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Preservation of wood structures against degradation represents an old,
and however, a new challenge. Wood, as a natural hybrid composite
material, represents a versatile and widely exploited renewable resource
for indoor and outdoor applications. Its constitutive biopolymers are
subjected to intense and progressive oxidative degradation processes
under environmental conditions of exposure, affecting wood's native
durability and generating significant structural and color changes, along
with progressive diminution of its resistance against biological agents. One
effective way to prevent wood degradation is to apply coating protective
layers by chemical modification of the surface. In this context, increasing
interest for improving wood coatings behavior under exposure to outdoor
applications, when these are able to prevent or limit to a large extent the
deleterious effects of environmental factors upon their performance,
justifies enhanced research efforts to provide new effective solutions for
sustainable wood protection. Recent trends in this area include use of bio-
based natural products — extractives, oils, waxes, resins, biopolymers,
biological control agents — for which the main classification criterion is
represented by the type of protection provided, considering the large
available variety of such formulations. The present paper focuses on the
most recent literature data with significant assessment of specific topics
related to these issues.
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WOOQOD - A VERSATILE MATERIAL AND ITS BEHAVIOR UNDER EXPOSURE
TO ENVIRONMENTAL CONDITIONS

Wood, a biologically self-assembled polymeric structure occurring in nature,
presents a hierarchical, and complex designed network consisting of intimately associated
biopolymers, which is perfectly adaptable to continuously changing environmental
conditions (Fengel and Wegener 2003; Fratzl and Weinkamer 2007). Wood’s constitutive
biopolymers (cellulose, lignin, hemicelluloses) are subjected to intense and progressive
oxidative degradation processes (photo-oxidation, chemical oxidation, thermal
decomposition, photolysis reactions) under the action of environmental factors (sunlight
radiation, mainly UV component; moisture generated through dewing, raining, and
snowing; chemical pollutants; fire; heat/cold variations; wind abrasion-particulates;
atmospheric oxygen), which affects wood's native durability (dimensional stability, surface
integrity) and causes occurrence of significant structural and color changes (discoloration),
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along with a progressive diminution of its resistance against biological agents
(biodegradation or decay development) and its mechanical properties.

One effective way to prevent wood’s degradation processes is to apply coating
protective layers by chemical modification of the surface. In this context there is increasing
interest in the improvement of coatings for wood and their performance under exposure,
mainly outdoor applications. In such cases, the coatings may be able to prevent or limit, to
a large extent, the deleterious effects of environmental factors upon their performance
along with ensuring maintenance of the wood’s aesthetical appearance. Prospects of
improved production justify the enhanced research efforts made in relation to provide new
effective solutions for sustainable wood protection.

The wood preservative industry is interested in finding low-cost, environmentally
friendly methods for the treatment of the wood. Plant oil-type wood preservatives are some
of the oldest preservatives, and many applications still imply their use. Recent trends in
this area include the use of bio-based natural products (such as wood and plant extractives,
vegetable oils, natural waxes, different biopolymers, and biological control agents), and
nano-based materials, for which the main classification criterion may be represented by the
type of protection provided, considering the large available variety of such formulations.
The combination of bio-based coating solutions with biological decay antagonists
(microorganisms, biological compounds, or enzymes) may provide a relevant innovative
solution for wood protection. The present paper focuses on the most recent literature data
with significant assessment of specific topics related to these issues.

Wood Degradation Process

Aging is a generic name used to define the slow degradation process of various
polymeric materials, including wood and those incorporating wood in different sizes and
forms, under exposure to climatic and environmental factors, but also through action of
wood-degrading organisms (insects, fungi, bacteria, and marine borers) (Unger et al.
2001). The mechanism of the deterioration depends on the type of material, but it is usually
caused by a synergistic combination of ambient factors. Usually this process involves
irreversible changes in physical, chemical, and mechanical properties of a material during
extended storage or usage. Chemical changes in the polymer components have effect on
the wood microstructure and further promote changes in physical and mechanical
properties of wood due to progressive aging process. Storage wood conditions (aerobic,
anaerobic), for example, have a significant influence on wood’s behavior under
environmental exposure because these determine what kind of chemical processes may
occur during the aging process (Fengel 1991).

The fraction of ultraviolet (UV) light with wavelengths greater than 300 nm from
the whole solar spectrum is the main promoter of wood aging under environmental
conditions. The wood photo-oxidation degradation process starts immediately after
exposure to solar light, accompanied by color changes and progressive erosion of the wood
surface. UV radiation has enough energy for photochemical degradation of structural
polymer components of wood (lignin, cellulose, and hemicelluloses), which have a
different behavior during the aging process (Teaca et al. 2013).

UV weathering, a process initiated primarily by the ultraviolet portion of the solar
radiation spectrum with intensity and wavelength depending on many uncontrolled
parameters that change not only throughout the year but even throughout the day, causes
surface photo-oxidation or photo-chemical degradation of wood. This complicated process
is further enhanced through wetting and drying of wood through precipitation, diurnal and
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seasonal changes in relative humidity, abrasion by air particulates, temperature changes,
atmospheric pollution, oxygen, and different human activities (Williams 2005).

The different aspects of wood aging were recently comprehensively reviewed
(Kranitz et al. 2016). The degradation starts immediately after wood exposure to sunlight
action. That is why it is essential to understand the chemical nature of wood polymer
components, the UV spectrum composition, and the interactions of UV radiation with
various chemical structures in wood for a better knowledge of the chemistry of wood
degradation under UV exposure conditions (Teaca et al. 2013). Chemical changes can be
evidenced by Fourier transform infrared (FTIR) spectroscopy, and in relation with these,
color changes are significant for various applications. A new methodology using FTIR
spectroscopy was effectively applied to study the age of the carving phase for wood objects,
considering analysis of samples from different depths and localizations for an eventual
gradient of water absorbed between the surface and the inner part of both ancient and
modern wood sculptures (Vartanian et al. 2015).

Primary photochemical reactions occur as a result of the activation of wood
polymer chains by direct absorption of light radiation. In an inert atmosphere of nitrogen
or argon, degradation reactions occur, including splitting of wood polymer chains and
cross-linking, while in the presence of air, oxygen is able to initiate photo-oxidative
processes. Photo-oxidative degradation processes of wood polymers take place by radical
intermediates. Such reactions proceed every time by following the steps of a chained
mechanism as presented in Fig. 1.
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Fig. 1. Photo-oxidative degradation pathway for wood under exposure to sunlight action

Wood products are coated for resistance to UV radiation. Usually, the photo-
degradation process results in reduced water resistance of wood and wood-based materials
and consequently in their further biodegradation under outdoor exposure conditions. The
intense damage to materials due to the UV component in solar radiation, mainly an
increased UV-B (280-315 nm) radiation level, can be prevented by using light-stabilization
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technologies, surface coatings or, in most instances, by substituting these materials with
materials that are more resistant against UV radiation. All these effective modalities
generally incur higher costs (Andrady et al. 2011).

Wood, as an organic and heterogeneous material, is very susceptible to mold
growth and blue stain fungi under appropriate exposure conditions. The whole production
chain of wood-based products is strongly related to their further durability, this including
wood quality, processes, structures, and end use conditions. In the end use condition, the
humidity, mainly its level and duration of moisture stress, in connection with temperature
and exposure time, are often the most critical factors for the mold growth and blue stain on
wood surfaces. Anyway, the resistance of wood degraded surfaces to water movement and
biological attack by microorganisms (fungi, insects, molds, bacteria, etc.) is decreased by
weathering processes. The biological attack of wood surfaces, commonly called mildew,
contributes significantly to color change of wood. Initially, no erosion of the surface is
noticed, but occurrence of graying or an unsightly dark gray and blotchy appearance is
evident, being caused by the growing of dark-colored fungal spores and mycelia on the
wood surface. As weathering advances and the wood surface is enriched by cellulose, a
silvery-gray patina is developed (Kirker and Winandy 2014).

However, wood decay fungi are able to use the structural components of wood as a
food source. For example, lignin breakdown products resulted from the photo-degradation
process (Schoeman and Dickinson 1997). Considering their relative importance to wood
degradation, wood decay fungi can be classified (Schoeman and Dickinson 1997; Bardage
1998; Mai et al. 2004; Kirker and Winandy 2014) as presented in Fig. 2.

However, wood coloration by fungi can have a positive effect under favorable
conditions (water, temperature, nutrients) when fungi are causing degradation of coatings
present on the wood surfaces (both through growing on the coatings and/or penetrating
them to reach the wood), and act as a physical barrier that effectively protects wood coated
surfaces against photo-degradation (Cogulet et al. 2018).

Particular interest has been directed toward Aureobasidium because of its role in
the formation of biofinishes on wood, namely uniform dark molds formed on the oil treated
wood surfaces under outdoor exposure conditions (van Nieuwenhuijzen et al. 2015), and
considered to be an attractive biocide-free construction material that may have self-healing
properties.

Wood protection is a foremost topic when it is used for building applications.
Function and service life of any wood-based structures depend to a large extent by the
interactions between structural design and appropriate wood materials selection, from
durability perspectives and in terms of maintenance and aesthetics. Durability of a wood
product susceptible to a degradation risk is strongly related to both the intrinsic decay
resistance of the wood and the extent of the risk (Scheffer and Morrell 1998).
Environmental conditions such as moisture availability, soil parameters, and climate
determine the widely variation in wood products durability. For wood structures above
ground, the risk of decay can be graded from almost negligible to essentially as extensive
as in contact with the ground. The higher the risk of decay, the shorter will be the expected
service life for a given wood product.

The risk of wood decay in above ground conditions (e.g. wood used in decking,
window frames, and an array of other purposes) is usually assessed on the basis of climate
alone by combining rainfall and average monthly temperature in order to calculate the
climate index (decay risk) for a given location (Scheffer 1971). The assessment of decay
resistance of various wood species require both laboratory pure culture decay tests and
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field tests, but inherent variations in conditions influence to a large extent the results. The
wood species can be classified as very resistant (1), resistant (2), moderately resistant (3),
and non-resistant or perishable (4).

The main aspect to be considered when designing any wood structure is to control
moisture, as most wood-attacking organisms require moderate amounts of water for
growth. In above-ground conditions, considered slight deterioration environments, finishes
with water repellents in formulation can ensure a good protection of wood. In moderate to
extreme locations such as ground contact conditions, durable wood such as chemically
treated wood (e.g. impregnation treatments with biocides) or samples from naturally
resistant wood species, including heartwood, can successfully replace the degraded wood
(Gonzélez-Laredo et al. 2015).
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- their presence is indicated by white, stringy and bleached decayed
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- they are ubiquitous in nature and usually have little impact on the
structural integrity of the wood
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secondary metabolites that often repel surrounding microorganisms

- certain molds are able to degrade biocides, paints and coatings,
altering the aesthetic value of the wood

- their presence is an indication of moisture issues which can result in
subsequent decay
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introduced by insects,

- they cause a blue-green discoloration of wood

- a very common sapstain is caused by the fungus Ophiostoma spp.
which is transmitted through feeding by bark beetles
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commonly referred to as “black yeast”
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Fig. 2. Wood decay fungi classification depending on their involvement in wood degradation

BIO-BASED COATINGS FOR WOOD PROTECTION USING NATURAL
PRODUCTS

Wood preservation through chemical treatments (e.g. copper compounds) is
becoming restricted from an increasing number of applications due to both the pronounced
toxicity and harmful effects to the environment. The wood coatings domain represents a
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very active field of research and development, driven by the necessity to produce high
performance materials able to respond to competitive challenges, and different
environmental regulations and constraints. These critical demands are answered by the
moving of this developing area from solvent-based coatings or solvent-free ones to water-
borne coatings, from synthetic products to natural ones or even mixtures.

Coatings are usually very complex formulations, consisting of non-volatile and
volatile components. The non-volatile part of a coating is composed mainly by a film-
former or a binder. Besides this, there are also parts such as pigments, dyes, fillers, and all
kinds of additives, including hardening accelerators, thickeners, dispersants, flow control
agents, preservatives, and UV-protecting agents. The volatile part consists of solvents or
dispersants, thinners, and some volatile additives (Brock et al. 2010).

Preservative systems based on plant seed oils from natural and renewable sources
may confer protection to wood under the action of various environmental factors. Plant
oils, as well as natural waxes (e.g. beeswax), as non-toxic substances, can form an
environmental friendly and efficient protective layer on the surface of the wood samples,
thus improving water resistance of wood and further its dimensional stability.

Traditionally, wood protection against fungi, mildew, moulds, or insects has been
effectively ensured by impregnation using different natural substances, such as plant oils,
tars, and extracts with varying degrees of protection, but until recently they were not
sufficiently promoted (Gonzalez-Laredo et al. 2015). Natural products for wood protection
purposes include plant and wood extracts, essential oils, waxes and resins from bark, and
biopolymers (e.g. chitosan), which are environmentally friendly and available in
significant quantities, their main disadvantage being represented by their mild leaching
capacity from treated wood surfaces. The problem of leaching can be answered by effective
approaches (Maoz et al. 2007; Singh and Singh 2010; Reinprecht 2010; Singh and Singh
2012) including in situ polymerization with structural polymers in wood (e.g. enzymatic
polymerization of essential oils with lignin in wood) and treatments with nanoparticles-
based media or using mixtures of products. The two approaches can reciprocally enhance
each other’s actions.

The use of natural products in industrial applications depends, to some extent, on
some inherent issues such as disparity between results from laboratory testing and
industrial implementation, limited range of protection against biological factors and
weathering process, variability in chemical composition within large limits, relatively high
costs, and long procedures of registration. Despite the above-mentioned factors that might
act as limitations, there is still a constantly increasing interest in identification and using
natural products for wood preservation and protection, mainly when these products are
environmentally friendly and without risk for the human health.

Extractives from Wood and Plants with Biocide Properties

Besides the main polymer constituents, wood’s chemical composition includes
minor amounts of extraneous materials, mostly in the form of compounds known as
extractives (usually 4 to 10%, even up to 30% as a function of wood species, growth
conditions, time of year when the tree is cut) and minerals (ash), mainly calcium,
potassium, and magnesium, besides manganese and silica (Miller 1999; Nascimento et al.
2013). The extractives comprise both inorganic and organic components, and their content
is higher in bark, leaves and roots, than that in stem wood. The extractives contribute to
wood properties such as color, odor, taste, decay resistance, density, hygroscopicity, and
flammability (Fengel and Wegener 2003; Rowell et al. 2013). Organic extractives of wood

Teaca et al. (2019). “Natural coatings for wood,” BioResources 14(2), 4873-4901. 4878



PEER-REVIEWED REVIEW ARTICLE

bioresources.com

can be classified into the different groups (Rowell et al. 2013; Matuana and Stark 2015) as

presented in Table 1.

Table 1. Organic Extractives in Wood

Aliphatic and Alicyclic
Compounds

Phenolic Compounds

Gums

Other Compounds

terpenes and phenols polysaccharides with sugars
terpenoids (resins stilbenes linear structure cyclitols
acids; tropolones; lignans polysaccharides with amino acids
steroids) isoflavones branched structure alkaloids
fatty acids esters condensed tannins polysaccharides with coumarins
(fats; waxes) flavonoids branch-on-branch quinones
fatty acids hydrolyzable tannins structure
fatty alcohols
alkanes

These wood components can be extracted from wood with solvents (water, alcohol,
acetone, benzene, toluene, ether or mixtures of solvents [e.g. alcohol/benzene or toluene]).
Characterization of biologically active components from resistant woods could lead to
increased protection of wood from termites through treatments with some extracts or
synthesized compounds with structures similar to the active components (Carter et al.
1978). Hardwood and softwood may contain similar amounts of extractives, but the
composition differs (Fengel and Wegener 2003). These are present in various ratios as
tannins and other polyphenolic type compounds, colored substances, essential oils, fats,
resins, waxes, gum starch, and simple metabolic intermediates. Such active compounds
include quinones (Carter et al. 1978; Ganapaty et al. 2004), flavonoids (Reyes-Chilpa et
al. 1998; Ohmura et al. 2000; Chen et al. 2004; Morimoto et al. 2006), terpenoids (Chang
et al. 2000; Watanabe et al. 2005), and alkaloids (Kawaguchi et al. 1989). The natural
durability of wood is usually correlated to its extractives content and composition (Carter
et al. 1978; Taylor et al. 2006; Santana et al. 2010; Andrady et al. 2015). When a
comparison is made between natural extractives compounds from wood and plants and
common substances used for wood preservation in terms of effectiveness, the natural ones
mentioned are generally favored for safety and have versatile applications, considering
both their biocide and antioxidant character, as well as their metal binding ability (Kartal
et al. 2006; Syofuna et al. 2012; Gonzélez-Laredo et al. 2015; Sablik et al. 2016). These
extractives act by decreasing the hygroscopic character of wood surfaces and thus
inhibiting decay activity for a wide range of biological organisms such as human
pathogens, insects, or fungi, with a positive impact upon wood durability. Heartwood
extractives may exhibit significant antifungal and antioxidant properties (Schultz et al.
1995; Schultz et al. 2002). Specific applications for wood and plants extractives (Carrillo-
Parra et al. 2011; Nascimento et al. 2013; Gonzélez-Laredo et al. 2015; Sundararaj et al.
2015) include long-term preservation (for condensed tannins), antifungal and subterranean
termites protection (for flavonoids), repellency and toxicity against termites (for quinones),
and resistance of heartwood to fungal decay (for stilbenes). The method and solvents used
for extraction may influence to some extent the initial antifungal activity of different groups
of extractives.

There are native extractive compounds such as those obtained from the heartwood
of durable species such as black locust (Robinia pseudoacacia L.) and African padauk
(Pterocarpus soyauxii Taub.) that show enhanced antifungal activity in laboratory testing
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conditions by increasing the durability against decay of impregnated European beech
(Fagus sylvatica L.) wood samples (Sablik et al. 2016).

The presence of condensed tannins (proanthocyanidins or polyflavonoid tannins)
in the bark extract from mimosa (Acacia mollissima) and quebracho heartwood extract
(Schinopsis lorentzii) is effective for conferring an enhanced fungal resistance in testing
against both white and rot fungi due to their significant amount (Tascioglu et al. 2013;
Gonzélez-Laredo et al. 2015). These extractive compounds were shown to be effective as
wood anti-decay agents in indoor applications even when present at reduced content
(Tascioglu et al. 2012).

Extractives from heartwood of some Amazonian woody species (Rodrigues et al.
2012) exhibit some anti-fungal activity in testing against soft-rot, brown rot, and white rot
fungi similar to that evidenced by using commercially preservative coatings products.

The camphor tree (Cinnamomum camphora) leaf extract is rich in biological
compounds (terpene alcohols: terpineol, linalool, and 4-terineol; a monoterpenoid:
eucalyptol named also cineole; a terpene ketone: camphor) acting as effective biocides,
with enhanced antifungal activity limited by their volatility and poor thermal stability. In
such context, it is necessary to use of some fixing agents (i.e., melamine-modified urea
formaldehyde resin pre-polymers). Such compounds exhibit good resistances to decay and
insects when used as bamboo preservatives with positive impact on the resulted mechanical
properties (Xu et al. 2013).

For enhancement of the antifungal activity, a combination of certain metals (acting
as chelators for some fungal enzymes) with biocide extractives (condensed tannins or
proanthocyanidins; gallic acid derivatives derived from the tannic acids) is effective mainly
when these exhibit a synergistic action (Gonzalez-Laredo et al. 2015). Another effective
method to improve the antifungal action of the wood extractives is addition of the
antioxidants acting as scavengers for the free radicals involved in wood decay caused by
fungi (Morris and Stirling 2012).

An extractive compound from the neem tree (Azadirachta indica), present in the
seeds, leaves, and bark acts as a biocide against fungi, per se or in combination with copper
sulphate and boric acid (Islam et al. 2009). It is effective as an insect repellent (against
termites, wood borers, and other insects).

The effectiveness of wood extractives as fungicides is related to the environmental
and biological factors, as their antifungal activity depends on their ability to impede fungal
cells development by inhibiting enzymatic processes and other phenomena occurred on
wood substrates. It was evidenced that for interior applications multi-component biocide
systems (e.g. including natural extractives and synthetic antifungal agents) can protect
wood from decay fungi, mould fungi, and termites (Clausen and Yang 2007).

Overall, the use of wood extractives as UV stabilizers at large industrial scale is
limited due to their easy leachability from wood and their high solubility in water.
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Wood extractives as insect repellents

Extractives from various wood species can be very effective as wood preservatives
against wood-attacking insects (beetles, termites, borers, ants). Toxicity of the extractive
compounds is strongly related to the wood-derived species and their extraction
methodology, a fact evidenced by the effectiveness of some extractives used for treatment
of tropical wood species (Pinus caribaea, Antiaris toxicaria), which were tested against
termites attack (Syofuna et al. 2012). Flavonoids separated from Larix wood species such
as taxifolin, aromadedrin, and quercetin (Ohmura et al. 2000) and isoflavonoid derivatives
such as pterocarpans (Morimoto et al. 2006) from heartwood of Pterocarpus macrocarpus
Kurz (Leguminosae) are deterrents against subterranean termites. Naturally extracted
solutions obtained from mimosa (Acacia mollissima Wild.), and quebracho (Schinopsis
lorentzii Griseb., a very strong hardwood tree species) were shown to be effective by
testing resistance against subterranean termites (Reticulitermes grassei) after their applying
them for treatment of beech and pine wood samples (Tascioglu et al. 2012).

The biocidal action of some wood extractives against termite attack is enhanced
when also considering their antioxidant properties. Thus, extractives separated from
mangrove bark (Rhizophora apiculata), after dewaxing with methanol and partitioning
with other organic solvents yielded in polyphenol type compounds with antioxidant
activity that conferred resistance to termites attack (Khalil et al. 2009). Overall, the role of
natural extractives as wood protective agents against biodegradation is strongly dependent
on their chemical composition and location in the heartwood parts.

Tannin-based wood preservatives

Tannin-based wood preservatives have been used since the last decades of the last
century, but their applications were limited by their high solubility in water (Laks et al.
1988; Pizzi 1994). Nevertheless, tannins present a hydroxy-aromatic structure suitable for
resin formulations that confers them reactivity in the presence of hardeners, such as
formaldehyde or hexamine, a feature common to that of other phenols (Pichelin et al. 1997;
Tondi et al. 2009a). Besides this feature, tannins present a good ability to coordinate heavy
metals ions with formation of stable complexes (Yamaguchi and Okuda 1998; Tondi et al.
2009b). Use of tannin-boron compounds as wood preservatives was considered and
investigated as both their biological activity and further efficiency for protection of wood
in outdoor applications (Thevenon et al. 2009). Tannin-based compounds can be
effectively bounded in the wood cell walls by using hexamine as hardener (Pichelin et al.
2006). Such formulations impregnated on wood samples may have a positive impact on
the resulting mechanical and fire resistance properties (Tondi et al. 2012) with successful
potential applications for wooden building preservation.

Some tannin-based formulations comprising sulphide derivatives of catechins and
cupric complexes presented an effective biocide action when testing against wood rotting
fungi and bacteria (Laks 1991). Halogenated tannin extracts imparted a good resistance
when used to treat wood samples and testing against all above-mentioned conditions, as
well as towards insects attack and weathering process (Lotz 1993). Chemically modified
tannins inhibited enzymatic activity of enzymes involved in biodegradation of wood
polysaccharide components, namely xylanases, mannases, and cellulases (Yamaguchi and
Yoshino 2005).
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Miscellaneous

Cashew nut shell liquid (CNSL) with 30 to 35 wt% oil in composition represents a
valuable agro-waste produced from cashew nut shells, being also a significant source of
unsaturated phenols, as well as a very promising renewable resource for synthesis of
various important industrial chemicals such as paints and varnishes, brake linings, coatings,
phenolic and epoxy based resins, or wood adhesives (Mubofu and Mgaya 2018). It was
investigated as a modifier for phenol-formaldehyde resins (Rao and Palanisamy 2013).

Other extractive compounds from plants, such as diols, may be effectively used as
coatings for wood protection in outdoor applications. Weathering tests performed on pine
sapwood samples coated with polyurethane dispersions based on 1,3-propane diol, and 1,6-
hexane diol, respectively, derived from corn sugar (Nakamura and Whited 2003; Daniliuc
et al. 2012), showed a better resistance of samples with no evident damage even after 15
months of exposure. An enhanced durability was achieved by applying dispersion resulted
from mixing pure acrylics and flexible polyurethane on the wood samples (e.g. resistance
to hail).

Plant Oils for Wood Protection

Since ancient times, plant oils have been known and widely used for various
purposes (e.g., lighting, cooking, wound care, cosmetics). Some oils present the ability to
form films depending on the plant species and location of growth, being suitable for coating
applications. Such oils are mainly triglycerides, which vary with respect to the contents of
different fatty acids in esters and their degree of unsaturation or more specific, as the
number of diallylic methylene groups in the molecular chain (Olsson 2012). There are three
main categories of oils with film forming ability, namely drying oils (addition of a siccative
or oil drying agent favors the hardening of drying oils by promoting the free-radical auto-
-oxidation process of the oils with air), semi-drying oils, and non-drying oils. The two first
mentioned oils types are usually used for wood impregnation and as binders in paint and
varnish formulations. The semi-drying and the non-drying oils are effectively used as
modifiers of alkyds and as plasticizers in nitrocellulose-based coatings (Bulian and
Graystone 2009).

Oils from vegetal resources can be highly efficient for applications in wood
protection and preservation due to their antifungal and antibacterial properties, these acting
also against termites and nematodes attacks, and being effective water repellents and
screens/stabilizers against UV radiation (Macias et al. 2005; Kartal et al. 2006; Hyvonen
et al. 2006; Lyon et al. 2007; Lin et al. 2007; Hyvonen et al. 2007a,b; Nakayama and
Osbrink 2010; Gonzélez-Laredo et al. 2015). They can be used per se or in various
combined formulations with synergetic action such as complexes with metals (Roos and
Archer 2004) or with ammonium borate compounds (Lyon et al. 2009).

Still, given the fact that oils only fill the wood cavities by capillarity, not being
chemically bonded to the wood cell walls, it is necessary to ensure a high ability of oil
retention in order to acquire the required protection (Demirel et al. 2016). In the following,
some specific applications of drying oils will be presented.

Drying oils

Drying oils are used for wood protection per se or as a significant part of the oil-
modified polyester resins, known as alkyds, which may be either crude or chemically/
thermally modified. Drying oils may undergo an auto-oxidation reaction under air exposure
in ambient conditions when deposited onto the surface to be protected, forming a structural
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tri-dimensional network through cross-linking. This reaction proceeds as a radical chain
reaction, evolving in three stages, initiation, propagation, and termination, sometimes
accompanied by degradation reactions (Bulian and Graystone 2009).

Some of the highly conjugated polymeric networks are UV-sensitive, being prone
to yellowing or discoloration. The higher the content in linoleic acid with two double bonds
in the structure, the greater the probability the resulting film undergoes photochemical
degradation. When the final network contained ether bridges up to some extent, the
resulting coating is more stable and resistant towards water and alkali. For example, films
obtained from siccative tung oil are able to dry within short intervals and have good
properties, but, on the another hand, tung oil is more expensive than other siccative oils
(Thanamongkollit 2008).

Vegetable oils have been used and investigated for specific applications in wood
preservation. The most commonly studied natural oils available for wood protection
purposes have been linseed oil and tall oil. Many other vegetable oils, including soybean
oil, nut oil, hemp oil, parsley seed oil, pomegranate seed oil, Nigella sativa oil, canola oil,
sesame oil, were tested in order to evaluate their preservative potential under exposure to
artificial weathering process (Ozgenc et al. 2013). Linseed oil, tall oil, orange oil, soybean
oil, nut oil, and hemp oil proved to be efficient for wood preservation (Treu et al. 2001;
Nakayama and Osbrink 2010), mainly against decay and termites (Yamaguchi et al. 1999;
Kartal et al. 2006; Chang et al. 2008; Sen and Yalcin 2010). Orange oil, derived from the
skin of an orange peel, is usually used to clean and treat wood furniture.

Tall oil, linseed oil, and tung oil are very efficient against water uptake when used
for treating wood surfaces (Hyvonen et al. 2006; Koski 2008; Humar and Lesar 2013).

Tall oil is a by-product obtained during the kraft pulping process of coniferous trees
and, basically, is a complex mixture of fatty acids (mainly palmitic acid, oleic acid, and
linoleic acid) and fatty alcohols, resin acids (mainly abietic acid and its isomers),
unsaponifiable sterols, some sterols, and other alkyl hydrocarbon derivatives (Temiz et al.
2007). Its application as a wood protective agent is related to the presence of some
structural components that are similar with heartwood extractives, the principal source of
decay resistance (van Eckeveld et al. 2001; Hyvonen et al. 2006). Its efficient action in
conferring wood resistance towards weathering process is enhanced when mixing it with
linseed oil (Koski 2008).

In common practice, most vegetable oils are easily colonized by microorganisms,
which cause color changes and degradation of the oil-based coatings, as well as wood
substrate (Brischke and Melcher 2015). Therefore, modification processes through
chemical and thermal methods are effectively applied to vegetable oils involved in coating
formulations (Bulian and Graystone 2009).

One of the most used methods for oil chemical modification is epoxidation; the new
formed epoxide groups are more reactive than the initial carbon double bonds, thus
rendering the oils as good plasticizers. Among various epoxidation methods, including the
conventional reaction of an alkene with an organic peroxide acid, or methods involving an
acid ion exchange resin (AIER) or a metal catalyst, the chemo-enzymatic epoxidation has
achieved great interest since this method is non-harmful and environmentally friendly, and
its conversion rate is usually over 90% (Tan and Chow 2010). The most commonly used
are the epoxidized soybean and linseed oils (ESO and ELO), these being efficiently used
to formulate an UV-protection system; the oils are uses as-is or in a combination with 2-
hydroxy-4(2, 3-epoxypropoxy)-benzophenone (HEPBP) (Olsson 2012; Olsson et al.
2015). The epoxidized linseed oil is also efficient as hydrophobic agent in combination
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with biocides, forming a suitable protective formulation for timber in both above- and in-
ground exposure (Panov and Terziev 2015). The efficient wood protection against UV light
action was noticed for epoxidized soybean oil when applied for wood treatment previously
chemically modified for hydrophobization by reaction with succinic anhydride (Rosu et al.
2016).

Wood samples modified with succinic anhydride and further impregnated with
epoxidized grapeseed oil exhibited a superior thermal stability and decay resistance against
fungi such as Penicillium chrysogenum and Cladosporium cladosporioides (Rosu et al.
2018).

A very effective method for treatment of wood in order to achieve enhanced
resistance in outdoor applications involves applying the thermal treatment using vegetable
oils, when oil penetrates the wood structures, with limitation of the oxygen amount
(Esteves and Pereira 2009; Geérardin 2016). The combined effects of heat and vegetable oil
include enhanced resistance to fungal and moulds, as well as better resistance against
termites, marine borers and other insects; improved mechanical characteristics; limited
weathering and hygroscopicity; good dimensional stability; and reduced cracking (Bazyar
2012).

Wood Treatment with Waxes

Waxes are usually used as hydrophobic coating material in the wood industry, being
easy to apply, or as an additive in different coating formulations to preserve the appearance
(gloss) and softness of wood, alongside efficient hydrophobization (Liu et al. 2011). They
consist of a complex mixture of long-chain lipophilic compounds, soluble in organic
solvents or dispersible in water, yielding in low viscosity liquids upon melting which are
able to form a water repellent coating with protective properties, and to maintain the
original aspect and structure of the wood (Bulian and Graystone 2009).

For example, beeswax (BW) contains a wide variety of compounds including long-
chain alkanes, acids, esters, polyesters, and hydroxy esters. Waxes do not form a typical
film on the surface of wood, but after repeated depositions, and in combination with UV
radiation and other factors in service, a noticeable layer can gradually build up, sometimes
described as “patina”, although it has nothing to do with the metal-based (i.e., copper)
coating known as “patina”.

Waxes and wax emulsions are also used for non-biocidal protection of wood
surfaces in outdoor applications, as it is well-known that they increase the water resistance
and contribute to the diminution of the photochemical degradation extent. The beeswax
also exhibits biocide properties when applied to wood surfaces (e.g. poplar and beech wood
samples) exposed to soil burial degradation conditions (Németh et al. 2015).

The hydrophobic effect induced by the beeswax when it is applied on the wood
surfaces is more significant in comparison with vegetable oils, for example soybean oil
(SBO) and Asclepias syriaca seed oil (ASSO), as reported in a preliminary study (Teaca et
al. 2018).

Natural Resins and Modified Natural Resins

Resins from natural resources (plants or animals) are often confused with gums,
although their structure and properties are clearly different. Plant resins are usually
synthesized by coniferous plants and contain terpenes and derivatives, soluble in
hydrocarbon solvents (such as turpentine) and sometimes in alcohol. An exception is given
by okoumé resin, a semi-hard and dry resin having triterpenoids and ethereal oils in

Teaca et al. (2019). “Natural coatings for wood,” BioResources 14(2), 4873-4901. 4884


https://en.wikipedia.org/wiki/Triterpenoids

PEER-REVIEWED REVIEW ARTICLE b | oresources.com

composition, present within the flaking aromatic bark from Aucoumea klaineana (namely
angouma, gaboon, or okoumé), a hardwood tree species in the family Burseraceae, native
to equatorial West Africa. This speciesis a weak wood, with low decay resistance and
moderate dimensional stability.

Plant resins are transparent in solid or semi-solid states and present an amorphous
chemical structure. The most common plant resins include amber (which is also considered
a fossil), oleoresins, balm of Gilead, Canada balsam (Canada turpentine or balsam of fir),
Boswellia resin, copal resin (from Protium copal and Hymenaea courbaril trees), dammar
(hard resin from Dipterocarpaceae trees), frankincense (from Boswellia sacra), etc. Shellac
and lacquers are examples of resins from animal sources.

The most frequently used resins in coatings formulations for wood preservation and
protection include: shellac (produced by insects such as Laccifer lacca, Coccus lacca, and
Kerria lacca during infestation of some specific trees), colophony (rosin oil obtained from
pines and other coniferous plants), and dammar (a hard resin obtained from
Dipterocarpaceae tree by incision). Moreover, copal ones (from soft to hard), kauri, Venice
turpentine (from Larix decidua), benzoin (Styrax trees), mastic (Pistacia tree), sandarac
(Tetraclinus cypress tree) are also known for their conservation properties. The current
trends in wood coatings indicate the limited role of natural resins, but they are still in use
in some sectors for varnishes and as components in complex formulations in order to
modify some properties of the coatings (Bulian and Graystone 2009).

Biopolymers in Coatings Formulations for Wood Protection

Biopolymers, such as chitin, chitosan, starch, gelatin, and zein, etc., represent a
viable alternate solution for wood coating formulations both in terms of commercial and
protective efficiency (Bulian and Graystone 2009). One advantage of using biopolymers
in wood conservation and protection is related to their high compatibility with polar
adhesives. They also have improved biodegradability at the end of the life cycle, and the
highly polar surface of the wood has a good affinity towards protein-based or cellulose
derivate biopolymers.

Methods to overcome some drawbacks when using biopolymers in coatings
formulations for wood protection (e.g. insolubility in water or solubility in acid solutions
that cause inherent hydrolysis of cellulose and hemicelluloses; high viscosity of their
solutions) are already effectively applied. For example, ionic liquids are used as efficient
solvent media for biopolymers with the aim to better preserve wood surfaces (Stasiewicz
et al. 2008; Garcia et al. 2010; Croitoru et al. 2015), as well as to prove their effectiveness
in the protection of wood against UV radiation (Patachia et al. 2012).

Chitosan, a linear biopolymer derived from crustacean shells, can be useful per se
or as additive in antifungal formulations for wood preservation, conferring some level of
protection (Laflamme et al. 2000; Alfredsen et al. 2004; Eikenes et al. 2005; Larngy et al.
2005). Chitosan with high molecular weight seemed to be more active against wood decay
fungi than chitosan with low molecular weight (Eikenes et al. 2005). An interesting
research direction was to use the chitosan for wood protection against mold fungi
(Penicillium chrysogenum, Aspergillus flavus, Aspergillus niger) in historic artifacts
localized in Egyptian dry environments (EI-Gamal et al. 2016), its efficiency being well-
correlated with its increasing concentration.

For an efficient physical and chemical stabilization of chitosan on the wood surface
that confers an enhanced antifungal protection, it is required to use it in combination with
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other polymers, e.g. polyethylene glycol (PEG), which initially reacts with wood, thus
creating anchors for chitosan (Nowrouzi et al. 2016).

An interesting approach is to use lignin, a biopolymer isolated from the wood
structure, as a UV stabilizer in wood coating formulations (Schaller and Rogez 2007).
Phenols leached from lignin can be absorbed by treated wood surfaces and act efficiently
as biocides when testing against rot fungi (Chirkova et al. 2011). Lignin ester-based
derivatives, such as lignin modified by reaction with lauroyl chloride, can be efficiently
used as hydrophobization agents on the wood surfaces in protective coatings formulations
(Herrera et al. 2016). High performance coatings with improved thermal stability, better
film-forming ability, enhanced hydrophobization action, as well as high adhesion towards
wood surfaces are represented by high-lignin-content bio-based polyurethane systems
(Griffini et al. 2015).

Protein-based biopolymers, such as zein (a hydrophobic protein extracted from
maize), and gelatin (a mixture of animal peptides and proteins obtained by the partial
hydrolysis of collagen) can be efficiently used for wood surface protection, mainly when
an ionic liquid (1-ethyl-3-methylimidazolium chloride) is used as solvent-carrier (Croitoru
et al. 2015). They are able to form uniform coatings that confer higher moisture resistance,
dimensional stability, and greater hardness of impregnated wood comparative with non-
impregnated wood.

Biological Control Agents (BCA’s) for Wood Preservation and Protection

In the recent decades there has been increasing interest in developing alternative
technologies for wood protection in outdoor applications, mainly envisaging prevention of
microbial degradation of wood by biological means, with fulfillment of the human and
environmental safety requirements, as well as considering its major economical impact.
Biological control of wood degradation can be as effective as chemical protection as
evidenced by many laboratory and pilot scale experiments (Bruce and Highley 1991; Yang
et al. 2007; Zaremski et al. 2011).

Biological control is an innovative approach using biological decay antagonists,
namely microorganisms such as fungi and bacteria, against wood-degrading biological
agents, such as insects, molds, and fungi (Cook and Baker 1933; Yang 2009; Susi et al.
2011). Integration of this method with the others already in use has represented the main
goal for multiple directions involving theoretical and applied research (Score et al. 1998;
Brown and Bruce 1999; Phillips-Laing et al. 2003; Singh and Chittenden 2008; Reinprecht
2010; Panek et al. 2014; Stenbaek 2015). Use of such agents has been rather widely applied
in agricultural practices, but it has been used only to a limited extent for the protection of
timber (Bruce 1997).

Wood is an organic and heterogeneous material and susceptible to mold growth and
blue stain fungi. The whole production chain of wood-based products affect the durability:
wood quality, processes, structures and end-use conditions. Referring to the last mentioned,
mainly in outdoor applications, humidity, temperature, and exposure time are often the
main favoring factors for the mold growth and blue stain on wood surfaces.

A previous review (Mai et al. 2004) referred to the biotechnological developments
in the utilization of antagonistic organisms for wood protection. These envisaged the
enhancing treatability of wood with preservatives and replacement of usual chemicals with
biological control agents, the production of bio-glued or adhesive-free board materials
through the application of fungal cultures and isolated fungal enzymes, as well as the
disposal of preservative-treated wood.
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Wood protection is usually realized using living microorganisms or with active
compounds isolated from these microorganisms (Susi et al. 2011). For example, the fungal
antagonists against wood-degrading fungi usually tolerate a large variety of conditions,
compete effectively for nutrients, and produce antimicrobial compounds during their life
cycle, but may themselves affect the appearance (e.g. staining) of the wood surfaces.

According to Cook and Baker (1983), it is important to approach the biological
control on the basis of three strategies: biological control of the fungal inoculum, biological
protection of wood surfaces, and cross-protection/induced resistance.

Trichoderma is a genus of fungi present in soil as the most prevalent and avirulent
opportunistic cultivable fungi (Harman et al. 2004). Different investigations have tested
various species in this genus and have presented evidence of their effective action against
wood-degrading fungi (white-rot, brown-rot, and dry-rot fungi), but the approach is still
under evaluation.

For example, Trichoderma harzianum was tested on Ponderosa pine sapwood
against white-rot (Trametes versicolor) and brown-rot (Gloeophyllum trabeum) fungi
(Canessa and Morrell 1997). A slow inhibition of their enzymatic activity was evidenced,
alongside a significant decrease of weight loss, but the wood decay was not avoided. In the
case of the dry-rot fungus Serpula lacrymans, Trichoderma harzianum prevented the
colonisation of Serpula, but wood decay was not inhibited (Score et al. 1998).

The mechanism of Trichoderma action seems to be the release of inhibitory volatile
organic compounds (VOC’s) produced by the Trichoderma isolates (Humphries et al.
2002). It is known that aldehydes and ketones with 7 to 10 carbon atoms in chemical
structure (as heptanal, octanal, nonanal and decanal, and related ketones) can inhibit the
growth of a wide range of brown and white-rot fungi. A previous study evidenced the
effective action of secondary VOC'’s released from microorganisms against some fungi
(El-Fouly et al. 2011). Besides such compounds, the microbial secondary metabolites can
represent effective biocontrol agents against sapstain fungi (Bruce et al. 2003; Evans et al.
2008). Some studies referred to the use of effectively crude culture filtrates (Ejechi et al.
1998; Moita et al. 2005).

Trichoderma viride was shown to be effective against certain sapstain and
basidiomycete decay fungi in laboratory testing (Schoeman et al. 1994). A large-scale
experiment designed to assess the biological control potential of Trichoderma viride
against wood staining fungi, under field conditions and associated accelerated decay test
conditions (Brown and Bruce 1999), evidenced its significant effect on the rate of sapstain
colonisation of Scots pine wood, comparatively with Sitka spruce wood, and considered
their different behavior as substrate for growth of staining fungi (Breuil 1998). As staining
fungi produce lipases to cleave wood triglycerides into fatty acids and glycerol that are to
be further used as nutrients in their growth, the competition for nutrients between
Trichoderma species and staining fungi is contributing to the biological control along with
the release of VOC'’s, enzymes and soluble antibiotics (Wheatley et al. 1997).

It was reported that isolates of Trichoderma species, mainly those from T.
harzianum, were effective in controlling the sapstain proliferation, these being more
effective than the usual fungicide treatment when applied on debarked logs (Vanneste et
al. 2002). Various species of Trichoderma were able to inhibit the growth of Serpula
lacrymans, one of the most important wood decay fungi that can modify lignin and initiate
the depolymerisation of cellulose and ultimately to destroy it, on a range of different media
(Score and Palfreyman 1994; Palfreyman et al. 1995; Score et al. 1998). This kind of action
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is observed even in the absence of direct contact between S. lacrymans and Trichoderma
species (Phillips-Laing et al. 2003).

A successful application of Trichoderma spp. is strongly related to its mode of
implementation, as it influences to a large extent the distribution of the BCA’s in relation
with the compartmentalization of the pathogenic fungi (Bruce et al. 1991).

The efficiency of Trichoderma viride against wood decay fungi Gloeophyllum sp.
and G. sepiarium showed a total inhibition of these by means of mycoparasitism and
competition for nutrients (Ejechi 1997).

Currently, Trichoderma spp. is the most extensively investigated species as BCA’s
for wood preservation purposes, these sharing almost 50% of fungal BCA’s market (Verma
et al. 2007). These were more effective against certain wood decay fungi as compared to
other antagonistic fungi, e.g. Penicillium sp. (Bruce and Highley 1991).

Aureobasidium sp. is a ubiquitous black, yeast-like fungus that stains wood. It is
usually present on the surface of the treated wood, placed above the soil. It is used in
biological control of plant diseases and is important in biotechnology for the enzymatic
production of different compounds, namely siderophores and pullulan (Chi et al. 2009).
This fungus is able to proliferate outdoors on oil treated wood, yielding a uniform dark
mould coating biofilm, which may be considered as wood biofinish (Sailer et al. 2010; van
Nieuwenhuijzen et al. 2015). Aureobasidium melanogenum (formerly known as
Aureobasidium pullulans var. melanogenum) was predominantly present on wood samples
treated with oils (linseed oil, olive oil) under outdoor exposure (van Nieuwenhuijzen et al.
2016), regardless of the presence of a biofinish and the type of substrate. This fungus is
also effective against wood blue staining fungi (Stenbzak 2015).

Aureobasidium pullulans is able to yield in homogeneously colored biofilms on top
of linseed oil treated Pinus sylvestris wood samples after 36 months of outdoor exposure
(Sailer et al. 2010). In this investigation, A. pullulans formed a self-healing coating, and
was able to grow and maintain itself over the mentioned period of 36 months, without
destroying the wood substrate. This is probably due to the strong interactions between the
biofilm, oil and wood, which allow the coating to become well-attached to the substrate,
without impending peeling and cracking.

Another example of effective BCA’s for wood protection is represented by various
albino strains of fungi. Many isolates of Ophiostoma floccosum, Ophiostoma piceae, and
Ophiostoma pluriannulatum were shown to be effective in preventing the competing fungi
from staining the pine wood chips, namely Leptographium procerum, Ophiostoma
piliferum, and Sphaeropsis sapinea (Held et al. 2003).

Albino strains of Ceratocystis resinifera (a sapstain fungus that proliferates deeply
and rapidly in freshly felled coniferous trees), named Kasper, might be used as an
additional source of BCA’s against a wild-type sapstain fungi in spruce logs (Morin et al.
2006). Biological control of sapstain using different organisms, such as bacteria or non-
related fungi, is more complicated because environmental conditions can favor the
proliferation of the wood degrading fungi to the detriment of the BCA.

Current Markets and Demands for Wood Coatings

The global wood coating market is projected to be valued at around $1,985.28
million by 2020 (Top Market Reports 2015). The major drivers of this market are expected
to be growth in the protective coating market (e.g. increasing demand for eco-friendly
wood coating products) and the rise in new construction activities, including renovations
and remodeling, worldwide.
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Wood coatings are chemical formulations that are used for multiple functions in
wood processing when a high quality wood surface is required by purposes such as better
stabilization, hygiene, and decoration of wood. The main factors contributing to the
development of wood coating industry include building and infrastructure, furniture, and
food packaging applications, as well as the stringent necessity of ensuring of a good
protection against fungi and other harmful organisms. Among the different technologies
and materials (water based systems, solvent based systems, and radiation cured systems)
used for conferring a suitable resistance to wood structures under environmental conditions
exposure, UV curing is a significant method for wood coatings.

Wood coatings production continues to grow due to a rebound in residential
construction activity. The major applications in which wood coatings and preservatives are
used include furniture, decking, and siding. It is estimated that further advances will be
restrained by the rising use of non-wood materials in several key applications. Coatings
and preservatives will be limited in siding applications. Wood still dominates the decking
applications, even with increasing use of plastic composites for such purposes. The request
for new wood coatings and preservatives in construction-related applications will be the
foremost motivation for giving a boost to demand benefits (Coatings World 2019).

Positive trends, such as new home construction, the rise in home values, and
remodeling as an expression of personal style, certainly have a positive effect on the
architectural coatings industry. In this context, there is increasing interest in interior and
exterior finishes of wood surfaces (e.g. staining and restoring decks and floors;
repurposing/reclaiming furniture and décor; trend of bringing indoor design elements to
outdoor spaces - open floor concepts outdoors with multicolor stained decks, special
lighting, furniture, and even kitchens). There is a growing tendency on the wood coating
market to offer products that both protect against mildew and UV damage and confer long-
lasting beauty for the outdoor wood structures, these being able to efficiently handle
environmental factors year after year (e.g. water, sunlight, snow, wind, and particulates).

CONCLUSIONS AND FUTURE PERSPECTIVES

Coatings are essential for the most solid wood or wood-based products utilized in
outdoor applications. Besides conferring the desired aesthetical properties (color, gloss,
smoothness), coatings are of vital importance in the protection of wood against
environmental factors, such as humidity, solar light irradiation, temperature variations,
biological decay, and damage of structural integrity that occurs through mechanical or
chemical processes. However, different coating technologies provide different levels of
protection, for example a comparison of clear coatings and the opaque coatings show that
opaque coatings confer more durability. More than 95% of exterior wood coatings are
applied as liquid coatings, either solvent- or water-borne (e.g. acrylic, polyurethane, alkyd),
but their use and subsequent emission of volatile organic compounds (VOC’s) has
represented a dominant concern because of their significant contribution to global warming
by the ozone depletion in the stratosphere.

Market studies estimated an important increase in the demand for wood protection
coatings and preservatives. Paints are dominant in siding, windows, and doors applications,
while dyes and sealers are more widely used on decks, cabinets, furniture, and flooring.
Oil-based preservatives are efficiently utilized for industrial applications (railroads, utility
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poles), while water-based treatments are preferred for wood in residential and non-
industrial applications.

The performance of a coating on a wooden surface in outdoor applications is
influenced by the same environmental factors, as well as by the type and intensity of
exposure, species, and quality of wood, design and processing of the wood structures,
properties of the coating (e.g. glass transition temperature of the coating, thickness,
permeability, addition of pigments, dyes or UV absorbers), and its corresponding
processing and maintenance, etc. All these factors are acting synergistically on coatings,
yielding in weathering which can cause photochemical degradation, cracking, flaking, and
erosion of the coating, delamination, as well as color changes with occurrence of
discoloration, followed by the wood degradation.

Design of a high performance coating able to fulfill the needed sustainable
requirements, including both resistance against weathering and maintenance of aesthetic
appearance, is very difficult to formulate based on a single concept idea capable of
mediating all the above-mentioned inter-related factors that act on coatings in outdoor
applications.

The inclusion in coatings formulations (mainly water-borne ones) of natural
extractives, vegetable and essential oils, natural resins and waxes, and various biopolymers,
makes it possible to prevent or to limit the harmful impact of these formulations on the
environment given their specific characteristics (e.g. non-toxicity, reversible character,
resistance to moisture and solvents, compatibility). In the recent decades, an increased
interest in developing alternative technologies for wood protection in outdoor applications
has been apparent, mainly when envisaging prevention of microbial degradation of wood
by biological means (e.g. using biological control agents BCA’s), with fulfillment of the
human and environmental safety requirements, as well as considering its major economic
impact. Biological control of wood degradation can be as effective as chemical protection.

Recent modern scientific approaches (e.g. sol-gel chemistry, water-borne micelles,
micro-emulsion reactions, self-assembled structures, nanomaterials, and nanotechnology,
etc.), focus on combining various materials and techniques, considering their advantageous
synergistic action. Thus, it is possible to obtain multi-function coatings able not only to
protect current wood, but to also contribute to the recovery, restoration, and preservation
of wooden objects from the cultural and archaeological patrimony.

Nevertheless, there are still unresolved problems that need a thorough investigation
such as the stability of coatings and their leachability. Another important issue is the
targeting of the microorganisms and their associated biological films (with anti-fouling
properties), insects and rodents that attack wood, without affecting other species, humans
included. Specific attention is given also to the wood-coating compatibility issues that
significantly influence the performance of the coating, since neither effective wood surface
pre-treatment, nor coupling alone may be enough to create an inter-phase able to strongly
bond the coating to the wooden substrate. On the other hand, high-performance coatings
are the result of extensive research and high-tech manufacture, with increased financial
efforts, while the consumers’ demands go for low costs involved. Not in the least, the use
of nanotechnology and nanomaterials raised some health risk concerns, as in the case of
nanoparticles environmental release from nano-structured coatings deposited onto wood
furniture, siding, etc. All of these challenges require a complex, interdisciplinary approach,
where solutions from different areas can be wisely combined in order to reach the main
goal — wood enhanced durability, while employing stable, efficient, environmentally
friendly, biocompatible and/or biodegradable, yet cost effective, wood coatings.
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