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Although weathering is primarily a surface phenomenon, it is an important issue for wood products as it affects their
appearance, service life, and wood-coating performance. To encourage the use of wood as a material for joinery and
other building components, the results of research into increasing the weathering resistance of wood are extremely
significant. The development of weathering protection methods is of great importance to reduce the maintenance
requirements for wood exposed outdoors and can have a major environmental impact.
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| 1. Introduction

Wood is a renewable, natural material that has been used for centuries in various applications, mostly for furniture and in
building construction. In addition to many desirable properties, such as an attractive appearance, good strength, low
density, and good insulating properties, wood also has some less desirable properties, such as hygroscopicity,
flammability, susceptibility to biological attack, and surface degradation due to weathering.

Colour change is the first sign of complex chemical reactions on the surface of wood exposed to weather, initiated by solar
radiation, especially the ultraviolet (UV) part of the spectrum. The phenolic hydroxyl groups in lignin react with UV
radiation to form aromatic free radicals (phenoxy radicals), which further react with oxygen to form quinoid structures that
are responsible for the yellowing of wood 2. The surface of light coloured woods usually turns yellow or brown, and
darker types of wood that are rich in extractives may first fade and then turn yellow or brown. Although earlier research by
Hon and Ifju B! indicated that UV light penetrates wood 75 pm, more recent research reported that UV light penetrates the
wood deeper, mostly up to 150 pm SIS,

The mechanism of weathering as well as its influence on the surface properties of wood has been investigated by many
authors. A good review of the research in this area is given in several review papers SILALLI2ASII4NLS] - Although

weathering is primarily a surface phenomenon, it is an important issue for wood products exposed outdoors as it affects
their appearance, service life, and wood-coating performance.

The weathering durability of wood can be tested using outdoor exposure or using special devices that can simulate
outdoor weathering. The device for artificial weathering is usually equipped with temperature control, a light irradiation
source (xenon lamps or fluorescent UV lamps), water spray, and condensation units. The results of natural exposure are
difficult to compare with the results of accelerated exposure due to different mechanisms of material degradation. In
addition, biological impact and air pollution are lacking in artificial weathering.

In order to improve the weathering durability of the wood and achieve a long life for wood products, the various methods
of protecting wood against weathering are applied. The aim of this paper is to review recent developments in the methods
of protecting wood from weathering. Treatments of wood with inorganic metal compounds and bio-based water
repellents;Section 6. Modification of wood and wood surface with thermosetting resins, furfuryl alcohol, and DMDHEU;
andSection 8.

| 2. Protection with Coatings

The primary function of a coating is to protect the wood from the two main causes of the natural weathering process, UV
radiation and moisture, and to help maintain its appearance. Furthermore, the absorption of UV radiation into the coating
and the wood under the coating can cause serious and complex chemical reactions that result in the loss of the protective
function of the coating and in the deterioration of the coating and wood substrate LEIL7. |n order to extend the lifetime of



wood and maintain the natural and attractive appearance of wood, research and development of clear coatings with
minimal use of harmful chemicals has become very important for wood finishing 8. However, clear coatings transmit
harmful solar radiation which causes changes on the wood surface LHIL7I19][20]

The first is based on reflection (filter effect) using pigments, the second on the suppression of the reaction by removing
newly formed free radicals using HALS, and the third on the absorption of UV radiation before the formation of free
radicals using UV absorbers. The main disadvantage of adding pigments into the coating is completely hiding the texture
and colour of the wood (opaque coatings) or changing the colour of the wood without hiding wood texture (stains). HALS
can be applied directly on wood as an aqueous solution or primer, and they can also be used as an additive in a topcoat
(21, state that lignin stabilizers play a significant role in protecting wood from UV light.

Organic UV absorbers that are added into the coating to protect wood and coatings from harmful UV radiation are based
on benzophenone, benzotriazole, triazine, malonate, and oxalanilide 8. However, organic UV absorbers, due to their
relatively low molecular weight, can migrate to the surface of the coating or into the wood. 22 found that the addition of
organic UV absorbers into the coating protected the wood from discolouration at the beginning of artificial weathering, but
this protection was not long lasting due to the migration and decay of the absorbers during artificial weathering. The
efficiency of UV absorbers is determined by their absorption properties, concentration in the coating, coating thickness,
chemical interaction with the binder, and other additives in the coating during photodegradation 231,

The accelerated development of nanotechnology has enabled the application of nanoparticles of metal oxides to protect
coatings and wood surface without significantly affecting the transparency of the coating. 24 state that inorganic
nanoparticles can be efficient UV absorbers in coatings depending on the type, loading size, and dispersion of the
nanoparticles. When mixing nanoparticles with a coating, it is important to achieve the most uniform dispersion of
nanoparticles in the coating and ensure the compatibility of nanoparticles with the coating ingredients to avoid a decrease
of coating transparency, an increase of coating viscosity, a sudden deposition of nanoparticles, and a large agglomeration
of nanoparticles in the coating. 23 found that TiO2and ZnO nanoparticles increase the colour stability of waterborne
polyacrylate coating during natural and accelerated weathering, and the result was better with a higher concentration of
nanoparticles.

28] found that TiO2nanoparticles added into the varnish reduced the colour change of tropical wood species during natural
and accelerated weathering. & found that an acrylate coating with ZnO nanoparticles reduced colour change and mould
growth on beech wood during natural weathering. Moreover, studies have also shown that the combined protection of
coatings with UV absorbers (organic and inorganic) and HALS has a positive effect on the protection of wood from UV
radiation. However, most studies have shown that UV absorbers have a positive effect on the performance of clear
coating, but clear coatings can fail on wood due to the influence of water and fungi in combination with solar radiation 28!,

Although nanotechnology has more effectively solved various problems in wood science than traditional methods, it is still
necessary to conduct a large number of tests and introduce a large number of regulations before the commercial
application of nanotechnology in protecting wood and coatings, especially in interior environments 2. There are
considerable concerns growing about the impact of nanomaterials on human health and the environment. Due to their
small size, nanomaterials can have a negative effect on the respiratory and digestive tracts, eyes, and skin B3

3. Treatments of Wood with Inorganic Metal Compounds and Bio-Based
Water Repellents

Numerous studies have shown that treatments of wood with aqueous solutions of inorganic metal compounds, such as
chromic acid, copper and cobalt chromates, ferric chloride and nitrate, and various manganese, titanium, and zirconium
compounds, enhanced the photostability of wood surfaces and improved the durability of clear coatings and stains applied
to treated surfaces [B2B3IB4IBEHS6]  Many of these treatments change the colour of the wood, which is often a
disadvantage in their application in the photostabilization of the wood surface. It has been shown that a simple dip or
brush application of 5% aqueous chromic acid to a wood surface prevented extractive staining, improved dimensional
stability, retarded weathering of unfinished wood, and prolonged the life of finishes B4, To protect the wood surface from
the harmful effects of UV light, less harmful metal treatments that do not cause the unwanted colouring of the wood
surface should be used.

Wood preservatives can also play a role in protecting wood from photodegradation [&. It was reported that copper-based
preservatives, such as chromated copper arsenate and ammoniacal copper quat, reduce the photodegradation of wood
by retarding the formation of carbonyl groups and delignification BZB8I39 The authors speculated that this might have



been due to a reaction of copper ethanolamine with phenolic groups of lignin to form phenolate which retards the
formation of phenoxy radicals involved in colour change. The preservative-treated wood samples exhibited less colour
change and better visual ratings than untreated wood samples during weathering (Figure 1) 29,

CCA ACQ CA Untreated
Figure 1. Samples untreated and treated with coper-based preservatives and coated with alkyd-acrylic water-base
coating after three years of natural weathering (CCA-chromated copper arsenate, ACQ-alkaline copper quat, CA-copper
azole) 49, Reprinted with permission from Springer Nature: Springer Nature, Journal of Coatings Technology and

Research (Exterior wood coatings. Part-1: Performance of semitransparent stains on preservative-treated wood, Nejad,
M. and Cooper, P.), 2011.

They reported that monoethanolamine pretreatment of wood surfaces enhanced the durability of semitransparent
penetrating stains after 1000 h of artificial weathering. However, further research is needed to determine whether copper
monoethanolamine treatment can be used as an effective photoprotective primer for semitransparent penetrating stains
(41 Chehreh and Mastari Farahani 22 found that treatment of poplar (Populus deltoids) sapwood with a nanocopper oxide
suspension reduced colour and contact angle changes of a wood surface after 180 days of natural weathering. Vacuum
treatment of Southern pine wood with nano-ZnO dispersion has been shown to reduce the greying of wood after 12
months of natural weathering compared to untreated wood samples.

In recent years, there has been an increased interest in using bio-based coatings that are environmentally friendly and
consumer friendly. It has been reported that linseed and tung oil are very efficient in protecting wood surface against water
uptake ¥, Tall oil treatment was not found resistant to accelerated weathering when used alone in Scots pine wood, but
in combination with iron oxide, it was found to be effective in reducing the weathering degradation of the wood surface 44!,
Epoxidized soybean oil applied to chemically modified wood with succinic anhydride exhibited efficient wood protection
against UV light [45],

Waxes are important water repellents which can be used for the nonbiocidal protection of wood surfaces in outdoor
applications. In the past, waxes were used exclusively as additives in water-repellent finishes and preservatives, and
today there are commercial wax treatments designed for external use without biocides € found that that the treatment of
wood with high loadings of wax can reduce moisture absorption and slow down the photodegradation process of spruce
wood during artificial accelerated weathering. To increase the effectiveness of waxes and oils in preventing discolouration
due to UV light and water, it is suggested that they should contain photoprotective additives 3 or pigments 44,

| 4. Chemical Modification of Wood

Chemical modification of wood is defined as a chemical reaction between the wood polymeric constituents and a chemical
reagent, resulting in the formation of a covalent bond between the reagent and wood substrate 8l Although most
research on chemical modification has been aimed at increasing the dimensional stability and decay resistance of wood
49 there are also studies that have been concerned with the protection of wood against weathering and
photodegradation (Table 1).

Table 1. Findings on the protection of chemical reagents against wood weathering.



Chemical Reagent Findings Reference

- does not prevent photodegradation

increases resistance to checking

[50][511{52]
- inhibits discolouration during UV exposure T
[53][54]
acetic anhydride ) . [55]
- restrains photodegradation of wood [s6]
- reduces degradation at higher weight gain of 20% BLEEEIE
- has positive effect on performance of coatings during weathering
- increases performance of coatings during natural weathering (s8]
benzoyl chloride L .
- reduces lignin degradation [60][61]
- contributes to photostabilization
palmitoyl chloride P 2
fatty acid chlorides - reduces photodegradation 631
succinic anhydride - enhances weathering resistance [64]
propionic anhydride
vinyl benzoate - protects cellulose and lignin from photodegradation at high weight gains 65]
vinyl cinnamate - increases photodegradation of wood 65
- not pr lul nd lignin from ph r ion
vinyl-4-T-butylbenzoate does not protect cellulose and lig om photodegradatio [65]
- reduces colour change during UV exposure 66

isopropyl glycidyl ether

These studies are included in this chapter. The most common methods of chemical modification are esterification and
etherification of hydroxyl groups in the cell wall. The most often used chemicals for wood esterification are anhydrides,
acid chlorides, carboxylic acids, and isocyanates, and for wood etherification, alkyl halogenides, epoxides, lactones, and
a, B-unsaturated compounds (€8],

Among the various wood esterification treatments, acetylation has been the most studied 2. Acetylation is an example of
the chemical modification of wood where the reaction of acetic anhydride with wood results in esterification of the
accessible hydroxyl groups in the cell wall (Figure 2), with the formation of byproduct acetic acid 62,

0 0

0 0
Wood—0H + ),l\ J.k —_— J,l\ + )L
0 CH, Wood— 0 OH

H,C CH, H,C

Figure 2. Reaction of wood with acetic anhydride 4. Reprinted by permission from Springer Nature: Springer Nature,
Journal of Journal of Coatings Technology and Re-search (Performance of finishes on wood that ischemically modified by
acetylation, Beckers, E.P.J. et al.), 1998.

Photodegradation of acetylated wood differs from unmodified wood but is not prevented B8] |t has been established
that acetylation is ineffective in protecting lignin at wood surfaces during accelerated weathering BUBSIEAI a1though
some photoprotective effects of acetylation to 20% weight gain have been reported on holocellulose and on the
morphology of wood cell walls B8IIZU7Z2 However, the photoprotective effect of acetylation was found to be lost with



prolonged exposure of the acetylated wood to the weather because the deacetylation of the wood surface occurred 28],
Schaller and Rogez 3] reported that acetylation only partly protects lignin from photodegradation, but there is still a need
to protect the acetylated wood with coating that has sufficient UV—

Acetylation is shown to have a positive effect on the performance of coatings during accelerated weathering BUE, This is
probably due to the higher dimensional stability of acetylated wood, which reduces the stresses in the coating that
originate from the dimensional changes of the substrate. Acetylation in combination with a transparent stain improved the
resistance of wood against UV degradation, but the removal of the UV absorber from the stain caused the degradation of
the polymers within the coating and the loss of adhesion &2, [58] reported that acetylated wood had a significantly better
result with respect to long-term coating performance compared to unmodified wood.

(69 chemically modified (esterified) thin strips (veneers) of Scots pine wood (Pinus sylvestrisL.) to high weight gains with
benzoyl chloride and assessed the photostability of the chemically modified wood. Benzoylation to high weight gain
reduced the quantity of free radicals formed in the wood during exposure to UV light and caused large losses in the tensile
strength of thin wood strips. They found that the esterification of wood with benzoyl chloride stabilized the wood colour
against photodegradation and reduced the lignin degradation and generation of carbonyl groups on the surface of
irradiated wood. Pandey and Srinivasa B evaluated the weathering performance of uncoated wood modified with
benzoyl chloride and benzoylated wood coated with commercially available polyurethane-based transparent and opaque
coatings.

The modification of rubber wood (Hevea brasiliensis) by esterification with palmitoyl chloride has been shown to be
effective in photostabilizing wood surfaces to a considerable extent 4. 831 modified rubber wood specimens with three
fatty acid chlorides (hexnoyl chloride, decanoyl chloride, and tetradecanoyl chloride) and found that the esterification of
rubber wood with fatty acid chlorides was effective in restricting photodegradation to some extent, and photoprotection
increased with the carbon chain length of fatty acid chloride. 82 esterified wood with three different aromatic vinyl esters,
viniyl benzoate, vinyl cinnamate, and vinyl-4-T-butylbenzoate, and examined the photostability of the modified wood. They
found that the modification of wood with vinyl benzoate at high weight gains (>30%) was effective in the protection of
lignin and cellulose from photodegradation, while the modification of wood with ninyl-4-T-butylbenzoate did not provide
such protection.
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