric plasmas,
for example, a relatively high concentration of ions and radicals and uniform glow over a
large gas volume, but they require vacuum during operation, which limits their use. Creat-
ing vacuum makes the whole process time and energy consuming, and requires expensive
equipment. Therefore, some authors believe [64] that low-pressure plasma systems are only
appropriate for the preparation of value-added materials while atmospheric equipment is
suitable for mass production.

3.2. Plasma Surface Interaction

Modification is usually limited to the outermost surface or some of its atomic layers,
and bulk properties usually remain unchanged. The depth of treatment can be changed
with the use of different types of plasma and different energy densities.

In the case of a polyethylene model material, in inductively coupled radiofrequency
oxygen plasma a single monolayer is modified. Using microwave oxygen plasma, the mod-
ified layer is 5 nm thick, while in corona discharge air plasma it is thicker than 10 nm.
The very slight difference can be attributed to the different reactivities of the excited parti-
cles (oxygen atom, singlet oxygen molecule, ions containing oxygen) in the plasmas [86].
The depth of plasma treatment cannot be increased considerably by varying the parame-
ters of the plasma, such as time, power, or gas. Therefore, reactions will not occur in the
micrometer range.

During plasma treatment, a number of processes takes place on the surfaces. These
processes are highly dependent on the selected gas, the operating parameters and reac-
tor design. Nevertheless, plasma–surface interactions are quite complex and not well
understood [87]. We present the current scientific knowledge with the details needed to
understand this article. In general, the interaction between plasma and surface can be
divided into two different types [88]. One of them is when plasma is generated from
non-polymerizing gases (e.g., N2, O2, Ar, air, and NH3) and the major effect can be sur-
face cleaning, etching, cross-linking, or formation of new functional groups and radicals
simultaneously, because of the reactive particles in the plasma [89,90] (Figure 3).
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In this case, the surface becomes more hydrophilic mostly due to the newly formed
functional groups or radicals. Since the hydrophilic surface itself is not desirable for the
preservation of wood, in most cases, activation is followed by another reaction to tailor the
properties of the surface. In the other case, the plasma gases are different polymerizable
monomers or precursors (fluorocarbons, hydrocarbons, silicone-containing monomers,
ethylene, or acetylene, etc.), which are converted by the plasma into reactive fragments.
During recombination, a hydrophobic nanocoating will be deposited on the surface in
a one-step reaction without any subsequent reaction. Sometimes a noble gas is used as
a carrier gas during plasma polymerization. A schematic representation of the plasma
treatment with two different types of gas is shown in Figure 4.
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3.2.1. Surface Cleaning

Plasma surface cleaning has already been used for a long time in industries such
as metallurgy, and the production of microchips, semiconductors and medical plastics,
etc. [91]. During manufacture, organic contamination is always deposited on surfaces in
layers of a few nanometers thick. It can hinder subsequent bonding or processing and can
be easily removed by cold plasma. However, even if the aim is not to clean the surface,
this cleaning process always occurs during plasma treatment

3.2.2. Functionalization

Low-pressure non-thermal discharges are usually applied for polymer surface func-
tionalization. Air, O2, N2, NH3, or CF4 gases can generate functional groups containing
O, N, H, and F (C=O, –COOH, –OH, –NH2, etc.) on the surface [92]. The resulting groups



Coatings 2022, 12, 487 9 of 20

can produce hydrophobic or hydrophilic properties or promote the subsequent binding of
molecules to establish the desired properties.

3.2.3. Radicals, Double Bonds and Cross-Linking

When the plasma is generated by noble gases, it produces active radicals on the surface
by breaking the C–H bonds. The recombination of these radicals leads to the formation
of double bonds or crosslinking of the molecular chains. The radicals and double bonds
play an important role in anchoring molecules for grafting. Cross-linking is sometimes
just an undesired side reaction, but there are cases where the goal is specifically to create a
cross-linked surface [93].

3.2.4. Etching

The objective of etching is to increase roughness by removing materials from the
outmost layer generating volatile or low molecular weight by-products that desorb from
the surface. It is a non-equilibrium process and often used in microelectronic industry [94].

Most such processes are effective in the long term, but the formation of functional
groups is only temporary and either a partial or complete hydrophobic recovery (Figure 5)
is usually observed [95]. A possible explanation is the thermodynamically driven reori-
entation of the polar groups from the surface into the bulk. Therefore, plasma treatment
is just the first step, and it is followed by a subsequent grafting reaction to obtain the
desired surface property permanently. Usually, the plasma-activated surface can induce
the grafting reactions, so this step does not require a solvent or a catalyst, either.
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An additional advantage of plasma treatment is that not only esterification and etheri-
fication reactions take place. The active particles in the plasma can react oxygen and carbon
atoms by the extraction of hydrogen, which results in oxidation, reduction, substitution,
or establishment of an active radical, which is ready for a subsequent grafting [96].

3.3. Characterization of the Effectiveness of Plasma Treatment

By systematically varying the plasma parameters, many researchers have tried to find
the best settings to achieve the desired surface effect. Such parameters can be the choice
of plasma gas, treatment time, or plasma power. With the choice of plasma gas, the in-
corporation of new functional groups can be planned in advance. For the incorporation
of hydroxyl or carbonyl groups, oxygen or air plasma is required. De Farias [97] found
that oxygen plasma was far more effective than air plasma in terms of morphology and
chemical changes with the same treatment time and power. They attributed this result to
the stronger etching effect of oxygen plasma, as nitrogen is less reactive than oxygen in
this environment. Treatment time is also a key parameter and not easy to determine. Some
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authors use a few seconds of treatment [98], claiming that longer treatment times did not
produce a more significant effect, or the sample was damaged seriously [99], while others
choose very long treatment times, sometimes up to 1 hour, without the destruction of
the sample [97]. It is very difficult to compare the different treatments, as in most cases,
the plasmas are different even if produced in the same device. Plasma treatment does
not only influence the chemistry of the materials but also results in surface roughening
due to the etching effect of plasma. Both changes, morphological and chemical, play an
important role in a further reaction on the surface, mostly grafting, and these changes can
be examined by modern surface characterization methods. These methods apply photon
(X-ray photoelectron spectroscopy (XPS)), electron (Auger electron spectroscopy (AES))
or ion beam (Ion Scattering Spectroscopy (ISS), Rutherford Backscattering Spectroscopy
(RBS), Secondary Ion Mass Spectrometry (SIMS)) and can show the chemical composition
of the surface, while surface imaging techniques (Scanning Electron Microscopy (SEM),
Atomic Force Microscopy (AFM), Scanning Probe Microscopy (SPM), profilometry, as well
as imaging XPS and AES) reveal morphological changes [100].

3.3.1. XPS, Fourier Transform Infrared Spectroscopy (FTIR)

Researchers usually monitor changes in surface chemistry by XPS [101] and FTIR.
Plasma surface modification typically induces chemical changes in the outermost surface
layer with a thickness of a few nanometers. XPS is considered the best technique for
both the qualitative and quantitative chemical analysis of such thin layers because the
penetration depth of XPS is roughly the same as that of plasma treatment [102–104]. If a
layered structure is developed during the treatment, the thickness of the layers can also be
estimated from XPS data. In contrast, FTIR is less suitable for the analysis of a surface layer
because FTIR provides information about the bulk material due to its large penetration
depth (approximately a thousand times greater than that of XPS). This way, the signal
from the surface is less intense, due to the limited number of functional groups. FTIR can
give reliable results if bonds are formed during plasma treatment not present in the initial
sample [105].

3.3.2. SEM

Scanning electron microscopy is extensively used in the study of structural micro-
morphological details on the surface of a sample [106]. The high-resolution SEM images
usually provide information about the topography, morphology, and composition of the
surface. It is difficult to follow the elemental composition of wood by SEM as the com-
ponents of wood (cellulose, lignin and hemicellulose) consist of the same elements (C, N,
O). If the amount of one or more components changes, the elemental composition of the
surface still remains the same.

3.3.3. Imaging XPS and Scanning AES

These techniques give structural information similar to SEM, although with limited
lateral resolution (approx. 1 µm for XPS and 20 nm for AES). As extra advantage, elemental,
in case of XPS also bonding state, composition data are supplied at the same time.

3.3.4. AFM

Morphological changes in the nanometer range can be monitored by atomic force
microscopy [107]. It is a very sensitive method for following surface changes, but over a
far smaller magnification range than SEM [108]. It is one of the best methods to monitor a
polished plastic surface after plasma treatment, but examining wood is not easy. Owing to
its composite nature, wood often exhibits macroscopic roughness, which is not in the AMF
measurement range, so further increase in roughness can be measured with uncertainty.
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3.4. What Really Happens during the Plasma Treatment of Wood

Wood or wood fiber is a natural composite material which consists of a mixture of
semicrystalline cellulose in the form of fibrils, in an amorphous matrix of hemicellulose,
lignin and lower molecular weight substances or extractives. These polymeric compo-
nents are not uniformly distributed within the cell walls, and their structure, composition,
and concentration change, even in the same tree [109]. As the plasma treatment is per-
formed in the outmost layer, these components are not treated with the same condition,
due to the physical accessibility and the different chemical composition and structure.
Furthermore, the origin, age, moisture content, and geometry of the wood are parameters
that can seriously affect the effect of plasma treatment. Thus, examining the effect of surface
treatment is much more complex than in the case of a monocomponent material. Another
complicating factor is that the resistance of aliphatic and aromatic polymers to plasma
is different [110]—aromatic polymers are more resistant to plasma etching than aliphatic
ones. Since wood contains both kinds of polymers, the different effects of plasma can
be attributed to the difference in physical accessibility (which compound is closer to the
plasma on the surface) and chemical composition as well. In addition, cellulose has amor-
phous and crystalline regions and according to Warner [111], in semi-crystalline polymers,
the crystalline components are more resistant to plasma. It is almost impossible to decide
which effect is stronger. In general, when treating a wood surface with a non-polymerizing
gas-generated plasma, the surface becomes more hydrophilic than before due to surface
activation and formation of new functional groups, with an increase in roughness owing
to etching regardless of the exact composition of the wood surface. Therefore, if we want
to improve the durability and water resistance of the wood, plasma treatment alone is
not only not useful, but can make things worse. In these cases, after plasma activation a
subsequent chemical reaction particularly grafting to be proposed to achieve the desired
surface properties. During grafting or graft copolymerization, monomers are covalently
bonded and even polymerized as side chains onto the main backbone [112].

Plasma activation, which improves adhesion to other materials/chemicals, could be
also very useful and cost saving before gluing or coating of wooden samples [113]. Chang-
ing the composition of plasma gas or using different polymerizing gases, the surface can be
hydrophobic, due to the formed coating layer with decreased surface roughness [114].

3.4.1. Chemical Changes

As we wrote earlier, during the plasma treatment of wood, we treat all the components
simultaneously, so it is difficult to distinguish exactly what happens to each component
separately. The methods used to examine the effectiveness of plasma cannot determine
which component is responsible for the changes. Chemical changes are perhaps even more
difficult to identify, as the chemical composition and the existing functional groups of the
constituents of wood are quite similar. The fastest and simplest technique to follow both
chemical and physical changes is contact angle measurement. It describes the wettability of
a material and can be determined by the direct measurement of contact angle by viewing
the drop profile [115]. Wettability shows the hydrophobic or hydrophilic attitude of a
surface. It is influenced by the chemical and physical structure of the surface. Contact angle
measurement is very fast and simple, but the least accurate in showing chemical and even
physical properties.

Although it is very rare, there are examples in the literature when wood components
are treated separately, which give idea of what happens when an individual component of
wood is exposed to plasma. There have been experiments to determine which ingredients
of wood are most sensitive to plasma. During the chemical removal of hemicelluloses used
for this purpose before plasma treatment any other component can damaged [105].

• Hemicelluloses

Hemicelluloses are the most hydrophilic wood constituents with a composition of
various sugar units such as pentoses, hexoses, hexuronic acids and deoxy hexoses and
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with a significantly lower degree of polymerization than cellulose. They are considered
a sugar source for the bioethanol industry. Hemicelluloses are also used as a filler in
polymer composites as part of wood flour, but their presence is a disadvantage for the
properties of the composites [116]. Talviste [117] and coworker treated European beech
by DCSBD in different atmosphere. They found that changes in the surface chemistry
can be attributed to the degradation of hemicellulose on the surface (which degrade first
during heat treatment [118]). Changes were detected by the increased water contact angle.
Altgen et al. [31] modified different thermally pretreated wood samples in a DBD reactor
and the reaction caused hydrophilization of the surfaces. They related it to the formation
of carboxyl groups in the lignin network in the absent of hemicellulose which has been
removed during heat pretreatment.

• Cellulose

Cellulose is a linear (1-4)-linked β-D-glucoglycan and one of the most abundant
polymers in the world, making up 40%–50% of wood. Cellulose is responsible for the
flexibility and strength of wood. It has three hydroxyl groups per glucose unit with
different reactivities. These can form strong inter- and intra- hydrogen bonding with each
other and result in different structure of cellulose [44]. Unmodified cellulose is used in
the paper industry, but for a more widespread application of cellulose, the accessibility
of hydroxyl groups must be improved in the hydrogen bonded network [119]. Cotton
is the purest source of cellulose in nature—after scouring and bleaching, it contains 99%
cellulose, so studies on the plasma treatment of cotton sometimes give an idea of what
happens to cellulose during plasma treatment. Calvimontes [120] treated cellophane foils
with a low-pressure oxygen plasma and the treatment changed cellulose chemically and
physically. XPS analysis showed that cellulose was oxidized and formed aldehyde and
carboxylate groups. However, in ammonia and nitrogen plasma Flynn [121] did not
find any evidence for ring cleavage only building in of N-containing functional groups.
Kolářová [122] used cotton as a cellulose source and treated it with argon plasma at low
pressure. The investigation of the chemistry of the surface showed that fiber surface
oxidized and D-glucose circle degraded moreover dramatic morphological changes were
observed on the fiber surface. It seems that if hemicellulose is not present, the cellulose
itself can undergo significant chemical and physical changes.

The authors also proved with XRD that plasma treatment did not change the crys-
tallinity of the cellulose. This is difficult to declare for certain because the plasma treatment
only affects a layer a few nanometers thick, but X-rays can penetrate to a depth of up to
10 microns. Therefore, minimal surface changes may not be detectable by XRD. The situa-
tion is very similar to FTIR analysis.

• Lignin

The lignin content of an average tree is usually around 15%–35%, which means that
this is the second most common biomass on earth after cellulose. It is a highly aromatic
cross-linked complex phenolic polymer and contains a number of functional groups such
as aliphatic, phenolic hydroxyl, and carbonyl groups [123]. The available lignin on the
market is mainly produced in the bioethanol and the paper industries, as a by-product of the
extraction of the much more valuable cellulose. It is estimated that 98% of the world’s lignin
production is immediately burned to generate the heat and electricity needed to produce
cellulose [124]. The use of lignin as an additive in polymers is worth exploring because it
contains phenolic hydroxyl groups, which are able to scavenge free radicals and stabilize
the polymer (mostly polyolefin) matrix against oxidation, which improves the properties
of the plastic. Moreover, it is very economical because of the large available quantity and
low price [125]. Although the modification of lignin particles has been extensively studied,
the modification of its surface by plasma has not been thoroughly investigated in spite
of its many advantages over chemical treatment—this is because the method requires a
reactor specially designed for powder. Klarhöfer et. al. [126] treated cellobiose and lignin
in synthetic air and argon in a DBD apparatus. They found that the surface of lignin
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oxidized in oxygen plasma atmosphere creating hydroxyl, carbonyl, and carboxyl groups
while in an Ar-plasma the reduction of the surface was observed. Sokolov [127] used
pulsed corona discharge (PCD) for the modification of lignin and showed that during
treatment, lignin oxidized to aldehydes, and oxidative cleavage of aromatic rings occurred.
However, the precise nature of the changes in the structure remained unclear. Atz Dick [128]
treated lignin in an oxygen RF plasma reactor under low pressure at room temperature,
then grafted lactide covalently onto the surface of the lignin to prepare a reinforced PLA-
based composite. The originality of his work was that the radical produced by the plasma
on the surface of the lignin-initiated ring opening polymerization and this produced the
reaction on the surface of the lignin.

3.4.2. Morphological Changes—Microscopically Visible Changes

Sometimes microscopically visible changes make it easier to understand what is
happening, how the reactions can be imagined. Together with the chemical reactions that
can take place, we can obtain a clear picture of what can happen during plasma treatment.
Morphological changes usually result in increased roughness sometimes in the nanometer
scale and it may not be visible on regular SEM micrographs. It can be revealed only at higher
magnification or with other microscope techniques, based on different principle [129]. It is
also worth noting that when treated with a polymerizing gas, the layer formed tends to
mask the irregularities on the surface, so in this case the surface roughness reduced indeed.
Ražić [130] experienced than in low pressure oxygen plasma the surface of cellulose will
be etched and becomes more accessible for subsequent grafting. However, treatment with
acrylic acid as a polymerizing agent surface becomes cleaner and smooth, compared to
the untreated one. Jamali and Evans [131] exposed wood to water vapor glow discharge
plasma and examined the etching effect by SEM and confocal profilometry. They concluded
that the result of plasma treatment is very similar to the physical degradation achieved with
gamma rays and lignin-rich cell wall layers were less affected by the plasma treatment than
other parts of the cell wall. Galmiz et al. [132] examined the nanostructure produced by
air DCSBD treatment of aspen, which is the result of plasma etching, and also determined
the optimal distance (0.2–0.3 mm) between wood and DBD for etching. Talviste and co-
workers [133] treated different thermally modified woods by DCSBD in air. SEM images
showed that on the micrometer scale, plasma did not change the morphology significantly.
Altgen et al. [98] studied the effect of air plasma by filamentary DBD and determined
contact angle and morphological changes besides surface chemistry. They determined
from SEM images that the treatment produced a hydrophobic surface but no changes
in the morphology. Avramidis et al. [134] prepared both hydrophobic and hydrophilic
surfaces with plasma on different woods and wood-based materials. Hydrophilization was
carried out with a DBD air plasma while hydrophilization or plasma deposition in a plasma
jet. The plasma polymerization reaction produced a water-repellent layer on the surfaces.
The carrier gas was argon and the precursor was hexamethyldisiloxane. The surface
changes were detected by contact angle measurement, XPS and AFM. The authors found
that the polarity of the surfaces changed as expected, and AFM confirmed that a compact
layer covered the surface. Košelová at al. [135] used DCSBD at atmospheric pressure
with different gases for activation of spruce and finding the proper treatment distance
and studied chemical and micro-morphological changes. Their observations are useful for
industrial plasma application as regards the precise position of the sample during treatment
and cannot find morphological changes by SEM during short plasma treatment.

4. Perspectives

The surface modification of wood by plasma still has much unexploited potential.
Perhaps the most dynamically developing application of plasma is the production of com-
posites with enhanced adhesion, and superhydrophobic cellulose-based materials. One of
the key research areas of recent decades is the production of composites and endowing
them with unique properties. Reinforced polymer composites are the most dynamically
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developing and most researched type of composites. Fillers, especially fibers can increase
stiffness, strength, and heat resistance. The basic principle of fiber-reinforced composites is
that the stiff and strong fibers carry the load, while the polymer matrix transfers it between
the fibers. Natural fibers are not as stiff and strong as glass or carbon ones, but they have
a number of advantages, including their natural origin, low density and low cost [136].
The properties of heterogeneous polymer composites are determined by different factors,
including interfacial interactions between the components. These interactions can be influ-
enced by the plasma treatment of the fiber/filler. Improper interfacial adhesion between
the matrix and the filler leads to worse mechanical properties than could be achieved
with good interfacial adhesion [137]. Mostly wood-based reinforcements are added to
polyolefins [138], but nowadays natural-based biodegradable plastics (e.g., polylactic acid
(PLA)) come to the fore to preserve the biodegradability of the composite [139]. For both
types of polymer matrix, either the filler is treated with a chemical or an interfacial adhe-
sion is increased with a compatibilizer, which creates a chemical bond between the filler
and the matrix. For example, in case of polypropylene, this compatibilizer is maleinated
polypropylene [140]. The plasma treatment of wood fibers can improve interfacial interac-
tions, due to the newly formed functional groups and the enhanced roughness. Yuan [138]
found that air and argon plasma treatment improved the tensile strength and modulus of
wood fiber-PP composites, which could be attributed to the enhanced roughness, which
promoted mechanical interlocking [141] (Figure 6) between the components. Ragoubi [142]
studied both PP and PLA with corona-treated miscanthus fibers and stated that in both
composites, mechanical and thermal properties were greatly enhanced. In PP composites,
the mechanical interlocking were dominant, but in PLA, both the chemical and physical
changes improve adhesion. Although plasma treatment can significantly improve the prop-
erties of a wood-polymer composite, the treatment of a fiber or powder (wood flour) by
plasma on an industrial scale is not a mature technology and needs to be further developed.
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Another promising area is the formation of superhydrophobic surfaces on a cellulose-
based material [143]. Superhydrophobicity was first observed in nature on lotus leaves,
which are not moistened by water, forming a droplet on it with a static contact angle
above 150◦, which does not adhere to the surface of the plant, but rolls off, and may even
remove dirt as well [144]. Microscopic studies have shown that the regular pattern on
the surface makes leaves extraordinary water-repellent, and since then a wide range of
techniques have been used to mimic the fine micro- and nanoscale fractal structure of
lotus leaves and other naturally occurring super-hydrophobic constructions. There are
two basic ways to make a surface superhydrophobic. One is to make a rough surface from
a low surface energy material, the other is to modify a rough surface with a material of
low surface energy [145]. Usually, chemical methods are used to create a superhydropho-
bic surface [146–148], but roughness often needs to be changed as well [149]. During
plasma treatment, with the right parameters, both processes can occur simultaneously,
which is a significant step forward in improving the thermally and chemically unstable
cellulose [114,150,151].
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5. Conclusions

There are many wood finishing techniques, and nearly all of them have a long his-
tory. They are generally well-established technologies, all of which have, of course, been
improved over the years as science has developed to meet the needs of industry. The aim
of the treatments is to protect wood from environmental influences, prolonging its lifetime.
Conventional treatments change the bulk properties of the wood, changing its structure,
which is necessary in some cases, but often it is enough to change just the surface where
the reactions take place. Each of these methods has its advantages and disadvantages
but the disadvantages have come to the fore due to increasing environmental awareness.
These include lengthy, high-temperature, chemical-intensive reactions that are a consider-
able burden on the environment. Any development or innovation that helps to reduce this
burden is useful. Modern surface modification processes are more environmentally friendly,
as much less of the wood needs to be modified, and this is beneficial as the consumption
of energy and chemicals is greatly reduced. Among surface modification methods, cold
plasma treatment is undoubtedly the most promising one. Compared to purely chemical
methods, cold plasma processes offer an economical and more environmentally friendly
solution for cleaning, etching, and modifying surfaces from a few atomic layers up to
a thickness of 10 nm. Research is active in this field and plasma treatment of wood is
gaining ground. It will not, however, completely replace chemical methods for changing
the structure of wood. The other advantage of plasma treatment is that one can create
active, anchoring points on the surface for subsequent grafting without catalysts or solvents,
and endow wood with the desired properties
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