
 Advances in Surface M
odification and Treatm

ent of W
ood   •   Levente Csóka

Advances in Surface 
Modification 
and Treatment 
of Wood

Printed Edition of the Special Issue Published in Coatings

www.mdpi.com/journal/coatings

Levente Csóka
Edited by



Advances in Surface Modification and
Treatment of Wood





Advances in Surface Modification and
Treatment of Wood

Editor

Levente Csóka
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Preface to ”Advances in Surface Modification and

Treatment of Wood”

Timber is a biosynthetic end-product. The photosynthetic formation of wood is a function

of the gene expression and catalytic rates of structural enzymes under different environmental

factors. Thus, to achieve a full understanding of wood formation, as a later subject of our studies,

each component of the full set of intrinsic processes must be studied (i.e., chemical reactions and

physical changes) and known, investigating how each one of those components is affected by other

processes in a complex form. Differences in the wood surfaces occur between the manufacturing and

post-treatment processes within single trees. Wood surface attributes can be established by examining

its several different physical or chemical properties. Understanding how their unique anisotropic

molecular organization, chemical linkages, branching, and other molecular features govern micro-

and macroscale accessibility is essential for coating and complex modification processes. It is

therefore important for scientific as well as practical reasons to qualify and quantify the effects

of wood surface treatments and modifications.This Special Issue contains nine scientific works

from a wide spectrum of research with a specific focus on the surface modifications, potential

applications, and natural-artificial weathering treatments. The interfacial interactions of the wood

surface components are key concerns for the reliability of structural changes after modifications.

Wood surface modification is a comprehensive concept, which, in time, has been as successful as

challenging in terms of improving the resistance during its life cycle in both indoor and outdoor

applications. The review paper in this Special Issue offers an systematic overview of some of the

most recent advances reported in the field. Another study deals with the effects of nanosilver

impregnation and heat treatment on the gas permeability and pull-off strength, as these properties

depend to some extent on the porous structure of the wood species. Impregnation can increase the

thermal conductivity of the specimens and decrease the heat treatment gradient. The structural and

fundamental changes occurring in naturally aged wood surfaces was the objective of another study to

compare the performance of transparent and pigmented coating systems. To follow artificial ageing

in different wood species’ using surface chemical compounds without coatings, a novel evaluation

method was developed. Confocal profilometry and macro-photography were used to quantify the

image shelling of flat-faced deckboards exposed to natural weathering for seven months. A different

study was dedicated to examining the changes in the adhesion strength between transparent acrylic

and alkyd coatings on wood due to weathering changes. In parallel, some other impacts were

evaluated, including the presence of hindered amine light stabilizer or hydroxyphenyl-benzotriazoles

UV additives in coatings and the fungicidal pre-treatment of wood with boric acid or benzalkonium

chloride, as well as plasma modification. A following study examined how the overall service

life of the acrylate and oil coating system is affected by the initial surface modification of wood

using caffeine solutions, dispersion of TiO2 nanoparticles, and their combinations. The method of

artificial-accelerated weathering in a UV chamber was used with a subsequent test of mold growth

on both ageless and weathered surfaces of treated wood. The authors observed that, in service, wood

treated with copper-based preservatives tends to change from green/blue to a brown color as the

surface of the wood oxidizes. The aim of the following scientific contribution was to understand

the efficacy of this approach in yielding a brown, photo-stable wood surface with the potential

to eliminate or reduce the need for the addition of colorants. Finally, spruce with different heat

pre-treatments was studied with the effect of diffuse coplanar surface barrier discharge plasma

ix



treatment, which was evaluated by measuring the changes in wood surface free energy, chemical

composition, and micro-morphology.Challenges are still exist to fully understanding the effect of the

numerous applied chemicals and the wide range of treatment processes on wood surfaces, which

can be overcome to some extent by further collaborative efforts between scientist, laboratories, and

industries.

Levente Csóka

Editor
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Abstract: Wood surface modification is a comprehensive concept which, in time, turned out to be as
successful as challenging when it comes to improve the resistance of wood during its life cycle in
both indoor and outdoor applications. The initial approaches have aimed at simple methods with
immediate results. Nowadays, the paradigm has slightly changed due to the scientific and technical
advances, and some methods has become intermediate stages in more complex processes, after being
used, for long time, as stand-alone procedures. The esterification was employed as a convenient
method for wood surface modification due to the high amount of free hydroxyl groups available at
the surface of wood and other lignocellulosic materials. Therefore, different esterification approaches
were tested: activated condensation with carboxylic acids (monocarboxylic, as well as dicarboxylic
acids, fatty acids, etc.) in the presence of condensation activating agents (such as trifluoroacetic
anhydride); reaction with β-halogen-substituted carboxylic acids; esterification using carboxylic acids
derivatives (acyl chlorides, anhydrides) or even multifunctional carboxylic acids (i.e., tricine). Thus,
wood with improved dimensional stability and weathering resilience, higher fire resistance, enhanced
hydrophobic character, and mechanical durability was obtained. This paper offers an overview of
some of the most recent advances reported in the field, presented in a systematic manner, using
the type of reaction as classification criterion. The main improvements will be outlined in a critical
assessment in order to provide an useful tool for a wise choice in future applications.

Keywords: wood; surface modification; esterification; classic approaches; modern approaches

1. Introduction

Wood surface modification is a comprehensive concept which, in time, turned out to be as
increasingly successful as challenging when it comes to turn wood species into high-value products.
Thus, further improvement in the wood resistance during its life cycle in both indoor and outdoor
applications can be attained.

Appropriately modified products of wood and wood-based composites are increasingly being
applied in housing, the building industry, transport etc.

Many approaches envisaging wood modification [1–8] include treatment processes, defined as
chemical, biological (e.g., enzymatic modification for hydrophobicity), mechanical or physical methods.
All these methods are applied to modify wood with the scope to acquire enhanced properties for the
sustainable service life of the resulted material which should not pose any environmental hazards
related to its toxicity during all life cycle period (referring to use, recycling or disposal issues).
Other modification methods are suitable for increasing wood properties such as dimensional stability

Coatings 2020, 10, 629; doi:10.3390/coatings10070629 www.mdpi.com/journal/coatings1
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and durability (resistance to biological degradation, UV radiation, humidity, and harmful chemicals;
thermal stability or fire resistance; mechanical properties), among these impregnation and coating
treatment approaches being often applied.

Impregnation treatment represents a passive modification strategy which does not change the
molecular structure of wood polymer constituents. It involves usually diffusion of bulking chemicals,
such as monomers, polymers, resins and waxes, into either cell wall or lumen, and determines
increasing wood density and stop water penetration in the cell walls.

Coating modification strategy implies formation of a physical barrier layer consisting of moisture-,
bio-, fire- or UV-resistant agents on the wood surfaces, as the final stage of wood processing. It is
effective for an improved wood protection against weathering processes under environmental exposure
conditions in exterior uses. Nevertheless, implementation of new alternatives through exploiting new
agents derived from natural resources (e.g., resins, waxes, biopolymers) for wood treatment may be of
real significance when issues such as reducing the cost and environmental risk at the end-of-life of
treated wood are considered [9]. The main strategies applied for wood treatment are schematically
represented in Figure 1.

Figure 1. Schematic representation of the methods used for wood modification.

The wood tree chemistry approach [10] may be valuable for investigation of the chemical
modification performed both on the wood [2,5] and its major polymer components (cellulose and
lignin). Through this process, materials with given and special properties (e.g., thermal stability [11]),
resistance to decay under biological organisms’ action [12–17] and UV exposure [18–24] may be
obtained. Beside all the above-mentioned, the introduction of some reactive functional groups through
addition of different chemicals to the hydroxyl groups from wood material can be successfully applied
for further grafting synthetic polymers in order to obtain composites [25–29].

Wood fibers surfaces are chemically reactive due to the presence of many hydroxyl groups in the
structure of their main polymer constituents, namely lignin and cellulose, thus becoming susceptible for
efficient surface modification treatments [30,31]. The inherent reactivity of these hydroxyl groups can
be harnessed through modification methods which improve their interfacial interactions with non-polar
polymer matrices in composite formulations. In such obtained multi-component polymer systems are
consequently noticed improved properties, including wettability, gluing and adhesion of resin type
coatings in the case of wood acetylation for example [32], through modifying the surface energy and
polarity of wood surfaces [33]. Wood modification strategies include different approaches [34] such as:
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• Physical methods: electrical discharge-corona, cold plasma treatments [35–39], thermal
treatment [40] and mercerization [41];

• Chemical methods: pre-treatment of wood fibers surface, grafting, use of coupling agents and
functionalized polyolefin-coupling agents [42].

Chemical modification of wood is based on the reaction of the wood structural polymer components
with chemical reactants that do not have any protective result (e.g., biocides or fire retardants) but
which determines the required protective effect and improvement in selected properties directly in
the wood substrate. The chemical reactants used for wood modification can act on the surface on
which the remain or only partly penetrate wood superficial layers (namely, passive modification
strategies such as impregnation), but they also can be present deeper in the wood structure (in the
lumens of the cells or inside the cell walls) when they react through chemical bonding with the
polysaccharides and lignin from wood (namely, active modification strategies).The new interactions
that occur between the wood surfaces and modifying agents are of chemical or only mechanical nature,
these contributing to the increased resistance of the modified wood against water, UV radiation and
biological pests. Thermosetting polymers (e.g., resins such as phenolic, amino and furfuryl-alcohol
type) and thermoplastic polyacrylates are usually preferred for filling the lumens of wood cells during
wood modification. Occurrence of reactions with the hydroxyl groups or other chemical groups
of the wood when using reactants (e.g., carboxylic acids and their anhydrides, aldehydes, lactones,
isocyanates, nitriles, or epoxides) can generate formation of reactive monomers [2,3].Some usual
methods often applied for modification of wood surfaces, through both active and passive ways, can be
summarized as presented in Table 1.

Table 1. Examples of methods used for wood modification.

Type of Treatment Reference

Isocyanate treatment (ease reaction in the presence of pyridine or acidic catalysts) [43,44]

Acrylation [45]

Benzoylation [23,46,47]

Acid chlorides treatment (ex. octanoyl chloride and palmitoyl chloride) [28]

Acid anhydride treatment:
-acetic anhydride
-maleic anhydride

-succinic anhydride

[2,4]
[48,49]

[21,25,50–52]

Silane treatment [16,53]

Furfurylation treatment [54–59]

Ketene treatment (usually applied for wood acetylation in order to avoid formation of
acetic acid as by-product) [60–63]

Other anhydrides: ex. crotonic, propionic or methacrylic anhydride [64,65]

Polycarboxylic acids treatment:1,2,3,4-butanetetracarboxylic acid, citric acid (through
impregnation) [29,66–73]

Tricine treatment (tricine is a zwitterionic aminoacid) [74,75]

1,3-Dimethylol-4,5-dihydroxyethyleneurea (DMDHEU) treatment [76–80]

Fatty acids treatment [81]

Fatty acid chlorides treatment (induce thermo-plasticity into wood) [82,83]

Oxalic acid and cetyl alcohol treatment [84]

Isopropenyl acetate (in the presence of anhydrous aluminum chloride as a catalyst) [13]

Most of these modification strategies are in fact esterification approaches and some of them will
be discussed below.
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2. Wood Surface Modification by Esterification Reactions Using Anhydrides

The reaction of wood subjected to anhydride treatment (e.g., acetic anhydride, maleic anhydride,
succinic anhydride) can be exemplified as presented in Scheme 1. Through such chemical treatment,
the molecular structure of wood polymer constituents is changed with positive effects on the wood
properties, mainly the hydrophilic characteristics, thus the wood surface becomes more hydrophobic.
Chemical modification of wood fibers is performed to provide a good compatibility by reaction
with anhydrides that blocks the hydroxyl groups in the wood chemical structure, mainly for further
inclusion in composite formulations with different polymer matrices. All these changes result in an
improvement of biological resistance against various pests, and consequently have favorable impact
as enhancing the dimensional stability and strength properties [85–87]. Cyclic anhydrides may react
partially with wood when results a single ester function and a free carboxylic group.

 
(a) 

(b) 

 
(c) 

 

 

Scheme 1. Reaction of wood with organic anhydrides: linear (a) and cyclic—(b) and (c).

Acetylation treatment of wood involves the substitution of hydrophilic hydroxyl groups with
hydrophobic acetyl groups [2]. At the same time, an increase in the dimensions of the acetylated wood
substrates is observed because of swelling of the wood cell wall. In most cases, chemically modified
wood presents a lower affinity for water absorption, comparatively with the non-modified wood.
By replacing some of the hydroxyl groups on the wood polymers with acid anhydride, the hygroscopic
properties of the wood are reduced with positive effects on the resulted properties when combined
with other polymer matrices in composite formulations.

Usually, the chemical modification confers wood dimensional stability by deposition of the
modifying reactant in the wood cell wall (bulking effect), and/or by cross-linking the wood cell wall
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polymers [88,89]. The beneficial effects of using acetylation for wood surface modification include the
improvement in the weathering and coating performance [90].

When cyclic anhydrides are used for wood chemical treatment, e.g., succinic anhydride, or maleic
anhydride, the carboxylic acid formed through esterification reaction is attached to the wood,
as presented in Scheme 1b,c. Nevertheless, an extra cross-linking process can stabilize wood materials
even better (e.g., improvement in dimensional stability and increased resistance to biological pests),
besides improving the hydrophobic properties [3].

Our previous studies regarding the wood substrates and wood constituent polymers modification
by esterification reaction using carboxylic acid anhydrides aimed to investigate the effect of such
treatments on the wood thermal stability [11,51], on the structural changes occurred in modified
wood [49–51] and on its photo-stability behavior under exposure to the artificial light irradiation [21],
as well as on the structural and properties changes induced when modified wood is included
in composite formulations comprising thermoplastic polymer matrix such as polyvinyl chloride
(PVC) [27].

Fourier transform infrared spectroscopy (FT-IR) is a useful technique for studying the chemical
and structural changes that occur in wood and wood polymer components due to esterification
treatments [49]. The extent of reaction can be calculated as weight percent gain (WPG) determined by
the differences in dry weight of the wood substrate before modification (W1) and after modification
(W2) according to the equation [WPG = (W2−W1)/W1 × 100%]. A reaction parameter, namely time is
very significant when consider evaluation of extent of reaction by calculating WPG values, but also it
is important the method used for esterification (solvent, anhydride concentration). The amount of
water present in the wood substrates is also essential, because a moisture level of around 5% appears
to be necessary for an esterification reaction in optimal conditions, while above this value the present
water hydrolyses the anhydrides with formation of the corresponding carboxylic acid. It seems that for
each 1% of water content in wood sample, a loss of 5.7% of the modifying anhydride can be observed.
An inverse correlation exists between the rate of esterification reaction and the moisture content in
wood substrates.

Differences in chemical alterations that occurred in wood substrates and their main polymer
components (cellulose, lignin) after modification using anhydrides are usually evidenced through
analyzing the FTIR spectra, as exemplified in Figure 2, where one can observe the structural units that
undergo various changes. These are functional groups located on the glucose monomer in cellulose
chains from wood structure, when the carbon atoms occupying various positions in the glucopyranose
ring (denoted as C-1, C-2, . . . C-6) are losing their identity, gradually being transformed into various
carbonyl groups of different degrees of freedom, namely ketonic, aldehydic, and carboxylic groups [49].

Figure 2. FTIR spectra recorded for wood sample from hardwood tree species (1—non-modified;
2—modified with maleic anhydride)—re-drawn from [49].
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As previously presented in one of our first papers dealing with wood modification using
anhydrides [49], the decrease in the absorption band for OH groups observed at 3456 cm−1 is an
indicator of the reduction in hydroxyl group content in the hardwood sample after reaction with
anhydride. A strong carbonyl band is noticed at 1735 cm−1 (attributed to the formation of C=O ester
bonds), this corresponding mainly to the higher xylan content (a hemicellulose-type component) in
hardwood sample, as well as an increase in the intensity of OH in plane bending vibration at 1385 cm–1

band which is specific to the wood polysaccharide components, namely cellulose and hemicelluloses.
Weak absorption bands between 1500 and 1400 cm−1 are specific to the aromatic ring vibrations

and ring breathing with C–O groups stretching in lignin polymer from wood substrate. The evidence
that modified wood is free both of un-reacted anhydride and of the by-product of carboxylic acid
is given by the absence of absorption in the 1800–1760 cm−1 range, and lack of absorption band at
1700 cm−1, respectively.

Usually, the wood substrates subjected to chemical modification through esterification using
anhydrides have to be free of extractives in order to reduce the influence of such compounds on
the reaction course and for a better yield. Extractives-free wood is also the supposition for the
determination of wood structural constituents like holocellulose (which include all polysaccharides
from wood), cellulose, hemicelluloses and lignin accordingly to the Technical Association of the Pulp
and Paper Industry (TAPPI) standard methods. The cold water, hot water and organic solvents
(toluene-ethanol mixture; xylene) extractions can all greatly improve the permeability of wood cell
walls for its further treatments, including esterification with anhydrides [11,25,27,48–51]. Wood fibers
esterified, for example, with maleic anhydride and used to prepare composites present reduced water
absorption of both of fibers and the resulting composites in comparison to the systems comprising
non-modified wood fibers [91–94]. At the same time, properties such as thermal behavior can be
affected by the addition of the modified wood and wood constituent polymers resulted by reaction
with maleic anhydride in composites with thermoplastic like polyvinyl chloride (PVC) [27]. Modified
wood substrates are more prone to degradation with increasing anhydride concentration value.
Weight loss values for the main decomposition temperature domain decrease with increasing the
modified component (wood, wood polymers) amount in composites. Thermal behavior is improved
mainly for the composite samples with modified lignin in composition. As expected, the composites
with modified cellulose present a lower thermal stability by comparison with those comprising
modified wood and modified lignin, respectively.

3. Wood Surface Modification by Tosylation Reaction

Wood modification, whatever the method, is aiming at altering (especially improving) the
properties of the material, either at the surface or in depth. A better level of performance—dimensional
stability, mechanical strength, weathering resistance, resilience under biological attack—can be achieved
by changing the wood structure at the cell wall level.

The chemical modification remains one of the most used methods as it enables long term
improvements through the formation of strong, stable covalent bonds between wood constituents
(cellulose, lignin, hemicelluloses) and chemical reagents [95–98], despite its inherent drawbacks
(such as: high production costs, use of toxic reagents and solvents, necessity to dispose in a
controlled manner of the toxic residues, etc.). The term “wood chemical modification” was used
for the first time in 1945 [99], and since then many reagents have been tested for this purpose:
anhydrides-acetic, butyric, phthalic, succinic, maleic, propionic; acid chlorides; alkyl chlorides;
ketene; β-propiolactone; mono-/dicarboxylic acids; different isocyanates; aldehydes-formaldehyde,
acetaldehyde; difunctional aldehydes-trichloroacetaldehyde; o-phthalaldehydic acid; acrylonitrile;
dimethyl sulfate; epoxides-ethylene, propylene, and butylene oxide and difunctional epoxides [4,100].

Wood acetylation with acetic anhydride is a classic esterification method that takes place at the
available hydroxilic groups in wood. It was carried out, at the beginning, in the presence of zinc
chloride (ZnCl2) and pyridine (Py) as catalytic system [101], and later in liquid phase (homogeneous
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system) [96,102], or even without catalysts in more recent approaches [103,104]. Acetylated wood has
a high dimensional stability and enhanced decay resistance, despite the residual acetic acid retained
that can cause the corrosion of the ferrous elements [105]. Following the same idea, studies have
focused also on the use of other esterification agents, such as methane sulfonic acid and p-toluene
sulfonic acid, when the resulted esterified materials may be used as such or submitted to further
modification reactions.

In a classic approach, the tosylation was carried out in liquid phase (N,N-dimethylacetamide,
DMAC, and lithium chloride, LiCl), in the presence of triethylamine (TEA) as acid chloride scavenger
and to prevent the occurrence of undesirable side reactions, for 24 h, at 8 ◦C, where tosyl chloride
(TsC1) was employed as reagent [2]. Basically, the wood dried samples are immersed in the reaction
medium containing all reagents and solvents. As result, available –OH groups of the wood cell walls
were esterified with p-toluene sulfonyl moieties and, by the means of the nuclear magnetic resonance
spectroscopy (NMR) study, it was possible to estimate that esterification at the oxygen atom at the C-6
carbon atom evolved with the highest rate as compared to those at C-2 and C-3 of the glucose ring
(see Figure 3).

Figure 3. The structure of cellulose tosylate where the ester bond is at the O-6 atom.

Also, it was proven that the treatment entailed the reduced hydrophilic character of wood and an
enhanced dimensional stability as effect of the presence of a bulky substituent in the cell walls [106].

If the sequence of operations is modified, the procedure implies the use of previously dried wood
samples which are immersed in pyridine and allowed to swell for 24 h; then, the tosyl chloride solution
is added along with other reagents and allowed to react for 24 h at 5 ◦C [107].

The reaction evolves by bonding each unit of TsCl with one available –OH group, so the amount
of TsCl necessary is calculated taking into consideration the anhydrous glucopyranose equivalent
(AGU). This procedure allows a higher weight increase, which means a higher amount of tosyl units
(15%) were linked to the wood cell walls. Further investigations showed that tosylated wood has
an enhanced permeability toward hydrophobic agents under mild conditions which makes it fit for
subsequent processing [106].

When pure cellulose was submitted to such chemical modification, the corresponding tosylates
are readily soluble in some of the most commonly used organic solvents (dimethyl sulfoxide—DMSO,
N,N-dimethylacetamide—DMAC, N,N-dimethylformamide—DMF, acetone, tetrahydrofuran—THF,
chloroform, etc.), depending on their degree of substitution [2]. In effect, numerous studies have been
focusing on testing various solvents and mixtures able to allow high esterification yields, with or
without derivatization, using activation as intermediate stage, either in homogeneous or heterogeneous
systems [108].

Apart from –OH groups in cellulose, other available hydroxyl moieties are those from lignin and
hemicelluloses. In the case of lignin tosylation, the mechanism has some distinct characteristics due
to its aromatic structure and cross-linked supramolecular architecture [109]. Although ether bridges
β-O-4 and α-O-4 are susceptible to be thermally and/or chemically broken, it is possible still to perform
the tosylation of the primary hydroxyl groups (Scheme 2), especially from guaiacyl and syringyl
sequences in lignin, under weak alkaline/neutral conditions, and in time intervals ranging between 5–6
up to 24 h [110–112].
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Scheme 2. Tosylation of primary –OH group at a β-O-4 bridge (benzylic position) in lignin
(TEA = triethylamine; DCM = dichloromethane).

In a typical case study, lignin was reacted with p-toluenesulfonyl chloride in aqueous medium,
in the presence of TEA, at 25◦, when the tosylation reaction was completed in 24 h [111],
without using other solvents or activating agents such as N,N-dicyclohexylcarbodiimide (DCC)
and 4-pyrrolidinonepyridine (PP) [113], 4-dimethylaminopyridine (DMAP) or N,N-diisopropyl-
carbodiimide (DIC) [114,115]. The degree of substitution can be modulated by setting the TsCl/OH
lignin ratio, depending on the final use of the tosylated material. Even more, at higher TsCl content,
the tosylated lignin is less thermally stable as there are only a few free –OH groups available for
thermal condensation of lignin fragments [116].

Modern approaches have performed the tosylation in the presence of ionic liquids (ILs).
In the past decades, they have been used as highly efficient green solvents for ligno-cellulosic
materials: fractionation and biorefinery, dissolution of polysaccharides, processing cellulosic fibers, and,
particularly, as reaction medium for the synthesis of substituted polysaccharide derivatives [117,118].
ILs have proven great potential for large scale application due to their structural diversity, recyclability,
high dissolution power, their high viscosity and hydrophilicity, and ability to be co-solvents in various
systems [117,119–121]. Still, the information on wood surface modification in ILs is scarce, despite the
high interest in cellulose functionalization in such medium.

Cellulose tosylation in ILs is usually performed in the presence of 1-allyl-3- methylimidazolium
chloride (AMIMCl) or 1-butyl-3-methylimidazolium chloride (BMIMCl), at room temperature or below
in order to avoid the tosyl reaction with chloride ions yielding in chlorodeoxycellulose as by-product,
or the formation of insoluble cellulose derivatives by the cross-linking reaction between different
hydroxyl groups [2,122]. However, cellulose tosylation in ILs at 10 ◦C yielded in a mixture of tosylated
derivative (65%) and unmodified cellulose (45%) as result of the ineffective stirring of the reaction
medium [117].

1-Butyl- and 1-benzylimidazole have been employed for homogeneous tosylation of cellulose
when mixtures of IL and another co-solvent were used [123]. As both ILs have basicity comparable to
imidazole and 1-methylimidazole but lower hydrophilic character, they can be easily extracted and
recycled due to their high partition coefficient in the non-polar phase [117].

The synthesis of cellulose tosylates in homogeneous phase has been performed in IL/co-solvent
mixtures where pyridine was employed, given its ability to act both as a base, by promoting the reaction,
and as a co-solvent, reducing the viscosity of the medium during the entire reaction time [124,125].

In the presence of 1-ethyl-3-methylimidazolium acetate (EMIMAc), the cellulose tosylation evolved
with the formation of cellulose acetates with high purity as result of the tosyl leaving group substitution
by the acetate anions of the IL, evidenced by FTIR spectroscopy. Another possible pathway of the
mechanism is the intermediary formation of a mixed anhydride by the reaction between tosyl chloride
and EMIMAc, confirmed by NMR data [118,126]. Therefore, it is reasonable to assume that the
formation of acetates during cellulose tosylation can be the result of both pathways: nucleophilic
substitution of tosyl moiety and the reaction with the mixed toluenesulfonic-acetic anhydride formed
in situ.

Special attention must be paid to the influence of the cation as it may affect the viscosity of the
reaction mass. Thus, liquid imidazolium dialkyl phosphates cannot be used for the homogeneous
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tosylation at room temperature due to the rapid gelation of the reaction mixture upon the addition of
the reagent, but the reaction is successful when tetraalkylammonium dialkyl phosphates were used
under the same conditions [117,127].

Nevertheless, it is difficult to estimate the opportunity and feasibility of this method for the wood
surface treatment, given the high capacity of ILs to dissolve and displace cellulose and, thus, to affect
the wood structural integrity in some depth. Extensive research is still needed in this field as to design
and test appropriate methodologies in order to apply this reaction to wood with satisfactory results.
In addition, some studies evidenced that ILs are solvents not really as “green” as initially asserted,
their reduced toxicity strongly depending on the structure, cation type, application, recovery and
recycling, disposal etc. [117,128–132].

Aside from the immediate advantages of the tosylated wood, further chemical modification
reactions can be performed on the same samples as the tosylation may be considered as a pre-treatment
stage. Thus, the tosyl chloride is the activating agent as the tosyl moiety is the leaving group [95] which
can be easily substituted by the direct reaction with various nucleophiles. These last mentioned can
range from various carboxylic acids (employed in esterification reactions on wood, especially when
acids with long aliphatic chains were used) [96] to carbanions or carboxylate anions (used for grafting
some “living” polymer anions, such as polystyryl or polyacrylonitrile carbanions, on tosylated wood
through an SN2 nucleophilic substitution) [97].

4. Wood Surface Modification by Esterification Reactions Using Carboxylic Acids

The subject has aroused the interest of the scientists for a long time [133] in order to identify
methods to improve the properties of wood employed in various applications (mechanical and
thermal properties, UV resistance, water uptake, biocide characteristics, etc.). Direct esterification
reactions are, typically, difficult to perform due to their equilibrium which often leads to low
yields, given the fact that the substrate (hydroxyl groups) is not readily accessible, and carboxylic
acids have a lower reactivity as compared to their functional derivatives, such as anhydrides and
acyl halides. Thus, the use of activating agents is a common practice even in the case of wood
surface functionalization using carboxylic acids, and tosyl chloride was successfully used, as well as
other activating agents such as N,N-dimethylacetamide (DMA), 1,1’-carbonyldiimidazole (CDA) or
N,N-dicyclohexylcarbodiimide/4-pyrrolidinopyridine (DCC/PP).

4.1. Wood Surface Modification by Esterification Reactions Using Fatty Acids

Fatty acids are preferred for the esterification of wood under mild conditions as they are not
aggressive toward the substrate, but, given their low reactivity, activation reagents or systems are
required. The in situ activated wood esterification in the presence of TsCl was initially applied for
acetylation [134] when a mixed anhydride is formed. The same mechanism occurred when carboxylic
acids with long aliphatic chains were employed, ranging from 12 to 20 carbon atoms, yielding in a
high degree functionalization of the available hydroxyl groups [96]. This method was further applied
to the synthesis of the cellulose oxocarboxylic esters [135], and the resulted materials were stable at
high temperature (above 300 ◦C).

For the case of long chain aliphatic carboxylic acids [116], namely caprylic (C8), capric (or decanoic,
C10), lauric (C12), palmitic (C16) and, respectively, stearic (C18) acid, the reaction medium consisted
of DMA and LiCl, where DMA was solvent and base as well. The mechanism evolved through an
intermediate stage when a mixed anhydride is formed by the reaction between TsCl and the carboxylic
acid, as presented in Scheme 3. This sequence of reactions substantiates the molar ratio of reagents.
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Scheme 3. Direct esterification of cellulose in the presence of TsCl and DMA/LiCl.

FTIR data confirmed the formation of the corresponding esters, and indicated no significant
amounts of tosyl moieties as cellulose esters (as result of tosylation without further substitution) or
as impurities, which is an indication that TsCl was acting as activating agent only. It was concluded
that the degree of substitution as related to the available hydroxilic groups increased along with the
number of carbon atoms of the acid when the acid and TsCl are in molar ratios corresponding to the
mechanism (see Scheme 3) or higher, or when another base is added to the reaction medium, namely
pyridine (Py). The thermal behavior of these esters follows the same pattern: the higher the number of
carbon atoms in the aliphatic chain, the higher the degradation temperature, but all values remained in
a narrow interval: 290–320 ◦C.

For comparison, the acetylation of cellulose has been performed with acetic anhydride using
two different solvent systems: DMA/LiCl (a non-derivatizing solvent) and DMSO/TBAF (dimethyl
sulfoxide/tetrabutyl ammonium fluoride trihydrate—a derivatizing solvent), at 40 ◦C, for 70 h.
The results indicated lower values for the degree of substitution due to competing secondary reactions
(formation of acetaldehyde as by-product, high rate of hydrolysis of the reagent) [116]. Nevertheless,
this approach has proved to be effective for the case of various vinyl carboxylic acids, such as vinyl
acetate, butyrate, laurate and, respectively, benzoate, in DMSO/TBAF medium, when high substitution
degrees were achieved, but for long reaction time intervals as well (70 h).

A particular study case is the direct synthesis of adamantoyl cellulose by the direct reaction with
the 1-adamantane carboxylic acid (Ad–COOH). Ad–COOH is a carboxylic acid with 11 carbon atoms,
but it is not a fatty acid as it has a saturated cyclic structure; the presence of an adamantoyl moiety in
the structure of various materials grants them biocidal activity [136].This direct esterification takes
place in the presence of TsCl and DMA/LiCl/Py (Scheme 4), at 80 ◦C, for 24 h, or at room temperature
for the same reaction time [7].

Scheme 4. Direct synthesis of adamantoyl cellulose.

Experimental data indicated this method afforded the highest degree of substitution as
compared to the direct esterification in the presence of 1,1’-carbonyldiimidazole (CDA) (Scheme 5) or
N,N-dicyclohexyl carbodiimide/4-pyrrolidinopyridine (DCC/PP) as activating agents [137,138].
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Scheme 5. Direct esterification of cellulose with carboxylic acids in the presenceof CDA as
activating agent.

An interesting feature was recorded when CDA was employed: the esterification did not occur at
room temperature, even when the molar ratios of Ad–COOH and CDA were higher than required by
the mechanism, while at 80 ◦C the substitution degree was lower than for TsCl/DMA/LiCl. Nevertheless,
the esterification using adamantoyl chloride (AdCl) in the presence of DMA/LiCl/Py [116,139] enabled
most of the AdCl (85%) to react with the available hydroxylic groups in cellulose, which entailed
degrees of substitution slightly higher than in the case of the activating system TsCl/DMA/LiCl.

Another very effective activating system for the esterification of wood using fatty acids was
DMAc/LiCl and acetic anhydride as co-reagent [140]. The reaction took place at 130 ◦C, for 5 h,
when –OH available groups were readily modified by the long-chain acyl cations by the means of a
mixed anhydride formed in situ (as presented in Scheme 6).

 
Scheme 6. Mechanism of direct esterification with fatty acids in the presenceof DMA/LiCl and acetic
anhydride as co-reagent.

In the absence of acetic anhydride, the reaction performed under the same conditions yielded very
low amounts of ester. The intermediate mixed anhydride may undergo a dissociation reaction due to
the pKa discrepancy between the acetic acid and fatty acids which all have pKa values higher that
of acetic acid. Therefore, the formation of the fatty acid cation (the alkanoyl group) is favored, but a
significant amount of acetyl groups competes for the esterification as well, hence the mixed esters then
resulted from the reaction. It was also possible to assess a correlation between the weight increase and
degree of substitution in the fatty acid series n-octanoic-, n-decanoic-, n-dodecanoic-, n-tetradecanoic-,
n-hexadecanoic- and n-octadecanoic acid, respectively. Thus, the highest weight increase was recorded
for the acids with the highest molecular weight, provided that no significant degradation occurred as
in other esterification systems [141].

4.2. Wood Surface Modification by Esterification Reactions Using Unsaturated Carboxylic Acids

The use of unsaturated carboxylic acids for the esterification of wood was motivated by the
need to improve its dimensional stability which was one of the effects of the newly achieved reduced
hygroscopicity. Studies have been conducted on beech wood samples submitted to direct esterification in
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the presence of trifluoroacetic anhydride (TFAA) which acted as activating agent [142,143]. The acylating
species (RC+O) resulted from the dissociation of the mixed anhydride obtained by the reaction of
TFAA with the acid (acrylic, methacrylic, trans-crotonic, adipic, fumaric, maleic, mesaconic, citraconic,
phthalic acid). The rate of this intermediate stage can be increased by using an acid catalyst, such as
sulfuric acid, but its use is strongly limited by the degradative side effects on the wood support as it can
dislodge lignin, cellobiose and other wood components [142,143]. Thus, the dissociation equilibrium
depends on the pKa values of the selected acids as related to TFAA, and on the molecular weight
of acids to a lesser extent. The IR data indicated the simultaneous formation of both carboxyl and
trifluoroacetyl esters, and the latter are not easy to remove from the surface of modified wood by
washing with water as it would be expected [142]. The same conclusions ensued for vinylacetic, tiglic,
p-methylcrotonic, sorbic, 10-undecylenic, and elaidic acid, respectively [143]. Most of the selected
acids yielded a weight increase after esterification of wood, but the weight decrease recorded after
esterification with acrylic, methacrylic and elaidic acid indicated a degradation phenomenon associated
with a loss of the structural integrity of wood, in spite of the significant decrease in the value of
anti-shrinking efficiency.

The direct esterification of wood in the presence of TFAA was previously employed for the
modification of beech (Fagus sylvatica L.) sawdust and sapwood from Ponderosa pine (Pinus ponderosa
D.) samples with various acids [144]. The results were different: the esterification of the beech
sawdust caused a discoloration of wood due to the degradation of trifluoroacetic esters in time,
at room temperature, while the esterified Ponderosa pine chips acquired, in addition, a decrease in
impact strength.

4.3. Wood Surface Modification by Esterification Reactions Using Polycarboxylic Acids

Polycarboxylic acids (PCAs) are reagents of high interest for the esterification of wood as surface
treatment due to their structure and to the remarkable improvement in properties recorded for the
modified wood, mainly durability and dimensional stability, but hygroscopicity and resistance toward
biologic attack as well [145–148]. The most prominent representative of this class is citric acid (CA),
but other acids were used as well, such as tartaric acid (TA), 1,2,3,4-butanetetracarboxylic acid (BTCA),
and trimellitic acid (as anhydride which is more stable), although to a lower extent (Figure 4).

Figure 4. Representative polycarboxylic acids used for wood esterification.

All these multifunctional reagents are able to react with the available active moieties in the cell
wall polymers [149]; still, BTCA is more effective in cross-linking than CA as it contents a higher
number of –COOH groups, but CA is cheaper and easily accessible (either natural or synthetic) [150],
as well as environmentally friendly [145,148]. The main characteristic of this method is the ability of
these acids to form multiple ester bonds, which results in a tridimensional cross-linked network.
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The mechanism evolves in two stages, as presented schematically in Scheme 7, when internal
anhydrides between two adjacent COOH groups are successively formed and each of them reacts with
units of cellulose from different sites.

Scheme 7. Mechanism of esterification with citric acid (CA).

The second ester bond is usually formed when the reaction is performed either at high temperatures
or at moderate temperatures but for longer time intervals. It is possible for the remaining carboxylic
groups to interact with others in the wood structure and form a mixed anhydride which may further
yield in another ester bond. In the case of BTCA, its ability to form esters is higher than that of CA,
hence, the higher cross-linking density.

In most cases, the direct esterification required the use of a catalyst, such as sodium hypophosphite
(NaHP), as well as a thermal treatment. In example, fir (Abies alba Mill) and beech (Fagus sylvatica L.)
samples were treated with BTCA and CA, in the presence of NaHP, at 140 ◦C for 10 h, or by
microwaves at 2.5 GHz, 750 W for 35 min [151]. The concentration of catalyst may also vary:
2.1% [151], or 6.5% [152,153], but the levels of performance of the esterified wood are in the same
range. The effect of the concentration of NaHP on the properties of wood esterified with CA was
studied over a wide range of concentration values, but at low temperatures in two stages (40 ◦C for
24 h, then 120 ◦C for 24 h) [154]. Three series of tests were designed, as follows: (a) 8% CA-1%, 3%,
5%, 10%, 15% NaHP; (b) 4%, 12%, 20%, 30% CA-without NaHP; and (c) 4%, 12%, 20%, 30% CA-5%
NaHP. The characteristics used as comparison criteria were dimensional and weight stability of treated
wood samples (anti-swelling efficiency—ASE), and mechanical properties (elasticity, impact strength,
compression strength). The results were somewhat unexpected: the esterification occurred successfully
in the absence of catalyst, but its presence caused slightly different effects on the properties of treated
wood samples. Thus, the esterification without catalyst caused a weight increase in wood of 36%
(when cell walls acquired a level of saturation), which entailed increased bulking (7%), ASE (50%),
and compression strength (48%), but lower modulus of rupture (30%) and impact strength (50%).
These effects can be explained by the higher density of the modified wood as compared to raw samples,
which resulted in an enhanced stiffness. Therefore, NaHP is not indispensable if the reaction is allowed
longer time intervals.

High compression strength values were also registered for fir (Abies alba Mill.) and beech
(Fagus sylvatica L.) samples treated with CA by the microwave method [153], when polar macromolecules
in wood (cellulose, lignin, hemicelluloses) underwent activation by polarization under the effect of the
high energy field. It is well known that the microwaves treatment causes a rather homogeneous and
fast heating in bulk, and the energy and mass flow have the same direction. As result, higher amounts
of CA were linked to wood as compared to the typical thermal treatment, evidenced by the weight
increase values, with the observation that fir wood retained a larger amount of CA than beech wood,
but the values of the compression strength were lower, probably due to an inconsistent distribution of
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ester bonds in fir as effect of its low permeability. The same species submitted to the same treatment,
but using BTCA instead CA, have showed a higher weight increase after esterification, which entailed
reduced water sorption and improved ASE, and a higher cross-linking density due to the presence of 4
carboxylic moieties per each molecule of acid [151].

Remarkable biologic resistance also was achieved by esterification with CA. Thus, beech wood
(Fagus sylvatica L.) samples were modified with CA/NaHP, for 10 h, at 140 ◦C, when an increase of
6.1% in wood weight was recorded and the resistance against brown rot fungi Poria placenta was over
eight times higher than for raw wood [145]. For comparison, the same esterification performed on
pine sapwood yielded in a weight increase of 12.4% and biological resistance against some rot fungi of
5.3 times higher biological durability [155].

For wood used in outdoors applications, it is of utmost importance to resist toward photochemical
degradation processes that occur upon UV irradiation and are favored by other associated environmental
factors, such as day/night or seasonal temperature variation, humidity, corrosion and exfoliation caused
by high speed winds, biological attack [156,157]. This objective can be reached by modification of
wood with polycarboxylic acids, namely CA. Experiments performed using 6.5% NaHP as catalyst
have indicated that beech wood (Fagus sylvatica L.) samples underwent some color modification due
to the esterification of cellulose rather than lignin, which is UV-sensitive [152]. During accelerated
weathering tests run on both modified and unmodified samples for comparison, it was noticed that all
samples showed similar cracking behavior. So, the cross-linking generated by CA was not effective
enough to control and limit the degradation effects.

Wood modified by PCAs proved to have a valuable characteristic, namely the ability to retain
various chemicals by surface adsorption, such as copper and lead ions upon esterification with
CA [158,159], or cadmium, nickel and zinc when TA was employed [160]; aniline [161]; tetracycline [162].
For all cases, the esterification provided supplemental –COOH groups that remained un-reacted and
available to retain various solutes from their corresponding aqueous solutions (according to the
esterification mechanism presented in Scheme 8). For example, aspen wood samples treated with
CA at 130 ◦C for various intervals (4 and 6 h, respectively) displayed high weight gains (52.55% and
58.43%, respectively) [159], and this enabled them to retain large amounts of Cu2+, but depending on
the pH of the medium which influences the acidic groups ionization and the mechanism of the metal
ion removal. Better results would be expected in the case of wood modified with BTCA as it potentially
introduces more available –COOH groups. In practice, it has been proven that it only caused an
increased cross-linking density due to its enhanced ability to react with hydroxylic moieties in wood,
and, thus, leaving less available adsorption sites [159]. Considering the pine (Pinus densiflora Siebold
& Zucc.) sawdust modified with CA or TA, the maximum adsorption capacity was significantly higher
than that of raw sawdust (14–57 times higher), and depended on the contact time and pH [160].

Scheme 8. Mechanism of wood esterification with ketene.
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In the case of other chemicals, the adsorption mechanism is based on the formation of hydrogen
bonds between the CA-modified wood and the adsorbed molecules. Thus, an effective adsorption
of tetracycline from wastewater has been performed using wood modified with CA as sorbent [162].
The retention capacity of treated wood increased 8–12 times in comparison with raw wood, and the
H-bonding formation massively occurred at pH = 5. When the wood samples were pre-treated with
alkaline solutions (2% and 6%, respectively), the esterification was favored due to the fact that more
cellulose units became available consequent to the lignin removal during the reaction of wood with
NaOH. Thus, a higher number of carboxylic moieties can be active adsorption sites where H-bonds are
formed between –COOH groups in esterified wood and O=C link in amide groups from zwitterionic
tetracycline. This study exploited the low reactivity of lignin toward CA, so it was partially removed
through the alkaline pre-treatment. In contrast, it has been substantiated that esterification reactions
with CA took place with both lignin and cellulose, when some internal stabilization re-arrangements
may occur in lignin structures [163]. These particular lignin structural rearrangements may contribute
to the improved water resistance of the treated wood, as previously evidenced [164].

Other studies on the adsorption mechanism of CA-esterified wood have shown that the retention
of aniline on modified wood (pine sawdust) was significantly enhance when β-cyclodextrin (β-CD) was
used along with CA [161] due to a complex mechanism, when the additional hydrophobic interactions
and the formation of inclusion complexes with β-CD came to increase the effect of H-bonding.

The ability of PCAs to bridge different wood components macromolecular chains through
ester bonds and thus creating tridimensional cross-linked structures, given their multiple functional
groups was investigated in order to promote modified wood as binder and/or adhesive. In example,
CA-modified wood (poplar) samples were used to study the effect of this surface functionalization as
promoter of bonding wood particle boards or other wood joints, or even wood veneer panels [164],
as this behavior was already reported for other lignocellulosic materials [165–167]. In the case of
PCA-modified wood, the binding effect is granted by the cumulative esterification of cellulose and lignin
as well, despite the low reactivity of lignin and some local steric hindering due to the supramolecular
architecture of wood components. It has been also concluded that CA used for the esterification of
spruce samples [164] may have a strong catalytic effect which may be additionally responsible for the
overall improved properties of the functionalized wood and, at the same time, favor the rearrangements
of lignin at the modified surface. Thus, it was possible to exploit these findings and obtain flat wood
pieces bonded by an active interface made of CA-modified wood (such as veneers, laminated veneer
lumber—LVL—panels, plywood), having good mechanical properties in some cases (LVL panels
showed increased shear strength as compared to standard, but the veneer-support binding failed upon
bending) [163].

The same effect of reactive binding has been demonstrated on small wood particles (powder made
of Acacia mangium Willd.) [168] processed by molding in the presence of CA, under pressure (4 MPa
for 10 min) and at high temperature (140–220 ◦C). The mechanical characteristics of all samples
were satisfactory, but particle boards manufactured at 180 ◦C showed excellent bending properties.
The resistance toward water improved, especially at boiling, while thermal stability of materials
enhanced in a direct relation with the processing temperature. These experimental results are due
to the increased number of ester bonds formed at the surface of wood particles, confirmed by
FTIR spectroscopy data, and this behavior can be explained by a combination of factors and their
cumulative effects:

• the small size of wood particles created a significantly increased active surface for functionalization;
• the high amount of CA (20 wt.%) provided a larger number of carboxylic groups;
• the temperature regime favored the reaction rate and degree of substitution;
• the pressure applied during processing enhanced the penetration of CA molecules to reaction

sites not easily accessible;
• the short heating time prevented further degradative thermo-chemical processes.
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Other reaction systems based on PCAs were studied in relation with wood’s functionalization,
aiming to maximize the properties improvement in modified wood, limit the formation of by-products
and waste (thus reducing the negative environmental impact), or even to employ reagents from
renewable resources as measure of sustainable development (such as sorbitol and glycerol). Thus,
CA is obtained from biomass, TA results as by-product from grape juice fermentation during wine
production [147]. Other chemicals may also come from agro-industrial waste: sorbitol results from starch
enzymatic hydrolysis of to dextrose followed by the catalytic hydrogenation of dextrose to sorbitol [169]
or can be obtained from biomass by cellulose hydrolysis followed by glucose hydrogenation on
mesoporous molecular sieves (porous silica and Ru-functionalized porous silica) [170], while glycerol
yielded as by-product from the synthesis of bio-diesel [171].

Comparative studies on beech wood (Fagus sylvatica L.) samples were conducted using CA or TA,
and mixtures of acids with glycerol (Gly) [147]. The concentration of acid solutions was 33% (TA) and
34% (CA), while the mixtures contained 10% Gly. After impregnation, the pressure (1 MPa, 60 min) and
temperature (100–160 ◦C) regime was applied in order to maximize the treatment effects. However,
the impregnation rate had comparable values for CA and CA + Gly, and TA and TA + Gly, respectively,
although values for esterification with TA were slightly higher that for TA + Gly. The same conclusion
is valid for the anti-swelling efficiency. The weight gain was not as significant as expected, either.
It was also noticed that bending strength for samples treated with CA or TA strongly decreased with
the increasing processing temperature, while samples treated with CA + Gly or TA + Gly behaved
similar to raw samples, but better that acid-modified ones. This may be explained by the formation of
the polyester matrix that allowed a high cross-linking density in the wood cell walls. Nevertheless,
resistance toward decay [white rot fungi Trametes (Coriolus) versicolor)] was improved by using
acid-Gly mixtures, with the observation that the best results for TA + Gly were obtained at the highest
temperature, so, CA + Gly was more effective for the biological protection.

White pine (Pinus strobus L.) and lodgepole pine (Pinus contorta D.) specimens were treated with
CA + Gly to improve their performance as siding materials in outdoor applications [148]. It was
concluded that the treatment enhanced the dimensional stability, biological resistance and hardness as
compared to untreated wood, although adhesion and density have not improved as expected, maybe
due to a poor penetration of reagents. Further investigations on lodgepole pine (Pinus contorta D.)
samples treated with CA + Gly from renewable resources, and intended for outdoor sidings [172],
evidenced their improved properties (the service life expectancy for modified wood was estimated
at 2.8 times longer than raw wood), but the comparative LCA studies on treated and raw samples
indicated undesired environmental effects, where the most aggressive stage is the chemical treatment.

An optimization study on CA + Gly reaction system was performed on specimens of white pine
(Pinus strobus L.) and lodgepole pine (Pinus contorta D.) [173] and the FTIR data confirmed a high
density of ester bridges. At the same time, the cross-linking length and density caused increased
thermal stability. The most effective catalysts were hydrochloric acid (HCl) and p-toluene sulfonic
acid (p-TSA), but the amount of CA has also influenced the process. Another observation was that the
deeper the reagent penetrated the wood substrate the more stable are the ester bonds and the higher
the properties improvement.

Recently, sorbitol (S) has been considered and employed in wood esterification systems based on
CA [146,174]. The modification treatment performed on the European beech wood (Fagus sylvatica L.)
specimens with mixtures of CA and S in various ratios(10%, 20%, 30% and 50% w/w, respectively),
and at different temperatures (140 and 160 ◦C, respectively), yielded materials with improved
properties [146].Thus, optimum results were obtained for the solution with concentration 30% w/w,
regardless of the temperature regime, when ASE, modulus of elasticity and decay resistance (tested
against white-rot fungi [Trametes (Coriolus) versicolor], brown-rot fungi (Coniphora puteana), and soft
rotting microfungi) has been increased. Despite these improvements, modulus of rupture and bending
strength significantly decreased. Furthermore, studies on samples of pine sapwood (Pinus sylvestris L.)
submitted to the same treatment [174] indicated that 140 ◦C is the temperature that allows the highest
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weight gain, although an optimization may be of interest. All samples have achieved an enhanced
decay resistance to brown-rot fungi (Postia placenta) and white-rot fungi [Trametes (Coriolus) versicolor],
as well as to blue-stain fungi (Aureobasidium pullulans; Sydowia polyspora; mixed culture of A. pullulans,
Cladosporium cladosporioides, Ulocladium atrum, and Sydowia polyspora). The main issue of these materials
is their leachability even after curing at high temperatures and long time (100–140 ◦C; 72 h) [147,174],
which is an indication that the reagents adsorbed into the wood structure were not entirely linked by
ester bonds to the wood cell walls constitutive polymers.

A rather recent and interesting experimental approach was the use of nano-sized particulate
additives aiming at either an overall improvement in properties [175] or to expand the range of
applications [176]. In example, nanoparticulate clay (Cloisite 30B) was employed as catalyst in a
CA + Gly reaction system used for functionalization of lodgepole pine wood samples [175], and it
proved to be an effective catalyst, yielding in materials with better properties than those obtained in
the presence of HCl as catalyst. Dimensional stability and hardness were improved when Cloisite 30B
was used and the thermal curing was performed at 180 ◦C, and the adhesion strength loss was lower.
Nevertheless, given the following premises:

• the amount of nanoclay (2%) and its total exfoliation claimed by authors, and supported with
XRD and TEM data, and the nanoclay structural features;

• HCl favored the multiple esterification, unlike Cloisite 30B, proved by thermal data;
• for samples prepared with nanoclay, density was not significantly improved compared to HCl

samples, and the water vapor sorption was poor (this is an indication of the increased tortuosity
of the material, which entailed slow transfer of water vapors in and out of the material), although
dimensional stability and hardness increased;

• knowing the reinforcing effect of nanoclays in different types of composite materials, then it is
possible to conclude that nanoparticulate clay may have been acting more as a reinforcing agent
than a catalyst, even in low amounts. Further studies with nanoclay in various ratios are, though,
necessary to elucidate the role of this component and its mechanism of action.

Multi-component systems based on wood sawdust (olive wood sawdust) and CA were designed
in order to obtain materials containing magnetite, and with the ability to retain on their surface
metal ions from wastewater [176]. Previous studies have confirmed already the ability of sawdust
loaded with magnetic nanoparticles and CA-modified cellulose to retain metal ions from aqueous
solutions [177,178]. Then, composites where CA was bond to either wood or magnetite particles were
thus prepared and their study indicated that the CA-coated magnetite/wood was the material with
a remarkable ability to retain metal ions (Cu2+, Co2+ and Zn2+) [176], as the process was fast and
spontaneous, endothermic, and selective (adsorption of Zn2+ and Co2+ were significantly affected by
the presence of Cu2+) so far it could be used for analytic purposes.

4.4. Wood Surface Modification by Esterification Reactions Using Other Acids

It is not yet known exactly how much lignin and hemicelluloses in wood are able to react under these
conditions, but experimental studies have attempted to provide a realistic parallel. Thus, the acetylation
of sisal fibers conducted in different solvents has allowed researchers to conclude that the solvent system
DMSO/TBAF is able to solubilize the cellulose and promote its functionalization with good results if
only the water content of the reaction medium is reduced [135]. On the other hand, hemicelluloses
from delignified poplar chips were successfully esterified in homogeneous media (DMF/LiCl and
TEA), at temperatures in the range 45–75 ◦C, but using various acyl chlorides, when over 75% of the
available –OH groups were stearoylated under optimum conditions [179]. Experiments conducted
with other acids concluded that lignin and hemicelluloses from fast-growing poplar species can
undergo both esterification and etherification reactions [180]. So, the 4-hydroxycinammic acid (HCA)
esterified most of the available –OH groups in the lignin side chains, but 3-methoxy-4-hydroxycinnamic
acid (ferulic acid, FA) was able to bridge lignin fragments by ester or ether bonds formed intra- or
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intermolecular. Even more, p-hydroxybenzoic, syringic and, respectively, vanillic acids were able to
undergo esterification reactions mainly with lignin.

Benzoic acid and some of its derivatives, namely 2-nitro-, 3-nitro-, 4-nitrobenzoic acid, and 4-
azidobenzoic acid, were employed for the direct esterification in the presence of pyridine and methane
sulfonyl chloride as activating system [181]. A satisfactory degree of substitution (ranging from 0.9 for
benzoic acid to 3.0 for 2-nitro- and 3-nitrobenzoic acids) was enabled by using a molar ratio acid:cellulose
unit of 3.33:1 (taking into consideration the number of available –OH groups), and maintaining the
reaction system at 50 ◦C for approx. 3–5 h. Still, it was not effective to extend the reaction time for
the system with 4-nitrobenzoic and 4-azidobenzoic acid, as the degree of substitution did not exceed
the values 2.0 and 1.0, respectively. This confirmed that the reaction rate and degree of substitution
are strongly dependent on the acid reactivity, which is influenced by the nature and position on the
aromatic ring of the electron attracting substituents.

In the case of esterification with benzoic acid, the formation of a mixed O-benzoyl-O-methane
sulfonyl-cellulose ester was evidenced by IR spectroscopy confirming that methane sulfonyl groups
were active enough to bind onto the glucopyranose unit. This mesylation of cellulose is a very
slow reaction under the afore-mentioned conditions, but even so it could compete with the main
esterification reaction.

Benzoylation of wood has been proved to be a very efficient method to protect wood against
photochemical degradation caused by weathering and UV exposure. Experimental studies on
benzoylated Scots pine wood samples confirmed the beneficial effects of this chemical modification [182].
Thus, the yield of the treatment was high as the weight gain of wood was approx. 70%–72%. It was
demonstrated the benzoylation was significantly more effective in the photochemical stabilization of
lignin than other chemical treatments (acetylation, alkylation), considering that the main stage in wood
photochemical degradation is the absorption of UV radiation by lignin followed by its degradation,
when various radicals are formed and, subsequently, they are acting as promoters of the photochemical
degradation of cellulose and hemicelluloses [183,184]. It is not yet fully understood if this effect of
reducing the amount of free radicals during weathering and UV exposure is due to the capacity of
benzoyl moieties to absorb the UV radiation or to their ability to scavenge free radicals. Nevertheless,
the study showed that the higher is the amount of benzoylated wood in the sample, the lower are the
mass losses during the weathering tests.

Naphtenic acids were also employed for the protection of wood [185–187]. The nomenclature refers
to all carboxylic acids present in crude oil. They are alkyl-substituted cycloaliphatic monocarboxylic
acids, having the carboxylic group usually attached to the side chain than directly to the cycloalkane
ring, and the naphtene moiety consists of cyclopentane and cyclohexane derivatives, although the
mixtures of naphtenic acids may also contain low amounts of fatty acids, hydroxy and dibasic acids,
phenolic compounds, sulfur compounds and water [188]. Wood modification with naphtenic acids is
applied mainly using metal salts (sodium [185] or copper [186]), but organic derivatives (tributyltin
naphtenate [187]) were also employed. Due to the chemical reactions that occurred in the wood,
this treatment has proved to be effective against insect attack, weathering and UV radiation.

Other carboxylic acids were used too. Thus, cellulose formates were synthesized for analytical
purposes by the direct reaction with formic acid for long intervals (4–15 days) or in the presence
of an acidic catalyst (sulfuric acid) [189,190]. The one-pot esterification of wood and hydrolysis of
modified cellulose was performed by treating softwood samples with molten oxalic acid dihydrate at
110 ◦C, for various time intervals (15–120 min), under reflux, when cellulose oxalates resulted [191,192].
This procedure allowed the preparation of cellulose nanocrystals in high yields (80%). But esterification
of wood with oxalic acid was also employed to improve the moisture and water resistance of wood [193]
or to enhance the interfacial interactions between the polymer matrix and wood reinforcements in
wood-polymer composites [194].

Rosin is a mixture of extractives compounds originating in pine wood species that primarily consist
of acids with various structures (resin acids 90%–95%), fatty acids included, phenolic compounds,
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terpenes and terpenoids. Commonly, resin acids are acid derivatives of diterpenes (abietane, labdane)
and diterpenoids (pimarane and isopimarane) present in rosin in various amounts [195]. Abietic-type
acids (abietic, neoabietic, palustric, levopimaric, and dehydroabietic acid) are predominant in rosin
acids in comparison with pimarane-type acids (pimaric, isopimaric, and sandaracopimaric acid),
but their ratios vary within large limits depending on the species and origin, time of harvesting,
processing and storage, etc.

Wood treatment with rosin acids acquired new importance in recent years as it was employed
in the surface modification of fast-growing wood species such as poplar (Populus tormentosa Carr. or
Populus spp.) [196,197] aiming at improving the mechanical properties, dimensional stability, water
resistance of wood samples, as well as their surface hardness. Experimental studies reported that
wood modification was performed by impregnation followed by a thermal treatment. It is reasonable
to assume that esterification reactions took place, given the processing conditions (solvent medium,
temperature, pressure, long time intervals), although some specific esterification reactions of resin
acids are conducted in industry at 260–300 ◦C, in the presence of metal oxides as catalysts [195].
This hypothesis is furthermore supported by the significant improvement in wood properties as it
appears from the literature. In addition, the sizing process, well-known in paper industry, can be
considered as another confirmation since it can be performed using not only rosin [198,199], but alkyl
succinic anhydride (ASA) and alkyl ketene dimer (AKD) as well, reagents known to bind –OH groups
in cellulose through ester bridges.

An interesting approach for wood modification is the use of amino acid tricine [74] which is
N-[tri(hydroxymethyl)methyl] glycine, a zwitterionic amino acid, under the form of a crystalline powder
moderately soluble in water. It is suitable for wood impregnation due to its reduced molecular size
and its water solubility. Tricine can have beneficial effects after application on wood substrates through
deposition of tricine crystals into wood cell walls when it further imparts increased mechanical strength
(authors mentioned improved properties such as hardness and tensile strength for the tricine-modified
wood), as well as by reaction with wood polymers, mainly polysaccharides, when cause a reduced
tendency to retain moisture. As a zwitterion, tricine is involved in strong electrostatic and ionic
interactions. For example, it can interact with carboxylate or phenolate moieties from wood polymer
components through the presence of its structural amino function and is prone to induce formation of
new hydrogen bonds with positive effect upon wood densification process. A previous work of the
authors applying tricine for wood impregnation [75] has evidenced an increased wood UV resistance
and a reduced degradation of lignin after such treatment.

4.5. Wood Surface Modification by Miscellaneous Procedures

4.5.1. Wood Esterification with Ketene

Esterification with ketene gas is an interesting approach due to the fact that it evolves without
generating by-products (acetic acid). Basically, ketenes are simple organic compounds with the formula
R1R2C=C=O (where substituents R1 and R2 may be identic or different), highly reactive due to their
particular chemical structure, and, therefore, are considered valuable reagents or intermediates in
various organic syntheses. Since most of them are unstable, they are prepared in situ and used as they
are formed [200]. Unfortunately, in the case of surface esterification of wood, the ketene gas has a
poor ability to penetrate the wood in order to react with the hydroxyl groups in the cell walls [2,201].
Despite this drawback, it was possible to obtain southern pine and aspen wood flakes modified with
ketene gas in a solvent-less procedure, when the reaction mixtures were maintained at 55 ◦C, for long
reaction time intervals (10–15 h, as it was found that this esterification occurs with very low rates),
in order to achieve weight gains of approx. 20% [202]. The surface reactions evolve through two
mechanisms: (1) the direct reaction of ketene with –OH groups, when acetylated wood resulted, and (2)
the dimerization of ketene under the reaction conditions, followed by the reaction of the dimer with
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the –OH moieties in the cell walls, yielding in aceto-acetylated wood. The mechanism is schematically
presented in Scheme 8.

Some authors reported on the morphological changes occurred during the esterification with
ketene gas and evidenced by scanning electron microscopy (SEM) [203,204]. Thus, cellulose Iα in wood
transformed into cellulose IIβ which entailed the decrease of the fiber cross-section dimensions, and an
enhanced smoothness of the fibers surface was noticeable.

At the same time, a remarkable reduction in water uptake (24.5%) was recorded for acetylated
wood as compared to untreated samples. Furthermore, this treatment was also used for wood in order
to obtain acetylated cellulose fibers after the removal of lignin and hemicelluloses [203] or dry and
hydrophobic microfibrils of cellulose [205].

A more convenient variant of this method is using a stable compound, namely the alkyl ketene
dimer (AKD) which is, basically, a 4-membered ring system of 2-oxetanone, having long alkyl chains
(C12–C22) pendant to C3 and C4 [206]. By esterification of wood with AKD, β-keto-ester bridges
are formed, and the alkyl moieties are transferred to the wood surface thus contributing to the
hydrophobization of the treated wood samples (see Scheme 9). The mechanism may also include a
concurrent side reaction when AKD reacts with water in the reaction system leading to the formation
of the corresponding β-keto acid, which can spontaneously decompose to the corresponding ketone
and carbon dioxide [207].

Scheme 9. Esterification of wood with alkyl ketene dimer (AKD).

The method was successfully applied to wood intended for further use in various composite
formulations, such as: PP-wood fibers [28], plywood made of alder (Alnus glutinosa L. Gaertn.) and
beech (Fagus orientalis Lipsky) wood logs [60], and particleboards bonded with urea-formaldehyde
resin [62]. It can be concluded that AKD acted in the composites not only as an esterification reagent,
but as a compatibilizating agent as well, due to its structure. The alkyl chains interpenetrated the
polymer matrix macromolecules creating thus an inter-phase with increased thickness and well defined
properties, given the fact that the adhesion and cohesion at the interface were provided by both physical
and chemical bonding.

In addition to the remarkable decreased water absorption [62], the use of wood treated with AKD
in composites caused a significant increase in the mechanical properties of composites. For samples of
PP containing high amounts of poplar wood (70 wt.% wood), the tensile strength increased with 41%,
modulus-45%, and the impact strength-38% [61]. Reduced water uptake of alder and beech plywoods
was also associated with a considerably improved biologic resistance against white [Trametes (Coriolus)
versicolor] and brown (Coniophera puteana) rot fungi [206].

4.5.2. Direct Esterification of Wood with ε-Caprolactone

A particular esterification applied for wood is the reaction with ε-caprolactone, in the presence of
tin octanoate [Sn(Oct)2] as initiator. The grafting onto wood cell walls takes place through ester bridges
and the ring-opening polymerization of lactone (PCL) occurs under the processing conditions [208,209].
The impregnation of wood samples [Norway spruce Picea abies (L.) H. Karst.] with ε-caprolactone
solution in DMF or toluene for 24 h prior to polymerization reaction (95 ◦C, 18 h) [208] is a key step in
order to maximize the treatment effect. SEM micrographs evidenced a homogeneous distribution of
the grafted PCL, although small amounts of unbound PCL remained inside cells after the filtration
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stage, and filled the micropores. The modified wood showed significantly improved mechanical
properties, resistance toward water and dimensional stability: water repellence and dimensional
stability increased by 50% and 45% respectively, when spruce, pine or poplar and other wood species
were submitted to this particular esterification [208,210].

4.5.3. Transesterification Reactions for Wood Modification

Another method used for wood esterification is the transesterification in solvent medium (DMF,
toluene), at temperature (90–120 ◦C), in the presence of catalyst (potassium carbonate), and using
vinyl esters with various substituents, such as: vinyl ester of carboxyphenyl boronic acid [211], vinyl
propionate, butyrate, pivalate, decanoate, stearate, crotonate, methacrylate, cinnamate, benzoate,
and vinyl 4-tert-butylbenzoate [212,213]. The main feature of this approach is the continuous exchange
of alkyloxy-groups at the surface of wood cell walls, and the continuous removal of the alcohol
(or aldehyde) resulted as by-product allows the reaction equilibrium to be shifted toward satisfactory
yields, knowing that esterification reactions typically evolve with low yields. It was noticed that the
number of esterified –OH groups in wood decreased along with the increasing molecular weight
of the reagent, which was confirmed by Fourier-transform infrared spectroscopy (FTIR) and 13C
cross-polarization with magic-angle spinning nuclear magnetic resonance spectroscopy (13C CP–MAS
NMR), probably due to a limited diffusion within the wood cell walls.

It was reported that poplar wood fibers modified by transesterification with vinyl acetate,
propionate and benzoate [213] show increased thermal stability and attenuated hydrophilic character.
The corresponding composite formulations with HDPE proved to be more stable under UV exposure,
displayed improved mechanical properties and the weight losses caused by biological attack (brown
rot and white rot fungi) were considerably reduced.

Another variant is the transesterification of acetylated wood (maritime pine sapwood Pinus pinaster
Soland) with methyl benzoate, in the presence of dibutyltin oxide (DBTO) as a catalyst, and ethyl
trimethylsilylacetate (ETMSA) [214], when it was evidenced that acetyl/benzoyl exchange rate increased
along with the increasing amount of catalyst, temperature and reaction time, although a concurrent
degradation reaction was also pointed out. Benzoylated wood proved to have an enhanced weathering
and photochemical stability [215].

Silane derivatives were employed for wood transesterification, as well, in order for wood samples
to acquire significantly pronounced hydrophobic character, and experimental data confirmed the
replacement of acetyloxy groups and bonding of the silane moieties to wood [216–218]. Optimization
studies indicated the yield of the transesterification depends on the reaction temperature and the
presence of the catalyst (dibutyltin oxide).

Depending on the procedure, the properties of the treated wood were different. Thus,
tetraethoxysilane (TEOS), methyl triethoxysilane (MTES) and propyl triethoxysilane (PTEO) were
employed to modify wood samples of hinoki (Chamaecyparis obtuse Endl.), and two different
experimental protocols were considered: (i) impregnation of wood with solutions of silane monomers
(silane procedure), and (ii) impregnation with pre-hydrolysed oligomeric silanes (sol-gel process) [219].
It was therefore found that dimensional stability, moisture uptake and durability were significantly
improved in wood treated with silane monomers (i), despite the fact that the weight gain was lower in
comparison with the wood treated with silane oligomers (ii). On the other hand, for the wood samples
esterified with silanes having larger alkyl groups, the improvement in properties was more pronounced.

An inexpensive and ecologically benign alternative is wood solvent-less transesterification with
a water-based emulsion based on vegetable oil and resol [220], when the vegetable oil (consisting
of fatty acids triglycerides) is the transesterification reagent, while the resol (a phenolic resin based
on resorcinol-tannin-cashew nut shell liquid) was employed to increase the process effectiveness.
After transesterification, the samples have displayed enhanced hydrophobicity and durability, but the
improvement in their tensile strength depended on the type and time of treatment, as well as on the
pH of the environment where composting experiments were conducted.
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5. Conclusions

Wood represents a very complex and versatile natural material that can be modified in many ways
to prepare it for direct use or even to activate its surface for further treatments. Modern treatments are
physical (mainly plasma and densification procedures), chemical, and enzyme assisted or enzymatic
grafting of different functional molecules to the wood surface, and application of thin films (coatings)
and deposition of nano-sized particles by sol-gel techniques. Some of the surface modification methods
have been introduced a long time ago and are still in use, other strategies of modification have been
developed in the recent years.

All these pathways have the main goal to improve or even enlarge the range of properties of
wood, such as good adhesion of glues and surface finishes, hydrophobic behavior and/or better
hygroscopicity toward water and waterborne formulations. An improved resistance of wood surface
against weathering processes when exposed to outdoor conditions is attained by grafting functional
molecules onto cell walls and treatment with nanoparticles. Environmental benefits conferred by
many wood surface modification technologies recently developed include reduced toxicity of the
process, increased wood products life, and reduced maintenance cycles, lower negative impact on the
environment and carbon footprint of the products. The resistance against wood decay microorganisms
remains a significant topic for such investigations.

Nowadays, an interdisciplinary approach to increase the life of modified wood products used in
outdoor and indoor applications (claddings or structural applications) is known as the “four Ds” rules
of design and these are: deflection (shedding of water as defense way), drainage (fast removal of water
as essential hazard), drying (restoring the optimal conditions as a prerequisite reaction) and durability
(improved properties, mainly decay resistance, fire resistance).

As related to the wood surface modification strategies using esterification reactions, the use
of natural compounds and their derivatives may represent a feasible trend that can be successfully
implemented without major alterations of present technologies. Polysaccharides (such as starch,
cellulose, hemicelluloses and lignin-carbohydrate complexes, maltodextrin), caffeine, propolis and
other bee products derivatives, etc. are of high interest. The wise choice of treatments will remain
a key step as more methods under development are progressing from laboratory scale to industrial
scale production. Even combinations of different suitable methods (for example, applying a physical
treatment prior to the esterification that would subsequently occur under mild conditions) are under
research as they have the potential to maximize the overall effects.
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Abstract: The effects of impregnation with nanosilver suspension as well as heat treatment on pull-off
adhesion strength and specific air permeability in beech specimens were studied here. The size
range of silver nanoparticles was 30–80 nm. The cross-section of specimens was cold-sprayed with
unpigmented sealer-clear, polyester, and lacquer paints. Heat treatment, as the most commonly
used wood modification, was applied at three different temperatures of 145, 165, and 185 ◦C. Results
showed that the highest and lowest pull-off strengths were found in the un-impregnated and unheated
specimens painted with polyester (8.98 MPa) and the unpainted unheated nanosilver-impregnated
specimens (3.10 MPa), respectively. Impregnation with nanosilver resulted in the rupture of perforation
plates and pit openings, and eventually, permeability increased significantly. As for the pull-off
adhesion strength, the increased permeability resulted in the adhesive being penetrated in to the
pores in the wood substrate, and eventually, a significant decrease in the pull-off strengths occurred.
No significant correlation was found between pull-off strength versus specific air permeability,
although both properties depend on the porous structure. This was due to the fact that permeability
depends on the continuous pore system, while pull-off strength is dependent on the surface pore
system of the substrate.

Keywords: coating; modification; nanotechnology; un-pigmented paints; permeability; pull-off

1. Introduction

As solid woods are natural porous media, many of their properties depend on the size of
the pores, the way they are interconnected or isolated from the neighboring pores, and even the
quality of the surface of the pores [1–4]. Many factors influence the formation of wood and its
structure and porous system thereof—factors such as initial spacing, intercropping with different plants,
drying procedures [5–7], growing season, extractive content, moisture content, and hygroscopicity
of wood [8,9]. Therefore, researchers constantly look for new methods to modify wood for better
mechanical properties because few species offer radial and axial uniformity in their produced wood [10].

Thermal modification is generally considered the most commercially-used wood modification
method [11]. It has been recognized as a method to improve the dimensional stabilization of wood
and increase its decay resistance [11–13]. Thermal modification at high temperatures has decreasing
effects on some mechanical properties of wood. However, there are some ways to mitigate the
decreasing results [14]. Thermal modification is mostly carried out between the temperatures of
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160 and 260 ◦C. Temperatures that are lower than 140 ◦C usually result in very little changes in the
mechanical properties, but higher temperatures result in so much degradation that the mechanical
properties are usually unacceptable. Thermal modification processes that are currently used at an
industrial scale are not higher than 260 ◦C; in practice, temperatures between 150 and 230 ◦C are more
accepted [11,15]. The reduction of swelling in wood specimens caused by increase in temperature and
duration of heat treatment was often attributed to the destruction in hemicellulose compounds [15].
However, structural modifications and chemical changes of lignin were suggested to also be involved
in the process [15]. Moreover, Borrega and Kärenlampi [8] revealed that a reduction in hygroscopicity
can not only be attributed to mass loss, but another mechanism that was also active in the process.
They suggested that the active mechanism might be an irreversible hydrogen bonding that occurs
during the process of water movement within the porous system of wood structures. This bonding
was reported by other researchers to change physical and mechanical properties, as well as fluid flow
in the solid woods.

High thermal conductivity coefficients of metal nanoparticles [16–20] were used in improving some
of the properties in solid woods and wood-composite materials [21]. Impregnation with nanosilver
suspension as well as heat treatment were also reported to alter the porous structure of solid woods,
significantly altering the gas and liquid permeability [22], and possibly the penetration of paints in to the
porous structure, eventually changing the adhesion strength of paints. However, authors found no or
little literature on the effects of impregnation with metal nanosuspension and thermal treatment on the
correlation between the paint pull-off adhesion strength with permeability in solid woods. Therefore,
the present study was carried out to firstly find out the effects of nanosilver-impregnation and heat
treatment on the gas permeability of beech wood, as a commercial wood species. Thereafter, and as to
the nondestructive nature of permeability measurement process, pull-off strength was measured in the
same specimens, providing the possibility to find out the effects of nanosilver-impregnation and heat
treatment on this property, too. With regard to the fact that both of these properties, permeability and
pull-off strength, depend in some way on the porous structure of the substrate, correlation between
them was calculated. Moreover, as to the low thermal conductivity coefficient of wood, a separate set
of specimens was impregnated with nanosilver suspension to increase thermal conductivity in the
specimens and decrease the heat treatment gradient in them. This can also accelerate thermal treatment.

2. Materials and Methods

2.1. Specimen Procurement

Five discs from different beech trees (Fagus orientalis Lipsky) were cut at breast-height and air dried.
From each disk, 80 longitudinal cylindrical specimens were prepared. The diameter of specimens was
17 mm, and the length was 30 mm. Specimens were checked not to have any knots, fissures, or cracks.
They were first air dried for eight months, and then they were kept for four weeks in a conditioning
room (25 ± 2 ◦C, and 40% ± 3% relative humidity) to avoid any undesirable effects of kiln-drying [23].
Specimens were divided into two equal groups of control (C) and nanosilver-impregnated (NS) groups.
Each group was again divided into four subgroups of unheated, heat-treated at 145 ◦C (HT-145),
heat-treated at 165 ◦C (HT-165), and heat-treated at 185 ◦C (HT-185). Gas permeability of all specimens
was measured in the first phase of the research project before any heat treatment and impregnation.
The NS specimens were then impregnated with a 400 ppm aqueous nanosilver suspension. All specimens
were again kept in a conditioning room for two more months. Gas permeability was again measured.
They were painted with three unpigmented resins of sealer-clear, polyester, and lacquer with organic
solvent, produced by Pars-Eshen Co., as to their great popularity in the local market. A dolly was
stuck to one end of the specimens for the paint-adhesion testing. Moisture content of specimens was
8% ± 0.5% in all treatments when permeability and pull-off tests were carried out because wood has a
thermo-hygromechanical behavior and the properties relating to its deformation depend on the same
factors, including moisture content, temperature, and relative humidity [24].
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2.2. Pull-Off Adhesion Strength Testing

Adhesion strength testing provides the force needed to pull a test diameter of coating away from
the substrate. Adhesion tests were carried out in accordance with ASTM D4541-02 [25]. In the present
study, an automatic PosiTest® pull-off adhesion tester (DelFesko, NY, USA) was used (Figure 1). This
was a self-aligning spherical dolly-head tester (Type V according to the ASTM standard). The diameter
of the dolly used was 20 mm. The greatest tensile pull-off force for which the coating could adhere
to the substrate was evaluated in terms of mega Pascal. Breaking points occurred along the weakest
plane of the whole structure. The adhesion strength (X) was calculated in terms of MPa (Equation (1)).

X =
4F
πd2 (1)

where F is the rupture force (Newton), and d is the diameter of the experiment cylinder (mm)
(ASTM D4541-02).

Figure 1. PosiTest® AT-A automatic pull-off adhesion tester.

The moisture content of the specimens was 8% ± 0.5% when the pull-off adhesion tests were
carried out, and the temperature was 25 ± 3 ◦C. In order to have an estimate of the pull-off strength of
the substrate material for comparison purposes, a set of specimens was also prepared without paints.

2.3. Gas Permeability Measurement

Many methods and apparatuses have been used and invented to measure permeability in solid
woods and wood-composite materials as porous materials [1,26–29]. In the present study, longitudinal
gas permeability was measured with an apparatus equipped with a 7-level electronic device; time
measurement was carried out with millisecond precision [26,30,31]. Falling water was applied to
measure and calculate the specific longitudinal gas permeability values. For each single specimen, gas
permeability values were separately measured at seven different vacuum pressures. In every single
run, the seven time measurements were carried out to finally calculate seven specific permeability
values for each specimen. The glass tube had an internal diameter of 13 mm. Water level was put to
more than 15 cm above the first time measurement section (Gas 1). A fully airtight connection was
made between the specimen and holder. The pressure difference (ΔP) was monitored by a pressure
gauge connected to the permeability apparatus. The pressure difference could be read at any particular
time and height. This provided monitoring of the viscose flow [22]; the gauge had a precision of
millibar. Vacuum pressures at the starting and stopping levels were also measured [30].

Each specimen was tested three times to finally calculate the permeability. Then, the superficial
permeability coefficient was calculated (Equations (2) and (3)) [32,33]. The superficial gas permeability
coefficients (kg) were corrected by the viscosity of air (μ = 1.81 × 10−5 Pa s) for the calculation of the
specific gas permeability (Kg = kgμ).
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Kg =
VdCL(Patm − 0.074z)

tA(0.074z)(Patm − 0.037z)
× 0.760mHg

1.013× 106Pa
(2)

C = 1 +
Vr(0.074Δz)

Vd(Patm − 0.074z)
(3)

where:
kg = superficial gas permeability (m3 m−1);
Vd = πr2Δz [r = radius of measuring tube (m)] (m3);
C = correction factor for gas expansion as a result of change in static head and viscosity of water;
L = length of wood specimen (m);
Patm = atmospheric pressure (mHg);
z = average height of water over surface of reservoir during period of measurement (m);
t = time (s);
A = cross-sectional area of wood specimen (m2);
Δz = change in height of water during time t (m);
Vr = total volume of apparatus above point 1 (the volume of hoses was included) (m3).

2.4. Nanosilver Impregnation

A 400 ppm aqueous nanosilver suspension was produced via the electrochemical technique in
cooperation with Mehrabadi Mfg. Co. (Tehran, Iran). The nanoparticles ranged 30–80 nm in size;
the pH was 6–7. Anionic and cationic surfactants were used to stabilize nanoparticles in the suspension.
Specimens were impregnated using an empty-cell process in a pressure vessel. The pressure was set at
2.5 bars for 25 min. Before conducting the tests on the specimens, they were kept for three months at
room temperature.

The nanosuspension was prepared by transferring the silver metal ion from the aqueous phase to the
organic phase, where it reacted with a monomer. The formation and size of the nanosilver was carefully
monitored by transmission electron microscopy (TEM). Samples for TEM were prepared by drop-coating
the Ag nanoparticle suspensions on to carbon-coated copper grids. Micrographs were obtained using
an EM-900 ZEISS transmission electron microscope (Carl Zeiss AG, Jena, Germany). Two kinds of
surfactants (anionic and cationic) were used in the suspension as stabilizer. The concentration of the
surfactants was two times the nanosilver [34].

2.5. Heat Treatment Process

Specimens to be heat-treated were randomly placed in an oven. Heat treatment was carried
out at atmospheric pressure and with normal air. The starting moisture content of specimens was
8% ± 0.5%. Heat treatment of each thermal modification temperature level was carried out in a
single run. All HT and NS-HT specimens were heat-treated at 145 ◦C for 12 h. Heat treatment for
the HT-145 and NS-HT-145 specimens was discontinued. Then, HT-165 and NS-HT-165, as well as
HT-185 and NS-HT-185 specimens continued to be heated at 165 and 185 ◦C for four more hours,
respectively. During the heat treatment process, no specimen was in touch with the metal parts of
the oven, to prevent extra overheating at one spot. Once the heat treatment process was completed,
the silicone adhesive around all specimens was checked to make sure there was no failure in them.
The gas permeability was then measured.

2.6. SEM Imaging

Scanning electron microscope (SEM) imaging was carried out at a thin-film laboratory, FE-SEM
lab (Field Emission), School of Electrical and Computer Engineering, the University of Tehran.
A field-emission cathode in the electron gun of a scanning electron microscope provides narrower
probing beams at low as well as high electron energies. This way, the spatial resolution was improved
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and the charging and damage to the specimens were minimized. As wood is a nonconductive material,
a gold sputtering thickness of 6–8 nm was applied on the surface of specimens prior to SEM imaging.

2.7. Statistical Analysis

One-way analysis of variance (ANOVA) was carried out to discern significant difference at 95%
level of confidence, using the SAS software program (version 9.2) (2010). Grouping was then made
between treatments using Duncan’s multiple range test. Regression analyses, including dendrogram
and using Ward methods with squared Euclidean distance intervals, were carried out by SPSS/18
(2010). For the regression analysis, a p-value of less than 5% (<0.05) was determined as the significance
level. Based on the p-value, the critical R value was 0.63. Fitted-line and scatter plots were made using
Minitab software (version 16.2.2) (2010).

3. Results

The amount of nanosilver suspension absorption after the impregnation process was measured to be
0.38 g/cm3. Results of the permeability tests showed that the lowest specific gas permeability was observed
in specimens before NS-impregnation or heat treatment (NS-HT-165 treatment, 6.898 × 10−13 m3 m−1),
and the highest was found in NS-HT-185 after NS-impregnation (15.576 × 10−13 m3 m−1).

In the un-impregnated specimens, heat treatment slightly increased the specific gas permeability
values in all three temperatures of 145, 165, and 185 ◦C, but the increase was not statistically significant
(Figure 2). The highest increase in the un-impregnated specimens was observed in HT-145 treatment
(only 5.3%). As for the nanosilver-impregnated specimens (the right columns of Figure 2), impregnation
with the nanosuspension significantly increased the permeability in all treatment (Figure 2). In some
cases, the amount of increase was more than 107.5%. The highest specific gas permeability was found
in the NS-HT-185 treatment after the NS-impregnation and before the heat treatment. The increasing
effect of heat treatment on permeability was significantly intensified by the thermal conductivity of
silver nanoparticles; the highest increase caused by heat treatment of NS-impregnated specimens was
seen in NS-HT-145 treatment (20.8%). The only treatment showing a decreasing trend in permeability
caused by heat treatment was NS-HT-185. This treatment showed a decrease of about 8.8%.

 
Figure 2. Specific longitudinal gas permeability in the beech specimens (×10−13 m3 m−1) (error bars
indicate the standard deviation for each column).
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The maximum pull-off adhesion strength was observed in the control specimens (un-impregnated
and un-heated) painted with polyester (8.98 MPa), and the lowest pull-off strength was found in the
un-painted and un-heated specimens that were NS-impregnated (3.10 MPa) (Figure 3). NS-impregnation
generally increased pull-off strength in the heat-treated painted specimens. In the unpainted specimens,
however, a reverse trend was observed.

 
Figure 3. Pull-off adhesion strength (MPa) of different treatments of beech specimens (error bars
indicate the standard deviation for each column).

4. Discussion

Heat treatment made the specimens lose their moisture content completely, resulting in the vessel
perforations and pit openings to shrink and be wide open. This shrinkage led to increased specific
air permeability, because permeability is influenced by the porous structure of the material, and even
slight changes in the porous system may significantly affect permeability [35,36]. The shrinkage is
partially permanent due to the irreversible hydrogen bonding that occurs when water is moved in the
cell wall [8,21].

NS-impregnation also resulted in significant increases of permeability in all NS-impregnated
treatments. This increase was attributed to the high pressure applied in the pressure vessel, resulting in
the rupture of vessel perforations, tyloses, and any other physical obstacle in the way of fluid transfer.
SEM images showed vessels that were blocked (Figure 4A). The blockage was ruptured and torn
open after NS-impregnation (Figure 4B,C). Therefore, fluid could flow more easily, and eventually,
permeability increased significantly.

Heat treatment decreased pull-off strength in all three coatings studied here (Figure 3). It is
reported that heat treatment results in the occurrence of microcracks in the wood structure and
thermal degradation of cell wall polymers [5,37–39]. These microcracks led to unwanted penetration
of adhesive film into wood texture, far from being involved in the process of anchoring and sticking
dolly to wood substrate. However, in the NS-impregnated specimens, heat was transferred to deeper
parts of specimens, and therefore, accumulation of heat did not occur on the surface of specimens,
eventually decreasing microcracks in NS-impregnated specimens. This was translated into higher
pull-off strength in NS-impregnated specimens of all three types of coatings.
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Figure 4. SEM images showing cell parts and perforation plates (↓); (A) cross-section of a blocked vessel
by distorted and ruptured vessel elements; (B) longitudinal section of an open vessel; (C) longitudinal
section of a vessel blocked by broken cell parts and perforation plates.
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The fitted-line plot between pull-off adhesion strength versus specific air permeability in all
treatments showed no particular trend between these two properties (Figure 5). Regression analysis
also showed insignificant R2 between air permeability versus pull-off strength in almost all specimens
and treatments (Table 1). The only significant R2 was found in HT-145 polyester specimens. However,
this one case cannot be a reliable indicator as to the existence of potentially significant R2 between
the two properties of permeability and pull-off strength. Therefore, it can be concluded that air
permeability cannot be considered a good criterion to estimate the pull-off strength in beech wood.
Both properties (permeability and pull-off strength) are dependent on the porous structure of materials,
but permeability is influenced by the continuous pores while pull-off strength is more dependent on the
surface pores, whether continuous or isolated. That is, an isolated and blocked vessel can also be active
in the penetration and anchoring of adhesive, similar to a continuous vessel (Figure 4A). However,
permeability is only dependent on the number of continuous vessels and pores, their attributes, and the
way they are connected to one another.

 

Figure 5. Fitted-line plot between pull-off adhesion strength versus specific air permeability
(Perm3 = specific air permeability measured at the third vacuum pressure or water column level).

Table 1. Regression analysis between longitudinal specific air permeability versus pull-off adhesion
strength in different treatments.

Treatments
R-Square

Un-Painted SC Lacquer Polyester

Un-heated
Control 0.795

ns(-)
0.191
ns(+)

0.047
ns(+)

0.732
ns(+)

NS-I 0.304
ns(-)

0.519
ns(+)

0.443
ns(+)

0.200
ns(+)

HT-145
Control 0.004

ns(-)
0.683
ns(+)

0.503
ns(-)

0.954
*(-)

NS-I 0.004
ns(-)

0.061
ns(+)

0.034
ns(-)

0.186
ns(-)

HT-165
Control 0.111

ns(-)
0.470
ns(+)

0.105
ns(+)

0.676
ns(+)

NS-I 0.469
ns(-)

0.135
ns(+)

0.650
ns(-)

0.284
ns(-)

HT-185
Control 0.240

ns(+)
0.638
ns(+)

0.234
ns(+)

0.438
ns(+)

NS-I 0.551
ns(+)

0.520
ns(-)

0.246
ns(-)

0.481
ns(+)

SC = sealer-clear painted; NS-I = nanosilver-impregnated; ns = nonsignificant; HT = heat-treated.
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5. Conclusions

• Impregnating beech wood with nanosilver suspension results in the rupture of perforation plated
and pit openings, and eventually permeability increases significantly.

• Higher permeability causes more adhesive being penetrated deep in to the pores of the wood
substrate, being left out of the sticking process, eventually decreasing pull-off strength.

• Permeability depends on the continuous pore system. Pull-off adhesion strength, however,
is dependent on the surface pore system of the wood substrate. Therefore, there is no significant
correlation between pull-off adhesion strength versus air permeability.
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Abstract: Artificial weathering can significantly reduce the testing time needed for proving coating
durability, nevertheless its reliability is still not thoroughly proven. In this study, eight different
transparent and pigmented coating systems, namely oil, acrylate, alkyd and urethane alkyd were
evaluated through natural and artificial weathering tests on oak samples by measuring colour, gloss
and surface wettability and by macroscopic and microscopic evaluation. The oil coatings performed
well in wood colour stability evaluations, while the best gloss and wettability change results were
noted for acrylate coatings. Pigmented coatings were characterized by significantly lower colour
changes than transparent ones. The gloss and wettability changes were more sensitive to coating
disruption than to total colour changes of coated wood associated with chemical changes in wood.
The findings in this work showed that values of gloss changes and surface wettability for all types of
coatings exposed to artificial and natural weathering resulted in significant differences from each
other. The data obtained by artificial weathering method provide basic results of coatings durability
and, ideally, natural weathering should be performed at the same time to support the results from
laboratory tests by exposing wood under real conditions.

Keywords: artificial weathering; coatings; durability; natural weathering; oak wood

1. Introduction

Oak (Quercus petraea L.) wood is often used for the exterior applications, mostly in construction
of bridges, pergolas, balconies or garden furniture, where higher natural durability [1] is required.
Oak contains a relatively high amount of phenol extractives, mainly vescalagin, castalagin, gallic and
ellagic acids [2], creating problems in the field of surface treatment durability [3,4]. Tannins in oak
wood also retard coating hardening [5]. The complex open vessel morphological structure of oak wood
complicates the overall application of coatings. A photodegradation process of oak wood accompanied
with significant discolouration and leaching of extractives from the surface takes place during the
initial phases of outdoor exposure [6], more intensely in the heartwood zone [7], which leads to the
need to protect oak wood by coatings to maintain its natural appearance.

Exterior wood coatings are used to improve the properties of substrate wood [8], reduce the effects
of degradation factors [9–11] and prolong the service life of the material. The exterior coating generally
protects against moisture uptake and related dimensional changes, protects against photochemical
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degradation, and prevents microbiological degradation [12,13]. The problems with transparent coatings
have been well discussed by Evans et al. [13]. Their advantage is the ability to protect wood and preserve
the natural look and colour [13], but they have the disadvantage of not protecting the substrate wood
against UV and visible light radiation as well as pigmented coatings [14]. The different performance of
coatings is also caused by their polymer base [15], the type of solvent [16] or even by the underlying
wood species [17,18]. Coatings protect underlying wood, but they are exposed to weathering process
causing their degradation [17,19,20]. The durability of coatings against atmospheric degradation is
assessed via natural weathering (NW) or artificial weathering (AW) tests [8,21–25] with parameters
given in international standards. The older and more common method is natural weathering [26],
which provides reliable results of coating durability due to the synergistic action of outdoor factors.
Accelerated artificial weathering [27] is carried out in laboratory conditions, to simulate the exterior
environment [22,28]. Artificial weathering can significantly reduce the required testing time, however
its reliability is still often questioned. Correlations between weathering methods were done in several
studies [23,29–31] however the results were ambiguous. Valverde and Moya [32] developed a model
to predict total colour difference between natural weathering and accelerated weathering for different
kinds of finishes of three tropical species. Cogulet et al. [11] focused on how the impacts of different
weathering methods challenges the reliability of AW and states that it is necessary to test coating
systems in an end-use environment for accurate assessment of their likely performance.

In these works, where wood weathering was studied, more qualitative parameters of wood coatings
during both exposures were evaluated–change of colour parameters [3,11,30], coating thickness [23,30],
coating adhesion [30,33] or gloss [3,34]. Especially the change of colour during weathering serves as a
basic indicator of the rate of degradation [18,22,30]. In a study of Moya et al. [30], colour change was
higher in all species after NW than after AW due to the constant variation of solar radiation, moisture,
water, air contamination and biotic agents, which accelerates colour degradation processes [8,35]. These
findings are consistent with previous studies indicating the difficulty of reproducing the synergistic
action of NW factors during AW [11,17,23,24,36].

Currently there is very limited information on characteristics of transparent and pigmented
coatings on oak wood when they are exposed to both natural and artificial weathering. Therefore, the
objective of this study was to compare the performance of eight different transparent and pigmented
coating systems applied on oak samples using natural and artificial weathering tests. The efficiency of
specific coating systems was determined by measurements of colour, gloss and surface wettability
changes and by regular visual macroscopic and microscopic evaluation of the samples.

2. Materials and Methods

2.1. Sample Preparation, Coatings and Weathering Process

Samples of oak (Quercus petraea L.) wood harvested in the Czech Republic having an average oven
dry density of ρ0 = 705 kg/m3 [37] were used for the experiment. The samples were conditioned to
12 ± 2% moisture content. Test samples were prepared from the heartwood zone and they were visually
sorted in order to minimalize the colour variability of the tested wood materials. The dimensions of
the samples were 375 mm × 78 mm × 20 mm for natural weathering and 45 mm × 45 mm × 8 mm
for the artificial weathering tests. Tangential surfaces were exposed to weathering in both cases. Two
samples for NW and four samples for AW for each type of treatment were used.

Eight different transparent or pigmented coatings were applied to the samples based on the
producer’s recommendation. Their specification and application details are given in Table 1. One
group of samples was left untreated as control samples to compare coatings performance on treated
samples. The cross ends of samples were sealed with silicon to minimize additional water uptake.
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Table 1. Specifications of the tested coatings according to the producers.

Coating
Symbol

Coating Specification
Type of
Coating

Transparent (T) or
Pigmented (P)

Number of Layers (Dry
Film Thickness)

CS Control reference (REF) native
samples without any coating system - - -

AC1
Acrylate thick-layer water-based stain

with fungicides
(5-chloro-2-methylisothiazol-3(2H)-one)

Acrylate T 2
(40 μm)

AC2

Acrylate thin-layer water-based
coating with a UV light absorber

(1,2-benzoisothiazol-3(2H)-one), IPBC
as fungicide

Acrylate T 3
(20 μm)

AL1 Thixotropic alkyd coating with
microparticles as a UV-stabilizer Alkyd T 3

(40 μm)

AL2 Thick-layer mixture of alkyds and oils
with IPBC and pigments Alkyd/Oil P 2

(40 μm)

O1
Thin-layer oil-based with micronized

pigments (TiO2) and fungicides
(propiconazole < 1%)

Oil P 2
(10 μm)

O2
Thin-layer oil-based with dark

micronized pigments (Fe2O3) and
fungicides (propiconazole < 1%)

Oil P 2
(5 μm)

O3 Oil-based coating with fungicides
(propiconazole 0.5%) Oil T 3

(10 μm)

S1
Thin-layer solvent-based

stain—urethane alkyds with additives
in white spirit with IPBC

Urethane alkyd P 2
(25 μm)

Note: IPBC = 3-iodo-2-propynyl butylcarbamate.

The natural weathering (NW) test was performed at Suchdol, Prague (50◦07′49.68” N,
14◦22′13.87” E) for 12 months. The climatic conditions during exposure are given in Table 2. The
samples were exposed at a 45◦ inclination, facing south, and placed approximately 1 m above the
ground according to the procedure previously described [26].

Table 2. Climatic conditions during NW. use a period (.) for decimals.

Period of Outdoor Exposure in 2018 (months)

Measured data per day 1 2 3 4 5 6 7 8 9 10 11 12
Average temperature (◦C) 3.5 −1.9 2.1 13.8 17.4 18.7 21.6 22.0 16.0 10.7 4.7 2.9

Average relative humidity (%) 81.2 73.4 70.3 57.8 59.7 63.4 49.2 53.4 64.0 70.3 84.5 82.2
Total precipitation (mm) 17.2 4.6 29.1 14.2 20.8 87.9 8.8 56.5 43.5 23.9 6.5 40.6

Average solar radiation (kJ/m2) 2432 6473 8305 17,365 21,428 20,253 22,177 18,250 12,455 7915 3280 1992

Note: based on the data from http://meteostanice.agrobiologie.cz [38].

The artificial weathering (AW) test was performed in UV-chamber QUV (Q-Lab, Cleveland, OH,
USA) according to a modified EN 927-6 method [27]. The total time consisted of six cycles (1008 h)
of weathering in the UV chamber and 36 h of temperature cycling. During the each weekly cycle of
irradiation and spraying, the samples were transferred to a Discovery My DM340 conditioning chamber
(ACS, Massa Martana, Italy) and exposed to three cycles each lasting 2 h of temperature changes from
−25 to +80 ◦C (with 25% RH). The alternation of UV radiation, spray, and low temperature cycles,
leading to a better imitation of the exterior conditions in Central and Northern Europe, was previously
used by Van den Bulcke et al. and Pánek et al. [22,39].

2.2. Colour Change (ΔE*) Test

Colour variations of the specimens were evaluated through natural and artificial weathering
exposure of oak samples with 8 different coatings. The colour parameters L*a*b* [40] of the test
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specimens were measured after 0, 6 and 12 months of NW and after 0, 1, 3 and 6 weeks of AW using
CM-600d Spectrophotometer (Konica Minolta, Osaka, Japan). For the observation of reflection, the
specular component was included (SCI mode) at a 10◦ angle and d/8 geometry with an illumination
standard of D65 (corresponding to daylight in 6500 K). Six measurements of each tested sample were
carried out for each weathering time. Colour changes evaluations were done in CIE L*a*b* colour
space where L* is lightness from 0 (black) to 100 (white); a* is chromaticity coordinate + (red) or −
(green); b* is chromaticity coordinate + (yellow) or − (blue).

The total colour difference ΔE* [40] was subsequently calculated from relative changes of colour
(ΔL*, Δa*, and Δb*) using Equation (1):

ΔE∗ =
√
(ΔL∗)2 + (Δa∗)2 + (Δb∗)2 (1)

2.3. Gloss Change (ΔG*) Test

The gloss of the different coatings before and during weathering tests was measured using
MG268-F2 glossmeter (KSJ, Quanzhou, China) on the basis of [41]. Six measurements at a 60◦ angle
per sample after 0, 6 and 12 months of NW and after 0, 1, 3, and 6 weeks of AW were carried out to
evaluate gloss changes of the samples.

2.4. Surface Wettability Change (ΔW*) Test

The sessile drop method with static contact angle measurement was performed using a Krüss DSA
30E goniometer (Krüss, Hamburg, Germany) with the methodology used in previous studies [42,43].
Twenty measurements were taken for each sample, with distilled water drops with a dosing volume of
5 μL. The contact angle values were determined after 5 s of drop deposition on surface of the sample
before weathering and after 0, 6 and 12 months of NW and after 0, 1, 3 and 6 weeks of AW.

2.5. Macroscopic and Microscopic Evaluation

Tested surfaces of the samples were regularly macroscopically evaluated using a Canon 2520 MFP
scanner with 300 DPI resolution (Canon, Tokyo, Japan). Creations of cracks, defoliation of coating
systems were visually analysed. Microscopic structural changes of coatings and surface of the samples,
creation of ruptures, 3D-images of surface profiles were also studied employing confocal laser scanning
microscope Lext Ols 4100 (Olympus, Tokyo, Japan) with 108-fold magnification.

2.6. Statistical Analysis

Data were analysed using MS Excel (Microsoft, Redmond, WA, USA) and STATISTICA 13.2
(StatSoft, Palo Alto, CA, USA) using mean values, bar graphs and ANOVA for analysing the statistical
significance of selected factors with significance level α = 0.05. Spearman rank correlation between
NW after 12 months and AW after 6 weeks on the basis of ΔE*, ΔL*, ΔG* and ΔW* values of tested
coatings was also analysed. The Spearman rank correlation coefficient was calculated by Equation (2):

Rhos = 1−
⎡⎢⎢⎢⎢⎣

6·∑(Rank Difference)2

n3 − n

⎤⎥⎥⎥⎥⎦ (2)

where n is number of items evaluated.

3. Results and Discussion

Results on coated samples exposed to artificial and natural weathering showed different behaviours.
The type of coating system applied on oak wood samples has a statistically significant effect (p < 0.05)
on the evaluated properties both during AW and NW (Table 3).
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Table 3. Statistical evaluation of significance of selected factors.

ΔL * ΔE * ΔG * ΔW *

Type of coating
system

AW 0.000 * 0.001 * 0.000 * 0.000 *
NW 0.000 * 0.000 * 0.000 * 0.000 *

* signifies p < 0.05 (statistically significant at significance level 0.05).

3.1. Colour Change of the Samples

Total colour difference ΔE* calculated from measured colour parameters was the main indicator
representing coating durability during weathering [18,22,30]. The specific colour parameters (L*, a*, b*)
describe the colour change more closely. During AW, the observed increase of values a* and decrease
of b* values showed a tendency of the wood surface to turn reddish and become less yellow shade.
Decreases of both a* and b* parameters were observed during NW, which indicates the opposite
trend. But in most cases, ΔE* was affected mainly by changes in lightness (ΔL*) as in the study of
Oberhofnerová et al. [31]. Changes in lightness of different coating during weathering is illustrated in
Figure 1. There are obvious differences in lightness parameters based on the weathering type-decrease
(negative value) of lightness during AW (except reference samples) indicating a tendency to turn into
darker and increase during NW indicating lightening. This trend is caused by the different weathering
conditions and ratio of degradation and leaching of photodegraded extractives and lignins observed
mainly on the transparent tested coatings. NW differing also in the presence of mould and dust and
other pollution in exterior which infiltrate in the degraded surface of wood or coating [10]. These
conditions are not simulated in laboratory testing [21,43]. But darkening of the surfaces caused by
the action of pollutants and moulds was negligible during this period of NW and mainly leaching of
darker oak extractives and changes in pigmented coatings caused increasing of L* parameter.

Total colour difference (ΔE*) of tested coatings, was closely linked to lightness changes. Control
samples manifested the highest colour differences during both types of weathering. Total colour
difference values are characterized by a systematic increase during exposure [43,44], with higher
changes during initial phases of weathering [28,43]. In this study, only coatings AC2 and AL1 followed
this trend during AW (Figure 2). The lowest colour difference was noticed for O1 during AW and O2
during NW, which is in accordance with lightness changes in Figure 1. Those were the only coatings
able to protect the wood to the extent of ΔE* < 3, which is considered as a low colour difference that
cannot be distinguished by a subjective observer [45]. These oil coatings differed from each other only
by the type of pigments used (Table 1). The pigmented coatings (O1, O2, AL2, S1) were characterized
by significantly lower colour changes than transparent ones.

 

Figure 1. Cont.
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Figure 1. Lightness difference (ΔL*) of tested coating systems during artificial and natural weathering
(CS means control sample).

 

 

Figure 2. Total colour difference (ΔE*) of tested coating systems during artificial and natural weathering
(CS means control sample).
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3.2. Gloss Change of the Samples

Except for small fluctuations, all coatings were characterized by decreased gloss values during
both weathering methods (Figure 3). The reference samples, on the other hand, manifested increases
in this property (with the decrease in the final phase of NW). The same findings regarding protected
and unprotected weathered wood were found by Ghosh et al. [46]. The best results were noted for
acrylate and AL1 coatings, while the highest changes were recorded for oil coatings.

 

 
Figure 3. Gloss difference (ΔG*) of tested coating systems during artificial and natural weathering (CS
means control sample).

3.3. Surface Wettability of the Samples

The contact angle, which indicates the wettability by water on the exposed surfaces of coated
wood, is an important indicator of the rate of weathering [22,24]. Surface wetting changes (Figure 4)
indicated the overall impairment of the protective function of the coating systems against water [24,39].
During AW, the most stable values were noted for acrylate coating systems and O3. The rest of the
samples were characterized by decreased surface wettability (the most in the case of reference samples
and AL2). During NW, the wettability decreased for all samples, but the smallest changes were also
recorded for acrylate and O3 coating.
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Figure 4. Surface wettability difference (ΔW*) of the tested coating systems during artificial and natural
weathering (CS means control sample).

The Spearman rank correlation of properties after 12 months of NW in comparison with 6 weeks
of AW measured both the strength and direction of the relationship between the ranks of data (Table 4).

Table 4. Spearman rank correlation between AW and NW.

Type of Coating Number of Valid Tests Spearman R p-Value

ΔE6AW * × ΔE12NW *
Transparent 5 0.10 0.87
Pigmented 4 0.40 0.60
All coatings 9 0.18 0.64

ΔL6AW * × ΔL12NW *
Transparent 5 −0.10 0.87
Pigmented 4 −0.40 0.60
All coatings 9 −0.03 0.93

ΔG6AW * × ΔG12NW *
Transparent 5 0.90 0.04 *
Pigmented 4 0.40 0.60
All coatings 9 0.77 0.02 *

ΔW6AW * × ΔW12NW *
Transparent 5 0.90 0.04 *
Pigmented 4 −0.80 0.20
All coatings 9 0.53 0.14

Note: * means statically significant at 95% level (p < 0.05); R = 1 is a perfect positive correlation; R = −1 is a perfect
negative correlation; R = 0 is no correlation.
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Based on the results of Spearman rank correlation, strong statistically significant relationships
between results from AW and NW were only found with gloss changes of all coatings and surface
wettability changes and gloss changes of transparent coatings (p < 0.05). Further evaluation revealed
the remaining results from AW and NW, including total colour difference were statistically insignificant
(p > 0.05) and very poorly correlated with each other.

3.4. Macroscopic and Microscopic Evaluation of the Samples

The coating performance of the samples during NW was also evaluated visually in accordance
with other studies [18,20]. The visual evaluation confirmed that weathering causes colour changes
and surface degradation both in natural and laboratory conditions [23,24]. Visual inspection (Figure 5
for AW and Figure 6 for NW) confirmed the exact previously measured values–darkening of coated
samples during AW and lightening of samples during NW (Figure 1) and associated total colour (ΔE*)
and gloss changes (Figures 2 and 3).

Figure 5. Visual evaluation of tested coatings before and after 6 weeks of AW exposure.

Figure 6. Visual evaluation of tested coatings before and after 12 months of NW exposure.

Confocal laser scanning microscopy was employed to assess degradation of selected coatings.
Figure 7 illustrates the degradation of oil coating (O1) and acrylate coating (AC1) after 6 weeks of AW
or 12 months of NW. Lower colour changes were noted for oil coatings (Figure 2), but also a more
obvious disruption and degradation of the coating surface (Figure 7) which are more connected with
the higher gloss and surface wettability changes. In the line with this, the acrylate coatings were
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characterized by lower gloss and surface wettability changes associated with the lower degree of
coating degradation.

Figure 7. Confocal microscopy of oil (O1) and acrylate (AC1) coating after 6 weeks of AW and 12 months
of NW.

3D images of samples roughness profile for selected tested coatings with higher gloss change
(AL2 and O3) are shown in Figure 8. It is possible to see increasing of roughness of the surfaces after
6 weeks of accelerated weathering. These images (Figure 8) also confirm that decreasing of gloss is
influenced mainly by decomposition of coating film (O3) or its top layer (AL2) (see also Figure 5).

Native oak wood has higher natural durability and lower colour changes in comparison with
other hardwood species during weathering [47], but to find durable coatings systems suitable for its
specific chemical and morphological structure is desirable. The findings of this study confirmed the
effect of polymer base on the overall performance of coatings [12,48]. It is clear that effect of surface
protection against weathering was demonstrated by the difference between uncoated reference and
coated samples (Figures 1–6). Generally, the oil coatings (O1–O3) performed well in the colour analyses,
the acrylate coatings (AC1–AC2) reached the best results in the gloss and wettability evaluation. These
properties are more likely connected with coating degradation and disruption than with chemical
changes in wood [34,39]. Acrylate and oil coatings reached the best performance on larch wood also in
study of Šimůnková et al. [15]. In opposite, in the study of Sivrikaya et al. [48], the better performance
against atmospheric conditions on oak wood was recorded for alkyd coatings compared with other
tested coatings.

52



Coatings 2019, 9, 864

Figure 8. 3D images of surfaces before (left) and after 6 weeks of artificial accelerated weathering
(right). Figures were created using Confocal laser scanning microscope with 108-fold magnification.
Size of analysed area is 2560 μm × 2560 μm.

The total colour changes (ΔE*) were the most connected with the change of lightness parameter
ΔL* (Figures 1 and 2) as in the other studies [43,49]. The lowest colour changes were observed for oil
coatings O1 and O2 (thin-layer oil-based with micronized pigments TiO2 and Fe2O3). The positive effect
of white TiO2 pigments on photodegradation was already discussed in the work of Moya et al. [30].
The thickness of the coating system is a criterion affecting its service life [23] but for tested coatings in
this work, the pigment content was the more important factor (Table 1, Figures 5 and 6). The pigmented
coatings generally provided more effective protection and reached the lower colour changes during
NW than transparent ones as in the study of Sivrikaya et al. [48].

In the gloss and surface wettability evaluation of the samples, the performance of coating differed
in comparison with colour analysis. All the tested samples except control samples were noted for loss
of gloss during NW and AW. The best results were observed for acrylate AC1-AC2 and AL1 coatings.
Although the role of gloss change is still discussed - according to Pánek et al. [39], the gloss change is
more sensitive to the coating degradation than to total colour difference (Figure 8). Merlatti et al. [34]
stated that loss of gloss should not be systematically correlated to the advance in chemical degradation
during weathering. The lowest change of surface wettability was recorded for acrylate coating systems
AC1-AC2 and oil coating O3 both after AW and NW. The rest of the samples were characterized by
decrease of surface wettability, this was the most significant in the case of control and AL2 samples.

The comparison of both weathering methods only by evaluating colour difference would be
insufficient, as stated in other previously done studies [23,28,30]. The combination of different testing
parameters of coating systems and visual evaluation gives a better idea about the durability of
coatings [49,50], despite that the total colour difference still remains the main indicator of coating
degradation. Coatings defoliated after AW were in most cases highly degraded after 12 months of
NW (Figure 5 versus Figure 6). Based on this, AW can be recommended as the first step for selection
of nondurable coatings mainly on woods with specific chemical or morphological structure. The
non-linear correlations were performed to compare the strength of the relationship between the total
colour differences, gloss and surface after NW and AW of transparent and pigmented coatings as in
the study of Pánek and Reinprecht [51]. The results were highly varied, and, in the most cases, without
any statistical significance. Comparisons of colour changes mainly showed weak correlation for tested
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oak, as for black locust and spruce wood in the work Pánek and Reinprecht [52]. The strong correlation
was found only for the gloss changes of all coatings, in agreement with the work Q-Lab [53], and
surface wettability and gloss change of transparent coatings separately. Both methods revealed the
certain durability among the tested coating systems and come to the greater agreement than in the case
of unprotected wood weathering. These inconsistent results confirm the previously stated difficulty
to mathematically correlate data from outdoor and laboratory conditions [22,30]. The significant
impact of climatic and local environmental conditions at the testing site is still one of the dominant
factors preventing the accurate prediction of real weathering in the exterior via artificial accelerated
weathering [36,54]. Even there is an effort to simulate outdoor conditions in UV chamber by setting
the parameters of weathering, the more accurate correlation for prediction changes of coated wood
via artificial weathering in laboratory has proven to be difficult. Despite the obvious advantages of
artificial weathering, the results provided by this method still lack reliability of natural weathering
and they should always be carefully interpreted and in the best scenario accompanied by natural
weathering tests to verify the performance of coatings in an end-use environment [11].

4. Conclusions

Eight different transparent and pigmented coating systems were applied on oak samples and
tested using artificial and natural weathering. Total colour difference was mostly related to the lightness
parameter change. Evaluation of discolouration with other criteria such as gloss, surface wettability
and visual and microscopic evaluation more accurate predicted service life of coatings. Pigmented
coatings had significantly lower colour changes than transparent ones, for both artificial and natural
weathering. Oil coatings were more colour stable, acrylate coatings achieved the best results of gloss
and wettability changes. The gloss and surface wettability changes better copy degradation and
disruption of coated wood in comparison with total colour changes. Even there were some visually
observed similarities in the test results of AW and NW exposed samples, this was not confirmed
statistically. The Spearman rank correlation showed strong statistically significant relationship between
results after artificial and natural weathering only for the gloss changes of all coatings and surface
wettability and gloss changes of transparent coatings separately.
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Abstract: The effect of artificial ageing on spruce (Picea abies), beech (Fagus sylvatica L.), birch
(Betula pendula), and sessile oak (Quercus petraea) wood surfaces were investigated using qualitative
(total phenolic and total soluble carbohydrate content) chemical examination methods. During
ageing (

∑
240h), the influence of surface chemistry modifications was monitored by contact

angle measurements of polar, dispersive (distilled water), and dispersive (diiodomethane) liquids.
The results clearly show the relation between the ratio of main chemical components of the wood
surface layer and surface wettability during artificial radiation. The identified surface chemistry
modifications cause more significant change in the contact angle of polar and dispersive liquid,
relative to the change of dispersive liquid contact angle. Chemical changes of the wood surface layer
are due to the degradation of the main wood components (cellulose, hemicelluloses, and lignin)
which can be properly monitored by total phenolic (TPC) and total soluble carbohydrate content
(TSCC) measurements.

Keywords: wettability; phenol; carbohydrates; beech; birch; spruce; sessile oak

1. Introduction

Regarding the antioxidant capacity of wood extracts, including phenolic compounds, numerous
studies focus on the total phenolic content measurements in food research or medical biology [1]. Only
a few researches deal with the investigation of extractive content of wood, while most researches
report on the mechanical properties of wood. The main goal of this research was to detect the relation
between changes of chemical components and the apparent contact angle of wood surface during
long-term artificial radiation. To find these relations, total carbohydrate and total phenolic compound
measurements were performed in parallel with contact angle measurements to identify decomposition
products of the wood surface thin layer and to monitor the behavior of contact angle of the wood surface.

There are considerable differences between wood species regarding the ratio of lignin, as their
structural material. While the lignin content of hardwoods is 18%–25%, for softwoods, it is between
25% and 35% generally [2]. The considerable diversity in quality and quantity of wood components
is reflected in the amount of extractives. There can be significant differences in extractive content
of samples coming from different species [3]. Although extractives are present only in minor
quantity relative to the quantity of main chemical wood components, their influence is intense on
the chemical nature of different wood species. Extractives affect the color and odor of wood, while
even the efficiency of such different processing technologies as pulping and drying have and impact
on the durability, adhesion, and hygroscopic behavior of wood, as noted by Umezawa [4]. Previous
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researches described the relation between wood mechanical properties and phenolic compounds.
Aloui et al. [5] demonstrated the effect of phenolic compounds on the durability of oak wood and
defined that the higher the proportions of phenol, the higher the resistance of wood is. According to
Trapp et al. [6], in terms of wood surface, the intensification of hydrophobic character can be primarily
related to the increase of phenolic compounds quantity. The high degree of wood wettability can
be attributed to the various hydrophilic components (e.g., hemicelluloses) of the wood surface [7].
Many studies suggest that adhesion is highly affected by extractives of wood and the wood surface
layer [7–11]. High concentration extract material on wood surfaces could become a physical obstacle,
making difficult the chemical bonding between, e.g., glue and wood. This type of extractive layer can
decrease the surface energy and extent of wettability, and can degrade the penetration of glue into
the wood material [12]. According to certain studies, there isn’t a clear correlation between adhesion
and the quantity of extractives [13], however Nguyen and Johns [14] stated that the percentage of
wood extractive content is in inverse proportion to wettability. During contact angle measurements,
wood species having the higher extractive and lignin content were found to have the higher contact
angle values [15–17]. The different parts of wood due to their chemical and structural complexity can
be wetted in different manner and with different success, typically decreasing with the increase of
the extract materials [18]. The quantitative difference of extractives is able to cause even 40% variance
with regard to wettability [19].

The wettability of wood depends on several factors due to its complexity, such as species, storage
conditions (water, sunlight, biotic and abiotic factors), drying process, and cutting direction, as stated by
Nguyen and Johns [20] and Kalnins et al. [21]. Wettability is also affected by the chemical composition
of the surface, as stated by Kishino and Nakano [22], and the density of wood, as noticed by Amorim
et al. [23].

One of the simplest methods to determine the surface energy of a solid surface is to measure
the contact angle of different liquid drops on the wood surface [24]. Theoretically, the contact angle
instantaneously characterizes the feature of the solid-liquid system and is measurable in a given
condition [25]. Assuming that instantaneous contact angle changes are consequence of hydrodynamic
processes, it could be stated hypothetically that its most characteristic value can be measured in that
moment, when the shape of the liquid droplet is formed on the surface (or at a very close time) [26].
Behavior of a liquid drop relaxing on a solid surface are influenced by the changes of the wood
surface [27]. The reason for this is that the contact angle is a phenomenological parameter which is not
influenced just by surface energy, but by surface roughness, surface heterogeneity, moisture content,
and a lot of other factors of the wood material [28].

The photodegradation of wood makes it more complicated to find the influencing factors of
wettability. Those research results are relevant for us which deal with the chemical changes of wood
surface caused by artificial ageing, and with the influence of radiation-caused degradation and its
effect on contact angle.

From the adhesion point of view, one of the most critical factors is the time elapsed since machining.
In the case of wood, the most optimal surfaces for gluing and surface treatments are freshly prepared
surfaces [9,29]. Accordingly, the wettability of different wood species decreases in parallel with the age
of machined surfaces because of the chemical transformation of extractives on wood surfaces [30].
Wood surfaces show significant changes in their surface free energy even after days of conditioning, as
reported in different studies [31,32]. Lignin is easily oxidisable by photodegradation and its structural
changes can be detected right when it comes in contact with the air, or during long-term storage [33].
Surface changes of wood due to natural aging can be imitated using artificial ageing apparatus under
laboratory conditions. Both processes can be blamed for decreasing the surface energy parameter,
caused by the migration of hydrophobic extractives onto the surface of wood [34].

It is noted that lignin together with extractives is able to increase the hydrophobic character of
wood surface. Unlike the cellulose and hemicellulose, lignin has relatively hydrophobic character [35].
Lignin is able to play a role in the increase of hydrophobicity, being active in moisture transport in
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wood [36,37]. Williams et al. [38] stated that light irradiation causes rapid colour changes followed by
processes having a strong impact on surface wettability in the case of some wood species. Similarly, to
other natural polymers lignin and polyphenols, as wood components, absorb UV radiation. Due to
UV absorption, photolytic, photo-oxidative, and thermo-oxidative reactions start to develop in wood
material and those reactions are responsible for the degradation caused by sunlight [39]. Radicals
formed due to the photodegradation of lignin protect lignin and also the complex wood system
from further photodegradation effects [40]. Besides lignin, the most intensive visible changes due
to photodegradation are caused by extractives. The reason of this is that extractives have strong
light absorption attribute [41,42] and in this manner protect the main wood components [43]. During
artificial or natural ageing hydrophobic extractives migrate to the wood surface and cause decrease of
the wettability [34]. The dissolution of phenolic compounds is result of surface structure also, which is
typical when the wood surface comes into contact with liquids [44–47]. In case of some wood species
due to artificial ageing wettability increases. The phenomenon of ablation caused by UV radiation is
the reason for the mitigation of materials able to decrease wettability of wood surface [48]. Due to
long-term UV radiation of the cell wall, researchers [49] detected significant quantity of water-soluble
decomposition products, which can alter the quality of wettability.

Penetration depth of UV radiation and visible light are different, and the photodegradation caused
by them is of different measure also. Based on Williams [50] and Pandey [41] the usual penetration
depth of UV radiation is ~75 μm. These values depend on the density of wood and ratio of earlywood
and latewood. Hon and Ifju [51] stated that the maximum UV penetration depth in wood is not more
than 80 μm. According to the research of Németh and Faix [52], the upper 75-μm thin layer of wood
should be monitored when examining photodegraded wood surfaces.

The present investigations are directed towards the development of a novel method for
the evaluation of wood surface chemical compound changes under artificial ageing in the case
of different wood species.

2. Materials and Methods

During the investigation of artificially aged wood surfaces, contact angle measurements (using
distilled water and diiodomethane), moisture content (MC) examinations, total phenolic and total
soluble carbohydrate content measurements were performed on wood samples of beech (Fagus sylvatica
L.), birch (Betula pendula), sessile oak (Quercus petraea), and spruce (Picea abies), as depicted in Figure 1.
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Figure 1. Flow diagram of experimental procedures.

2.1. Preparation of Wood Specimens

Before ageing, all wood surfaces were sanded with sandpaper of grit size 150. From the different
wood species similar samples were prepared for different measurements, including the specimens
for contact angle and moisture content examinations from different boards with dimensions
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50 × 100 × 20 mm3 and specimens for total phenol and total carbohydrate content measurements
with dimensions 20 × 20 × 20 mm3.

2.2. Technological Background of Artificial Ageing

The artificial ageing of different wood species was performed with Original Hanau Suntest
(HERAEUS, Hanau, Germany) equipped with xenon bulb and built-in UV mirror, started within 1 h
after machining. The different measurements were performed in the following ageing periods: 0 h
(control), 1 h, 3 h, 5 h, 8 h, 10 h, 15 h, 20 h, 30 h, 60 h, 96 h, 132 h, 174 h, and 240 h, respectively. During
artificial ageing, the temperature of wood surfaces was monitored by using Maxwell MX 25-903 type
(GLOBIZ, Ashford, Kent, UK) digital thermometer. Temperature monitoring was responsible for
the chamber temperature do not exceed the 55 ± 5 ◦C value which was defined as maximum reachable
ageing temperature. Based on practical experience of artificial ageing the temperature over 60 ◦C can
induce major surface chemical changes.

For moisture content measurements HM8-WS5 Merlin Moisture Meter (MERLIN Technology
GmbH, Tumeltsham, Austria) was used, with ~5 mm scanning depth, and ~20 cm2 maximum
measuring area to perform 5 moisture content examinations on each wood surface after ending
different ageing periods.

2.3. Contact Angle Measurements of Artificially Aged Wood Surfaces

Dynamic contact angle measurements were performed on each wood surface by using PG-X
goniometer (FIBRO SYSTEMS AG, Hagersten, Sweden): 20 by using distilled water and 20 by using
diiodomethane (SIGMA-ALDRICH, St. Louis, MO, USA). Measurements were performed in case of
all ageing periods, 1 sec after the drop release and formation of the liquid droplet on the surface, as
previously agreed [26].

2.4. Alcoholic Extraction and Determination of Total Phenolic and Total Soluble Carbohydrate Contents

To measure the total phenolic and total soluble carbohydrate contents, a ~75-μm thick layer
was collected by alcohol sterilized steel blade from sample surfaces, following previously agreed
ageing periods.

For alcoholic extraction methanol: water (volume ratio 4:1) (with methanol from REANAL,
Budapest, Hungary) mixture was used and BRANSON 3510 ultrasonic bath (EMERSON, St. Louis,
MO, USA) was applied for 20 min, after 5 mL extracting agent was mixed with the previously collected
wood material (~0.05 g). The extract produced in this manner was centrifuged with a MiniSpin spinner
(EPPENDORF, Hamburg, Germany) for 10 min (13,400 rpm).

The total phenolic content (TPC) was calculated based on the Folin–Ciocalteu method [53]. First,
Folin–Ciocalteu reagent (VWR International, Debrecen, Hungary) (2.5 mL, tenfold dilution) was mixed
with the extract (0.5 mL), and after 1 min application time, 2 mL (with concentration 0.7 M) Na2CO3

(VWR International, Debrecen, Hungary) solution was blended with the mixture. The reaction mixture
was warmed in Memmert WNB 200 water bath (MEMMERT GmbH, Buechenbach, Germany) at
50 ◦C for 5 min. After warming in water bath, the solutions were cooled in cold water bath, until
the temperature of solutions reached ~25 ◦C. For determination of total phenol content Metertech SP
8001 spectrophotometer (METERTECH Inc., Taipei, China) was used at 760 nm wavelength and as
standard, quercetin (SIGMA-ALDRICH, St. Louis, MO, USA) was chosen.

Total soluble carbohydrate content (TSCC) was calculated based on method of Dubois et al. [54].
Firstly, phenol solution (REANAL, Budapest, Hungary) (0.5 mL; dilution: 5%) was mixed to the extract
(0.5 mL). After mixing to the solution 2.5 mL concentrated sulfuric acid (REANAL, Budapest, Hungary),
sealed test tubes were hold for 10 min at room temperature, followed by a second cooling for 20 min, in
a 25 ◦C temperature water bath. Total soluble carbohydrate content was measured by using Metertech
SP 8001 spectrophotometer (METERTECH Inc., Taipei, China) at 490 nm. During the total soluble

62



Coatings 2020, 10, 257

carbohydrate content measurements, glucose was used as standard (SIGMA-ALDRICH, St. Louis,
MO, USA). For the determination of TPC and TSCC, 3-3 replicates were analyzed.

2.5. Statistical Analysis

Statistical analysis was performed in Table 1, namely the analysis of variance (ANOVA) and t-test
in order to explore significant variations between the following groups (measured data). No real
significant differences between groups were considered in the ANOVA test when the value of statistic
was close to l and relative low statistic value in case of t-test.

Table 1. The statistical analysis on each measured parameter.

Beech, Spruce, Birch, Sessile oak

†DWCA-TFC
DWCA-TSCC
‡DMCA-TFC
DMCA-TSCC
TFC-TSCC
DWCA-DMCA

†DWCA: Distilled water contact angle, ‡DMCA: Diiodomethane contact angle.

Datasets are given in publicly available database.

3. Results

3.1. Contact Angle Changes due to Artificial Ageing

The changes occurring in the development of the contact angles measured with different test liquids
are different (bi-distilled water and diiodomethane) during ageing. The character of the development
of contact angles is similar on the different wood species (Figure 2).
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Figure 2. Figure 2. Contact angle values of distilled water and diiodomethane during artificial ageing,
L—left y-axis, R—right y-axis.

There is some difference within the control values (0h) of distilled water contact angles measured
on different wood species (Figure 2 and Table 2). Higher contact angle values were detected on sessile
oak material, associated with higher extractive content, according to previous studies [15–17]. Since
it has significant influence on liquid contact angle results, moisture content determinations were
performed in order to monitor wood surface layer MC changes due to artificial ageing. MC results
clearly show that, after the first three hours of artificial radiation, there was no difference between two
consecutive measurements, in the case of all wood species. The results clearly show the process of
changes during the total duration of artificial ageing, which takes place similarly in the case of all
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wood species: contact angle of distilled water increases in the first 8 h. Consequently, until the end of
ageing (240 h), it has a slightly decreasing tendency.

Table 2. The average values of contact angle and its spread.

Ageing Time [h]

Distilled Water Contact Angle Values [◦]
Beech Spruce Birch Sessile oak

x SD x SD x SD x SD

0 45.30 3.86 87.05 5.33 52.91 3.19 63.30 3.82
1 78.61 3.12 93.69 5.07 97.84 9.24 112.47 2.52
3 104.95 3.42 111.83 5.54 120.22 4.01 118.81 3.43
5 107.97 2.68 107.83 3.10 129.43 3.91 118.57 1.61
8 111.92 3.08 101.96 2.78 118.83 4.32 114.48 3.18
10 109.05 3.21 100.39 3.08 119.92 4.31 122.64 2.30
15 108.02 2.59 83.55 6.45 111.37 10.55 115.53 3.05
20 91.98 3.55 90.23 4.15 100.21 5.47 109.54 3.43
30 74.15 5.21 70.41 5.27 84.34 2.34 105.79 2.93
60 70.11 3.19 63.00 2.63 76.09 2.91 93.49 7.55
96 23.58 4.29 32.33 5.63 31.00 4.98 54.97 8.66

132 17.72 1.39 17.42 1.68 32.87 3.32 23.15 2.72
174 24.46 3.94 31.34 3.92 28.79 3.95 26.48 3.09
240 17.09 1.68 19.03 2.20 28.48 3.58 13.44 2.79

Ageing time [h]

Diiodomethane Contact Angle Values [◦]
Beech Spruce Birch Sessile oak

x SD x SD x SD x SD

0 5.24 1.11 5.23 0.80 4.19 0.44 4.34 0.75
1 2.36 0.54 3.30 0.69 5.80 1.37 2.35 0.68
3 4.54 1.03 2.97 0.95 3.68 1.03 2.13 1.00
5 3.98 1.14 2.81 0.63 4.79 0.87 4.00 0.63
8 3.39 0.68 2.19 0.63 1.97 0.71 3.39 0.63
10 5.28 0.71 3.94 0.84 3.51 0.70 4.57 0.65
15 3.24 0.76 1.79 0.75 2.48 0.70 3.76 0.74
20 2.70 0.69 4.34 1.66 6.75 1.33 2.11 0.56
30 6.12 1.17 8.19 0.71 11.62 1.33 3.59 1.36
60 11.28 1.51 7.38 1.25 11.85 1.58 7.15 0.52
96 10.99 1.51 10.31 1.32 10.77 1.11 7.96 0.58

132 12.01 1.33 9.59 1.03 11.63 1.11 7.50 0.61
174 10.52 1.99 11.51 1.72 11.33 1.86 11.63 0.97
240 12.60 1.54 10.33 1.54 9.04 1.58 11.22 1.62

According to control values (0 h) and finally measured (after 240 h artificial radiation) distilled
water contact angle values of different wood species can be concluded that the control values (0 h) are
higher in case of all four wood species. Those results lead to the conclusion that higher wettability is
characteristic to the wood surfaces at the end of artificial ageing (Figure 2). In addition, evaluating
the total duration of artificial ageing, contact angle of both polar and disperse distilled water changes
to a greater extent than the contact angle of the solely disperse diiodomethane.

3.2. Total Phenolic and Total Soluble Carbohydrate Content of Artificially Aged Wood Surfaces

Total phenolic content examinations were performed to detect quantity changes of phenolic
extractive compounds of different wood materials (Figure 3). Phenolic compounds significantly
influence the wetting of polar and disperse liquid drops, together with the wettability of wood surfaces.
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Figure 3. Total phenolic and total soluble carbohydrate contents as function of artificial ageing.

The results of total phenolic and total soluble carbohydrate content examinations show major
difference in their measure. Total phenolic content of different wood species, except sessile oak,
increases from a value about 1 mg/g to about 15 mg/g, regarding the total 240 h of artificial radiation.
Parallel with the changes of total phenolic content, the total soluble carbohydrate content (for all four
wood species) increases from a value of 7 mg/g to about 45–60 mg/g. The results clearly show that
the carbohydrate content changes in 3–4 times higher measure than the phenolic compounds (Table 3).
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Table 3. The average values of TPC and TSCC and its spread.

Ageing Time [h]

TFC Values [mg/g]

Beech Spruce Birch Sessile oak

x SD x SD x SD x SD

0 2.923 0.042 2.519 0.096 0.729 0.083 43.070 2.842
1 4.706 0.085 2.127 0.092 2.533 0.101 12.481 1.517
3 4.691 0.042 5.479 0.155 3.325 0.095 37.380 1.187
5 5.974 0.178 6.805 0.257 3.665 0.066 11.201 0.090
8 6.702 0.055 7.780 0.205 4.910 0.183 12.311 0.466
10 6.867 0.191 7.119 0.227 4.328 0.117 29.842 1.669
15 7.770 0.072 5.775 0.253 5.017 0.136 13.215 1.001
20 7.819 0.113 7.732 0.175 5.328 0.199 33.759 1.891
30 7.295 0.139 4.683 1.907 6.268 0.330 11.653 1.045
60 9.113 0.123 6.807 0.439 8.108 0.258 12.208 0.413
96 10.615 0.136 8.003 0.478 9.309 0.261 34.748 0.870

132 13.613 0.196 10.804 0.244 10.095 0.114 7.503 0.239
174 14.963 0.370 12.418 0.886 10.208 0.254 33.061 0.905
240 17.041 0.199 13.371 0.692 10.281 0.401 23.380 0.495

Ageing Time [h]

TSCC Values [mg/g]

Beech Spruce Birch Sessile oak

x SD x SD x SD x SD

0 19.762 0.504 9.255 0.402 17.177 2.157 50.172 3.595
1 23.731 4.575 6.773 0.755 9.078 0.829 28.889 0.976
3 21.906 2.880 11.468 1.086 10.058 2.493 37.681 7.343
5 35.616 5.721 12.569 2.080 14.373 2.557 29.903 3.324
8 33.638 2.732 15.849 2.621 20.624 1.430 39.438 10.706
10 33.858 2.186 16.681 2.880 17.628 0.174 40.276 0.554
15 33.459 3.573 15.555 3.330 19.073 0.561 31.259 2.626
20 34.883 0.163 17.769 3.698 24.459 0.950 43.858 2.782
30 32.876 5.870 20.903 3.423 23.505 3.657 38.251 5.158
60 43.517 3.090 25.110 2.013 37.897 2.891 44.040 0.488
96 47.914 1.348 25.370 7.367 39.954 0.797 47.991 1.972

132 58.020 3.653 29.226 4.664 41.100 3.795 30.234 1.348
174 54.711 1.643 38.010 1.481 53.740 5.197 52.610 6.920
240 61.471 6.214 41.353 8.009 49.826 2.215 57.729 3.781

4. Discussion

The quantitative change described above is consistent regarding the change of the measured
contact angle values. The measured contact angle, TPC and TSCC values in case of different wood
species show similar trend under the entire artificial ageing period.

Despite the fact that the total phenol content increases almost 15-times during 240 h of artificial
xenon radiation and the total soluble carbohydrate content increases only 6–8 times, the substantially
higher presence of carbohydrate has a greater influence on the contact angle of the liquid drops. Based
on the decrease of contact angles an improved wood surface wettability can be concluded.

The most reactive wood components during photodegradation are the lignin and the
extractives [39,41,42]. The reason for contact angle changes in the first 15–20 h of artificial radiation
is that the decomposition of lignin and extractives begins, and the total phenolic content increases.
In the subsequent radiation interval begins the decay of cellulose and hemicelluloses, which are less
sensitive to photodegradation. The total soluble carbohydrate content increases compensate the effect
of hydrophobic phenolic compounds and this is manifest in the diminution of strong variation in
the contact angle values. As cellulose and hemicelluloses are present on the wood surface (and in
the whole wood material) in essentially larger quantities, their hydrophilic nature is strongly manifested
in the next radiation interval proved, also by decreasing contact angle values. The observed chemical
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changes were further investigated with Fourier-transform infrared spectroscopy and these results will
be published in the near future.

Overall, the performed t-test statistical analysis resulted in values close to 0 in each combination,
which indicate that similarity exists between the measured data sets, and supports the observation that
the contact angle value, for example, is susceptible to follow surface chemical changes. The ANOVA
test also indicates that there is a real difference between the tested, measured data groups in each
combination, as the value was close to zero.

5. Conclusions

Chemical changes of the wood surface layer, which can be well monitored by using total phenolic
and soluble carbohydrate content examinations, are influenced by the photodegradation of the main
wood components: cellulose, hemicelluloses, and lignin. According to test results of TPC and TSCC
experiments, by using the 75-μm thin layer of wood specimens, both phenolic and carbohydrate content
alter to a great extent due to photodegradation. The quantity increases of total soluble carbohydrates,
which gives information about the degradation of cellulose and hemicelluloses, and their basically
greater presence in wood material, influences the contact angle of liquid drops more than the total
phenolic compounds.

To our best knowledge, there is no article that reports on TPC and TSCC evaluation considering
the surface detached wood particles observed under artificial ageing. The present study shows that
the preparation method and evaluation of TPC and TSCC can be significant. This could be a great
advantage and novel technique, thus representing a good contribution to the surface science of wood.
In that sense, our attempt to draw attention to the method used might also be useful to researchers
from the other fields of the wood science, like surface treatment and the gluing of wood.
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Abstract: Shelling is the delamination of growth rings and the projection of woody tissue from wood
surfaces. Shelling disrupts coatings and makes refinishing difficult, and a better understanding
of the phenomenon is needed to help alleviate its unwanted effects. We tested whether confocal
profilometry could quantify shelling in flat-faced and profiled-faced western larch deckboards exposed
to natural weathering and examined the effects of growth-ring orientation and angle on shelling.
Confocal profilometry was able to quantify shelling in both deckboard types. Shelling developed
at the surface of flat-faced deckboards oriented pith-side-up, whereas it was absent from boards
oriented bark-side-up. We found an inverse correlation between the height of shelled growth rings
and the angle of growth rings to the surface of flat-faced boards. Shelling occurred in profiled-faced
boards oriented pith-side-up due to the delamination of growth ring tips and projection of latewood
from wood surfaces. A superficially similar although less pronounced phenomenon was seen
in profiled-faced boards oriented bark-side-up. The shelling of profiled-faced boards oriented
pith-side-up created lanceolate-shaped slivers of latewood that projected from the peaks of profiles.
Some of these latewood tips were sharp and, for this reason, we suggest that profiled-faced western
larch deckboards should always be oriented bark-side-up rather than pith-side-up.

Keywords: shelling; western larch; confocal profilometry; profiling; growth rings; latewood;
earlywood; pith-side-up; bark-side-up; natural weathering

1. Introduction

Wood that is exposed outdoors is subject to surface degradation by solar radiation (U.V. and visible
light), water, heat, environmental pollutants, and mould [1]. The most obvious manifestation of such
degradation is the greying of wood exposed outdoors [2]. Another highly visible effect of “weathering”
is the surface cracking (checking) of wood [3]. Checks develop when moisture-induced surface stresses
exceed the tensile strength of wood perpendicular to the grain [4]. The severity of checking depends,
in part, on the orientation of growth rings to wood surfaces exposed to the weather. For example,
checking is less severe in coniferous wood (softwood) whose growth ring are perpendicular to the
exposed surface (radial or quarter-sawn boards) when compared to wood whose growth rings are
mainly parallel to the surface (tangential or flat-sawn boards) [5]. Checks in quarter-sawn softwoods
often develop at the interface between denser bands of summer wood (latewood) and lower density
springwood (earlywood) [6]. In flat-sawn softwoods, checks develop in and propagate radially
into wood via rays [4]. Flat-sawn wooden boards can be classified into ones where growth rings
either curve away from, or curve towards, their upper wide surface [7] (Figure 1). These boards are
commonly known as bark-side-up and pith-side-up boards, respectively [7] (Figure 1). The checking
of wood during exposure to the weather is less pronounced in wooden boards that are oriented
pith-side-up [5,8].
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Figure 1. Orientation of growth rings to the upper exposed surface of flat-sawn (tangential) western larch
deckboards. The darker bands within growth rings are latewood and the lighter bands are earlywood:
(a) flat board with growth rings that curve towards the exposed upper surface. These are known as
pith-side-up boards. Growth rings can make shallow (α) or high (β) angles to the exposed upper
surface; (b) flat board with growth rings that curve away from the exposed upper surface. These are
known as bark-side-up boards; (c) profiled pith-side-up board; and, (d) profiled bark-side-up board.

In addition to checking, another less commonly known defect, shelling or loosened grain, develops
at wood surfaces, especially those that are exposed to the weather [7,9–11]. Shelling occurs when
mechanical or moisture-induced stresses at the surface of flat-sawn boards are sufficiently large
to cause delamination of growth rings at the boundary between latewood and earlywood [9,10].
Such delamination of growth rings results in the projection of latewood above the surface of
adjacent earlywood. Two forms of shelling have been observed at flat-sawn (tangential) surfaces that
result from either the separation of tips or edges of latewood from earlywood, respectively [9,10].
Shelling mainly develops at the surface of boards oriented pith-side-up. It can also occur beneath
opaque coatings and disrupt paint films on siding (cladding), and this is one of the reasons why
wooden siding is fixed to building with growth rings oriented bark-side facing outwards [10,11].
Shelling, particularly shelled tips of latewood, can create sharp splinters that protrude from the surface
of wood. These splinters are objectionable and dangerous according to Koehler [9], particularly when
they occur at the surface of deckboards that people walk on. Shelling also makes refinishing
and cleaning of wood surfaces difficult [9,10]. Shelling is most pronounced in softwoods with a
pronounced difference in cell wall thickness between latewood and earlywood, for example, species,
such as southern pine (Pinus spp.), larch (Larix spp.), and Douglas fir (Pseudotsuga menziesii (Mirb.)
Franco) [9,10,12], but it has also been observed in hardwood with relatively uniform structure, such as
yellow poplar (Liriodendron tulipfera L.) [10]. These wood species are very important commercially.
Furthermore, the wood products that are negatively affected by shelling such as decking and siding
are especially important. For example, the market for wooden decking and siding in the USA had a
combined value in 2018 of ~US 2.8 billion, and each year over 300 million square feet (~28 million m2)
of wood siding is installed on houses in the USA [13,14]. However, wooden siding and decking are
losing market share, because they require more maintenance particularly refinishing and cleaning than
products made from alternative materials, such as plastic and composites (wood-plastic and wood-fibre
cement composites) [13,14]. Hence, there is a need to better understand and develop solutions to
problems such as shelling that reduce coating durability and increase the frequency of refinishing of
wood products used for siding and decking.

Our understanding of shelling is based on a small number of studies [7,9,10], but, unlike
grain raising, which was until recently a similarly neglected surface phenomenon that affects the
performance of coatings on wood, no method has been developed to quantify shelling at weathered
wood surfaces. Grain raising was first quantified using stylus profilometry [15], and recent studies
have used non-contact profilometry to quantify and image grain raising [16,17], and examine the shape
recovery of earlywood and latewood beneath machined and painted radiata pine (Pinus radiata D. Don)
panels soaked in water [18,19]. The latter research suggests that the current generation of non-contact
profilometers will be able to quantify shelling at weathered wood surfaces and provide insights into its
origins. We test this hypothesis in this paper. We use confocal profilometry and macro-photography to
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quantify and image shelling of flat-faced western larch (Larix occidentalis Nutt.) deckboards (hereafter
called flat deckboards) exposed to natural weathering for seven months. Profilometry and scanning
electron microscopy were also used to image shelling of flat alkaline copper quaternary (ACQ) treated
Douglas fir, western hemlock (Tsuga heterophylla (Raf.) Sarg.), and white spruce (Picea glauca (Moench)
Voss) deckboards exposed to the weather for 18 months. We extend our observations of shelling of
flat deckboards to include profiled-faced larch deckboards (hereafter called profiled deckboards) that
were exposed to the weather because there are no reports in the literature on the shelling of profiled
deckboards, even though profiling is widely used in Australia, Europe, Japan, and New Zealand to
reduce the negative effects of checking on the appearance of deckboards exposed outdoors [20,21].

2. Materials and Methods

2.1. Preparation and Weathering of Larch Deckboards

Six flat-sawn, J-grade, kiln-dried, and dressed western larch boards cut from trees growing in
the interior of British Columbia, BC, Canada, and measuring 38 × 140 × 3658 mm3, were donated
by Tolko’s Lavington Planer Mill Ltd. (6200 Jeffers Drive, Lavington, British Columbia, BC, Canada).
Each parent board was cross-cut using a pendulum saw (Stromab ps 50/f, Campagnola Emilia, Italy) to
produce six samples, each 600 mm in length. Samples were then randomly assigned to one of five
deckboard profiles or the flat control, Table 1. Sample boards were then profiled on both sides using
a moulding machine (Weinig Powermat 700, Michael Weinig Inc., Mooresville, NC, USA) equipped
with a 125 mm diameter, two-wing, cylindrical rotary cutter head (Great-Loc SG Positive Clamping
Universal Tool System, Great Lakes Custom Tool Mfg. Inc., Pestigo, WI, USA). After double-sided
profiling, each sample was cut into two using a pendulum saw, as above. The sub-samples were
oriented either pith-side-up or bark-side-up during the subsequent natural weathering trial. A total of
seventy-two deckboard samples each with a final dimension of 32 × 130 × 292 mm3 were manufactured.
The ends of deckboard samples were coated with an epoxy sealer (Intergard® 740, International Paint
Singapore Pty Ltd., Jurong, Singapore) to prevent end checking of boards during conditioning and
weathering. The decking samples were stored in a conditioning room at 20 ± 1 ◦C and 65 ± 5% r.h. for
at least three months before the outdoor weathering trial.

Table 1. Geometry of profiles in western larch deckboards.

Profile Type 1 Groove Depth (mm) Groove Radius (mm) Peak Radius (mm)

Flat - - -
Rib 2.0 0.16 2.4

Short rib 1.5 0.16 2.4
Tall rib 2.5 0.15 2.2
Ribble 2.0 0.65 1.3
Ripple 2.0 1.0 1.2

1 Number of peaks per 150 mm was 20 for all profiles except flat samples.

Profiled and flat deckboard sub-samples from the same parent western larch board (board 1, 2, 3,
4, 5, or 6) were screwed onto separate sub-frames made from preservative-treated 2 × 4-dimensional
lumber. Each deckboard was spaced 10 mm apart from adjacent boards and fastened at its four corners
onto the weathering rack using hidden galvanized screws (CAMO® fastening system, National Nail
Corp. Grand Rapids, MI, USA, http://www.camofasteners.com/). A total of six mini-decks were
constructed, each measuring 30 cm long, 177 cm wide, and 61 cm high. In addition, end boards made
from preservative-treated lumber measuring ~40 × 90 × 300 mm3 were screwed on to the two ends of
each rack to prevent the edges of samples at the ends of racks from weathering. The test decks were
then placed outdoors in Vancouver for seven months from March to October 2019. The deckboard
samples were removed from racks and stored in a conditioning room at 20 ± 1 ◦C and 65 ± 5% r.h.
for two weeks before profilometry measurements. After the weathering trial, samples measuring
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15 × 15 × 38 mm3 were cut from each of the six parent western larch boards. The basic density of these
samples was calculated using their oven dry weight (obtained by oven drying samples at 105 ◦C to a
constant weight) divided by their water-saturated volume (obtained by Archimedean displacement).

2.2. Measurement and Imaging of Shelling of Weathered Deckboards

The shelling of the flat western larch deckboard samples was characterized using a non-contact
surface confocal profilometer equipped with a 3 mm probe (Altisurf 500®, Altimet, 298 Allée du Larry,
74200, Marin, France) [22]. The profilometer measured the heights of each deckboard sample along a
100 mm line at three locations; each line was offset approximately 16 mm from the edges of samples.
Height data were extracted from line scans using the software ProfilmOnline (Filmetrics, KLA Co.,
San Diego, CA, USA). Heights of shelled growth rings were measured from the tip of the latewood
projecting from the wood surface to the adjacent earlywood. In addition, a 625 mm2 area on samples
was scanned using the confocal profilometer and reconstructed using Altimet Premium (version 6.2) to
provide three-dimensional (3D) images of growth rings. Profilometry was also used to image shelling
of latewood tips occurring on the peaks of profiled western larch deckboard samples. The number of
detached or raised latewood tips at the surface of profiled deckboard samples was counted, and the
surfaces of flat and profiled boards were photographed using a Canon EOS 80D digital single lens
reflex camera equipped with a Canon EF-S 35 mm f/2.8 macro lens. End-grain of flat deckboards
with shelling were scanned using a desktop scanner (Hewlett-Packard Office Jet 6700, Palo Alto, CA,
USA) at 600 dpi resolution, which was sufficient for subsequent image analysis. Scanned images were
then examined with the image analysis software ImageJ (version 1.51q) (https://imagej.nih.gov/ij/)
to measure growth ring angle to the surface of the corresponding shelled growth ring (Figure 1a).
The number of growth rings per cm on the end grain of deckboard samples was measured using a
transparent plastic ruler.

We also imaged shelling in flat Douglas fir, western hemlock, and white spruce deckboards that
had been treated with a 1.8% alkaline copper quaternary (ACQ) preservative and exposed to natural
weathering for 18 months. These boards were part of an experimental trial that examined effects of
three factors, profile type, wood species (Douglas fir, western hemlock and white spruce) and growth
ring orientation (boards with growth rings oriented either bark-side-up or pith-side-up) on the cupping
and checking of deckboards during weathering. The materials and methods that were used to prepare
and weather these deckboards are described in detail in a recent publication [8]. Flat weathered
deckboards with growth rings oriented pith-side-up were selected, and shelled growth rings were
imaged using confocal profilometry and macro-photography, as described above.

Scanning electron microscopy was used to examine the interface between latewood and
earlywood in shelled growth rings in flat Douglas fir, western hemlock and white spruce deckboards.
Samples measuring 15 × 15 × 15 mm3 and each containing a shelled growth ring were cut from
deckboard samples using a small razor saw (Lee Valley Tools Ltd., Vancouver, BC, Canada, ultra-thin
razor saw 60F0310). Samples were dried over silica gel at 20 ± 1 ◦C for 24 h and reduced in size to
~5 × 5 × 8 mm3 using single-edged razor blades (gem surgical carbon steel blades, American Safety
Razor Co. Cedar Knolls, NJ, USA) [23]. Samples with either transverse or tangential (weathered)
surfaces facing uppermost were glued to separate aluminium stubs using Nylon nail polish as an
adhesive. The stubs were sputter coated with an 8 nm layer of gold and they were then examined
using a Zeiss Ultra Plus field emission scanning electron microscope (Carl Zeiss AG, Oberkochen,
Germany) at an accelerating voltage of 5 kV, working distances of 14.8 to 15.9 mm, and a high vacuum
(1.3 × 10−4 Pa). Secondary electron images of samples were obtained and saved as TIF files.

2.3. Experimental Design and Statistical Analysis of Data

Our experiment was designed to examine the effects of surface profiling and growth ring
orientation on the checking and cupping of western larch deckboards that were exposed to natural
weathering. The experiment was a randomized block design with two fixed factors: (a) Boards with
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different surface profiles, as defined and described previously, Table 1 [24], including three rib profiles
(rib, short rib, and tall rib), and two wavy profiles (ribble and ripple): flat boards acted as a control;
(b) growth ring orientation (concave, pith-side-up; and convex, bark-side-up). Six replicate blocks of
twelve samples (6 profiles × 2 orientations × 6 replicates = 72 samples) were prepared and exposed to
natural weathering. Linear regression was used to examine the relationship between growth ring angle
and height (mm) of shelled growth rings in flat western larch boards oriented pith-side-up. Analysis of
variance was used to examine the effects of growth ring orientation and profile type on numbers of
shelled growth rings in profiled boards. The latter count data was transformed (square root) before
final analysis. Statistical computation used the software, Genstat (v. 19). The results are presented
graphically and Fisher’s least significant difference (LSD) bar (p < 0.05) can be used to determine
whether differences between individual means are statistically significant [25].

3. Results

3.1. Shelling of Growth Rings in Flat Western Larch Deckboards

Shelling was clearly evident at the surface of flat western larch deckboards exposed pith-side-up
to the weather. The confocal profilometry height map and adjacent matching photographic image in
Figure 2 show that shelling of western larch deckboards was due to oblique checking at the interface
between latewood and earlywood and the projection of latewood above the deckboard surface, as in
Figure 2a,b.

 

Figure 2. Shelling of growth rings in a flat western larch deckboard oriented pith-side-up and exposed
to the weather for 7 months in Vancouver, BC, Canada. Four shelled growth rings including a shelled
latewood tip are labelled, 1, 2, 3, and 4: (a) confocal profilometry height map showing four shelled
growth rings; (b) photograph of four shelled growth rings matching the height map in Figure 2a;
and, (c) confocal profilometry line scan showing the heights of the shelled growth rings in Figure 2a,b.

The three-dimensional (3D) profilometry height map and line scan of a weathered western larch
deckboard with growth rings oriented pith-side-up shows the extent to which latewood projected
above the wood surface, Figure 2a,c. For example, the numbered (1, 2, and 4) red coloured regions of the
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profilometry height map in Figure 2a correspond to the similarly numbered latewood bands in growth
rings in Figure 2b. The heights of latewood bands in Figure 2a and the line scan Figure 2c indicate that
one of the latewood bands (number 2) projected approximately 0.3 mm above adjacent earlywood.
The latewood tip in Figure 2a,b (number 3) projected 0.15 mm above earlywood. The central area of
Figure 2a,b is where a growth ring is parallel (0◦) to the underlying surface. The heights of shelled
latewood tend to be greatest in growth rings adjacent to this central region (Figure 2c), and then
diminish in height further away from the central part of the deckboard. Latewood separated from the
earlywood in the adjacent growth ring (inter-ring failure) rather than from earlywood in the same ring
(intra-ring failure).

Table 2 shows profilometry measurements of the heights that shelled growth rings projected above
the surface of each of the six western larch deckboard samples oriented pith-side-up and exposed to
the weather. This table also includes the density of the parent boards and the numbers of growth rings
per cm. The extent to which shelled growth rings projected above the surface of deckboard samples
varied between the six boards, but there appeared to be no relationship between wood density and
growth ring width and severity of shelling, as in Table 2.

Table 2. Wood properties and shelling of six different flat western larch deckboards oriented pith-side-up
and exposed to the weather in Vancouver, BC, Canada for 7 months.

Board No. Height Shelling (mm) 1 No. Shelled Growth Rings 2 Wood Density (g/cm3) Growth Rings/cm

1 0.10 (0.16–0.063) 6 (36) 0.517 9.0
2 0.12 (0.31–0.056) 19 (37) 0.431 5.0
3 0.18 (0.48–0.081) 14 (30) 0.456 6.0
4 0.08 (0.21–0.019) 32 (55) 0.467 6.0
5 0.05 (0.07–0.013) 12 (54) 0.442 7.5
6 0.19 (0.52–0.068) 17 (47) 0.488 8.5

1 Average height of shelled growth rings. Max and min in parentheses; 2 Total number of growth rings in parentheses.

There was an inverse relationship between the height of shelled growth rings and the angle
growth rings made to the surface of flat boards oriented pith-side-up, as in Figure 3. In other words,
shelled growth rings with a smaller angle to the surface tended to project further from the surface than
growth rings that were inclined at a higher angle to the surface. The regression between shelled growth
ring height and growth ring angle was very significant (p < 0.001), but the correlation coefficient was
low (R2 = 0.327). This may be caused by our small sample size.

Shelling did not occur at the surface of flat weathered deckboards oriented bark-side-up, although
checking was more pronounced at the surface of boards oriented bark-side-up compared to those
oriented pith-side-up, Figure 4, in accord with the results of previous studies [5,8]. Many of the checks
in boards oriented bark-side-up occurred at the interface of latewood and earlywood (Figure 4), but did
not cause growth rings to project from the surface of the wood, as was observed in boards oriented
pith-side-up. Latewood was raised slightly above the surface of adjacent earlywood possibly due to
springback or differential swelling of latewood and/or increased degradation and erosion of earlywood
compared to latewood [6,26].
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Figure 3. Linear regression (red line) of heights of latewood in shelled growth rings versus growth
ring angle in flat western larch deckboards oriented pith-side-up and exposed to the weather for seven
months in Vancouver, Canada; regression includes 95% confidence intervals (blue-lines).

 

Figure 4. Appearance of a western larch deckboard with growth rings oriented bark-side-up and
exposed to the weather for 7 months in Vancouver, Canada: (a) confocal profilometry height map
showing surface checking and roughening of the wood surface; (b) photograph matching the image in
Figure 4a; and, (c) confocal profilometry line scan showing variation in height of images in Figure 4a,b.
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3.2. Shelling of Growth Rings in Flat ACQ-Treated Douglas Fir, Western Hemlock and White
Spruce Deckboards

Confocal profilometry imaging of flat ACQ-treated western hemlock, white spruce, and Douglas
fir deckboards oriented pith-side-up and exposed to the weather for 18 months showed that shelling in
these species was due to inter-ring delamination of growth rings and projection of latewood above
adjacent earlywood, as in Figure 5. In western hemlock and white spruce, latewood in shelled growth
rings projected over 1 mm above the surface, and splitting of delaminated latewood occurred in
western hemlock creating sharp splinters. The delamination of growth rings and projection of latewood
above weathered deckboard surfaces was more pronounced in western hemlock and white spruce
than in Douglas fir boards.

Figure 5. Confocal profilometry height maps showing shelling of growth rings in alkaline copper
quaternary (ACQ) treated (a) western hemlock, (b) white spruce, and (c) Douglas fir deckboards with
growth rings oriented pith-side-up and exposed to the weather for 18 months in Vancouver, BC, Canada.
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Scanning electron microscopy was used to examine the interface between latewood and earlywood
in shelled growth rings in Douglas fir, western hemlock, and white spruce deckboards, as in Figure 6.
Images of shelled growth rings in all three species show a check between thicker-walled latewood
cells and thinner-walled earlywood cells. In western hemlock, there was evidence that delamination
of growth rings resulted from fracture of thin walled earlywood tracheids, as shown in Figure 6d,f.
All three species showed evidence of photodegradation, for example, pit micro-checking (arrowed in
Figure 6a,c) and colonization of the wood surface by mould fungi (arrowed in Figure 6d).

 
Figure 6. Scanning electron microscopy images of shelled growth rings in small samples from flat
ACQ-treated Douglas fir, white spruce and western hemlock deckboards with growth rings oriented
pith-side-up and exposed to the weather for 18 months in Vancouver, Canada: (a) Douglas fir sample
showing separation of latewood (right) from earlywood. Note pit micro-checking in earlywood
(arrowed bottom left); (b) white spruce sample showing separation of latewood (right) from earlywood;
(c) western hemlock sample showing separation of latewood (right) from earlywood. Note pit
micro-checking in earlywood (arrowed centre left); (d) western hemlock sample showing failure of
earlywood cell wall (centre) where latewood separates from earlywood. Note mould in earlywood
(arrowed bottom left); (e) a cross section through a shelled growth ring in western hemlock showing
separation of latewood (left) from earlywood; and, (f) a cross section through a shelled growth ring
in western hemlock showing failure of earlywood cell walls where latewood (left) separates from
earlywood. Scale bars (a–c,e) = 100 μm; (d,f) = 20 μm.
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3.3. Shelling of Growth Rings in Profiled Western Larch Deckboards

Weathering caused the separation of latewood and earlywood in some profile peaks in profiled
deckboards with growth rings oriented pith-side-up. The separation of growth rings created
lanceolate-shaped slivers (tips) of latewood that projected above the surface of deckboards, as in
Figure 7. Figure 7a,c shows the extent to which the slivers projected above the rib of a profiled board.
Shelling at the edges of growth rings was less obvious in profiled deckboards than in flat boards, even
though latewood clearly separated from earlywood Figure 7b.

 
Figure 7. Shelling of a growth ring tip on the peak of a profiled (rib) western larch deckboard with
growth rings oriented pith-side-up and exposed to the weather for seven months in Vancouver, Canada:
(a) confocal profilometry height map of a shelled latewood tip; (b) photograph of a shelled latewood tip
matching the image in Figure 7a; and, (c) confocal profilometry line trace showing variation in height
of the latewood tip in Figure 7b.

Growth rings rarely separated (shelled) at the interface of latewood and earlywood at the peaks
of profiled deckboards with growth rings oriented bark-side-up. However, latewood tips were slightly
raised above the surface of adjacent earlywood, as can be seen in the profilometry height map and
photograph in Figure 8. The extent to which latewood was raised above the surface of the adjacent
earlywood was much smaller than that of shelled latewood tips in profiled boards oriented pith-side-up
(compare Figures 7c and 8c).
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Figure 8. Tip of a growth ring raised above the peak of a profiled (short rib) western larch deckboard
with growth rings oriented bark-side-up and exposed to the weather for seven months in Vancouver,
Canada: (a) confocal profilometry height map of a latewood tip; (b) photograph of a latewood tip
matching the image in Figure 8a; and, (c) confocal profilometry line trace showing variation in height
of the arrowed rib in Figure 8b.

We counted the number of latewood tips that visibly projected above the surface of profile
peaks in boards with different growth ring orientations (pith-side-up and bark-side-up) and profile
geometries (rib, short rib, tall rib, ribble, and ripple). Analysis of variance indicated that the number
of visible latewood tips at the surface of profiled and weathered deckboards oriented pith-side-up
was significantly (p < 0.001) greater than that of similarly weathered boards oriented bark-side-up,
as in Figure 9.

 

Figure 9. Effects of growth ring orientation on the numbers of latewood tips that projected above
the surface of profiled western larch deckboards exposed to natural weathering for seven months in
Vancouver, Canada. The results are averaged across boards with different profiles because there was
no significant (p > 0.05) interaction of growth ring orientation and profile type on numbers of raised
latewood tips. Error bars = Least significant difference, p < 0.05.
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There was a small, but statistically significant (p= 0.036) effect of profile type (rib, ribble, and ripple,
etc.) on the number of latewood tips that visibly projected above the surface of peaks in profiled
boards, Figure 10, but the interaction of growth ring orientation x profile type was not significant
(p > 0.05). Boards with a wavy ribble profile had significantly (p < 0.05) fewer visible latewood tips
when compared to other profiled boards, except for boards with a wavy ripple profile (Figure 10).

 
Figure 10. Effects of profile type on the numbers of latewood tips that projected above the surface
of profiled western larch deckboards exposed to natural weathering for seven months in Vancouver,
Canada. Results are averaged across boards with different growth ring orientations because there was
no significant (p > 0.05) interaction of growth ring orientation and profile type on numbers of raised
latewood tips. Error bars = Least significant difference, p < 0.05.

4. Discussion

Our results support our hypothesis that confocal profilometry can quantify shelling at the surface
of weathered deckboards, but the methodology is not completely straight-forward. The surfaces of
weathered deckboards contain features that span various scales. For example, in the Z-direction (height),
wood cell walls and raised grain can project 10 to 50 μm from wood surfaces, respectively [16,17,27].
Weathering can lead to millimetres of erosion of wood [6], and these variable perturbations in the
vertical heights of deckboard surfaces can be superimposed upon more structured surface features,
such as machined profiles [21]. These multiscale features of wood surfaces have all been quantified
using confocal profilometry, but probes with higher sensitivity and smaller sampling areas are required
for features in the micron range as compared to those in millimeter range [16–19,27,28]. Hence, selective
sampling of areas of deckboard surfaces showing shelling was required, particularly for profiled boards,
to extract information on the maximum height of shelled growth rings, which was the parameter of
greatest practical interest. When we took this approach, confocal profilometry was able to reveal a
negative correlation between growth ring angle and severity of shelling in flat-sawn western larch
boards oriented pith-side-up, and confirm previous suggestions in the literature that flat deckboards
oriented pith-side-up are more susceptible to shelling than boards oriented bark-side-up [7,9–11].
Our results also accord with results of Davis, cited in Koehler that wood density and width of annual
ring appear to have no effect on shelling, and also his suggestion that wood species differ in their
susceptibility to shelling [9,10]. Further research is needed to fully explore species differences in
susceptibility to shelling, and the influence of other factors on shelling, for example, contrast in density
between earlywood and latewood [10], and the application of water-repellent finishes [29].
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We showed, for the first time, that shelling occurs at the surface of profiled deckboards exposed
to the weather, and we described the morphology of shelling that developed in profiled boards.
The shelling of profiled boards was due to the separation of latewood tips on the peaks of profiles,
and our results suggested that boards with a wavy profile were less susceptible to shelling than boards
with rib profiles. One possible explanation for this observation is that boards with wavy profiles have
narrower peaks (1.2 to 1.3 mm, Table 1), which could reduce the possibility of latewood tips occurring
on the peaks of profiles, and subsequently separating from earlywood, when compared to rib profiles
that have wider peaks (2.2 to 2.4 mm, Table 1). Shelling of profiled boards was more pronounced
in deckboards oriented pith-side-up compared to those oriented bark-side-up, in accord with our
observations of the shelling of flat (unprofiled) boards.

Our observations confirm that shelling at the surface of boards oriented pith-side-up occurs
due to fracture at the boundary between the latewood of one growth ring and the earlywood of the
subsequent growth ring [9,10]. It is at this point that there is the greatest contrast in density between
latewood and earlywood tracheids [30] and, hence, the potential for maximum stress concentration
due to differential swelling and shrinkage of latewood and earlywood. These stresses are responsible
for delamination at growth ring boundaries according to Koehler [9]. Intra-wall rather than interfacial
fracture was observed in earlywood cell walls at the growth ring boundary of a shelled growth
ring in western hemlock. We suggest that fracture at the latewood-earlywood boundary allows for
unrestrained swelling of latewood, causing it to curl away from the wood surface in the same direction
as the curvature of growth rings. We did not observe similar shelling in boards oriented bark-side-up
although latewood projected slightly above wood surfaces, possibly due to springback or differential
swelling of latewood and/or increased erosion of adjacent earlywood. Checking occurred at the
interface between latewood and earlywood in boards oriented bark-side-up, but extended radially into
wood, rather than propagating via the boundary between latewood and earlywood. The mechanisms
that are responsible for the pronounced difference in shelling of boards oriented pith-side-up versus
those oriented bark-side-up are well explained by Koehler [9] and in an anonymous publication by the
U.S. Forest Products Laboratory that draws upon Koehler’s work [10]. Our observations accord with
Koehler’s explanations [9] for the effects of growth ring orientation on the shelling of flat-sawn boards.

Shelling is a serious defect in wood species with a pronounced contrast between earlywood and
latewood density [9,10]. Shelling of western larch wood was mentioned by Johnson and Bradner [12],
who stated that it is objectionable because of danger from splinters, and its potential to create a tripping
hazard. Our results indicate that the simplest way of avoiding the occurrence of shelling at the surface
of flat western larch deckboards, is to orient boards bark-side-up rather than pith-side-up. Shelling can
also be minimized, as others have pointed out, by machining boards with sharp cutter knives [9,10],
and using a water-repellent treatment to reduce surface changes in wood moisture content [29]. All of
these recommendations are also relevant to profiled larch deckboards, which developed shelling when
exposed to the weather. An additional measure that would help reduce shelling of profiled larch
deckboards is to use a wavy rather than a rib profile. Profiled deckboards should be profiled on both
sides to produce a balanced board that is less susceptible to cupping [8]. A profile on the pith-side of
boards that is different to that on the bark-side would make it easier to orient deckboards correctly,
although the sub-surface profile would need to be able to achieve its desired aim of reducing cupping.
Further research is needed to develop such sub-surface profiles, which could include saw kerfs or
grooving that are employed on the undersides of flooring and some commercial deckboards [21,31].

5. Conclusions

Non-contact confocal profilometry was able to quantify shelling of growth rings at the surface of
flat and profiled softwood deckboards that were exposed to natural weathering. Using this technique,
we have shown how the orientation of growth rings and the angle growth rings make to wood surfaces
influences the severity of shelling in flat western larch deckboards exposed to natural weathering.
We also show that profilometry can be used to quantify shelling in other wood species and suggest
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that it can provide additional insights into how the properties of wood or treatments, such as coatings
and water repellents, influence shelling. Our results confirm that shelling occurs due to inter-ring
delamination in deckboards with growth rings oriented pith-side-up. We show, for the first time,
that shelling occurs at the surface of profiled deckboards oriented pith-side-up. We conclude that the
shelling of flat and profiled boards can be reduced by orienting deckboards bark-side-up and, in the
case of profiled boards, using a wavy profile rather than a hemispherical rib profile.
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Abstract: The adhesion strength between the transparent acrylic or alkyd coatings and the Norway
spruce (Picea abies Karst L.) wood was determined by EN ISO 4624 and analyzed concerning
four variables: (a) fungicidal pre-treatment of wood with boric acid or benzalkonium chloride,
(b) cold plasma modification of wood surfaces, (c) presence of hindered amine light stabilizer (HALS)
or hydroxyphenyl-benzotriazoles (BTZ) in the role of UV-additives in coatings, and (d) weathering of
coated wood—lasting 1 week in Xenotest by a modified EN 927-6, or 14, 28 and 42 weeks outdoors
at 45◦ by EN 927-3. In the un-weathered state, the adhesion strength was positively affected by the
initial plasma modification of wood surfaces, more evident with the application of acrylic water-borne
coatings. On the contrary, the adhesion strength was not influenced by the fungicidal pre-treatment
of wood and by the UV-additive’s presence in coatings. The adhesion was negatively affected by
weathering—exponentially outdoor—irrespective of the fungicidal pre-treatment of wood, the plasma
modification of wood surfaces, the coating type, and the presence of UV-additive in coatings.

Keywords: spruce wood; fungicides; plasma; coatings; UV-additives; weathering; adhesion

1. Introduction

In outdoor expositions, unprotected wood surfaces are easily attacked by sunlight. The penetration
depth of UV-radiation into wood is approximately 75 micrometers and of the visible light
125–500 micrometers [1]. However, free radicals created from the initially photodegraded lignin and
hemicellulose macromolecules can further damage wood components up to a depth of approximately
2000 micrometers. Surfaces of wet wood are synchronously susceptible to deterioration processes by
bacteria and molds causing color defects and also health problems for people [2].

Coatings recommended for wooden products that are exposed exteriorly, e.g., windows, pergolas,
façades, or terrace boards, must protect them against sunlight, water, and microorganisms. This means
that the commercial acrylic, alkyd, polyurethane, epoxy, or other coating types should contain suitable
additives—pigments, UV-additives, hydrophobic substances, and biocides.

The pigments and UV-additives absorb sunlight, decrease destructive effects of sunlight, or inhibit
its transfer through coatings into wood [3–6]. The hydrophobic substances, e.g., natural and synthetic
waxes, increase a contact angle between the coated wood and the water drops and decrease the
penetration of water through the coating into wood [7]. The environmentally acceptable bactericides
and fungicides protect coatings and wood against bio-deteriorations [8].

Coatings 2020, 10, 1111; doi:10.3390/coatings10111111 www.mdpi.com/journal/coatings89



Coatings 2020, 10, 1111

The transparent, unpigmented coatings used in exteriors should contain effective UV-additives
that preserve the macromolecules of coatings from radical depolymerization reactions leading
to their destruction and protect the painted wood from color changes and other aesthetical
defects [9]. Today, the following substances are applied as UV-additives in coatings:
(a) UV absorbers such as 2-hydroxyphenyl-s-triazines [5,10], 2-(2-hydroxyphenyl)-benzotriazoles
(BTZ) [3,5], or 2-hydroxyphenyl-benzophenones [11], (b) UV blockers-screeners such as zinc oxide (ZnO),
titanium dioxide (TiO2) or cesium dioxide (CsO2), usually used in the form of nanoparticles [3,5,6,12–14],
(c) hindered amine light stabilizers (HALS) [15,16], (d) sometimes also with other photo-stabilization
mechanisms, for example, imidized nanoparticles which also have a hydrophobic effect [17], or lignin
stabilizers such as succinic anhydride in combination with epoxidized soybean oil [11]. Unfortunately,
the efficiency of UV-additives in coatings does not always last long-term [18,19].

Coatings for wood products exposed outdoors are increasingly modified with environmentally
acceptable organic bactericides and fungicides, for example 3-iodo-2-propinyl-N-butyl-carbamate
(IPBC), propiconazole, tebuconazole, or quaternary ammonium compounds (QACs), or less frequently
with inorganic biocides, for example nano ZnO, or nano silver [7,8,20,21]. These biocides, as well as
other ones, can also be used for wood pre-treatment before the application of coatings [22].

The functional, protective, and decorative properties of coatings used for the treatment of wood
surfaces exposed exteriorly should be sufficient and long-term [23]. However, the adhesion strength
between coatings and wood surfaces usually worsens over time in relation to: (1) the type and intensity
of environmental factors, i.e., the sun-irradiation, water precipitation, wind, emission of carbon blacks
and aggressive chemicals, (2) the presence of bacteria, molds or other pests, (3) the used wood species
with specific surface characteristics and its physical, chemical or biological pre-treatments before
painting with coating, and (4) the used coating type, and the technology of its application.

Individual wood species have specific surface characteristics—wettability, free surface energy,
porosity, roughness, pH-value, resistance to bacteria, molds, decaying fungi, etc. [24–29]. All surface
characteristics of wood are directly connected with its geometrical, morphological, anatomical,
and molecular structure [30]. Differences in the wood surface texture of various wood species or
of specimens of the same wood species are given by (a) the geometrical level, such as the radial
or tangential surface, knots, roughness influenced by machining, etc., (b) the morphological and
anatomical levels, such as the diameter of cell elements “fibers, vessels, rays, . . . ” and their lumens,
etc., and (c) the molecular level, such as the type and amount of hydroxyl and other polar functional
groups, crystallinity of cellulose, polarity of lignin–polysaccharide components and various extractives,
migration of extractives, etc. The surface texture of wood significantly influences the wettability and
penetration processes of liquid coatings into wood as well as the adhesion of created coating films
to wood.

However, the wood species, its roughness, and other surface characteristics are not always the
most important factors that affect the adhesion strength, as the role of the coating, and similarly
of the glue, is usually more important [31,32]. As already mentioned in the previous paragraphs,
pigmented coatings are preferentially recommended for exterior usage, while the transparent coatings
can only be used after adjusting them with effective and stable UV-additives, hydrophobic and
antimicrobial substances. Kúdela and Liptáková [33] and several other researchers identified the
“coating—wood” interface as a very important parameter for overall stability and the lifetime of
coatings. The adhesion strength between coatings and wood surfaces can be improved by wood
pre-treatment with chemical penetrating systems, as well as by wood modification with specific
physical methods.

Modification of wood surfaces with plasma is a well-known physical method for their activation
before the application of coatings or glues [34–37]. The plasma barrier discharge serves to activate
wood surfaces prior to the application of coatings to ensure a higher adhesion strength and increase
the service lifetime of coated or glued woods. Plasma can improve the surface properties of wood,
wooden composites, and some other materials [37,38]. Plasma forms a thin protection layer on a wooden
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surface, which is effective against the sun, water, and biological influences. Several experiments have
shown that plasma can change the chemical composition of wood surfaces, thereby also changing their
wettability together with improving the adhesion strength of coatings and glues to wood [35,37–44].
The plasma discharge in wood surfaces activates polysaccharides, lignin and extractives and in the
presence of air generates new hydroxyl, carbonyl, carboxyl, peroxide or ether functional groups and
radicals, and simultaneously liberates reactive intermediates, such as O2

+, 1O2, O3, O+, ionized ozone,
free electrons, N, CO2, excited states of N2, etc. [37,45]. These substances react with the wood surface
and provide a convenient resource for its activation and purposeful alteration of its wettability [46].

In presence of ozone, wood components are transformed into smaller and also more polar
molecules. Thus, newly formed compounds in wood surfaces can form new chemical bonds with
the surrounding lignin–polysaccharide components of wood and also with molecules of the used
coating system. Following this, an assumption can be pronounced—newly bonded joints in the plasma
modified wood will ensure better adhesion of the coating to its surface with a positive effect on the
final quality and lifetime of the wooden product. In addition, the surface modification of wood by
plasma carried out in the air, with the production of ozone, is an effective sterilizing method for the
killing of bacteria or molds [34,42].

In the last few years, the cold low-temperature plasma (LTP) is increasingly used for the surface
modification of wood, wood composites, wood–plastic composites, and other technical materials,
because the degrading thermal effect of the cold plasma on these materials is neglected [38,47]. LTP does
not require high temperatures that are needed in the preparation of ThermoWoods (thermally modified
wood at 180–220 ◦C), and it is effective without the presence of activating chemical agents that
otherwise maximize the benefits of subsequently applied natural or synthetic coatings [48]. In addition,
the reaction time of LTP with wood components is relatively short, usually only from a few seconds to
several minutes, additionally, the process is performed in a dry environment, and no by-products are
produced. The surface of the plasma modified wood becomes more polar, more hydrophilic, and with
better wettability with water-based coating systems, for example with acrylic water dispersions.
However, gradually, over a period of time, usually after 7 to 30 days of exposure to plasma, the wood
surfaces become chemically inert and even more hydrophobic [45]. The hydrophobic character of
pinewood surface was also achieved by Moghaddam et al. [49], who created a thin transparent
superhydrophobic layer, consisting of nanoparticulate TiO2 and the following deposition of plasma
polymerized organic substances, effective for controlling its wettability and water repellency.

Generally, the permanent quality of painted wood is connected with its color stability, resistance to
the creation of cracks, to thickness reduction and to biological attacks, as well as the good and long-term
adhesion strength of the coating system with the wood surface. In exterior exposures, the durability of
wood surfaces painted with transparent coatings are often limited to just their adhesion strength to
wood substrate. Adhesion of coatings to wood is commonly susceptible to weathering conditions,
but less information exists about the effect of wood pre-treatment with fungicides and plasma and also
about the presence of UV-additives in coatings. The Norway spruce is a common and very important
wood species, mainly in Central Europe, used for industrial and building structures, bridges, furniture,
musical instruments, sport equipment and other uses. From this point of view, research aimed at
improving its surface properties was performed in this work.

The basic aim of this work was to examine changes in the adhesion strength between transparent
acrylic and alkyd coatings and the Norway spruce wood due to weathering, in parallel evaluating
some other impacts, including the presence of HALS or BTZ UV-additives in coatings, the fungicidal
pre-treatment of wood with boric acid or benzalkonium chloride and the plasma modification of
wood surfaces.
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2. Materials and Methods

2.1. Wood

Top surfaces of the naturally dried and planed Norway spruce (Picea abies Karst L.) boards were
gradually ground along the grain on a belt sander with 80 grit and 120 grit sandpapers, and then
freed from wooden dust with compressed air. Following this, the samples: (a) with a dimension of
80 mm × 45 mm × 8 mm (axial × radial × tangential) for the artificial weathering test, and (b) with a
dimension of 375 mm × 78 mm × 20 mm (axial × radial × tangential) for the outdoor weathering
test were prepared from boards. Selected samples, i.e., without biological damages, juvenile wood,
and growth inhomogeneities, were conditioned at a temperature of 20 ± 2 ◦C and a relative air humidity
of 65 ± 5% achieving their equilibrium moisture content of 12 ± 2%. The density of the spruce samples
used in the experiment ranged from 450 to 475 kg·m−3. The roughness parameters Ra (arithmetic mean
deviation) and Rz (arithmetic mean of the heights and depressions of the profile at the basic length),
determined for twenty selected samples perpendicular to the grain using the profilometer Surfcom
130A (Carl Zeiss, Jena, Germany) in accordance with the standard EN ISO 4287 [50], ranged in the
intervals of 6.04–7.42 μm and 50.2–57.6 μm.

2.2. Fungicidal Pre-Treatment of Wood

For the fungicidal pre-treatment of spruce samples we used 2 wt.% water solutions of boric
acid (H3BO3) (Funchem, Czech Republic) and benzalkonium chloride (BAC) belonging to QACs,
synonym: alkylbenzyldimethylammonium chloride (Sigma Aldrich, Germany). Parameters of the
soaking technology were as follows: a pressure of 100 kPa, a temperature of 30 ◦C, and an immersion
time of 10 min. Spruce samples pre-treated with fungicides were then again conditioned achieving
their equilibrium moisture content of 12 ± 2%.

2.3. Plasma Modification of Wood Surfaces

The top surfaces of spruce samples were modified with atmospheric low-temperature/cold plasma in
laboratories of the Slovak Technical University in Bratislava, Slovakia, using the “Atmospheric Discharge
with Runway Electrons” (ADRE) device (EST, Tomsk, Russia). The plasma modification was performed
for one half of each group of spruce samples—the native, H3BO3 pre-treated, and BAC pre-treated.
The following operating conditions were set in the ADRE device: a power of 1.4 kW, a frequency of
2000 Hz, and an exposure time of 60 s (Figure 1).

Figure 1. Plasma modification of the top surfaces of spruce samples in the “Atmospheric Discharge
with Runway Electrons” (ADRE) device.

The initial contact angles γ0 of redistilled water with the top surfaces of the natural
(fungicidally un-pre-treated) spruce samples were measured using the SEE System (Advex Instruments,
Brno, Czech Republic) instrument, always for 10 replicates. The contact angle γ0 for the native
unmodified spruce samples was 55◦ ± 2.3◦, and after the plasma modification it actually decreased to
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13◦ ± 1.6◦ as a result of the polar functional groups created in wood surfaces; however, after 24 h, it partly
increased to 20◦ ± 5.5◦ and after 72 h even to 35◦ ± 6.5◦—these tendencies are in accordance with [45].

2.4. Coatings and UV-additives

In experiment two types of transparent coatings synthesized by the company Chemolak
Smolenice Ltd., Slovakia were used: (a) the acrylic water dispersion with a solids content of
28.6% (density 1.05 g/cm3), and (b) the alkyd in non-aromatic petrol with a solids content of
54.9% (density 0.91 g/cm3). Two UV-additive types were added into these coatings in the
amounts of 0, 0.25, 0.5, and 1 wt.%: (a) the hindered amine light stabilizer (HALS) containing
bis-(1,2,2,6,6-tetramethyl-4-piperidinyl)sebacate and methyl-(1,2,2,6,6,-tetramethyl-4-piperidinyl)
sebacate: commercial product EVERSORB 93, (Everlight Chemical Industrial Corporation,
Taipei, Taiwan), and (b) the UV absorber containing three types of hydroxyphenyl-benzotriazole (BTZ):
commercial product EVERSORB 80 (Everlight Chemical Industrial Corporation, Taipei, Taiwan).

2.5. Painting of Wood Surfaces with Coatings

Before painting, the spruce samples were conditioned for 24 h at 20± 2 ◦C after plasma modification.
This downtime was chosen exactly because with prolongation significant chemical changes in the
plasma modified wood surfaces can occur, following by decreases in their hydrophilicity and wettability
(see Section 2.3), [45,51], and also certainly in their adhesion with coatings. The pneumatic spraying
technology was used for the coating’s application in three layers—each layer in an amount of
150 ± 10 g per m2 of the wood surface. The second layer and the third layer of coatings were
implemented after a 24 h intermission needed for the drying and curing of the previous layer applied
to the wood surface and for its subsequent sanding with 240 grit sandpaper.

2.6. Weathering of Coated Wood

The 1 week artificial weathering of coated spruce samples was performed in the Q-SUN Xe-1-S
Xenotest (Q-Lab Corporation, Westlake, OH, USA). It took place in accordance with the modified
version of standard EN 927-6 [52], i.e., 24 h conditioning of samples at 45 ◦C and then 48 subcycle
steps—each lasting 3 h (2.5 h UV-radiation and then 0.5 h water spraying). These changes to [52]
existed: Xenon lamps instead of fluorescent UV lamps; irradiance at 340 nm set to 0.55 W·m−2·nm−1

instead of 0.89 W·m−2·nm−1; the temperature on the black panel at 50 ◦C instead of 60 ◦C.
The outdoor weathering of coated samples took place from May 12 2018 for periods of 0, 14, 28,

and 42 weeks. It was performed in accordance with the standard EN 927-3 [53], at a slope of 45◦ in metal
stands oriented to the South, located in the industrial town of Zvolen, Slovakia, at 300 m above sea
level. The testing area is characterized by many foggy days, smog, and high-temperature differences
between summer (to 35 ◦C) and winter (to −25 ◦C). Mean climatic conditions in this area were as
follows: a temperature of 9.4 ◦C; a relative air humidity of 83%; water precipitation of 700 mm/year;
and sun irradiation of 1100 kWh/m2.

2.7. Adhesion between Coatings and Wood

The adhesion strength between the individual coating types and the individually
pre-treated/modified spruce samples was determined with the pull-off test for adhesion in accordance
with the standard EN ISO 4624 [54], using the PosiTest AT-M Adhesion Tester instrument
(DeFelsko, Ogdensburg, NY, USA). A bond connection between the surface of the coated spruce
sample and the steel-roller dolly with a diameter of 20 mm was made by two-component epoxy resin.
The pull-off test tensile strength method measures the tensile force perpendicular to the phase interface
“coating—wood” system, requiring the tearing off of the steel-roller from the coated spruce sample,
at which the failures could occur either in the weakest interface “coating—wood” (usually typical in
this work), or in the weakest component “coating” or “wood”.
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2.8. Statistical Analysis

The measured data of the adhesion strength were for individual groups of coated spruce samples
evaluated on the basis of mean values and standard deviations. The effects of the HALS and BTZ
UV-additives, added to coatings in concentrations (C) from 0 to 1 wt.%, were analyzed by the linear
correlation “Adhesion = a + b × C”. The effect of the outdoor weathering prolongation (τ) from 0 to
42 weeks was analyzed by the exponential correlation “Adhesion = a + b × exp (k × τ)”. Within all
correlations were determined the coefficients of determination R2.

3. Results and Discussion

3.1. Adhesion Evaluated at Artificial Weathering

From the first experiment, connected with the artificial weathering of coated spruce samples, it is
evident that the adhesion strength of the acrylic and alkyd coatings to the Norway spruce wood surfaces
was not significantly influenced by the presence of the HALS and BTZ UV-additives in coatings in a
range of concentration (C) from 0 to 1 wt.%. For example, for samples modified with plasma, the linear
correlation “Adhesion = a + b × C” had in all cases a very small coefficient of determination R2 from
0.001 to 0.151 (Table 1). A similar result was obtained for the natural (plasma un-modified) samples.

Table 1. No effect of the hindered amine light stabilizer (HALS) and hydroxyphenyl-benzotriazoles
(BTZ) used in the role of UV-additives on the adhesion strength between the coating (acrylic or
alkyd) and the plasma modified Norway spruce wood—evaluation at none and 1 week artificial
weathering—confirmed by the small coefficients of determination R2 from 0.001 to 0.151 for the linear
correlations “Adhesion = a + b × C”.

UV-Additive
C (wt.%)

Adhesion between Coatings and Plasma Modified Wood (MPa)

None Weathering 1-Week Weathering in Xenotest

Acrylic Alkyd Acrylic Alkyd

HALS
0 2.90 (0.39) 2.92 (0.29) 2.13 (0.31) 2.43 (0.28)

0.25 3.20 (0.44) 2.70 (0.25) 2.62 (0.29) 2.01 (0.24)
0.5 2.80 (0.31) 2.43 (0.38) 2.35 (0.37) 2.20 (0.34)
1.0 2.93 (0.38) 2.47 (0.42) 2.30 (0.41) 2.32 (0.24)

“Adhesion = a + b × C”
a 2.99 2.84 2.29 2.27
b −0.08 −0.47 0.09 −0.03

R2 0.002 0.105 0.032 0.027

BTZ
0 2.90 (0.39) 2.92 (0.29) 2.13 (0.31) 2.43 (0.28)

0.25 2.77 (0.55) 2.73 (0.31) 2.33 (0.30) 2.30 (0.28)
0.5 2.74 (0.48) 2.70 (0.32) 2.37 (0.47) 2.43 (0.42)
1.0 3.03 (0.63) 2.97 (0.24) 2.47 (0.41) 2.27 (0.22)

“Adhesion = a + b × C”
a 2.79 2.77 2.23 2.38
b 0.16 0.13 0.29 −0.08

R2 0.002 0.001 0.151 0.023

Notes: the mean value is from 6 measurements, i.e., from 3 replicates with a different mode of fungicidal pre-treatment
(none, H3BO3, or benzalkonium chloride (BAC)), testing each replicate on 2 places. The standard deviation is in
parentheses. The coefficient of determination R2 of the linear correlation (Adhesion = a + b × C) was determined
from 24 values, i.e., 4 concentrations (C) of the UV-additive in the coating by 6 measurements.

The decrease in the adhesion strength between coatings and spruce samples due to the 1 week
artificial weathering in Xenotest is documented by a drop in the parameter “a” in the linear correlations
from 2.99–2.77 MPa to 2.38–2.23 MPa (Table 1). Analyzing the un-weathered samples, the acrylic and
alkyd coatings—containing various amounts of the HALS or BTZ UV-additives—had a comparable
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adhesion strength with the spruce samples, as is documented by comparable values of the parameter
“a” in the linear correlations, i.e., 2.99 or 2.79 MPa for acrylic coatings and 2.84 or 2.77 MPa for alkyd
coatings (Table 1).

The impact of the HALS and BTZ UV-additives on the adhesion strength between coatings
and plasma modified spruce wood was also analyzed as by the complex linear correlations
“Adhesion = a + b × C” (Figure 2). For both UV-additive types, a comparable parameter “a”
(2.60 or 2.54 MPa) was determined, together with a very small and opposite parameter “b” (−0.123 or
0.122 MPa), and with very small values of the coefficient of determination “R2 = 0.01” and p > 0.1.
These results confirm that the adhesion strength of the acrylic and alkyd coatings to the Norway spruce
wood samples was not influenced by the presence of the UV-additives in the coatings.

Figure 2. No effect of the UV-additives (a) HALS and (b) BTZ on the adhesion strength between
the coatings and the plasma modified Norway spruce wood—confirmed by the small coefficient of
determination R2 equal to 0.01 and p > 0.1 for the linear correlations. Notes: the summary effect
of UV-additives at the defined concentrations (C = 0, 0.25, 0.5, or 1 wt.%) is from 24 data measured
for 6 replicates of 2 coating types “acrylic and alkyd” and 2 weathering modes “none and 1 week in
Xenotest”. The coefficient of determination R2 of the linear correlation (Adhesion = a + b × C) was
determined from 96 values, i.e., from 24 values for one concentration of the UV-additive multiplied by
4 concentrations.

3.2. Adhesion Evaluated at Outdoor Weathering

The second experiment with the un-weathered and also with the 14 week, 28 week, and 42 week
outdoor weathered coated spruce samples obtained other findings related to the adhesion strength.

The time prolongation (τ) of the outdoor weathering from 0 to 42 weeks caused in all cases
(i.e., for three modes of fungicidal pre-treatment of wood; for two modes of plasma modification of
wood; for two coating types) a significant decrease in the adhesion strength between the coatings
and the wood surfaces, in summary from 3.01–2.12 MPa to 1.81–1.20 MPa (Tables 2–4, Figure 3).
This knowledge was confirmed by the exponential correlations “Adhesion = a + b × exp (k × τ)” with
high values of the coefficient of determination R2: (a) taking into account the different fungicidal
pre-treatments of wood, the R2 ranged from 0.903 to 0.997 (Tables 2–4), and (b) without taking
into account the different fungicidal pre-treatments of wood, i.e., at the summary evaluation of the
experiments when only the effects of coating type “acrylic or alkyd” and the plasma mode of wood
modification “without or with” were taken into account, the R2 ranged from 0.827 to 0.991 (Figure 3).
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Table 2. The significant negative effects of outdoor weathering on the adhesion strength between
the coating (acrylic or alkyd) and the native Norway spruce wood—subjected to or not subjected to
plasma modification.

Weathering
τ (Weeks)

Adhesion (MPa)

Native—Plasma Wood Native—Natural Wood

Acrylic Alkyd Acrylic Alkyd

0 2.82 (0.58) 2.75 (0.33) 2.20 (0.51) 2.58 (0.31)
14 1.87 (0.37) 2.18 (0.50) 1.64 (0.65) 1.99 (0.38)
28 1.37 (0.39) 1.53 (0.38) 1.44 (0.40) 1.84 (0.22)
42 1.31 (0.21) 1.51 (0.42) 1.20 (0.22) 1.42 (0.29)

“Adhesion = a + b × exp (k×τ)”
a 1.165 1.119 1.019 0.689
b 1.661 1.653 1.173 1.866
k −0.065 −0.039 −0.041 −0.021

R2 0.995 0.965 0.991 0.966

Notes: the mean value is from 16 measurements (2 UV-additives “HALS or BTZ”; 4 concentrations of each
UV-additive “0, 0.25, 0.5 and 1 wt.%”; 2 testing places on replicate). This mode of evaluation could be used on
the basis of the knowledge that the adhesion strength was not significantly influenced by the UV-additive, i.e.,
by its type and concentration in the coating (see Section 3.1; Table 1 and Figure 2). The standard deviation is in
the parentheses. A significant drop in the adhesion at the prolonged time of weathering (τ) was evaluated by the
exponential equation “Adhesion = a + b × exp (k × τ)” from 64 values, with R2 always above 0.95.

Table 3. The significant negative effect of outdoor weathering on the adhesion between the coating
(acrylic or alkyd) and the Norway spruce wood pre-treated with fungicide H3BO3 —subjected to or not
subjected to plasma modification.

Weathering
τ (Weeks)

Adhesion (MPa)

H3BO3—Plasma Wood H3BO3—Natural Wood

Acrylic Alkyd Acrylic Alkyd

0 2.90 (0.44) 2.77 (0.34) 2.12 (0.43) 2.36 (0.42)
14 1.77 (0.47) 2.29 (0.38) 1.45 (0.46) 1.75 (0.23)
28 1.32 (0.24) 1.87 (0.23) 1.40 (0.14) 1.56 (0.28)
42 1.30 (0.28) 1.74 (0.19) 1.24 (0.13) 1.55 (0.14)

“Adhesion = a + b × exp (k×τ)”
A 1.211 1.374 1.279 1.522
B 1.692 1.405 0.838 0.839
K −0.083 −0.034 −0.103 −0.095
R2 0.997 0.993 0.980 0.998

Notes: the mean value is from 16 measurements (see the first note in Table 2). The standard deviation is in the
parentheses. A significant drop in the adhesion at the prolonged time of weathering (τ) was evaluated by the
exponential equation “Adhesion = a + b × exp (k × τ)” from 64 values, with R2 always above 0.95.

Another basic finding was obtained for the plasma modified spruce samples in the un-weathered
state. Their adhesion strength with the acrylic and alkyd coatings was higher in comparison to the
natural (plasma un-modified) spruce samples: i.e., the adhesion strength of the plasma modified wood
was on average higher by 16.5% in testing the native chemically un-pre-treated wood (2.785 to 2.39 MPa),
by 26.6% in testing the H3BO3 pre-treated wood (2.835 to 2.24 MPa) and by 13.6% in testing the BAC
pre-treated wood (2.845 to 2.505 MPa)—(Tables 2–4). The plasma modification of the wood surfaces
had a more positive effect on the adhesion strength of the acrylic coatings, increased by 20.5%
(from 6.5 to 7.83 MPa), than the alkyd coatings, increased by 5.5% (from 7.77 to 8.2 MPa). This result can
be explained by the better wettability of the hydrophilic plasma modified spruce surfaces with more
polar water-borne acrylic coatings (see Section 3.3). However, as a result of the outdoor weathering,
the positive effect of plasma on the adhesion strength disappeared in most cases (Tables 2–4), which was
more apparent for samples painted with acrylic coatings, which manifested less durable to sunlight,
water and other weathering agents (Figure 3).
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Table 4. The significant negative effect of the outdoor weathering on the adhesion between the coating
(acrylic or alkyd) and the Norway spruce wood pre-treated with fungicide BAC —subjected to or not
subjected to plasma modification.

Weathering
τ (Weeks)

Adhesion (MPa)

BAC—Plasma Wood BAC—Natural Wood

Acrylic Alkyd Acrylic Alkyd

0 3.01 (0.42) 2.68 (0.52) 2.18 (0.34) 2.83 (0.56)
14 1.75 (0.37) 2.23 (0.48) 1.91 (0.47) 2.43 (0.50)
28 1.28 (0.20) 2.02 (0.22) 1.50 (0.19) 1.36 (0.38)
42 1.26 (0.27) 1.81 (0.20) 1.53 (0.35) 1.37 (0.32)

“Adhesion = a + b × exp (k×τ)”
A 1.174 1.548 1.282 0.036
B 1.839 1.126 0.916 2.860
K −0.086 −0.034 −0.037 −0.020
R2 0.997 0.996 0.932 0.903

Notes: the mean value is from 16 measurements (see the first note in Table 2). The standard deviation is in the
parentheses. A significant drop in the adhesion at the prolonged time of weathering (τ) was evaluated by the
exponential equation “Adhesion = a + b × exp (k × τ)” from 64 values, with R2 above 0.95 or 0.90.

Figure 3. The summary evaluation—negative effects of the outdoor weathering prolongation (from 0
to 42 weeks) on the adhesion strength between the acrylic (a,b) or alkyd (c,d) coatings and the plasma
modified spruce wood (a,c) or the natural spruce wood (b,d). Notes: each point in the graphs represents
the mean value of the adhesion from 16 measurements—performed on 2 places of 8 different replicate
types (2 UV-additives used in 4 concentrations). The coefficients of determination R2 for the exponential
equation “Adhesion = a + b × exp (k × τ)” (evaluating 12 mean values, i.e., 3 fungicidal pre-treatments:
∇ native wood + H3BO3 pre-treated wood, • BAC pre-treated wood, multiplied by the 4 outdoor
weathering times) were high, from 0.827 to 0.991—confirming they have significance.
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The presence of fungicides H3BO3 and BAC in spruce samples did not affect the adhesion
strength of acrylic and alkyd coatings to their surfaces. In the complex evaluation—taking into
account two coating types, two modes of wood modification with plasma, and the four outdoor
weathering times—the average adhesion strength was comparable for the native wood (1.853 MPa),
the wood pre-treated with H3BO3 (1.837 MPa), and the wood pre-treated with BAC (1.947 MPa)
(averages calculated from Tables 2–4).

Comprehensively, comparing the adhesion strength of acrylic and alkyd coatings to spruce
samples—i.e., for the four outdoor weathering times (0, 14, 28, 42 weeks), taking into account three
modes of fungicidal pre-treatment of wood and also two modes of plasma modification of wood
surfaces—the adhesion strength of acrylic coatings was partly lower (1.74 MPa) than alkyd coatings
(2.016 MPa) (averages calculated from Tables 2–4). The adhesion strength of tested coating types
comparably worsened with the time prolongation of the outdoor weathering. For the coated natural
(plasma un-modified) spruce samples, the adhesion decreased less using acrylic coatings (by 38.92%,
from 2.166 to 1.323 MPa) than using alkyd coatings (by 44.13%, from 2.59 to 1.447 MPa). On the
contrary, for the coated plasma modified wood, the adhesion strength when using the acrylic coatings
decreased more (by 55.67%, from 2.91 to 1.29 MPa) than when using the alkyd coatings (by 38.22%,
from 2.73 to 1.687 MPa)—(Figure 3, and Tables 2–4).

3.3. Opinions of Some Researchers on the Adhesion of Coatings to Wood Surfaces under the Influence of
Modification and Weathering Impacts

Several studies have reported that the adhesion strength between an individual coating type and
an individual wood species depends first of all on the chemical and physical characteristics of the
contacting materials and the aging conditions of coated wood products.

Moya et al. [14] found that the addition of TiO2 nanoparticles, used as an UV-additive, to a
water-based coating in the amount of 1% or 1.5% did not significantly affect the adhesion strength
of the modified coating to seven (from nine tested) tropical wood species. This result is in line with
our results concerning the un-significant impact of HALS and BTZ UV-additives in coatings on the
adhesion strength (see Section 3.1).

Rehn et al. [39], Acda et al. [41] and Wolkenhauer et al. [55] found that the initial activation of
wood surfaces with the atmospheric pressure plasma improved the paint adhesion and bondability
by up to 30%. Their conclusions are in accordance with our results related to the water-borne acrylic
coatings (see Section 3.2).

Riedl et al. [51] demonstrated that with prolonging plasma modification of maple sugar wood,
its wettability (dispersive adhesion) improved more than its adhesion strength with the UV-cured
polyurethane/polyacrylate coating. This is because, in addition to the free surface energy
(dispersive adhesion), a number of other phenomena drive the adhesion dynamics, including surface
roughness (mechanical adhesion), the formation of chemical bonds (chemical adhesion), presence of
electrical discharges (electrostatic adhesion), and solubility of the coating (diffusive adhesion).
Jablonský et al. [45] recommend applying water-borne coating systems on wood surfaces right
after the plasma treatment, when the activated wood surface with a higher portion of polar functional
groups adopts the highest degree of hydrophilicity. This is in accordance with experiments performed
by Král et al. [47], where the X-ray photoelectron spectroscopy study confirmed that in beech wood
surfaces were created polar functional groups at exposure to atmospheric pressure plasma, which have
a positive effect on the wettability.

Avramidis et al. [56] found a positive effect of plasma on the adhesion between polyvinyl acetate
(PVAc) glue and beech wood pre-treated with synthetic waxes or montan-ester waxes, because a
force in the sensitive peel test increased by about 50–60%. This result is not entirely in agreement
with the results of our experiment, where the plasma modification of spruce wood pre-treated with
fungicide not unequivocally increased the adhesion of acrylic and alkyd coatings (see Tables 2–4).
In the un-weathered state of the coated samples, the combined effect of fungicide and plasma on the
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adhesion strength was positive with the application of water-borne acrylic coatings (increased by
2.8% for boric acid, or by 6.7% for BAC); however, with the application of alkyd coatings, it was
either negligibly positive (increased by 0.7% for boric acid) or even negative (drop by 2.55% for BAC).
The different results achieved by us and by [56] can be explained by the non-polar characteristics of
waxes and vice versa by the high polarity of fungicides used in our work; however, some other factors
could play a role as well.

Moghaddam et al. [49] also searched the combined “chemical substance and plasma” effect on the
wettability characteristics of wood surfaces. They created a thin transparent superhydrophobic layer
on pine veneer surfaces from TiO2 with the liquid flame spray technique and following the deposition
of plasma polymerized perfluoro-hexane or hexamethyldisiloxane. The hydrophobic effect of this
approach was stable even after repeated wetting cycles and was higher compared to that of plasma
modified surfaces.

4. Conclusions

• The HALS and BTZ UV-additives applied to coatings in concentrations from 0 to 1 wt.% had
no significant positive or negative effects on the adhesion strength between the acrylic or alkyd
coatings and the Norway spruce wood.

• Before the outdoor weathering, alkyd coatings had a slightly better adhesion strength to spruce
surfaces by 4.7% (in summary 2.66 MPa: to natural wood 2.59 MPa and to plasma modified wood
2.73 MPa) than acrylic coatings (in summary 2.54 MPa: to natural wood 2.17 MPa and to plasma
modified wood 2.91 MPa). After 42 weeks of outdoor weathering, the adhesion strength of alkyd
coatings in comparison to acrylic coatings was better by 19.8%, as in summary the adhesion
strength of alkyd coatings dropped to 1.57 MPa while for acrylic coatings the adhesion strength
dropped to 1.31 MPa. Therefore, the acrylic coatings were less durable to sunlight, water and
other weathering agents than the alkyd ones.

• The fungicidal pre-treatment of spruce samples with boric acid (H3BO3) or benzalkonium chloride
(BAC) did not affect the adhesion of coatings to wood surfaces. At a summary evaluation, i.e.,
taking into account two coating types “acrylic and alkyd”, two modes of plasma modification
of wood surfaces “natural wood and plasma wood”, and four outdoor weathering times “0, 14,
28 and 42 weeks”, the average adhesion strength between wood surfaces and coatings was
comparable for the native wood (1.85 MPa), the wood pre-treated with H3BO3 (1.84 MPa), and the
wood pre-treated with BAC (1.95 MPa).

• In the un-weathered state, the plasma modified wood had better adhesion with the coatings
than the natural wood, with apparently more adhesion with acrylic coatings (increased by 20.5%,
from 6.5 to 7.83 MPa) than with alkyd coatings (increased by only 5.5%, from 7.77 to 8.2 MPa).
However, after the outdoor weathering of the coated spruce samples, the positive effect of plasma
disappeared, mainly for the acrylic coatings (see point two in conclusions).

• Prolongation of the outdoor weathering from 0 to 42 weeks was associated with a significant
negative exponential impact on the adhesion strength between used coatings and spruce surfaces,
at which it, in summary, decreased from 3.01–2.12 MPa to 1.81–1.20 MPa.
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Abstract: The effect of the initial modification of beech and spruce wood using a solution of
caffeine and of a commercial product FN-NANO® FN-1 containing a water dispersion of TiO2

nanoparticles for increasing the service life of a transparent oil and acrylate coatings during 6 weeks of
artificial accelerated weathering was tested. Changes in colour, gloss, and the contact angle of water
were monitored. Degradation of the coating film was also evaluated visually and microscopically.
The resistance of the coatings to mould growth was also subsequently tested. Based on the results,
it is possible to recommend the initial treatment of spruce and beech wood with a 2% caffeine solution
or 15% solution of FN-NANO® dispersion to increase the overall life of a transparent acrylic coating
in exterior applications. No positive effect of the applied treatments was observed with the oil coating.
In addition, lower concentrations of FN-NANO® did not have a sufficient effect, and the synergistic
effect of using FN-NANO® in a mixture with a 1% caffeine solution was also not confirmed.

Keywords: wood; caffeine; TiO2 nanoparticles; transparent coatings; UV-resistance; mould attack

1. Introduction

Wood is a material of natural origin which is subject to a relatively rapid loss of its original
appearance in exterior applications [1]. This is caused both by abiotic influences [2] and biotic
infestation, in particular by moulds and wood-staining fungi [3,4]. The original appearance of wood
in an exterior location can be further preserved using coating systems [5]. Transparent coatings can
preserve not only the original design but also partly the colour of the base wood; however, their
long-term stability is reduced compared to pigmented coatings by deeper and more intense penetration
of sunlight into the coating film and base wood [6,7]. Another factor causing faster defoliation of
coatings is the growth of fungal hyphae on their surface and in the zone between the coating and the
wood surface [8,9]. In practice, penetrating base coatings containing fungicides and photo-stabilising
components are most often used to suppress fungal growth, increase the bio-resistance of non-durable
wood species, and increase photostability [5,10]. Ultraviolet (UV) stabilisers, hindered amine light
stabilisers (HALS), and nanoparticles [1–13] are most often used as additives, and substances based on
triazoles, carbamates, and others are most often used as fungicides [14,15].

An interesting possibility for increasing bio-resistance in parallel with photo-stabilisation of wood
is the use of TiO2 nanoparticles in anatase form [2,13,16–18]. The use of various substances of natural
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origin extractable from renewable sources is a more ecologically acceptable form of wood protection
against bio-attack [19]. One of the substances with a proven biocidal effect is caffeine [20–22], but it
is also disadvantageous in terms of its washability from wood [23]. However, this disadvantage
would be eliminated through use of the top barrier layer of the coating system, which protects
the base caffeine-impregnated wood. Nevertheless, it is necessary to determine whether the initial
pre-treatment with TiO2 nanoparticles and caffeine adversely affects the overall service life of the
applied top coating, as described in some works [24,25]. Woods of the Norway spruce (Picea abies L.
Karst) and European beech (Fagus sylvatica L.) were selected for research in this work. Spruce wood is
widely used in exterior structures without a shelter—class 3 by EN 335 [26]. This is a type of wood
with lower resistance to bio-attack [27] and its additional protection against bio-attack is often required.
Transparent exterior coatings on this type of wood do not have optimal durability [28,29]. Beech
wood is rarely used outdoors due to its low resistance to bio-attacks [27]. Its deep impregnation is
necessary, and creosote oils are used, for example, for its use on railway sleepers [5]. Additionally,
due to climate change, it is possible to anticipate an increase in its share in the total volume of wood
processed—here, in Central Europe in particular [3,30,31]. The use of a suitable coating system and
fungicidal components represents one of the simplest and cheapest variants of its possible use in class
3 by EN 335 [26]—outdoors without a shelter and without contact with the ground and water.

The aim of the experiment was to determine how the overall service life of the acrylate and oil
coating system is affected by the initial surface modification of the underlying spruce and beech wood
using caffeine solutions, dispersion of TiO2 nanoparticles, and their combinations. The method of
artificial accelerated weathering in a UV-chamber and a subsequent test of mould growth on both
ageless and weathered surfaces of treated wood were used for testing.

2. Material and Methods

2.1. Wood Samples

Norway spruce (Picea abies, L. Karst) wood with an average density of 412 kg·m−3 and beech
wood (Fagus sylvatica, L.) with an average density of 710 kg·m−3 were used for the experiments.
Test specimens measuring 20 mm × 40 mm × 150 mm with a milled test area of 40 mm × 150 mm were
prepared. Prior to treatment, the samples were conditioned in the laboratory at T = 20 ◦C and in air
humidity of φ = 65% to an equilibrium humidity of 12%, and they were subsequently modified for
further testing.

2.2. Treatments of Samples

In the first step, the test specimens were soaked in more concentrations of impregnation solutions
containing an aqueous dispersion of commercial product FN-NANO© (FN-1) (FN-NANO® s.r.o.,
Prague, Czech Republic). FN-NANO® dispersion containing about 7.5% TiO2 nanoparticles in anatase
form with the addition of 2.4% ZnSO4 fulfilling the function of binder. Other sets were impregnated in
2% caffeine solution (Sigma-Aldrich, Prague, Czech Republic) and sets with different concentrations of
FN-NANO® in solution combined with 1% of caffeine were also prepared (see Table 1). The intake of
the solution and the soaking time were adjusted and controlled by continuous weighing of the samples
so that the intake of impregnating substance into the wood was about 120 ± 20 kg·m−3 for both types
of wood (beech is significantly more permeable compared to spruce). Subsequently, the samples were
dried again in the laboratory at T = 20 ◦C and in air humidity of φ = 65% to an equilibrium humidity of
12%. After drying, in the second step, top coatings were applied by brush to the samples. Acrylic (AC)
transparent exterior glaze (Impranal profi with UV-filter, Stachema a.s., Kolín, Czech Republic) and
transparent coating based on vegetable oils (OL) for exterior OSMO UV 420 (Osmo, Münster, Germany).
Both were applied in two layers by the producers’ recommendations with a deposit of approximately
100 g·m−2. A total of 4 test specimens were prepared for each type of treatment (see Table 1) and testing.
After drying the coating systems, tests of artificial accelerated weathering were performed.
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Table 1. Tested sets of specimens and their specification.

Types of
Samples

Solution of FN-NANO®

Dispersion (Concentration)

Caffeine Solution
(Concentration)

Acrylic Coating
(AC)

Oil-Based Coating
(OL)

R-R – – – –
R-A – – 2 layers –
1-A 10% – 2 layers –
2-A 15% – 2 layers –
3-A 10% 1% 2 layers –
4-A 15% 1% 2 layers –
5-A – 2% 2 layers –
R-O – – – 2 layers
1-O 10% – – 2 layers
2-O 15% – – 2 layers
3-O 10% 1% – 2 layers
4-O 15% 1% – 2 layers
5-O – 2% – 2 layers

Note: The spruce samples were marked (S) and the beech samples (B). Solutions of FN-NANO® dispersion with
concentrations 3.5% and 5%, as well as their combinations with a total 1% concentration of caffeine were also
prepared, but the achieved results after artificial weathering were unsatisfactory, and they have therefore not been
further evaluated in this article.

2.3. Artificial Accelerated Weathering

Artificial accelerated weathering (AW) was performed on the basis of EN 927-6 [32] in a UV
chamber (Q-Lab, Cleveland, OH, USA) (radiation parameters 1.10 Wm−2; T on black panel = 65 ◦C
were modified) as standard with 2.5 h radiation phases and 0.5 h spraying with distilled water in the
dark, and air conditioning at 45 ◦C once a week for 24 h. In addition, once a week, 3 temperature
cycles (1 h at 80 ◦C and one hour at −25 ◦C) were inserted in the Discovery My DM340 air conditioning
chamber (ACS, Massa Martana, Italy). The tests lasted for 6 weeks and the selected properties of the
tested samples were evaluated at the beginning and after the 3rd and 6th week of AW.

2.4. Tested Properties—Colour, Gloss, Surface Wetting, and Visual Evaluation

The evaluated properties were colour changes measured by a spectrophotometer (CM-600d, Konica
Minolta, Osaka, Japan) with an observation angle of 10◦, d/8 geometry, D65 light source, and the SCI
setting was used. The colour changes of the parameters L* (brightness), a* (+red; −green), b* (+yellow,
−blue), and the total colour change ΔE* according to the known relationship ΔE* = (ΔL2 + Δa2 + Δb2)

1
2

were evaluated [33]. Twelve measurements were made for each group of test samples and AW time.
The gloss was measured with an MG268-F2 glossmeter (KSJ, Quanzhou, China) at an angle of

60◦ according to EN ISO 2813 [34]. Twelve measurements were performed for each group of tested
samples and AW time.

Surface wetting was evaluated using Goniometer DSA 30E (Krüss, Hamburg, Germany) and
Krüss software (Krüss, Hamburg, Germany). The sessile drop method was used. The dosing volume of
the distilled water drop was 5 μL and measurement time of the water contact angle on the surface after
deposition was 5 s. A total of 20 measurements for each type of treatment and AW time were performed.

Visual evaluation was performed using 10× folder magnification and scans of samples (using a
desktop scanner at a resolution of 300 dots per inch (DPI) (Canon 2520 MFP, Canon, Tokyo, Japan)
before and during AW. Microscopic analyses of surfaces used a confocal laser scanning microscope
(Lext Ols 4100, Olympus, Tokyo, Japan) with 108-fold magnification.

2.5. Mould Resistance Test

The test samples without weathering and after 6 weeks of artificial accelerated weathering were
tested for the resistance of the surfaces to moulds. Petri dishes with Czapek–Dox agar were left in the
open for 24 h to free up mould spores. This method provides more variable results compared to the
laboratory methods using pure mould cultures, but it corresponds better to the real conditions of the
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exposed wood. The samples were then sealed and left at 30 ◦C and 90% relative humidity. After checking
the growth of mould in the dish, moist test specimens measuring 15 mm × 40 mm × 10 mm were
placed in the dishes with growing moulds, where their upper side measuring 40 mm × 15 mm was
manipulated from the surfaces of the exposed test specimens, and not exposed to artificial accelerated
weathering. The samples were placed on a low plastic pad to prevent the agar from seeping into the
wood. Two test specimens were placed in each dish so that one dish did not contain samples from the
same set of the tested types of treatments. Mould growth was evaluated after 7, 14, 21, and 28 days of
the mould test based on the ČSN 490604 [35] standard, where degree 0 corresponds to samples without
growth, 0%–10% is evaluated by degree 1, 10%–30% by degree 2, 30%–50% by degree 3, and above 50%
of the stand at degree 4.

2.6. Statistical Evaluation

The results of the obtained measurements were evaluated using Statistica software (version 13.4)
(StatSoft, Palo Alto, CA, USA) and using mean values, standard deviations (SD), and whisker plots
using means and 2 ± SD.

3. Results and Discussion

3.1. Visual and Microscopic Evaluation

Based on visual evaluation supplemented by a microscopic analysis of the surfaces of the tested
samples after artificial accelerated aging, positive effect of certain types of pre-treatments improving
the durability of the acrylate coating (Figure 1) were evident. Compared to untreated wood and two
layers of acrylic coating (Figure 1b), these were mainly 2% caffeine solution treatments (Figure 1c),
the surface treated with 15% FN-NANO® dispersion (Figure 1e), in beech wood also 10% FN-NANO®

dispersions (Figure 1d), and in spruce, the combination of 1% caffeine solution and 10% FN-NANO®

dispersion (Figure 1f) also had a relatively good effect. For other types of treatment, the result was
better compared to the initially untreated surface, but the positive effect was not as expressive. As with
other types of bio-treatments [36], the effect of caffeine treatment on wetting can be explained by
waterborne acrylate coating by reducing the contact angle of water wetting and increasing surface
free energy, which positively affect the adhesion of coatings to wood [37,38]. Based on our further
research, it was found that the contact angle of water wetting in beech decreased after adjustment
from the original 63.7◦ to 52.6◦ and from 105.6◦ to 83.4◦ in spruce, whilst surface free energy increased
from 49.15 to 53.70 mN·m−2 in beech and from 30.5 to 43.9 mN·m−2 in spruce [39,40]. Regarding
the positive effect of FN-NANO® containing TiO2 nanoparticles, it was documented that at certain
concentrations—in particular, if TiO2 nanoparticles penetrate deeper into the wood—the effect on
the service life of the top-coating system may not be negative, as evidenced by certain works [24,25].
In fact, they can even reduce the degradation of the under-laying wood surfaces by capturing part
of the incident UV and visible radiation spectra. The potential synergistic effect of a mixture of
TiO2 nanoparticles and caffeine on improving the service life of coating systems due to weathering
was not demonstrated in this work. Only in the case of spruce was the overall appearance of the
coatings slightly better after the combined treatment, whereas for beech it worsened (Figure 1d,e versus
Figure 1f,g). Figure 1a shows the fully degraded surface of untreated native wood with a preserved
layer of non-photodegradable cellulose [41], causing significant lightening of the test specimens during
artificial accelerated weathering (Figure 1a).
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Figure 1. Beech (left) and spruce (right) wood samples before (0.w.) and after accelerated weathering
(AW) (6.w.). (a) Reference native wood (R-R); (b) acrylic coating on untreated wood (R-A); (c) acrylic
coating on caffeine treated wood (5-A); (d) acrylic coating on wood treated with 10% FN-NANO® (1-A);
(e) acrylic coating on wood treated with 15% FN-NANO® (2-A); (f) acrylic coating on wood treated
with a mixture of 10% FN-NANO® and 1% of caffeine (3-A); (g) acrylic coating on wood treated with a
mixture of 15% FN-NANO® and 1% of caffeine (4-A). Note: The real observed area of microscopic
picture was 2500 μm × 2500 μm using 108-folder magnification.

Overall, the observed degradations of oil-based coating (Figure 2) were significantly higher
compared to the degradations of acrylic coating (Figure 1). They were comparable for both beech and
spruce wood without pre-treatment (Figure 2a,c), and the different types of treatments did not have a
significant positive impact (Figure 2b,d). For this reason, colour changes, gloss changes, surface wetting,
and mould growth were only subsequently evaluated for the acrylic coating system (Figures 3–5 and
Table 2).
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Beech Wood Samples Spruce Wood Samples 

    
(a) (b) (c) (d) 

Figure 2. Oil-based coating after 6 weeks of AW. (a) Beech wood without pre-treatment (B-R-O);
(b) beech wood with caffeine pre-treatment (B-5-O) achieved the best results from the tested oil-coated
variants; (c) spruce wood without pre-treatment (S-R-O); (d) spruce wood with 10% FN-NANO®

treatment achieved the best results from the tested oil-coated variants (S-1-O).

3.2. Colour, Gloss, and Water Contact Angle Changes during AW

During artificial accelerated weathering, there were significant colour changes in all of the tested
surfaces (Figure 3). The changes were smaller for darker beech wood in cases where the coating film
was preserved and there was no leaching of darker photodegraded lignin [42], and thus the overall
colour change was lower than in comparable cases of overall lighter spruce wood (Figure 1). In contrast,
for untreated wood, the ΔE* was greater for beech, as only light-coloured cellulose remained in
the surface zones [4]. Overall, the coated surfaces of the primary treated wood often had a higher
overall colour change compared to the untreated surfaces. However, this was due to the disruption
of the coating film of the untreated surfaces (R-A) (see also Figure 1) and the leaching of darker
photodegraded lignins [43] and subsequent lightening, thus returning the colour to the original lighter
shade of wood that had not been weathered. Of the pre-treatments that increased the overall service
life of the coating film, they also had a partial effect on reducing the colour changes of 2-A for spruce
and 1-A and less 2-A for beech. This confirms the positive effect of TiO2 on the absorption and
reflection of UV radiation, and thus reduces its impact on wood [13,44]. However, it was demonstrated
that its effect and suitable concentrations vary for different types of wood (Figure 3). The decrease
in gloss of the coatings sensitively predicts the degradation of its surface layers [45,46]. In terms
of the tested treatments, a positive effect on the preservation of the original gloss was observed in
caffeine-treated spruce wood (Figure 4) with an overall increased service life (Figure 1). The same was
observed in beech treated with a higher concentration of TiO2 nanoparticles B-2-A (Figure 4) with
an observed positive effect on colour fastness (Figure 3), as well as the overall service life of the top
acrylate coating system (Figure 1). The contact angle of wetting and the reduction of hydrophobicity of
the surfaces was observed mainly in untreated photodegraded wood, particularly in beech (Figure 5).
Compared to other pre-treatments, a slight decrease in coated samples was only observed for S-1-A,
which also confirmed the observed effect on reducing the overall life of the coating film (Figure 1).
The hydrophobic effect was otherwise preserved in the samples where the top layer of the coating
film was already disturbed (Figure 1), and there were only slight differences in the variability of the
observed values (Figure 5). This also corresponds to the results of the work [46], where the preservation
of hydrophobicity also did not correspond to the disruption of the overall appearance of the tested oak
wood samples. Overall, a relatively high variability of the achieved values was observed (Figures 3–5).
This is caused by several factors. The first factor is the variability of the measured values of individual
samples in the set due to the inhomogeneity of wood as a material of natural origin. The second reason
is the increase in inhomogeneity of some tested surfaces due to weathering, as was documented in
Figure 1. It was confirmed that the quality of the coating after aging can be evaluated overall only by a
complex of evaluated characteristics, where the overall visual evaluation of the coating film must not
be neglected [7].
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Figure 3. Colour changes in tested wooden surfaces during AW: (a) L* changes on spruce; (b) L* changes
on beech; (c) a* changes on spruce; (d) a* changes on beech; (e) b* changes on spruce; (f) b* changes on
beech; (g) ΔE* changes on spruce; (h) ΔE* changes on beech.
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Figure 4. Gloss changes in tested wooden surfaces during AW: (a) Gloss changes on tested spruce
samples; (b) Gloss changes on tested beech samples.

(a) (b) 

Figure 5. Water contact angle changes in tested wooden surfaces during AW: (a) Water contact angle
(◦) on tested spruce samples; (b) Water contact angle (◦) on tested beech samples.

3.3. Mould Growth Tests

Moulds pose a significant risk of damage to surface-treated wood products outdoors, and moulds
have a significant impact on their appearance [5]. There are various methods for testing mould growth
on wood and treated wood [3,4,47]. The results can vary depending on the method used [3]. One of
the possibilities is to use a free fall of mould spores into a prepared nutrient medium and subsequent
insertion of test specimens [48]. This method provides more variable results similar to tests in natural
conditions [4]. In this work, the highest rate of observed mould growth from the tested test samples of
each series was evaluated (Table 2). This increases the likelihood that the level of risk will be more
accurately verified in real exposures, where different species of mould may begin to grow under
appropriate conditions [47], or a combination thereof.

In general, compared to spruce, higher mould growth was observed on the surface of the tested
coated beech samples (Table 2). This can be explained by the higher natural bio-resistance of spruce
wood [27] and also by the better durability of the coating system after AW on spruce wood (Figure 1).
Before and after AW, treatment with a 2% caffeine solution (5-A) with a biocidal effect, which was also
confirmed in other works, had a positive effect on beech and spruce wood [2,23]. In comparison with
the work of Kwaśniewska-Sip et al. [49], a better biocidal effect was achieved due to barrier protection
of treated wood with a coating that effectively prevented caffeine leaching during 6 weeks of artificial
accelerated weathering. In several cases, a positive effect of treatment with TiO2 nanoparticles was
visible [8]—in particular, at a concentration of 15% FN-NANO® (2-A and 4-A), more so in samples
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after AW (Table 2). This may be related to the greater exposure of the TiO2-treated layer connected
with the degradation of the acrylate coating, which in itself did not show a significant anti-mould effect.
A similar result was observed for spruce wood, but the growth of mould was generally lower than for
beech wood. The result confirms that only higher concentrations of TiO2 nanoparticles have sufficient
fungicidal activity, even if the specific amount required is affected by the co-modifying agent [18,50].

Table 2. Maximum mould growth on tested samples before (R) and after weathering (W).

Beech

Degree of Moulds Growth
(% of Surface Covered by Moulds in

Parenthesis) Spruce

Degree of Moulds Growth
(% of Surface Covered by Moulds in

Parenthesis)

Time of Moulds Exposure Time of Moulds Exposure

1 week 2 weeks 3 weeks 4 weeks 1 week 2 weeks 3 weeks 4 weeks

B-R-R-R 0 (0) 4 (80) 4 (90) 4 (90) S-R-R-R 0 (0) 3 (50) 4 (65) 4 (60)
B-R-R-W 0 (0) 3 (50) 4 (60) 4 (75) S-R-R-W 0 (0) 3 (50) 4 (60) 4 (90)
B-R-A-R 0 (0) 3 (50) 3 (50) 4 (75) S-R-A-R 0 (0) 3 (40) 4 (55) 4 (65)
B-R-A-W 0 (0) 4 (75) 4 (75) 4 (75) S-R-A-W 0 (0) 4 (75) 4 (80) 4 (95)
B-5-A-R 0 (0) 1 (5) 1 (5) 2 (10) S-5-A-R 0 (0) 0 (0) 0 (0) 1 (5)
B-5-A-W 0 (0) 0 (0) 0 (0) 2 (25) S-5-A-W 0 (0) 0 (0) 0 (0) 0 (0)
B-4-A-R 0 (0) 0 (0) 0 (0) 2 (25) S-4-A-R 0 (0) 0 (0) 0 (0) 2 (10)
B-4-A-W 0 (0) 0 (0) 0 (0) 1 (5) S-4-A-W 0 (0) 0 (0) 0 (0) 1 (1)
B-3-A-R 0 (0) 4 (75) 4 (85) 4 (100) S-3-A-R 0 (0) 0 (0) 0 (0) 2 (10)
B-3-A-W 0 (0) 0 (0) 0 (0) 2 (25) S-3-A-W 0 (0) 0 (0) 0 (0) 1 (1)
B-2-A-R 0 (0) 4 (75) 4 (75) 4 (100) S-2-A-R 0 (0) 0 (0) 0 (0) 3 (35)
B-2-A-W 0 (0) 0 (0) 0 (0) 1 (5) S-2-A-W 0 (0) 0 (0) 0 (0) 1 (1)
B-1-A-R 0 (0) 4 (75) 4 (75) 4 (100) S-1-A-R 0 (0) 0 (0) 0 (0) 1 (5)
B-1-A-W 0 (0) 0 (0) 0 (0) 2 (25) S-1-A-W 0 (0) 1 (5) 1 (5) 1 (5)

Note: degree 0 represents the best results; degree 4 represents the worst results.

Research also confirms that the protection of beech wood against bio-attacks by moulds outdoors
using coatings is more difficult. In addition to its lower bio-resistance, its greater permeability may
also have an effect [51], and thereby increased demands on the amount of applied protective substance,
which does not provide sufficient film-forming protection on the wood surface. However, it is
encouraging that higher concentrations of the active ingredient TiO2 used in this research (sets 2-A and
4-A) represented a relatively effective alternative against mould growth (Table 2).

4. Conclusions

Transparent coatings on wood outdoors do not have sufficient service life and colourfastness
due to more significant penetration of sunlight into the coating film and the base wood. Another
significant factor causing degradation of coatings in humid environments are moulds. The possibility
of increasing the durability and resistance to mould attacks in acrylic and oil coating on beech and
spruce wood was investigated. Initial treatments of wood by dipping in a 2% solution of caffeine and
various concentrations of commercial FN-NANO® containing TiO2 nanoparticles and their mixtures
were used. A significant positive effect of caffeine treatment on the service life of the acrylate coating
system during accelerated artificial weathering was observed in both types of tested woods. The 15%
FN-NANO® dispersions treatment also showed good efficiency. The combined effect of a mixture of
caffeine and FN-NANO® had no significant positive effect. No improved quality of the oil coating
was observed using the initial wood treatments. Degradation by moulds was significantly reduced
when the wood was initially treated with a 2% caffeine solution. Higher concentrations of FN-NANO®

dispersion had a positive impact—in particular, on samples degraded for 6 weeks in a UV chamber.
Based on the results, it is possible to recommend the initial treatment of spruce and beech wood with a
2% caffeine solution or 15% solution of FN-NANO® dispersion containing TiO2 nanoparticles in order
to increase the overall service life of transparent acrylic coating in exterior applications.
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22. Kobetičová, K.; Nábělková, J.; Ďurišová, K.; Šimůnková, K.; Černý, R. Antifungal activity of methylxanthines
based on their properties. BioResources 2020, 15, 8110–8120. [CrossRef]

23. Broda, M.; Mazela, B.; Frankowski, M. Durability of wood treated with AATMOS and caffeine—Towards the
long-term carbon storage. Maderas Cienc. Tecnol. 2018, 20, 455–468. [CrossRef]

24. Moya, R.; Rodríguez-Zuniga, A.; Vega-Baudrit, J.; Puente-Urbina, A. Effects of adding TiO2 nanoparticles
to a water-based varnish for wood applied to nine tropical woods of Costa Rica exposed to natural and
accelerated weathering. J. Coat. Technol. Res. 2016, 14, 141–152. [CrossRef]
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Abstract: Wood is vulnerable to significant color changes when used in exterior applications.
Some copper-based wood preservatives use colorants to minimize this color change. This paper
examines the ability of a peroxide post-treatment to turn wood impregnated with micronized basic
copper carbonate (CuCO3·Cu(OH)2) (MBCC) a stable brown color. MBCC-treated wood, with and
without peroxide post-treatment, along with associated controls were evaluated for color change,
erosion and black-stain fungal resistance after exposure to artificial photo-degradation. The impact of
the peroxide treatment on copper leaching was assessed in a laboratory experiment, and the impact
on copper reactivity was assessed by electron parametric resonance (EPR) spectroscopy. Peroxide
post-treatment of wood pressure impregnated with MBCC was shown to reduce color change by more
than 50% compared to controls. Erosion due to photo-degradation and colonization by black-stain
fungi were lower in samples treated with MBCC than in untreated controls and were relatively
unaffected by peroxide post-treatment. The peroxide post-treatment was associated with increased
amounts of mobile copper. This led to increased susceptibility to leaching and to a more than 60%
increase in the amount of copper than had reacted with the wood.

Keywords: leaching; micronized basic copper carbonate; peroxide; surface protection; weathering; wood

1. Introduction

The service life of wood products in exterior applications is often limited by loss of appearance
rather than loss of structural integrity [1]. As a result, there is a need for wood protection treatments to
protect the appearance of the wood as well as against biodegradation by decay and insects. Weathering is
a complex series of interactions between moisture, UV and visible light, oxygen, and surface-colonizing
fungi [2]. Changes in color arise largely from the photo-degradation of lignin and the colonization by
surface-inhabiting black-stain fungi [3].

A wide range of inorganic UV absorbers can be used to improve color stability [4]. This includes
copper, which is already present in many residential preservative formulations. Copper-based wood
preservatives are known to photo-stabilize lignin and slow the rate of surface degradation and color
change from weathering [5–8]. One of the most widely used residential wood protection treatments in
North America is micronized copper azole (MCA), which includes micronized basic copper carbonate
(CuCO3·Cu(OH)2) (MBCC) as the primary biocide. Treatment with MBCC gives wood a pale blue/green
color. Commercial products often add a colorant to give the MBCC-treated wood a more natural-looking
brown color [9]. For exterior preserved wood, iron oxides dominate the market due to their low cost,
the wide range of colors that are possible, their photo-protective effects, their compatibility with

Coatings 2020, 10, 1213; doi:10.3390/coatings10121213 www.mdpi.com/journal/coatings117



Coatings 2020, 10, 1213

preservative formulations and their positive health and environmental profiles [10]. However, the color
still fades over time.

It was observed that, in service, wood treated with copper-based preservatives tends to go from
green/blue to a brown color as the surface of the wood oxidizes [11]. The use of peroxide to generate
stable color complexes in wood impregnated with transitional metal compounds has been reported by
Auger [12]. In the present work, we explored this approach using wood impregnated with MBCC
followed by a peroxide post-treatment. The aim was to understand the efficacy of this approach in
yielding a brown, photo-stable wood surface with the potential to eliminate or reduce the need for the
addition of colorants.

MBCC-treated wood with a peroxide post-treatment could potentially also affect preservative
efficacy. MBCC has proven to be an effective wood preservative due to the slow solubilization of
MBCC and reaction of this solubilized copper with the wood cell wall [13–15]. Oxidation of the wood
surface was hypothesized to increase the amount of reacted copper, which could potentially increase
biological efficacy.

2. Materials and Methods

These experiments assess the performance of wood pressure-treated with MBCC, with and without
a peroxide post-treatment. Specimens were evaluated for their resistance to color change and erosion
following accelerated photo-degradation, and their resistance to disfigurement by artificially inoculated
and incubated black-stain fungi under optimal conditions. An additional experiment examined the
impact of the peroxide post-treatment on copper leaching and on the formation of reacted copper in
the wood.

Red pine (Pinus resinosa) sapwood was used as a wood substrate throughout these experiments.
MBCC was obtained from Timber Specialties Co. (Campbellville, ON, Canada). An iron oxide-based
colorant formulation was used as a reference in the accelerated photo-degradation experiment.
The MBCC and the iron oxide-based colorant were applied to wood by vacuum-pressure impregnation
to target gauge concentrations of 4.0 kg of MBCC per cubic meter of wood and 2.0 kg of iron oxide-based
colorant per cubic meter of wood, respectively.

The peroxide post-treatment consisted of a one-minute dip in a 20% solution of aqueous hydrogen
peroxide adjusted to pH 6 with a dilute solution of sodium hydroxide at room temperature on air-dried
samples. The 20% solution was prepared from a 30% hydrogen peroxide concentrate (Fisher Scientific,
Ottawa, ON, Canada, ACS Reagent Grade). The conditions described above were determined based on
a series of tests to optimize the peroxide treatment conditions. These tests are described in Appendix A.
Factors evaluated included peroxide concentration, pH, storage time, drying and the impact of wood
type (heartwood vs. sapwood).

2.1. Accelerated Photo-Degradation

Assessment of resistance to accelerated photo-degradation included four treatments groups each
with six replicates. These included the MBCC treatment, with and without peroxide post-treatment,
the iron oxide-based colorant as a reference product, and untreated red pine sapwood as a control.
Specimen size was 75 mm long × 75 mm tangential × 12 mm radial wood fiber direction.

The sample color was evaluated with a SP60 spectrophotometer (X-Rite, Grand Rapids, MI, USA)
using CIE L*a*b color space. L* represents lightness on a scale from 0 to 100. Negative a* values indicate
degree of greenness, while positive values indicate degree of redness. Negative b* values indicate
degree of blueness, while positive values indicate degree of yellowness. CIE L*a*b* data were used to
calculate ΔL* (change in lightness), Δa* (change in green-red color), Δb* (change in blue-yellow color),
and ΔE* which represents the total color change according to Equation (1).

ΔE∗ =
√
(L∗2 − L∗1)

2 + (a∗2 − a∗1)
2 + (b∗2 − b∗1)

2 (1)

118



Coatings 2020, 10, 1213

A small amount of vinyl polysiloxane (Aquasil Ultra Smart Wetting®, Dentsply Caulk, Montreal,
QC, Canada), approximately 10 mm × 20 mm, was stuck to three samples from each treatment group.
This was used to provide an unexposed reference patch from which to measure erosion following
Q Sun exposure. After Q-Sun exposure, the silicone was removed from the surface. A 3D profilometer,
Contour GT-K1, (Veeco Instruments, Plainview, NY, USA) was used to measure the erosion of the
exposed area compared to the unexposed sections. A total of six measurements were taken per sample
(three samples/series of treatment) for a total of eighteen replicates per series of treatment.

Samples were placed in a Q-Sun chamber (Q-Lab Corporation, Westlake, OH, USA) for accelerated
photo-degradation. The samples were exposed using the ASTM G-155 cycle 1 method [16]. This cycle
includes 102 min of exposure to light at 0.35 W/m2 irradiance at 340 nm and 63 ◦C for black panels.
The chamber air was maintained at 43 ◦C and 30% relative humidity. This was followed by 18 min of
exposure to water and light at 0.35 W/m2 irradiance at 340 nm and 63 ◦C for black panel. Color measurements
were repeated after 1000 h of exposure.

2.2. Black-Stain Fungal Resistance

After inspection at 1000 h of exposure, samples from the accelerated photo-degradation experiment
were exposed to an additional 500 h of exposure in the Q-Sun. These samples (exposed for a total of
1500 h in the Q-Sun chamber) were cut into four 35 mm × 35 mm × 12 mm subsamples. In addition,
red pine sapwood that had not been exposed in the Q-Sun was included as control, and red pine
sapwood pressure impregnated with a solution of 1% propiconazole, and 0.5% 3-iodo-2-propynyl
butyl carbamate (IPBC) was included as an additional reference known to control black-stain fungi [17].
Twenty-four replicates (6 replicates of each treatment× 4 subsamples) were produced for each treatment.
Group A included two isolates with typical Aureobasidium pullulans morphology that were isolated
from coated wood in Vancouver, BC, Canada. Group B included two isolates with darker and more
yeast-like colony morphology that were slower growing on nutrient plates than group A and were
isolated from coated wood in eastern Canada. Group C, isolated from both western and eastern Canada,
included a mix of ten isolates of various colony types collected from coated wood affected by black
stain after only 2 years of in service exposure. Group D was sprayed with distilled water and used
as an uninoculated reference. All subsamples were edge sealed with a marine epoxy (Intergard 740,
International Marine Coatings, Singapore) and sterilized by ion beam irradiation with two passes
at 17 kGy (Iotron Industries, Port Coquitlam, BC, Canada). Prior to inoculation, the samples were
aseptically placed in test chambers with 2 mL of sterile distilled water and left to incubate at 22.5 ◦C
for 48 h to ensure a moist surface for inoculation. Test chambers are described in [17].

To prepare a spore suspension for inoculum groups A and B, a solution of distilled water with
Tween® 20 (Sigma-Aldrich, Oakville, ON, Canada), a polysorbate-based non-ionic surfactant, was used
to gently remove spores from the surface of two actively growing plates by gently shaving the
sporulating mycelium using a sterile scalple of each chosen isolate and making up to a final volume
of 200 mL. For inoculum C, the solution of sterile water with Tween® 20 was again used to remove
spores from the surface of one actively growing plate of each of the ten chosen isolates and the final
volume made to 400 mL. The solutions were blended with three short pulses in a Waring commercial
blender. The inoculum was then filtered through a prewashed sterile glass wool-lined glass funnel
to remove large particles that could plug the air brush. Haemocytometer average counts of spore
suspensions for inoculum A, B and C were 1.1 × 106, 0.54 × 106 and 2.2 × 106 spores per millilitre of the
200 and 400 mL spore suspensions, respectively. The inoculum was applied using an IWATA Eclipse
(Anest Iwata-Medea, Inc., Portland, OR, USA) HP-BCS airbrush, 5 mL of inoculum was used to evenly
coat twelve test pieces at a time. Inoculum sprayed on control plates (1% malt extract agar) developed
a healthy growth of black-stain fungi for each inoculum group after a few days of incubation, while
plates sprayed with just water inoculum had no growth. Test samples were incubated at 22.5 ◦C in the
dark for six weeks. A weekly in situ spritzing with sterile distilled water was applied by a gentle spray
over the sample surface to maintain a suitable moisture content.

119



Coatings 2020, 10, 1213

Samples were inspected after two, four and six weeks of incubation based on the visual inspection
scale described in [18]. However, it was noticed that some fungi altered the color of the surface but had
no visible growing mycelia or sporing structures on the surface. For such samples, the discoloration
observed on the surface was compared to uninoculated control samples, and a rating was given based
on the amount of discoloration present and not only on visible fungal growth on the surface. Ratings of
0 indicated no stain, while ratings of 5 indicated intense and widespread staining of the sample.

2.3. Copper Leaching

Further studies were conducted to assess the impact of the peroxide treatment on the leachability
of copper from the treated wood. Thirty samples of red pine (Pinus resinosa) sapwood were cut to
the dimensions of 50 mm long × 15 mm radial × 25 mm tangential wood fiber direction and were
conditioned to constant mass at 20 ◦C and 65% relative humidity (RH). Twenty samples were pressure
treated with an aqueous suspension of MBCC to an average gauge retention of 3.2 kg of MBCC per
cubic meter of wood. Specimens were reconditioned to constant weight at 20 ◦C and 65% RH following
treatment. Ten specimens were dip treated in a 20% solution of hydrogen peroxide (pH 6) and ten were
dip treated in water for five minutes. The wood specimens were then reconditioned to constant weight
and evaluated for copper leaching using the immersion cycle specified in section 7.3 of the OECD
Guidance document [19]. The mass of the samples was recorded, and the samples were completely
immersed in water for 120 min, removed from the water and allowed to drain for 10 s, allowing
run-off to return to the water. The leachate samples were collected and stored in the freezer. The test
specimens were weighed again and then left to dry at laboratory temperature until the next immersion
day. Immersion occurred on days: 1, 3, 7, 9, 11, 14, 16 and 22. Leachate samples were then sent to
Maxxam Analytics (Burnaby, BC, Canada) for copper analysis by Inductively Coupled Plasma Atomic
Emission Spectroscopy (ICP-AES). After all immersion cycles had been completed the samples were
left to dry at laboratory temperature. Once dry the leached samples were milled to pass through a
40-mesh screen and pressed into pellets. The pellets were measured for total copper using an ARL™
QUANT’X EDXRF Spectrometer (ThermoFisher Scientific, Waltham, MA, USA) [20].

2.4. Copper Characterization

To assess the impact of the peroxide treatment on the form of copper present in the treated wood,
six red pine sapwood specimens (25 mm × 50 mm × 15 mm) were pressure impregnated with MBCC.
Three of these specimens were then dip treated in a 20% aqueous solution of hydrogen peroxide.
All specimens were then milled to pass through a 40-mesh screen. The resulting sawdust was analyzed
by x-ray fluorescence spectroscopy for total copper. The remaining sawdust from each specimen
was analyzed by Electron Paramagnetic Resonance (EPR) spectroscopy at the University of British
Columbia (Vancouver, BC, Canada) using the methods developed by Xue et al. [21]. A Bruker Elexsis
E500 series continuous wave EPR (Bruker BioSpin GmbH, Rheinstetten, Germany) was used for
the analysis. The operating parameters were 77 K, at a frequency 940 GHz (X-band), 100 KHz field
modulation and 1 G modulation amplitude. Frequency calibration was independently verified using
2,2-diphenyl-1-picrylhydrazyl. The spectral simulation was achieved using SIMFONIA (Bruker Biospin
GmbH, Rheinstetten, Germany). Integration was OriginPro8 (Origin Lab). Baseline correction was
applied before calculating the area under the curve. The sample tube was packed with wood sawdust
to a height greater than 100 mm so that it exceeded the cavity height, thereby minimizing variation
caused by the sample content.

3. Results

3.1. Accelerated Photo-Degradation

Average color change after 1000 h of Q-Sun exposure was calculated for each treatment group
(Figure 1). The MBCC-treated wood became darker and less green. The peroxide post-treatment
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greatly reduced these color changes, as the wood was already darker and less green prior to Q-Sun
exposure. The iron oxide-based reference treatment became less red and less yellow after Q-Sun
exposure. The untreated control became darker and much less yellow. The total color change (ΔE*)
was similar between the peroxide post-treatment and the iron oxide-based colorant reference, and less
than the MBCC without the peroxide post-treatment and the untreated control.

Erosion measurements were quite variable but did show a significant reduction in erosion
for all samples treated with copper compounds and the proprietary iron oxide colorant (Figure 2).
This is consistent with the ability of copper to photo-stabilize wood [5–7,22]. Erosion was similar in
MBCC-treated samples with and without peroxide post-treatment.

Figure 3 shows the samples before and after 1000 h of Q-Sun exposure. The discolored spot on
three of the samples from each group is from the blue tack that was used to create a reference spot
for erosion measurement. MBCC-treated wood changed from a pale green to a medium brown color.
This is consistent with field observations of such material [23]. The peroxide treatment resulted in an
initial brown-green color that changed to the same medium brown color as the MBCC treatment.

Figure 1. Color change after 1000 h of Q-Sun exposure.

Figure 2. Average and standard deviation of surface erosion after 1000 h of Q-Sun exposure of samples
treated with micronized basic copper carbonate (MBCC) with and without peroxide post-treatment,
an iron oxide-based colorant, and an untreated control.
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Figure 3. Red pine sapwood before and after 1000 h of accelerated photo-degradation: (a) treated with
micronized basic copper carbonate, (b) treated with micronized basic copper carbonate after 1000 h of
accelerated photo-degradation, (c) treated with micronized basic copper carbonate with a peroxide
post-treatment, (d) treated with micronized basic copper carbonate with a peroxide post-treatment
after 1000 h of accelerated photo-degradation, (e) treated with an iron oxide-based colorant, (f) treated
with an iron oxide-based colorant after 1000 h of accelerated photo-degradation, (g) untreated, and (h)
untreated after 1000 h of accelerated photo-degradation.

3.2. Black-Stain Fungal Resistance

Black-stain fungi aggressively attacked most samples and quickly grew, causing darkening or
masking of the original wood color (Figure 4). Note that the white material on some surfaces is epoxy
resin from the edge seal. No color changes were observed on the uninoculated controls (Group D).
A rating of 5 was assigned to the majority of samples of unweathered and weathered inoculated
pine controls after only two weeks of incubation (Figure 5). The unweathered IPBC/propiconazole
reference performed well and prevented any fungal growth with an average rating of 0 throughout the
test for all inoculum types. The MBCC treatment was associated with lower black-stain ratings than
untreated controls. Average stain ratings were near zero for inoculum group A. However, growth of
the strains in inoculum groups B and C was evident on the MBCC-treated wood, with or without
peroxide post-treatment. The peroxide post-treatment was associated with lower black-stain ratings
than MBCC with no post-treatment for inoculum group B, but was similar for group C. MBCC is used
to protect wood from fungal decay. This does not include staining fungi, though these data suggest a
possible beneficial effect.
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Figure 4. Test assembly showing unweathered red pine sapwood covered with black-stain fungi after
two weeks of incubation (left); unweathered red pine sapwood samples after six weeks of incubation
with inoculum groups A, B, C and D (uninoculated) (right).

Figure 5. Average stain ratings over a six-week incubation for specimens exposed to strains of
Aureobasidium pullulans from inoculum groups (A–C).
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3.3. Copper Leaching

Copper leaching from the wood treated with MBCC was very low and similar to the untreated
control (Figure 6). This is consistent with previous work demonstrating the low leachability of copper
from wood impregnated with MBCC [24]. In contrast, copper leaching was much greater in the samples
post-treated with peroxide, though this tapered off substantially after 22 days. During the leaching
experiment, it was observed that water uptake during immersion was much greater in the peroxide
post-treatment group (average 6.4 g) than in the no post-treatment group (average 3.4 g). This increase
in water uptake may explain the greater degree of leaching observed.

Figure 6. Concentration of copper in leachates from wood impregnated with micronized basic copper
carbonate, with and without peroxide post-treatment.

3.4. Copper Characterization

The total copper content in the MBCC-treated wood measured by X-ray fluorescence is shown in
Table 1. Total copper concentration averaged 5.6 mg/g in material with no post-treatment and 5.0 mg/g
in material with the peroxide post-treatment. Reacted copper concentration averaged 2.62 mg/g in
material with no post-treatment and 4.24 mg/g in material with the peroxide post-treatment. These data
demonstrate an association between the peroxide post-treatment and increased levels of reacted
copper. The reacted copper content in the wood treated with micronized copper carbonate is typical of
values previously reported [21,25]. The peroxide treatment may generate more reactive sites in the
wood, leading to enhanced reaction between the wood and the micronized basic copper carbonate.
The peroxide reaction with lignin is known to oxidize ketonic carbonyl groups [26].

The EPR spectral parameters provide information on the electronic structure of paramagnetic
copper complexes in wood. There was very little variation between material with and without peroxide
post-treatment, indicating that the compounds being created during the post-treatment have very
similar configuration and bonding as the reacted copper (Table 2). The Az parameter is consistent with
a copper–oxygen bonding typical of the copper carboxylate bonding formed in wood [21].

Table 1. Average total copper measured by X-ray fluorescence and reacted copper measured by EPR in
MBCC-treated wood, with and without a peroxide post-treatment.

Treatment Total Copper (mg/g) Reacted Copper (mg/g)

No post-treatment 5.57 2.62

Peroxide post-treatment 5.04 4.24
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Table 2. Average EPR spectral data from MBCC-treated wood, with and without a peroxide post-treatment.

Treatment gx gy gz Ax Ay Az

No post-treatment 2.078 2.084 2.373 5 45 131

Peroxide post-treatment 2.076 2.084 2.375 5 46 133

4. Discussion

The color change and erosion data confirm the value of copper in wood protection for its ability to
partially photo-stabilize wood as has been previously been reported [5–8]. The improved resistance to
black-stain fungal colonization of the MBCC-treated samples is consistent with previous work showing
that copper can inhibit these organisms. Plasma-deposited copper has been found to inhibit the growth
of A. pullulans [27]. However, some copper tolerance has also been observed with these fungi [28].
This may indicate why only some growth was observed. The copper tolerance of the fungal strains
used has not been otherwise assessed. The natural looking mid-brown color produced by the peroxide
post-treatment of MBCC impregnated wood suggests that an attractive and fade resistant brown color
at point of sale could be achieved. This could potentially reduce or eliminate the need for the addition
of colorants, which are widely used in wood treated with MBCC-containing preservatives [9,10].

The performance against different black-stain inocula varied considerably, though the performance
trends were similar. This highlights the importance of carefully choosing test isolates and in evaluating
field-collected, fresh isolates, not mutilated through long storage and inclusion of more than one strain
to better understand performance. The optimized growth conditions of this accelerated set up led to
very rapid attack that would not be observed in field studies. Field studies on the growth of black-stain
fungi on MBCC-treated wood would be useful to better understand the effect of the MBCC treatment.
Co-biocides, such as the propiconazole used in micronized copper azole type C, would likely also
contribute to efficacy in the field.

This study did not examine the use of peroxide dip treatment before pressure treatment with
MBCC. Given the increased water uptakes observed in the leaching experiment, peroxide pre-treatment
could potentially improve preservative solution uptake. This could make it easier for treaters to meet
preservative penetration and retention requirements and lead to better treated products and/or more
rapid treatment schedules. A more detailed assessment of the interaction between peroxide and copper
carbonate should be conducted to optimize the treatment so that it maximizes reacted copper and
minimizes leaching while still producing the desired brown color.

Peroxide is a common ingredient in deck cleaning products. These data suggest that treatments may
result in increased copper mobility and increased levels of reacted copper. Bleach-based deck cleaners
have been associated with increased copper leaching from CCA-treated decking [29]. The authors of
that study note that amount of copper leached would not be a concern in a residential context. It is
unclear to what extent a peroxide-based deck cleaner would mobilize copper from wood treated with
a MBCC-containing preservative.

The potential impact of increased copper leaching and reactivity on long-term durability should
be investigated. The increased water uptake and copper leaching observed in this study suggest a
potential loss of durability. However, the increased amount of reacted copper suggests a potential
improvement in durability. Previous work has found that copper from MBCC-treated wood is resistant
to leaching and that the leached wood retained its resistance to decay fungi [30].

EPR has been used previously to study the reaction chemistry of copper-based wood preservatives
in wood [15,31]. While several analytical tools are useful for quantifying copper in organic matrices, most
techniques cannot provide information on the copper species present or the bonding of the copper to the
wood components. One technique that can identify copper–ligand bonding is EPR. However, it too is
limited to copper species that are paramagnetic. While this is usually not a problem it could be limiting,
in that it cannot detect species for example that are antiferromagnetic or Cu(I) species. Studies by
Piesach and Blumberg [32] have shown that the unpaired electron chemical shift in mononuclear
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S = 1/2 Cu(II) species and hyperfine coupling to the I = 3/2 copper nucleus along axial direction (the gz

and Az respectively) are most sensitive to electronic and geometric perturbations in the bonding to the
copper ion. All the spectra obtained in this study were very similar. They all exhibited strong gz values
of ≈2.373, and Az tensors of ≈131 G which are typical of copper-wood complexes formed with only
copper-oxygen bonding. This supported the hypothesis that all of the copper complexes being formed
both with, and without peroxide treatment, were identical in the coordination chemistry of the copper.
This would suggest that the peroxide treatment is forming carboxylic acid functional groups which are
then able to mobilize copper from the remaining basic copper carbonate. The high solubility of the
copper compounds formed suggests that, unlike the natural carboxylic acid functional groups present
in wood, those formed by the peroxide post-treatment may be wood-degradation products. In the basic
copper carbonate present in the MBCC, the copper is antiferromagnetically coupled in the solid state,
and so is EPR silent.

5. Conclusions

Peroxide post-treatment of wood pressure impregnated with MBCC may help to minimize color
change due to photo-degradation. Erosion due to photo-degradation and colonization by black-stain
fungi were similar in samples impregnated with MBCC, regardless of the peroxide post-treatment.
The peroxide post-treatment was associated with increased copper leaching, but also with increased
reacted copper.
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Appendix A. Peroxide Treatment Optimization

White spruce (Picea glauca) was cut into 1 × 10 × 50 mm3 strips from sapwood and dip treated
with a 1% solution of MBCC intended to simulate the surface of lumber pressure impregnated with a
micronized copper containing preservative. These treated strips were used to examine the color change
associated with oxidizing the copper when exposed to hydrogen peroxide. Initially a solution of 30%
hydrogen peroxide was applied to dried copper treated spruce test strips, and a very dark brown color
was produced, confirming that oxidation was possible. To produce the desired brown hue, testing was
conducted to optimize hydrogen peroxide concentration and pH. Higher pH was obtained by addition
of dilute sodium hydroxide. Lower pH was obtained by addition of dilute hydrochloric acid. Reaction
time, drying method as well as influences from species and substrates were also explored.

The initial screening test looked at the effect of hydrogen peroxide concentration on color
(Figure A1). A 10% solution (pH 6) resulted in an uneven light brown color. Treatments with 20%
(pH 5) and 30% (pH 4) solutions resulted in a more uniform medium brown color.
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Figure A1. The effect of hydrogen peroxide concentration on the color of spruce treated with MBCC
(left to right: untreated, MBCC treated (no peroxide), MBCC-treated 10% peroxide at pH 6, MBCC treated
20% peroxide at pH 5, 30% peroxide at pH 4).

When treated with a 20% solution of hydrogen peroxide, pH 6 was found to best yield a medium
brown color (Figure A2). Treatment with a 10% solution at varying pH levels resulted in only light
brown coloration at all pH levels and an uneven tone across the samples.

 

 

Figure A2. The effect of peroxide solution pH of the color of spruce treated with MBCC (top 20%
peroxide, left to right pH 4, pH 6 and pH 8; bottom 10% peroxide, left to right pH 4, pH 6, pH 8).

The effect of storage time was assessed on MBCC-treated samples exposed to 10% hydrogen
peroxide (pH 6) (Figure A3). Samples were held wet at different time frames then air dried, left wet or
oven dried at 100◦C before the hydrogen peroxide was applied. For hold time, a moderate browning
was observed in all samples, suggesting that there was no improved color development with a longer
storage time.
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Figure A3. The effect of wet storage time on the color of spruce treated with MBCC and 10% peroxide
(left to right 0 h, 1 h and 22 h hold before oven drying).

There was an impact in color development when different drying methods were employed.
Little difference was observed between air drying and oven drying the samples before treating them
with hydrogen peroxide, as similar colors were produced with the secondary treatment. However,
it was noticed that the initial copper treatment washed off when samples were treated with peroxide
while still wet. This was evidenced by the peroxide solution turning brown and the treated samples
having a slightly muted brown color (Figure A4).

 

Figure A4. The effect of oven drying on the color of spruce treated with MBCC and 15% peroxide.

Samples of mixed sapwood and heartwood were treated with 20% peroxide at pH 6 and 8
(Figure A5). The heartwood/sapwood boundary was visually evident in the basic copper carbonate
treated samples and remained visible after exposure to peroxide. However, both wood types turned a
similar mid-brown color.

Based on these experiments, the optimum conditions were determined to be 20% hydrogen
peroxide at pH 6 on dried copper treated samples, producing a consistent rich brown color across
the samples. Wet storage time and substrate did not have major effects, while not drying samples
before hydrogen peroxide treatments removed some of the copper treatment applied affecting the
color produced.
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Figure A5. The effect pine sapwood and heartwood on the color of wood treated with MBCC and
exposed to 20% hydrogen peroxide at pH 8 (top) and pH 6 (bottom).
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Abstract: This work deals with the treatment of wood surfaces by diffuse coplanar surface barrier
discharge (DCSBD) generated at atmospheric pressure. The effect of the distance of the sample from
the electrode surface and the composition of the working gas in the chamber was studied. Norway
spruce (Picea abies) wood, both unmodified and thermally modified, was chosen as the investigated
material. The change in the surface free energy (SFE) of the wood surface was investigated by contact
angles measurements. Chemical and structural changes were studied using infrared spectroscopy,
X-ray photoelectron spectroscopy (XPS), and scanning electron microscopy (SEM). Activation at a
0.15 mm gap from the electrode led in all cases to an increase in the SFE. The largest change in SFE
components was recorded for wood thermally modified to 200 ◦C. At a 1 mm gap from the electrode
increase of SFE occurred only when oxygen (O2) and argon (Ar) were used as working gas. Treatment
in air and nitrogen (N2) resulted in an anomalous reduction of SFE. With the growing temperature of
thermal modification, this hydrophobization effect became less pronounced. The results point out
the importance of precise position control during the DCSBD mediated plasma treatment. A slight
reduction of SFE on thermally modified spruce was achieved also by short term ultra-violet (UV)
light exposure, generated by DCSBD.

Keywords: Norway spruce; thermally treated wood; DCSBD; plasma treatment; surface free energy

1. Introduction

Wood is a well-known industrial material, and its surface properties have a huge
impact on durability, quality, and product aesthetics. If the wood has been properly
processed and treated, it will last for a very long time, which can be demonstrated on
historic buildings, utility and artistic objects, musical instruments, and other wood products.
By modifying wood surfaces, it is possible to achieve even better properties, streamline its
use, or find new possibilities for its application in various areas of human activity [1].

Plasma treatment can change the surface properties of the wood and have a positive
effect e.g., when applying varnishes and adhesives. This could not only affect the amount
of the used paint or adhesives but also obtain a higher strength of the glued joints in
stressed places.

Diffuse coplanar surface barrier discharge (DCSBD) enables homogeneous surface
treatment of various flat surface materials such as wood [2,3], polymers [4], or glass [5].
Concerning the treatment of lignocellulose materials, it was observed that the effect of
DCSBD treatment depends on the distance between the treated wood surface and the
DCSBD electrode [6,7].

Understanding the reasons behind this effect could help us determine appropriate
conditions for plasma treatment and maximize the desired effect, which may find its use
in the construction industry, the production of furniture, musical instruments, decorative
objects, etc.

Coatings 2021, 11, 40. https://doi.org/10.3390/coatings11010040 https://www.mdpi.com/journal/coatings
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In this research a spruce wood was chosen for treatment, owing to its large abun-
dance in Central Europe, mainly due to the recent bark beetle calamity. Nowadays, the
spruce wood is frequently thermally modified, usually in the range of 160 ◦C to 220 ◦C
at low oxygen environment, to improve its dimensional stability against the moisture
content and biological resistance against decay [8]. The heat treatment results in the loss of
hemicelluloses mainly, which causes the growth in the relative abundance of hydrophobic
lignin. This is considered to be the main reason behind the obtained reduced hygroscop-
icity (ability to absorb and retain water moisture) of wood. At the same time, however,
the low surface wettability of thermally modified wood (TMW) complicates its further
processing when applying water-based varnishes and adhesives or wood preservatives.
For instance, in [9] authors observed a considerable, almost 1/3 reduction in adhesion
strength of alkyd-reinforced acrylate paint with TMW spruce, already after a mild treatment
(<200 ◦C).

TMW exhibits higher content of hydrophobic lignin, which is known to be quite
sensitive to plasma treatment [10]. Thus, properly applied plasma treatment can be used to
revert the obtained hydrophobic surface characteristics of heat-modified spruce as well as
other wood species, such as beech, pine core, and other woods with higher lignin content.

In this research, spruce with different heat pre-treatment (160, 180, and 200 ◦C) was
studied. The effect of DCSBD plasma treatment was evaluated by measuring the changes
in wood surface free energy (SFE), chemical composition, and micro-morphology. An
important parameter that affects the plasma treatment of wood is the composition of
plasma treatment working gas. For this sake, the most common industrial gases such as
air, nitrogen (N2), oxygen (O2), and argon (Ar) were investigated. Finally, factors such
as substrate heating and ultra-violet (UV) radiation on the resulting hydrophilicity of the
material were studied.

2. Materials and Methods

2.1. Samples and Wood Thermal Modification

The spruce samples were cut into regular cuboids. Because wood is a biological mate-
rial that is exposed to varying different conditions during its growth, the resulting material
is inhomogeneous. It has different surface and internal properties in different places. Only
smooth parts of the samples without visible defects were used for the measurement. The
samples were stored at room temperature in a closed container that maintained a constant
35–37% humidity without direct sun contact. The moisture content of the samples was
measured to be less than 3%. The density of spruce and spruce heat-treated at 160, 180 and
200 ◦C was measured to be 480, 440, 410 and 400 kg/m3, respectively. The size of samples
varied depending on the analytical technique that was used. Usually, at least 3 samples for
each parameter were measured. The Katres s.r.o pilot plant laboratory chamber was used
to perform thermal modification of the wood, which thermally treats the wood in the water
vapor environment. The process has three basic phases: high-temperature drying, thermal
modification, and final cooling. First, the temperature in the chamber, due to hot steam,
rises rapidly to 100 ◦C. It then increases further, but more slowly, to 130 ◦C. During this, the
humidity in the wood drops to a close to zero value. After drying, thermal modification
follows. In our case, it took place for three hours at temperatures of 160, 180 or 200 ◦C.
Steam is used during drying and heat treatment as protection against ignition. Finally,
the chamber is cooled to a temperature of about 90 ◦C. At this stage, wetting is important
for the final properties of the wood to be usable, it should have a moisture content above
4% [11].

2.2. Plasma Treatment

DCSBD was used for plasma treatment (Figure 1). The electrode system consisted
of 32 parallel silver electrodes, which were 1.5 mm wide, 220 mm long, and had gaps of
1 mm between them As the dielectric, 96% alumina ceramics were used (Figure 2). For
the plasma activation in a certain gaseous atmosphere, a DCSBD in a closed vessel with
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holes for the gas outlet, and an inlet with a controlled current flow was used. Then the
specific gas for 5 min at a flow rate of 2 L/min was filled, so that the chamber was flushed
many times with the given gas and the presence of atmospheric gases was minimal. The
sinusoidal voltage was in the amplitude of 10 kV at a frequency of 15 kHz. The generator
output power was 400 W for all gases except Ar, where it was 250 W. The efficiency of the
whole system is approximately 90%. The distance from the sample to the electrode was
controlled with the glass plates (0.15 and 1 mm) positioned on the electrode.

 

Figure 1. Photo of the DCSBD plasma reactor.

 

Figure 2. Schematic setup of the DCSBD electrode.

2.3. Surface Characterization

The indirect determination of SFE and its polar and dispersive components was done
using the Owens-Wendt regression method described previously in more detail [12]. Four
liquids were used in this study: distilled water (γD = 21.9 mJ/mm2, γP = 51.0 mJ/mm2),
ethylene glycol (γD = 29.0 mJ/mm2, γP = 19.0 mJ/mm2), diiodomethane (γD = 50.8 mJ/mm2,
γP = 0 mJ/mm2) and glycerol (γD = 28.3 mJ/mm2, γP = 36.9 mJ/mm2) [13]. Surface En-
ergy Evaluation System (Advex Instruments, Brno-Komín, Czech Republic) was used to
measure contact angles (CA) directly from the camera images. For each testing liquid, the
contact angle of 15 droplets (1 μL) was measured and the average values were used for the
Owens-Wendt regression. The contact angles were determined at the time when the wetting
rate becomes constant (dθ/dt = const) [14]. The obtained data were analyzed by Analysis
ToolPak of MS Excel 2016 software (Microsoft Corp., Redmond, WA, USA). The normality
of the data distribution was verified by its descriptive statistics tool. The significance of
differences among the results was tested using the Student’s t-test, with the significance
level of rejecting the null hypothesis being equal to 0.05. The surface morphology of the
examined spruce was studied with a scanning electron microscope (SEM) MIRA3 from
TESCAN (Brno, Czech Republic). Samples were cut into small pieces of about 15 × 10 ×
5 mm3. Before SEM imaging, the samples were coated with a 10-nm Au–Pd composite
layer. The sample surface was electrically connected with the sample holder to reduce
surface charge accumulation. All measurements were taken using a secondary electron
detector with an accelerating voltage of 7 kV to ensure minimal damage to the surface.
The focus was mainly on the internal structures of wood, its tissues, vascular bundles, and
especially on places where the effect of plasma etching was evident.
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X-ray photoelectron spectroscopy (XPS) measurements were carried out on an ES-
CALAB 250Xi (Thermo Fisher Scientific, East Grinstead, UK). An X-ray beam with a power
of 200 W (650 μm2 spot size) was used. The survey spectra were acquired with a pass
energy of 50 eV and a resolution of 1 eV. High-resolution scans were acquired with a pass
energy of 20 eV and a resolution of 0.1 eV. To compensate for the charges on the surface,
an electron flood gun was used. Spectra were referenced to the hydrocarbon type C1s
component set at a binding energy of 284.8 eV. Spectra calibration, processing, and fitting
routines were done using Avantage software.

Attenuated total reflectance (ATR) infrared spectra were measured with Bruker Vertex
80 V spectrometer (Optik Instruments s.r.o., Brno, Czech Republic) utilizing a diamond
crystal for ATR. All measurements were taken in an evacuated regime at a maximum
pressure of 5 hPa. The spectra were acquired in a range of 4000–800 cm−1 with a resolution
of 4 cm−1. It was confirmed that the absorption of the band in the region 1031–1053 cm−1

did not change as a result of plasma treatment, and each spectrum was normalized to
the intensity at 1024 cm−1. At least, four samples of each parameter with a minimum
of 3 points on each sample were measured. The results presented are the average of the
obtained data.

2.4. Thermal Camera

For temperature measurement, a non-contact method using a thermal camera was
taken. This method relies on electromagnetic radiation from objects. For the accuracy
of measurement, it is essential to choose the value of emissivity correctly. During the
recording we used e = 0.86 (mentioned e.g., in [15]). Emissivity in the range e = 0.82–0.89 is
reported in the sources (e.g., [16,17]).

3. Results

3.1. Thermally Modified Wood

Spruce wood samples which were modified with three different temperatures before
the plasma treatment—160, 180, and 200 ◦C are hereafter referred to as T160, T180, T200,
respectively. Wood that has not been thermally modified is referred to as a reference—Ref.
The thermal modification of timber caused a decrease in SFE. From the initial value of
66 mJ/mm2, it decreased to 62, 65, and 58 mJ/mm2 for T160, T180, and T200, respectively.
The reference sample has the highest SFE as shown in Figure 3, i.e., wood thermal modifi-
cation increases the wood surface hydrophobicity. The reason behind this is the intended
disruption of cellulose, hemicellulose, and to a lesser extent of lignin, which is more stable.
The hydroxyl groups present in hemicelluloses are strongly involved in wetting the wood
by forming hydrogen bonds with water molecules. Their decomposition gives rise to
observed hydrophobicity growth [18].

 

Figure 3. Comparison of the surface energy of different TMW without plasma treatment.
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The loss of these hydrogen bonds will also affect the ratio of surface energy compo-
nents. The dispersion component increases from 38 mJ/mm2 for the reference wood to
44 mJ/mm2 for the T200. The polar component decreases from 28 to 14 mJ/mm2. There
are boundaries between T180 and T200 where the hydrophilic behavior is significantly
weakened. This is in agreement with an increase in the proportion of lignin in the wood.
According to the article [10], there is a small difference between woods heated for 2 h at
150 and 180 ◦C—28%, compared to 31% for 200 ◦C.

3.2. Distance from the Electrode

Plasma treatment at the power of 400 W was done for two different distances between
the wood and electrode of 0.15 mm and 1 mm. DCSBD plasma is most intense at the
height interval of 0.1–0.3 mm from the electrode. When the sample is exposed to DCSBD
plasma at this distance range, the contact angles of the water is expected to drop most
significantly, as the SFE grows. In our case, however, when treating the reference spruce
samples at 0.15 mm, there was no statistically significant change in SFE (Figure 4). The
reason is that untreated spruce wood has already relatively high SFE. The resulting low
contact angle (especially for water) interferes with the measurement accuracy. As a matter
of fact, a value of 70 mJ/mm2 could represent an upper limit of reliably measurable SFE,
and thus any improvement above this level (e.g., by plasma treatment) is undetectable. For
thermally treated samples (Figure 4), where the initial SFE was lower, treatment at 0.15 mm
resulted in a statistically significant increase of SFE, chiefly due to the growth of its polar
component.

 

Figure 4. Comparison of surface energies of thermally unmodified wood at different distances from
the electrode in the air atmosphere.

The picture changed for the gap of 1 mm. At this position, the opposite effect
occurred—the SFE dropped from 66 mJ/mm2 to 56 mJ/mm2, on account of polar from
28 to 11 mJ/mm2, although dispersive component manifested a slight increase from 38 to
45 mJ/mm2 (Figure 4). In article [7], the authors also reported such anomalous increase in
hydrophobicity for the distance of 0.93 mm, where plasma began to quench.

The hydrophobization effect of 1mm distance treatment was observed also for ther-
mally modified samples (Figure 5). The most significant SFE increase occurred for T200 at
a distance of 0.15 mm, which is consistent with the results from [19]. This is related to the
lower initial SFE of wood T200. After plasma treatment, the total energy was comparable
to other samples with different heat treatments. The total values of the SFE of all thermally
modified and reference wood for the distance of 0.15 mm from the electrode were in the
range of 37–38 mJ/mm2 for dispersive and 27 to 31 mJ/mm2 for polar components. For a
distance of 1 mm, the dispersion components were in the range of 45–46 mJ/mm2 and the
polar components were in the range of 9–11 mJ/mm2.
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Figure 5. Comparison of surface free energies for different gases during plasma activation of wood. (a) in case of 0.15 mm
gap and (b) in case of 1 mm gap from the electrode.

3.3. Influence of Gas Composition on Processing

As a working gas, gases commonly used in industry, i.e., N2, O2, Ar, and air were
studied. The wood treatment took place in each atmosphere at two different distances
of the material from the electrode (0.15 and 1 mm). At the distance of 0.15 mm from
the electrode, the SFE increases slightly in all atmospheres. In particular, the dispersion
component slightly decreases, and the polar component increases. This can be explained
by oxidation on the surface either directly during plasma activation or after extraction into
atmospheric air, where the interaction of activated wood with O2 can take place. So, it could
be concluded that while keeping the gap between the sample and the plasma in the range
of 0.1–0.3 mm the working gas does not influence significantly the plasma treatment effect.
In practice, however, it is hard to keep such a high precision during wood processing.

On the contrary, in the case of a 1 mm distance, the working gas played an important
role. Air and N2 treatment displayed a more hydrophobic wood surface. With this respect,
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air gas showed a more pronounced effect. For both gases, the dispersion component
increased, and the polar component decreased. Interestingly enough, 1 mm distance
treatment in pure O2 had no hydrophobization effect. This points out the important role
of NOx chemistry in the effect. An ample amount of nitric oxide compounds (NO, NO2,
N2O5) and nitric acid in the presence of H2O is formed within the DCSBD and can strongly
interact with the surface. These compounds oxidize the surface, thus rather causing an
increase in SFE [20,21]. At the moment, it is an unresolved question to what extent one can
manipulate the resulting SFE by altering the N2 to O2 ratio. This question was partially
addressed in [22], where authors tested different atmospheres for DBD ATMOS plasma
activation and monitored the change in wetting. They got an increase in the contact angle
for 1:2 and 3:1 ratios N2:O2 and a decrease for the case 1:1. However, they did not explain
this behavior but only stated that “the combination of structural change (induced by UV
radiation, the impact of metastable particles, or both) and chemical change due to surface
oxidation are responsible for the observed surface modification of wood samples [22].

In the case of O2 and Ar, the total SFE increased, comparable to the case where the
wood was treated at a distance of 0.15 mm from the electrode. The increase of the polar
component was slightly larger (max. 4 mJ/mm2, but mostly up to 1 mJ/mm2) and in most
cases, the decrease of the dispersion component was slightly smaller (max. 5 mJ/mm2 for
T200 Ar, but most up to 1 mJ/mm2). The behavior of T200 wood was most different from
other wood samples.

The polar component in the N2 atmosphere after treatment at 1 mm distance increased
with a temperature of thermal modification, but for T200 fell again close to the reference
wood (Ref 1 mm) value.

3.4. Comparison of Wood and Polymer

To verify that the increase in water contact angle at 1 mm is specific to wood chemical
composition, the contact angle of water for the polymer treated was measured. Specifically,
polymethyl methacrylate (PMMA) commonly known as plexiglass was used. After plasma
treatment, the hydrophilicity of the plexiglass increased, see Figure 6. For PMMA, the
water contact angle was reduced for both cases. Keeping a 0.15 mm gap, the water
contact angle decreased more markedly than for a 1 mm gap. Wood, on the other hand,
acquired more hydrophilic properties only for 0.15 mm, and, at a distance of 1 mm, it was
hydrophobized. Therefore, it is a matter of wood material and its specific morphological
and chemical composition. For some polymers, plasma treatment can also increase the
hydrophobicity of the surface due to etching, the formation of nanostructures and can
achieve even superhydrophobic behavior [23]. However, in Section 3.7.2 Wood etching it
will be shown that the increase in hydrophobicity in the wood was not caused by emerging
nanostructures, as in these cases.

Figure 6. Comparison of water contact angles between polymer and wood.
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3.5. Fourier Transform Infrared Spectroscopy

FTIR spectra for T200 and both distances treatment are shown in Figure 7. There
was no observable change in the absorbance band of the bonds of water and OH groups
(3550–3150 cm−1). The absorbance in the CHx band (2947 cm−1) decreased after plasma
treatment. This decrease is due to chemical reactions on the sample surface [2]. In the area
of C=O conjugate bonds (1655 cm−1) there was a significant increase in absorbance for
samples treated at 0.15 mm compared to the reference sample. These bonds are affected by
plasma oxidation [24]. In [24] for spruce, both regions corresponding to C=O increased,
of which the unconjugated band was more significant. In the case of a 1 mm gap, this
peak decreased. Unconjugated bonds (1727 cm−1) increased after plasma treatment in
both cases.

Figure 7. FTIR spectra of wood T200 to compare the change in chemical composition at different
distances from the electrode. The treatment was done in the air.

The 1596 cm−1 peak decreased for 0.15 mm that supports the theory that in the active
plasma region CHx components undergo degradation. At the same time after plasma
treatment at a 1 mm distance, this peak decreased less. For plasma-treated samples,
absorbance increases in the syringyl and guaiacyl regions (aromatic groups from lignin)
and OH groups from cellulose (1313–1336 cm−1).

Figure 8 compares measurements in N2 and air. The samples behave very similarly.
For T180, the band of unconjugated C=O after the plasma treatment in the air hardly
changes. At a distance of 1 mm they are almost identical, except for a large increase in
C=O (1727, 1655 cm−1) and an increase in vibrations of 1264, 1219 cm−1 also bound to C=O
bonds. These differences are also evident in the treatment at a distance of 0.15 mm from
the electrode, especially in the vicinity of the areas 1727 and 1655 cm−1. Greater oxidation
occurred in the N2 atmosphere.
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Figure 8. FTIR spectra comparison of the T180 wood after plasma treatment under N2 and air
atmosphere.

3.6. X-ray Photoelectron Spectroscopy

Due to the complex irregular surface topography, the random distribution of the wood
components, and their random size, the errors of some measurements are significant.

Some samples contained a small percentage of N2 (up to 1.5%) in addition to O2 and
carbon. After plasma treatment in a N2 atmosphere, they reached a maximum of 2% at
1 mm distance from the electrode and 9% at 0.15 mm distance. This increase did not occur
in the air. The oxygen and carbon atomic percentages and O/C ratio obtained from XPS
spectra for various gases and distances from the electrode are presented in Table 1.

Table 1. Oxygen and carbon atomic percentage and O/C ratio obtained from XPS spectra for various gases and distances
from the electrode. Data are in [%], except for O/C, which is dimensionless.

Ref
Air N2 Ar O2

0.15 mm 1 mm 0.15 mm 1 mm 0.15 mm 1 mm 1 mm

R
ef

O 28 ± 2 38 ± 2 30 ± 4 37 ± 1 28 ± 5 34 ± 3 29 ± 7 32 ± 3
C 72 ± 1 62 ± 3 69 ± 4 57 ± 1 70 ± 1 66 ± 7 71 ± 7 68 ± 3
N - - - 6 ± 1 2 ± 1 - - -

O/C 0.38(2) 0.62(5) 0.44(6) 0.65(2) 0.40(9) 0.53(5) 0.41(6) 0.46(4)
T180

O 29 ± 2 34 ± 1 29 ± 1 - 26 ± 1 - 28 ± 2 -
C 71 ± 4 66 ± 1 71 ± 1 - 74 ± 1 - 72 ± 2 -

O/C 0.41(4) 0.51(2) 0.40(1) - 0.35(1) - 0.39(2) -

T200

O 29 ± 2 40 ± 1 26 ± 3 32 ± 1 - 33 ± 1 - 34 ± 1
C 71 ± 2 60 ± 1 73 ± 4 59 ± 2 - 63 ± 2 - 66 ± 2
N - - - 9 ± 2 - 4 ± 1 - -

O/C 0.41(3) 0.66(1) 0.34(5) 0.54(3) - 0.52(2) - 0.52(2)

Component C1 corresponds to bonds C–C and C–H, component C2 is attributed to
bonds C–O, component C3 can correspond to either the group O–C–O or the bond C=O
and component C4 corresponds to the groups O=C–O. The main contribution to peak C1
comes from lignin and extracts, in peaks C2 and C3 it comes from functional groups in
lignin and polysaccharide. The C4 peak is attributed to hemicellulose [19].

It is not surprising that after plasma treatment of a sample, the oxidation on its surface
increased when it was directly in contact with the plasma. There was also a decrease in the
Cl peak due to the decomposition of the extracts. This decrease was more pronounced in
the air than in the N2 atmosphere. There was no measurable change in Ar. An increase in
C3 and C4 peaks was also observed. A graphical representation of component changes can
be seen in Figure 9a,b, where the drop of the C1 component and the increase of the C3, C4
components are clearly shown. It is known that an increase in the polar part of SFE occurs
due to oxidation [19].
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Figure 9. The XPS spectrum deconvolution of Cls band: (a) untreated Ref sample, (b) Ref sample plasma treated in the air
at 0.15 mm gap (c) Ref sample plasma treated in the air at 1 mm gap, (d) T200 plasma treated at 1 mm gap.

In the case of a 1 mm gap under a N2 and air atmosphere, the obtained O/C and
heights of Cl peaks values were similar to the reference sample. A decrease in the O/C
ratio on TMW was recorded. This corresponds to the increase in SFE measured by the
SeeSystem. Figure 9c,d show examples of XPS spectra of reference and T200 samples with
the corresponding individual components. It is seen that even after plasma treatment,
a similar ratio of peaks between the reference and heat-treated wood was obtained.

For a 1 mm gap, the increase in O/C was greater for O2, thanks to the easiest oxidation.
There was also an obvious decrease in the Cl component, from 48% to 17% for the reference
wood and from 46% to 29% for T200.

At a 0.15 mm gap from the electrode for Ar, N2, and air atmospheres a significant
increase in O2 values was recorded. At a 1 mm gap, lower O/C values for TMW after
plasma treatment were obtained compared to the reference ones, though they were within
the error bars.

3.7. Other Influences
3.7.1. Wood Heating

The samples are heated during the plasma treatment. The resulting temperature was
determined using a thermal camera. The error of measurement was 2 ◦C.

Detection photos were taken right after removal from the DCSBD on the side that was
placed into the plasma region. It was noticed that the wood did not heat up evenly, that is
because the wood is not perfectly smooth. After 10 s, the maximum temperature of 52.2 ◦C
was reached for the 0.15 mm gap. At a greater distance from the plasma—1 mm—it was
only 40.8 ◦C.

The measurement of the temperature in the case of O2 and Ar atmosphere was affected
by the procedure of getting the samples out of the reactor. It is assumed that the maximal
temperature values were similar to the values obtained in the case of air treatment.

To separate the influence of the temperature, the untreated sample was heated to
60 ◦C by a hot air gun and measured with SeeSystem and SEM. The result did not show
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observable changes in surface properties. The SFE changed by a maximum of 2.5% of the
total value. In Table 2 the highest achieved a temperature of activated wood under different
conditions could be seen.

Table 2. The maximum measured temperature of the wood sample surface.

Distance. 0.15 mm Gap 1 mm Gap

Working gas O2 Ar Air O2 Ar Air
Temperature (◦C) 49.5 38.2 52.2 38.5 35.6 40.8

3.7.2. Wood Etching

The structural changes of the sample surface after the plasma treatment were moni-
tored using SEM. No significant changes in the structures were observed after the thermal
nor plasma modification (Figures 10 and 11).

 

Figure 10. SEM images of plasma-treated samples at a distance of 0.15 mm from the electrode (a) 1000× magnification,
(b) 50,000× magnification.

 

Figure 11. SEM images of plasma treated samples at a distance of 1 mm from the electrode (a) 1000× magnification,
(b) 50,000× magnification.
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Previously it has been reported [25], that DCSBD treatment can etch a wood surface.
Though the time needed for such a modification is in order of minutes. In [3], researchers
laid wood directly on the DCSBD and did not observe the formation of nanostructures
even after 60 s.

3.7.3. Influence of UV Radiation

To evaluate the sole effect of UV radiation emitted by plasma discharge a quartz glass
was placed between the plasma and the wood. This allowed transmission of UV radiation,
but at the same time preventing the passage of ions, electrons, radicals, and other molecules
from the plasma, such as ozone or nitrogen oxides. The sample was positioned 1 mm above
the electrode, and the air was used as the working gas.

Figure 12a,b show the resulting total SFEs and their corresponding disperse (dis.) and
polar (pol.) components. Both plasma and UV treatment resulted in a statistically significant
reduction of SFE. In both cases, the reduction could be attributed to the lowering of SFE’s
polar component, which was more pronounced for plasma treatment. The sensitivity of
thermally modified spruce to UV exposure contradicts our former observation in [26],
where thermally modified European beech (Fagus sylvatica) did not exhibit any statistically
significant response. The reason for this remains unclear yet. One explanation can be higher
initial SFE of spruce (58 vs. 49 mJ/mm2 for T200), which may allow the effect to manifest
itself. Another explanation may lay in the different chemical composition of coniferous
spruce and deciduous beech.

Figure 12. Comparison of surface energies of reference samples, plasma treated at 1 mm gap and treated by plasma
generated UV. (a) Total SFE, (b) division into SFE components.

To better understand this discrepancy, further thorough testing with different wood
species and UV intensity would be needed. This is beyond the scope of this article and
can be considered for further studies. UV radiation has been reported to damage lignin
and cellulose crystallinity upon prolonged exposure [27]. However, during the presented
experiments, the UV expose of samples was for a short time. The effect of UV radiation
on color was studied in articles [28,29] and FTIR tests were performed. They observed
darkening of the wood in the reference samples and lightening of the heat modified
samples.

4. Discussion

Thermal modification of wood should raise the relative content of hydrophobic lignin.
The results of SFE measurements and the O/C ratio of TMW (Figure 3, Table 1) confirmed
this expectation. A large jump of 4.6 mJ/mm2 in SFE occurred between T180 and T200. The
O/C ratio for TMW gave significantly higher values for T160, while there was only a slight
decrease between T180 and T200. However, the measurement on sample T160 is suspicious
due to the lower proportion of the Cl component compared to other plasma untreated
samples. Deviation from other measurements may be due to sample inhomogeneity.
According to [19,30], one would expect thermal modification to reduce the O/C ratio. From
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the XPS measurements, it was observed that the components C2, C3, C4 did not change
significantly (except for T160 wood). The Cl component slightly decreased compared to
the reference wood, although an increase due to its association with lignin was expected.
However, within the measurement accuracy, values remain the same as do the O/C ratios
of Ref, T180, T200.

Only for the T200 sample the FTIR measurements (Figure 7) of showed an unambigu-
ous increase in the absorbance regions of the aromatic skeletal bonds in lignin and the C=O
bonds (1596, 1655, 1727 cm−1).

The SFE of the samples treated at a 0.15 mm gap from the electrode showed some
increase for all types of the atmosphere (Figure 5a). In general, the starting SFE difference
of TMW made at different temperatures was lost after the 0.15mm plasma treatment. XPS
data showed a large increase in the O/C ratio and an increase in components C2, C3, and
C4 at the expense of C1. This suggests a higher presence of polar functional groups on the
surface. These results, together with the increase in C=O bonds from FTIR measurements
(Figures 7 and 8) signify surface oxidation. The XPS data indicate greater oxidation of
pristine spruce for air and N2 and lower for Ar. Plasma treatment of TMW in Ar and
N2 showed similar O/C ratio, as well as values of SFE. This may be due to a different
process of increasing SFE. FTIR shows a larger increase in C=O under N2 compared to air
(Figure 8). The surface energies obtained from laid liquid droplets are in accordance with
these FTIR measurements, i.e., higher in a N2 atmosphere than in air.

Zanini et al. studied chemical changes in wood after treatment with Ar RF plasma [31].
An increase in the concentration of phenoxy radicals was observed. The formation of
radicals occurs first on lignin, which becomes significantly modified. The resulting radicals
can then react with other monomers to form C–C or C–O bonds. However, the RF plasma
used in [31] has a distinct set of discharge operation conditions to DCSBD, thus one should
expect that both types of plasma would act differently on wood chemical bonds.

For a 1 mm gap, the surface energy strongly depended on the used working gas
(Figure 5b). DCSBD plasma in air forms reactive intermediates such as O2*, O2, O3, O, O+,
O3

+, e−, OH, N, CO2, N2* [6], but only long-lived neutrals and UV is capable to reach the
sample surface positioned at 1mm distance. For air, this would be ozone or nitrogen oxides.
Considering the frequency range 15–50 kHz AC, 15 kHz is the most suitable for generating
O3 and NO [32].

Samples treated in the air at a 1 mm gap showed a reduction in the polar component
of the SFE. Changes in values obtained from XPS showed no statistical difference. FTIR
measurements showed a small increase in the proportion of unconjugated C=O bonds and
a decrease in aromatic skeletal bonds in lignin.

It has been shown that treatment at the 1 mm gap increases the wettability of the
cellulose slightly and therefore cannot cause an increase in the hydrophobicity of the wood
surface [26]. Not only chemical interaction and UV radiation could cause the change of
morphology but the closing of micropores could also be a reason [33]. Partial closure of
surface pores has been observed during ionic irradiation of wood [34]. In our conditions,
at a 1 mm gap and a treatment time of 10 s, ion radiation should not be significant [22].
The morphology of the wood surface using SEM was mapped. It was found that 10 s is
too short a time to etch or otherwise affect the wood morphology. Some morphological
changes occur only after a longer treatment period.

The effect of hydrophobization after plasma treatment was not observed on PMMA
material after treatment under the same conditions. The effect is therefore associated with
the wood material itself, and its chemical changes.

Isolation of the temperature effect has shown that it had no influence on SFE or
morphology. Again, the treatment time and temperature were too short to cause any
changes.

By isolating the effect of UV radiation, it was found out that it contributed to an
increase in the dispersion and a decrease in the polar part with an overall decrease in SFE
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(Figure 12). By comparing spruce with beech wood, it can be stated that the effect of UV
irradiation differs depending on wood type.

For a 1 mm distance treatment, the results in N2 and air are very similar. Lack of O2
during treatment may contribute to a slightly lower increase in hydrophobicity. But part
of the water vapor desorbed from the sample could provide O2 molecules needed for the
formation of nitrogen oxides and nitric acid. It should be stated, however, that the effects
of secondary nitrogen oxides reactions that may take place after samples removed from the
chamber could not be eliminated.

Article by Bihani et al. states that wood-meal (in the presence of O2) binds gaseous
molecules NO and NO2 relatively quickly [35]. According to the research, reactions with
NO and NO2 did not cause a decrease in SFE [35,36]. Wood-meal was modified with
nitrogen oxides for de-lignification. In wool or delignified materials, nitrogen dioxide is
converted to nitric acid in the presence of O2. These reactions should not be significantly
affected by lignin, nitric acid can then strongly oxidize wood [36]. This should increase the
polar component of SFE.

When treating the T200 sample at 1 mm in air, the decrease of the polar part was
negligible. After plasma treatment in N2, O2, and Ar, the polar part raised (Figure 5b).
A possible explanation is that thermal modification at 200 ◦C had actually achieved a
hydrophobicity threshold/maximum for spruce wood. The source for further chemical
reactions resulting in SFE decline is depleted for the T200 sample. Taking into account, that
thermal treatment results in the decomposition of hemicelluloses mainly, the following
hypothesis may be drawn: the hydrophobization effects it due to chemical reactions of
long-lived plasma generated particles and hemicellulose on the wood surface. The same
conclusion was derived for thermally modified European beech (Fagus sylvatica) in [26].

From the previous experiments, it is known that the plasma treatment of the cellulose
increases its hydrophilicity. In a paper by Talviste et al. [26], it was reported that plasma
treatment by DCSBD at 1 mm gap has the same tendency as the reference sample on the
cellulose paper water uptake. It was concluded that the cellulose itself contributes to the
increased hydrophilicity.

O2 treatment at 1mm caused SFE to increase by increasing its polar component. This
is due to the strong oxidizing effects of ozone [21,37]. The selectivity of ozone in reactions
with lignin and carbohydrates is strongly dependent on the pH of the environment. When
activated by plasma, acidic components such as formic acid (HCOOH) and acetic acid
(CH3COOH) are formed, which select the reactions of ozone with lignin [38]. Ozone reacts
mainly with unbound bonds, carbonyl, ether, and hydroxyl groups. DCSBD plasma under
an O2 atmosphere forms up to 2000 ppm O3 [39]. The O/C ratio also indicates strong oxi-
dation. With respect to the hydrophobization effect, the ozone would definitely contribute
to hemicellulose degradation. However, this effect could be completely overshadowed by
the formation of novel polar groups on the surface.

5. Conclusions

The wood of Norway spruce (Picea abies) was activated using DCSBD plasma, includ-
ing heat-treated samples. Activation proceeded in atmospheric air and frequent working
gases used in industry: N2, O2, Ar, all at atmospheric pressure. Two activation distances
were considered: in the plasma zone and above it. Activation at a 0.15 mm gap from the
electrode led in all cases to an increase in the SFE. That means the starting SFE difference
of TMW made at different temperatures was lost.

At a distance of 1 mm from the electrode increase of SFE occurred only when O2 and
Ar were used as working gas. However, it was observed that after treatment in air and N2
the values of SFE decrease due to polar part reduction. This effect is of importance in the
case of industrial plasma application where it is hard to keep the working distance while
treating timber. Understanding the reasons behind this effect could help us determine
appropriate conditions for plasma treatment and maximize the desired effect.
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Wood material was compared to PMMA, which does not show a similar effect. It is
therefore a material matter of wood and its morphological and chemical composition. After
the SEM analyses, it could be stated that no morphological changes take place during short
plasma treatment. It was shown that heating of wood during the plasma treatment did not
influence the SFE, either.

The hydrophobization effects that were shown are explained by the chemical reactions
of long-lived plasma generated particles and hemicellulose on the wood surface.

A slight reduction of SFE on thermally modified spruce was achieved also by short
term UV light exposure, generated by DCSBD at a 1 mm distance. From the comparison
of spruce with beech wood, it could be stated that the effect of UV irradiation differs
depending on wood type. To fully understand the effect of UV on wood, further thorough
testing on multiple types of wood could be recommended and UV effects such as short
exposure time, intensity, etc. to be assessed.
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