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Abstract 

This work presents the development of a new pretreatment for clear coated 

wood, that aims to increase the photoprotection of exterior wood products, 

and at the same time make the system more environmentally friendly. The 

pretreatment comprises the reactive UV absorber 2-hydroxy-4(2,3-epoxy-

propoxy)-benzophenone (HEPBP), which has a primary epoxy group that 

can be covalently attached to the hydroxyl groups of the wood substrate. 

This reactant is accompanied by renewable epoxy functionalized soybean oil 

(ESBO), which contains a secondary epoxy group that also has the ability to 

react with the substrate and that promotes the compatibility between the two 

reactants. The ESBO further seems to have the advantage of increasing the 

flexibility of the pretreated veneers as well as decreasing the amount of water 

in the cell wall of the wood. The study was performed in two parts where the 

first part focused solely on the development and performance of the pre-

treatment, whereas the second part used the knowledge gained from part 

one to evaluate the pretreatment in combination with an acrylic clear coating. 

Grafting reactions were performed on thin wood veneers heated in solvent. 

In the first part the reaction parameters, temperature and reaction time, were 

varied to study their effects on the final properties of the pretreatments. The 

veneers where then analyzed using FTIR to determine if grafting was 

achieved. Results show that grafting was successful for reactions performed 

at temperatures above 90 °C. For part two, grafting was successful for both 

the boil- and dip process, indicating that a considerably shorter reaction time 

can be used. Samples from both part one and two where then exposed to 

accelerated ageing and the color change was measured to estimate the UV-

resistance. The first part showed improved UV-resistance for some of the 

pretreatments, whereas the second part was more difficult to evaluate due to 

the top coat, but a slight improvement can be seen for samples using the 

pretreatment. A positive result for part two is also that the pretreatment do 

not appear to affect the adhesion between the substrate and the top coat. It 

is hence concluded that the proposed pretreatment is a possible way of in-

creasing the photostability of exterior wood.  



Sammanfattning 

Detta arbete beskriver utvecklandet av en ny förbehandling för klarlackat trä 

som syftar till att öka UV-beständigheten av träprodukter för utomhusbruk. 

Arbetet syftar även till att utveckla systemet till att bli miljövänligare än nuva-

rande liknande produkter på marknaden. Förbehandlingen utnyttjar primära 

epoxidgrupper hos den reaktiva UV-absorbenten 2-hydroxy-4(2,3-epoxy-

propoxy)-bensofenon (HEPBP) för att skapa kovalenta bindningar till hyd-

roxylgrupper hos träet. Den andra komponenten i systemet är förnyelsebar 

epoxiderad sojaolja (ESBO) innehållande sekundära epoxidgrupper som 

även dessa kan binda kovalent till träytan, samt gynna kompatibiliteten mel-

lan de två reaktanterna. Oljan verkar dessutom öka flexibiliteten av förbe-

handlingen, samtidigt som den minskar mängden vatten som tränger in i 

cellväggen. Studien utfördes i två delar där den första delen fokuserade en-

bart på att utveckla förbehandlingen, medan den andra delen utnyttjade in-

formation från den första delen för att utvärdera funktionen av förbehand-

lingen i kombination med en akrylatbaserad klarlack. Ympningsreaktionerna 

utfördes på tunna träfaner i uppvärmd lösning. I första delen studerades hur 

temperatur- och reaktionstidsförändringar påverkar den slutgiltiga prestat-

ionen av förbehandlingen, och FTIR användes då för att verifiera ympning-

en. Resultaten visar att ympningen var lyckad för reaktioner utförda vid re-

aktionstemperaturer över 90 °C. För del två ansågs ympningen lyckad för 

både dopp- och kokreaktionen, vilket tyder på att betydligt kortare reaktions-

tider skulle kunna användas. Prover från både del ett och två utsattes sedan 

för accelererad åldring där färgförändringen av proverna mättes för att upp-

skatta UV-resistensen av behandlingarna. Första delen visade på ökad UV-

beständighet för vissa av behandlingarna. Del två var dock svårare att utvär-

dera till följd av klarlacken, men en liten förbättring kan noteras för prover 

som är förbehandlade. En positiv notering från del två är även att adhesion-

en mellan klarlacken och träytan inte verkar ha påverkats av förbehandling-

en. Med detta som grund dras slutsatsen att den föreslagna förbehandlingen 

kan förbättra UV-resistensen av klarlackat trä för utomhusbruk.  
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1. PURPOSE OF THE STUDY 

One of the major users of wood today is the building industry, which has 

high demands on the performance of the wood products, and hence a good 

protection of the wood is necessary for exterior applications. The protection 

used is often a combination of pretreatments and top coats that work to-

gether to protect the surface against both fungal attack and UV initiated deg-

radation of the wood. Products that are available on the market today give 

varying protection depending on the type of product; pigmented coatings 

give better protection than non-pigmented coatings, why these have to be 

studied further in order to achieve an adequate coating system. 

The main aim of this project is hence to develop a reactive pretreatment, 

comprising the UV absorber 2-hydroxy-4(2,3-epoxypropoxy)-benzophenone 

(HEPBP) and the renewable epoxy functionalized soybean oil (ESBO), that 

could interact with the most UV sensitive groups of the wood surface to 

increase the photostability of clear coated wood. An additional goal is to 

evaluate the effect of the reaction parameters on the performance of these 

treatments and also to test their performance by accelerated ageing, both 

alone and in combination with an acrylic top coat. 
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2. INTRODUCTION 

 

2.1. Wood and wood composition 

Approximately 50-70 % of the total land area in Sweden is covered with 

forest. Roughly 30 % of this forest is used for forest products, such as pa-

permaking, building construction etc., [1] and in 2010 these forest industry 

products resulted in an astonishing 129 billion Swedish crowns (SEK) in 

exported goods [2]. 

2.1.1 The structure of the tree 

The reason for this vast export of forest based products is of course the 

wood itself and its useful properties. Wood has evolved for millions of years 

to serve three main functions in plants: the conduction of water from the 

root to the leaves, the mechanical support of the plant body, and the storage 

of biochemicals. The trunk of the tree, which is the part mostly used for 

wood products, is composed of six circular layers: outer bark, inner bark, 

vascular cambium, sapwood, heartwood and pith (Figure 1). The outer bark 

provides mechanical support to the inner bark, which serves as a transport 

medium for sugars produced by photosynthesis. The vascular cambium is 

located between the inner bark and the wood, and is responsible for produc-

ing both bark and wood. The sapwood is the “living” part of the tree that 

transports water from the roots to the leaves and it usually has a lighter color 

than the nonconductive heartwood. The pith is found at the very center of 

the trunk and is the remainder of the early growth of the trunk, before the 

wood was formed [3], [4]. 
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Figure 1. Cross-section of a tree trunk, illustrating the six circular layers present in a 
trunk. Image reproduced with the permission of [3]. 

Different wood species are further divided into softwoods or hardwoods 

depending on their origin and their component cells [3]. Hardwoods are 

woods coming from angiosperms, having a characteristic cell type called 

vessel element, whereas softwoods come from gymnosperms and lack this 

special kind of cell [4]. In the northern hemisphere, softwoods are usually 

needle-leaved evergreen trees such as pine and spruce (generally conifers). 

Hardwoods on the other hand are characterized by their broad leaves and 

deciduous nature, e.g. maple and birch [3]. 

2.1.2 Wood production  

As mentioned in the previous section, wood is produced by the vascular 

cambium, usually one layer of cell division at a time. However, in many 

woods large collections of cells are produced at the same time and act to-

gether to serve the tree. These collections of cells produced together are 

known as growth rings and can be seen as circles in the cross section of the 

wood trunk. Cells formed in the beginning of the cell growth are called ear-

lywood cells and cells formed during the later growing period are called late-

wood cells. This type of growth occurs for both softwoods and hardwoods 
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and represents the way trees form their wood in parts of the world that have 

distinct and regular seasonality. For many woods in the tropics, growth rings 

are not evident due to the lack of seasonal changes [3], [4]. 

2.1.3. Cells and cell walls of wood 

The cells of wood are in some ways different to the cells of a single plant 

cell, which in general consists of the cell wall and the protoplast (living con-

tent bounded by the cell wall). In wood the situation is slightly more compli-

cated, as in many cases the full function of the cell is carried solely by the cell 

wall. For this reason, many wood cells do not have the protoplasm at all 

since it is not necessary for the cell function. For wood cells the open space 

within the cell wall is instead referred to as the cell lumen and is in many 

cases an important component when it comes to water transport [3]. 

The cell wall is a non-living and carbohydrate rich matrix that can provide 

mechanical support to the entire plant [3]. The cell wall, in contrast to the 

lumen, has a highly regular structure with three major regions: the middle 

lamella, the primary wall and the secondary wall. The outermost part of the 

cell wall is a lignin rich layer known as the middle lamella, which acts as an 

adhesive that connects the wood cells to each other. The next layer is the 

primary wall which consists of randomly oriented cellulose microfibrils 

(similar to thin threads). The primary wall is usually very thin and in most 

cases indistinguishable from the adjacent layers. The third and last layer of 

the cell wall is the secondary cell wall, which is divided into three layers. The-

se layers are known as S1, S2 and S3 and are all composed of cellulose micro-

fibrils with different orientation in the different layers [3], [5]. The three lay-

ers (S1, S2 and S3) also contain decreasing amounts of lignin as they get closer 

to the lumen in order to facilitate water transport up the tree (transpiration) 

[3]. This structure of the cell wall is illustrated in Figure 2. 

 



5 
 

 

Figure 2. Schematic image illustrating the structure of the cell wall. Image repro-
duced with the permission of [3]. 

 

2.1.4. Chemical composition of wood 

Wood is in chemical terms best defined as a biopolymer composite of cellu-

lose, hemicellulose and lignin. However, in a living tree the major chemical 

component is actually water, although in dry condition it consists mainly of 

the three previously mentioned substances. The amount of each component 

varies between softwoods and hardwoods, and also between different wood 

species [6]. Generally, wood contains 30-65 % cellulose, 20-35 % hemicellu-

lose and 15-35 % lignin ([7], [8], [9]). Softwoods, however, tend to have 

higher cellulose and lignin content than the hardwoods [6].  

Cellulose and hemicellulose are both carbohydrate polymers with simple 

sugars as their main components [6], [5]. Cellulose (Figure 3) is a polymer of 

D-glucopyranose units connected by β-(1→4)-glucosidic bonds, although 

the repeating unit for the polymer is a two-sugar unit known as cellobiose. 
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The cellulose molecules are randomly oriented and tend to form intra- and 

intermolecular hydrogen bonds. The crystallinity of cellulose is dependent on 

the packing density of the molecules, and is often as high as 65 % in wood-

derived cellulose. In wood there is not only a question about crystallinity, but 

also about the accessibility of the cellulose towards water, microorganisms 

etc. Crystalline cellulose is generally accessible on the crystal surface, but not 

in the bulk, whereas most of the non-crystalline cellulose is accessible. The 

issue of accessibility becomes very important when it comes to modification 

of the cellulose, in which grafting of the hydroxyl groups could be possible if 

the cellulose is accessible [6]. 

 

Figure 3. Partial structure of a cellulose molecule. Image reproduced with the per-
mission of [6]. 

Hemicellulose, as already mentioned, also consists of sugars linked together. 

In contrast to the cellulose, the hemicellulose consists of combinations of 

different types of sugars. Hardwoods and softwoods usually have slightly 

different hemicelluloses, with different combinations of sugars in them. For 

example, one of the major hemicelluloses in hardwoods is Glucuronoxylan 

(15-20 %), whereas in softwoods one of the major hemicelluloses is galacto-

glucomannan (10-15 %) [6]. Despite the content, the hemicelluloses fill an 

important function together with cellulose in giving the plant a supportive 

structure. The hemicelluloses can be found in the cell wall matrix between 

the cellulose fibrils (Figure 4) [8].  
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Figure 4. Model for the distribution of lignin, hemicellulose and cellulose in the S2 
layer. Hemicelluloses are in the form of Glucomannan and Xylan. Image repro-

duced with the permission of [10] 

Lignins are amorphous and mainly aromatic polymers of phenylpropane 

units which, in contrast to cellulose, do not have one single repeating unit 

[6]. Instead, they consist of a complex arrangement of substituted phenolic 

units connected by ether (C-O-C) or carbon-carbon (C-C) bonds to form a 

three-dimensional network (Figure 5). The lignins are polymerized from 

three main monomers called coumaryl alcohol, coniferyl alcohol and sinapyl 

alcohol. These are propylphenol derivatives with a varying number of meth-

oxy groups attached to the ring. Based on these precursors, three main types 

of lignin are formed: softwood lignin (guaiacyl lignin), hardwood lignin (sy-

ringyl-guaiacyl lignin) and grass lignin (hydroxyl phenol, guaiacyl, syringyl 

lignin). These lignins contain different amounts of the three monomers, giv-

ing them different properties suitable for different types of plants [9].  
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Figure 5. Partial structure of lignin.[11] 

Lignin has several functions in the wood structure. It gives stiffness to the 

cell wall, since it has the ability to fixate the cellulose and hemicelluloses to 

each other [9]. It acts as an adhesive that glues different cells together and 

hence, the highest concentration of lignin can be found in the middle lamella 

[5], [9]. It also makes the cell wall hydrophobic and provides protection 

against microbial degradation due to its compact structure [9].   

 

2.2. Wood degradation 

Weathering of wood is an expression used to define the slow degradation of 

a material exposed to the weather. Weathering is a surface degradation which 

is primarily initiated by solar radiation, although several other factors are also 

of importance. These factors can for example be wetting and drying of 

wood, changes in RH, abrasion by windblown particles, temperature chang-
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es, pollution, oxygen, and human activities such as walking on decks, clean-

ing surfaces or sanding. Even though these factors affect the degradation 

process, the main reason for the weathering is UV radiation from the sun, 

which in combination with atmospheric oxygen starts photochemical degra-

dation of the surface [12]. 

The first step of UV initiated degradation is a color change of the wood due 

to photochemical reactions as the lignin degrades [12]. The mechanisms for 

these reactions are complicated with different pathways leading to phenoxy 

radicals. One of the main phenoxy radicals is guaiacoxy radical, which un-

dergo transformation into quinoid structures, which in turn give rise to the 

yellowing of wood [13]. As mentioned in the previous section, the lignin 

content is highest in the middle lamella and hence the photoinitiated degra-

dation will primarily occur in this part of the wood surface. This is evident 

when studying micrographs of southern pine cross-sections before and after 

weathering (Figure 6). These images illustrate the degradation of the lignin in 

the middle lamella after 1000 h of UV radiation [12]. 

 

 

Figure 6. Micrographs of cross-section of southern pine before (a) and after (b) UV 
exposure (1000 h). Image reproduced with the permission of [12] 

The destruction of the middle lamella also leads to other microscopic effects 

in the wood. Checks tend to form at the bordered pits due to degradation of 

the lignin binding between the fibrils, and separation between the cell walls is 

evident due to the lack of lignin [12]. After further weathering, severe check-
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ing is developed in the cell wall components and fibrils and tracheids loosen 

and become detached from the surface [12], [14]. Eventually, macroscopic 

fibers also loosen and become detached from the wood. Another effect of 

the weathering process of wood is that as the lignin degrades this hydropho-

bic component of the wood decreases and hence creates a more hydrophilic 

surface. During weathering the extractives are also leached from the wood, 

which further decreases its water-repellency, causing it to become more sen-

sitive to further degradation [12]. 

 

2.3. Wood protection 

Judging by the previous section, it is evident that wood needs extensive pro-

tection in order to be used in exterior applications. This can be achieved by 

numerous methods, where the most common one is adding pigment parti-

cles to a coating. The particles then block or reflect the incoming UV radia-

tion and hinder it from reaching the wood substrate. The most effective UV 

absorber known is carbon black, but also other pigments such as TiO2 are 

common today [15]. Another effective treatment that protects against pho-

tochemical degradation and is water repellent is treatment of wood with 

chromic acid. This compound interacts with the wood to form a highly in-

soluble complex with wood, cellulose or lignin model compounds and hence 

becomes an integrated part of the wood [12]. The treatment is effective [16] 

but due to the molecular structure of this chemical it is also classified as es-

pecially hazardous by the European Chemical Agency and the European 

Commission [17]. 

2.3.1 UV absorbers and HALS 

However, in many cases the performance of the pigmented systems is desir-

able but not the color they bring, hence other types of photostabilizers are 

required that protect the wood, but do not color the surface. One of the 

most common ways of achieving this today is to add low molecular weight 

substances that have the ability to absorb some of the incoming radiation 

from the sun and then dissipate it as heat. Substances with this ability are 



11 
 

called UV absorbers (UVA) and can be used to protect both the substrate 

and the coating itself. Examples of such substances are benzotriazole, tria-

zine [18] and also substituted 2-hydroxybenzophenones which, due to their 

structure, can convert UV energy into thermal energy by intramolecular hy-

drogen transfer or cis-trans isomerization [15]. This is illustrated for 2-

hydroxybenzophenone in Figure 7 below. 

 

 

Figure 7. Illustration of the stabilization of 2-hydroxybenzophenone.  

Other types of substances, commonly used for UV protection in coatings, 

are the hindered amine light stabilizers (HALS). These are amines with two 

methyl groups on each of the two alpha carbons, as illustrated in Figure 8. 

HALS undergo photoxidative conversion into nitroxy radicals (R2NO·) that 

can react with carbon-centered radicals formed by photoinitiated oxidation 

and hence hinder degradation of the coating and the substrate. A number of 

different HALS compounds are available and by varying the R and R´ 

groups of the molecule, properties such as volatility and long term stability 

can be altered [15]. 
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Figure 8. Schematic structure of a HALS molecule.  

Currently, the most common practice is to use a combination of UVA and 

HALS, where the UVA reduces the amount of radicals formed due to UV 

light, and the HALS reduces the rate of the oxidative degradation due to 

quenching of the radicals that, to some extent, still will be formed. These 

two components also compensate each other in terms of where in the coat-

ing they are most efficient. The UVA additives are most efficient in absorb-

ing UV radiation in the lower part of the film, closest to the substrate, 

whereas the HALS effectively consumes free radicals on and near the sur-

face. A drawback with both of these substances is, however, their tendency 

to leach out of the coating as the product is being used, and hence clear 

coated surfaces need to be recoated fairly often in order to maintain their 

appearance [15]. 

2.3.2. Nanoparticles as UV protection 

Other types of particles that have been rather poorly investigated for UV 

protective purposes are inorganic nanoparticles. These inorganic nano-

particles, for example CeO2 and ZnO, have the same function as pigment 

particles, although they are much smaller in size and are hence transparent in 

the visible light spectrum. CeO2 and ZnO have significant absorption in the 

UV region of the light spectrum [19] indicating that these substances could 

be interesting for use as UV absorbers in coatings. A study performed by 

Blanchard and Blanchet [19] indicate that the efficiency of adding these types 

of particles to a coating varies depending on the particle size and that a syn-

ergetic effect is possible when inorganic and organic particles are combined. 

However, another study comparing different pretreatments and clear coat-
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ings concluded that in terms of color change after exposure, CeO2 showed 

very little improvement compared to a standard acrylic coating [20].   

2.3.3. Oils as protective coatings 

Drying oils are among the oldest binders used for paints. They are liquid 

vegetable or fish oils that react with oxygen in the air to form solid films 

[22]. Such oils, e.g. linseed oil, can also be used to impregnate wood in order 

to form a hydrophobic layer inside and outside the wood to retard the mois-

ture uptake, and hence protect the wood substrate [21]. Despite the ad-

vantage of vegetable- and fish oils being a renewable resource, the use of 

drying oils as pure binders has decreased over the years. However, they still 

play a large role as raw materials for other binders such as alkyds and epoxy 

esters. Natural oils are triglycerides, consisting of glycerol and different fatty 

acids, such as stearic acid and oleic acid. The composition is different for 

every oil, and can also be affected by the growth location of the plant. The 

ability of oils to act as drying, semi-drying or non-drying depends on the 

composition of different fatty acids and their unsaturations, or more specifi-

cally, the number of diallylic methylene groups in the chain. As an example, 

soybean oil is a semi-drying oil with two diallylic groups on 9 % and one 

diallylic group on 51 % of the total amount of fatty acid chains. Linseed oil, 

on the other hand, is a drying oil with two diallylic groups on 52 % and one 

diallylic group on 16 % of the fatty acid chains. So the more diallylic groups 

on the fatty acids, the more drying the oil will be [22].  

These natural oils can also be modified by introducing new groups to the 

fatty acid chains in order to increase the compatibility with a potential top 

coat system, or even to get the oils to react with the substrate [15]. One ex-

ample of this is to introduce epoxy groups to the fatty acid chains by, for 

example, lipase catalyzed in situ epoxidation [23], in order to get other types 

of reactive groups on the fatty acids. These epoxy groups can then react co-

valently with the substrate, in order to create a better coating system due to 

less leaching [24], [25], [26]. 
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2.3.4. Chemical modification of wood 

In order to create a wood based material with a long service life it is neces-

sary to interfere with the natural degradation process of wood as much as 

possible. One way of achieving this is to modify the wood surface chemically 

in different manners. In such a treatment the cell wall polymers (cellulose, 

hemicellulose and lignin) are modified, which leads to a change in the wood 

properties. Depending on what property is to be changed, the modification 

will be different. To increase water repellency, for example, one way would 

be to reduce the hydrophilicity of the cell wall by introducing hydrophobic 

groups. Other types of chemical modifications are acetylation, furfurylation 

etc. [27]. The basis of these modifications is OH-substitution of the wood 

components, where the aliphatic and aromatic hydroxyl groups of the lignin 

are substituted by new groups. Apart from acetylation and furfurylation, 

another method is to graft UV protective additives on to the wood surface 

by covalently bonding the epoxy- or isocyanate functionalized additives to 

the hydroxyl groups of the wood. In these types of grafting reactions it is of 

course desirable to get the grafting on the OH groups of the lignin, since 

these are the most susceptible to UV degradation. All of these modification 

methods can prevent the formation of phenoxy radicals and thus the suscep-

tibility to photodegradation is decreased [13]. 

 

3. EXPERIMENTAL 

In the following section a summary of the methods and experimental proce-

dures used are presented. Complete details can be found in Paper I and 

Paper II.  

 

3.1. Materials 

The chemicals used were: Ethanol (99.5 %, Kemetyl and 99.5 %, denaturat-

ed by isopropanol, Kemetyl), 2,4-dihydroxy-benzophenone (DHBP, 99 %, 
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Aldrich), 4-(dimethylamino)pyridine (DMAP, 99 %, Aldrich), epichlorohy-

drine (99 %, Aldrich), 3-pentanone (ReagentPlus >99 %, Sigma Aldrich), 

potassium hydroxide (KOH, 85-87 %, Eka Nobel), epoxy functionalized 

soybean oil (Lantmännen, Sweden and Lankroflex E2307, Acros Chemicals), 

marine epoxy adhesive (LePage), Acrylic coating (Test product, Akzo Nobel 

Industrial Coatings), acrylic coating with double amount UVA/HALS (Test 

product, Akzo Nobel Industrial Coatings), cerium oxide nanoparticles (Test 

product, YKI). All chemicals were used as received. Wood veneers were 

Scots pine veneers obtained from SP Trätek. 

 

3.2. Techniques and Instrumentation 

3.2.1. FTIR Spectroscopy 

Attenuated Total Reflection-Fourier Transform Infrared Spectroscopy 

(ATR-FTIR) was used to analyze the chemical composition of the veneer 

surfaces. All measurements were performed in air at room temperature using 

one measuring point for each veneer. The equipment used was a Perkin-

Elmer Spectrum 2000 FT-IR equipped with a MKII Golden Gate, Single 

Reflection ATR System from Specac Ltd., London, U.K. The ATR crystal 

was a MKII heated Diamond 45° ATR Top Plate. 

3.2.2. Size Exclusion Chromatography 

Size Exclusion Chromatography (SEC) was used to determine the molecular 

weight of the solid material formed during some of the grafting reactions. 

THF (1.0 mL min-1) acted as the mobile phase and the measurements were 

performed at 35 ˚C using a Viscotek TDA model 301 equipped with two 

T5000 columns with porous styrene divinylbenzene copolymer (300 mm L × 

7.8 mm ID, exclusion limit MW polystyrene: 400,000,000 Da) from Malvern 

(UK), a VE 2500 GPC autosampler, a VE 1121 GPC solvent pump, and a 

VE 5710 GPC degasser from Viscotek Corp. (the Netherlands). A conven-

tional calibration method was created using narrow linear polystyrene stand-
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ards. The flow rate fluctuations were corrected using toluene as an internal 

standard. Viscotek OmniSEC version 4.0 software was used to process data. 

3.2.3. UV/Vis–Spectrometry 

UV-Vis measurements were performed in order to determine the light ab-

sorption of the two reactants, HEPBP and epoxy functionalized soybean oil. 

For the UV-Vis measurements a Perkin-Elmer UV-Vis spectrophotometer 

Lambda 650 with a deuterium lamp and tungsten lamp, for UV and visible 

range respectively, was used. Measurements were performed in chloroform 

at a HEPBP/chloroform ratio of 1:1.4*104 using a quartz cuvette. 

3.2.4. Spectrophotometry  

Color measurements were used to assess the photostability of the veneers 

before and after accelerated ageing. A Konica Minolta spectrophotometer, 

model CM-2600d, was used for measurements and Spectra Magic software 

was used to process data. The CIELAB (L*, a* and b*) system was used to 

express the color and results are presented as Delta E 

(ΔE*=((Δa*)2+(Δb*)2+(ΔL*)2)1/2). The color of the veneers was measured 

before, during and after the accelerated weathering by measuring the color of 

three (Paper I) or five (Paper II) different areas on each veneer. An average 

of the tested areas was then used for every sample.  

3.2.5. Gloss measurements 

Gloss of coated veneers was measured using a gloss meter from Elcometer 
Instruments Ltd. Measurements were performed at a 60° angle to the sub-
strate. An average of four measurements for each sample was used, both 
before and after accelerated ageing.  
 

3.2.6. Film thickness measurements 

Film thickness measurements were performed using an ultrasound PosiTec-

tor 200 from DeFelsko. The film thickness of each sample was measured 

after each coating layer. 
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3.2.7. Accelerated ageing 

Treated veneers and controls were exposed to artificial weathering in an ac-

celerated weathering tester (QUV) to assess whether the treatments im-

proved the photostability of the wood. An accelerated weathering tester with 

Solar Eye UV irradiance controller from the Q-Panel Company was used. 

The veneers were mounted on aluminum frame sample holders using 

clothes-pins and 24 h-cycles, consisting of 16 h of UV light at 60 °C fol-

lowed by 8 h of condensation at 50 °C [25]. Samples for Paper I were ex-

posed to 272-368 h of ultraviolet light (340 nm) and 136-184 h of water 

condensation, whereas the samples for Paper II were exposed to approxi-

mately 1400 h of UV radiation and ca. 700 h of water condensation. Color 

measurements were performed approximately every 60th or 112th UV-hour 

for Paper I and Paper II respectively. 

3.2.8. SEM imaging 

The pretreated and coated samples were studied by scanning electron mi-

croscopy, SEM using a Hitatchi Tabletop Microscope TM-1000. The sam-

ples were first sawn into smaller pieces and the upper part was then cut using 

a pulsing UV excimer laser with a wavelength of 248 nm (krypton- and fluo-

rine gas mixture). The irradiation energy was 300 mJ and the frequency was 4 

Hz (i.e. 4 irradiations per second). An illustration of how the samples were 

sawn and cut is given in Figure 9. For more information regarding the UV 

excimer laser see [28]. 

Sawn Cross-section  
of sample 

Figure 9. Illustration showing sawing and cutting procedure prior to SEM analysis. 

 

 

Cut using 

the laser 
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3.3. Procedures 

3.3.1. Veneer preparation 

Defect free Scots pine veneers were prepared by first cutting the solid pieces 

of wood into rectangular blocks measuring 100 mm (longitudinal) x 50 mm 

(tangential) x 20 mm (radial), which were then soaked in water for approxi-

mately 24 h. Secondly, the wet wood blocks were fastened to a microtome 

and cut into approximately 85 µm thick veneers measuring 100 mm x 10 mm 

(Paper I) or 100 mm x 35 mm (Paper II), using disposable microtome 

blades in a blade holder. The wet veneers were then dried at room tempera-

ture prior to use. The growth ring density was 5 or 6.5 growth rings per cm 

for veneers used in Paper I and Paper II respectively. 

3.3.2. HEPBP synthesis 

The procedure for synthesizing HEPBP was according to previous literature 

[29]. In brief, the reactive UV-absorber HEPBP was synthesized by reacting 

DHBP and epichlorohydrine in 2 M KOH at 80 ˚C for 2 h with constant 

stirring and reflux. A yellow substance was produced which was washed 6 

times with deionized water and the excess solvent was evaporated using a 

rotary evaporator. The product was recrystallized 3 times using ethanol, re-

sulting in a yellow crystalline powder. A schematic reaction path is illustrated 

in Scheme 1.  

 

 
Scheme 1. Schematic description of the synthesis of HEPBP. 
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3.3.3. Grafting procedure 

The grafting procedure for the veneers were divided into two different pro-

cedures, one where the veneers were boiled in a solution containing the reac-

tants and one where veneers were dipped in a solution with the same com-

ponents. In the first procedure HEPBP, ESBO, DMAP (catalyst) and 3-

pentanone (solvent) were added to a round bottom flask fitted with a con-

denser. To the round bottom flask veneers were added and the mixture was 

left to react for 2-16 hours at varying temperatures ranging from 56-120°C. 

Veneers used for Paper I were then extracted in an acetone- and ethanol 

solution (2:1) for 24 hours using Soxhlet extraction. Finally, all veneers were 

left to dry at room temperature in a fume hood for at least 2 hours prior to 

use.  

For the second grafting procedure the same amounts of HEPBP, ESBO, 

DMAP and 3-pentanone were used. For this batch the solution was heated 

under stirring until the components were dissolved in the solvent. The solu-

tion was removed from the heating plate and veneers were put in the solu-

tion for one hour with intermittent stirring. Veneers where then transferred 

from the solution onto glass plates and put in an oven at 105 °C for 1 or 2 

hours. Veneers were then left to cool down at room temperature for at least 

2 h prior to use. The composition and reaction parameters for all test series 

are given in Table 1 below. 

All veneers used for Paper II were weighed before and after the reaction 

and the weight percent gain was calculated for each veneer.  
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Table 1. Composition and reaction parameters for all test series. 

Name HEPBP 
(g) 

Soybean 
oil (g) 

DMAP 
(g) 

Pentanone 
(ml) 

Reaction 
temperature 
(˚C) 

Reaction 
time (h) 

1 1 0 0.01 20 56 16 
2 1 0 0.01 20 50+70+90 4,5+3+3 
3 1 0 0.01 20 50+70+90 2+3+3 
4 1 0 0.01 20 90 8 
5 1 0 0.01 20 90 16 
6 1 0 0.01 20 120 16 
7 1 1 0.02 40 120 16 
8 1 1 0.02 40 120 16 
9 1 1 0.02 40 102 16 
10 1 1 0.02 40 ~40 1+1 

(oven) 
11 5 5 0.1 200 102 16 
12 5 5 0.1 200 ~40 1+2 

(oven) 

 

3.3.4. Coating and gluing of samples 

After grafting, veneers used for Paper II were glued onto sanded (80 grit) 

western red cedar blocks using a marine epoxy adhesive, and were cured for 

2 hours at ambient temperature and pressure. Samples were then coated us-

ing two different commercial acrylic coatings, one with double amount of 

UVA/HALS (Ac-coating) and one with 1 % nanoparticles of cerium oxide 

together with standard amount of UVA/HALS (Ce-coating). Six out of 12 

veneers from each grafting process were coated with the Ac-coating, and the 

remaining 6 using the Ce-coating.  Two layers were applied on each sample. 

After drying overnight, all samples were sealed on all sample sides except the 

veneer side using the same epoxy glue as previously mentioned. 

Veneers used for Paper II were produced together with veneers for an addi-

tional trial, including natural exposure in Australia, and hence not all of the 

veneers described above were used for this study. Table 2 shows which sam-

ples were used in this trial. One sample of each pretreatment/coating com-
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bination was kept in the conditioning room at 20 °C and 65 % relative hu-

midity for the entire trial. 

 

Table 2. Treatments for all samples used in Paper II. 

Sample number Coating Pretreatment UV treatment 

2 Ac - QUV 

3 Ac - Conditioning room 

5 Ac Dip QUV 

7 Ac Dip QUV 

9 Ac Dip Conditioning room 

11 Ac Boil Conditioning room 

12 Ac Boil QUV 

15 Ac Boil QUV 

17 Ce - QUV 

18 Ce - Conditioning room 

20 Ce Dip QUV 

23 Ce Dip QUV 

24 Ce Dip Conditioning room 

26 Ce Boil QUV 

28 Ce Boil QUV 

30 Ce Boil Conditioning room 

 

 

4. RESULTS AND DISCUSSION 

4.1. Synthesis and characterization of HEPBP 

The synthesis of HEPBP was performed according to a previously reported 

procedure [29]. The chemical structures of the reactants were confirmed 

using 1H-NMR, FTIR and melting point measurements. Figure 10 presents 

the FTIR spectrum of HEPBP showing a distinct pattern around 1600 cm-1.  

These peaks represent the carbonyl peaks of the HEPBP [24] and have been 
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used when evaluating the reaction with the veneers since they can be differ-

entiated from the wood FTIR-spectrum. The peak at 1255 cm-1 [30] and the 

area around 860 cm-1 [31] correspond to the oxirane ring of the epoxy. 

 

Figure 10. FTIR spectrum of HEPBP 

In addition, UV-Vis was performed to determine the absorption of light of 

the reactants. Figure 11 presents the UV-Vis spectrum of HEPBP, showing 

that the HEPBP does have absorption in the ultraviolet region (UVA + 

UVB) as desired. The ESBO on the other hand shows very little absorption 

in comparison and is hence not shown in the spectrum. 

 

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

5001000150020002500300035004000

A
b

so
rp

ti
o
n

 (
a
.u

.)
 

Wavenumber (cm-1) 

Carbonyl triple peak, 1600 cm
-1

 

Oxirane peaks, 1255 cm
-1

 and 860 cm
-1

 



23 
 

 

Figure 11. UV-Vis spectrum of HEPBP. 

 

4.2. Performance of pretreatment  

4.2.1. Grafting  

Due to the small size of veneers used for Paper I no weight gain was meas-

ured for these samples. However, the weight of veneers for Paper II was 

measured before and after grafting and the weight percent gain of each ve-

neer was calculated. As can be seen in Figure 12, the weight gains were sig-

nificant, and varied between 16 and 31 percent. The variations in the weight 

gains could possibly be explained by insufficient stirring due to a too small 

container for the veneers. Weight gains seem slightly larger for veneers treat-

ed with the boil process (average 26 %) in contrast to the dipping process 

(average 23 %). This is most likely due to the longer reaction time for the 

boil process and possibly also due to the longer temperature increase.  
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Figure 12. Weight percent gains for veneers used in Paper II. 

It can also be mentioned that veneers grafted with the boil process had a 

brownish color whereas veneers treated with the dip process had a color 

similar to natural Scots pine. The brownish color is probably due to the cata-

lyst in combination with the solvent and the two reactants at the elevated 

temperature. As can be seen in a previous study [26], the brownish color 

only arises when a combination of the HEPBP and oil is used, and only for 

high temperatures. It is hence assumed that a combination of the abovemen-

tioned components and the increase in temperature causes the discoloration. 

4.2.2. Effect of the reaction temperature 

Previous studies on the grafting of HEPBP on wood employed acetone as 

solvent and was performed in pressurized reaction vessels [24], [25], [31]. 

These studies indicate that the reaction temperature is of great importance 

and that there is a strong relationship between the reaction temperature and 

the weight percent gain (WPG) of the veneers. Hence, by using a higher 

temperature of 120 ˚C a significant WPG was achieved [31][31]. However, 

the use of acetone in these studies also implies that a high pressure is needed 

to avoid boiling and thus the temperature effect can also be due to other 

factors such as cell wall swelling. 
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For Paper I and Paper II, the solvent used was 3-pentanone, instead of 

acetone, since this solvent has a higher boiling point (102 °C) and hence 

allows grafting at ambient pressure at different temperatures. Reactions 

number 1-5 in Table 1 were all performed using a maximum temperature of 

90 ˚C and by studying the carbonyl triple peak in the FTIR spectra of these 

reactions and comparing with the non-treated veneers, it is evident that there 

is no change in this peak (Figure 13). It is hence assumed that no reaction 

has occurred and it is thus concluded that a reaction temperature of up to 90 

°C is insufficient to obtain any significant reaction. 

 

 

Figure 13. FTIR spectrum of untreated veneer in comparison to HEPBP grafted 
veneer at 120°C and a HEPBP treated veneer at increasing temperatures. 

However, when grafting at 120˚C is considered, it is possible to see a differ-

ence in the FTIR spectra compared to the non-treated veneers, indicating 

that the reaction does occur (Figure 13). Especially noticeable is the change 

in the carbonyl triple peak at approximately 1600 cm-1, which originates from 

the grafting reactant, HEPBP. This change can be determined by studying 

the FTIR spectra of the HEPBP itself (Figure 10) and then comparing the 

grafted veneers to the unmodified wood veneers (Figure 13). Homo-

polymerization of HEPBP would result in a polymer partially soluble in ace-
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tone and should thus be washed away during extraction [31][31]. This indi-

cates that reaction does occur between HEPBP and the wood surface. 

 

 

Scheme 2. Reaction of HEPBP with OH-groups of wood components. 

According to an earlier study [30], the peak at approximately 1255 cm-1 de-

rives from a primary epoxy group, as in the HEPBP, and should hence de-

crease upon reaction, according to reaction Scheme 2. This peak could, how-

ever, not be detected for the veneers but by analyzing the solid material be-

ing formed during the grafting reactions it seems to slightly change its ap-

pearance when reaction occurs. This could be an indication that the epoxy 

groups are being consumed in the reaction. A greater change is noticed in 

the area 1150-1240 cm-1 which could also represent a decrease in the epoxy. 

This is illustrated in Figure 14.  

Another peak indicating that the epoxy is consumed during the reaction is 

the disappearance of the epoxy peak at 860 cm-1 [31]. This peak is also diffi-

cult to detect for the veneers but can be detected when analyzing the solid 

material, as illustrated in Figure 14. Consumption of the epoxy groups for 

the proposed reaction should also lead to the formation of non-cyclic ethers, 

showing absorption in the area around 1100 cm-1, which can also be seen in 

Figure 14. 
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Figure 14. FTIR spectrum illustrating temperature effect of epoxy-related peaks for 
grafted veneers in comparison to pure HEPBP 

Further evidence for temperatures ≤ 90˚C being too low are the results from 

the Size Exclusion Chromatography (SEC) measurements. Table 3 (no. 5 

and 6) indicate that a reaction performed at 90 ˚C results in a molecular 

weight approximately equal to the HEPBP itself, whereas reactions at 120 ˚C 

results in higher molecular weights, corresponding to polymers or oligomers. 

 

Table 3. Size Exclusion Chromatography results for a selection of test series. 

Name Reaction  
temperature (˚C) 

Mn (g/mole) Mw (g/mole) PDI 
(Mw/Mn) 

5 90 235 267 1.14 
6 120 1020 1390 1.36 
7 120 1568 4093 1.95 
8 120 956 1680 1.76 

 

0

0,2

0,4

0,6

0,8

750850950105011501250

A
b

so
rp

ti
o
n

 (
a
.u

) 

Wavenumber (cm-1) 

Solid material 120˚C Solid material 90˚C  HEPBP

Epoxy peak,  

1255 cm
-1

 and 1150-1240 cm
-1

 Epoxy peak, 860 cm
-1

  



28 
 

4.2.3. Effect of oil as co-reactant 

When comparing the different reactions using HEPBP and oil, both as com-

binations and separately, it is possible to see some rather clear differences. 

Starting on the molecular scale, the FTIR spectra show an interesting peak 

that is likely due to the presence of oil. The peak at 2900 cm-1 probably arises 

when the oil is attached to the wood surface, introducing new and longer 

chains of hydrocarbons (-CH-, -CH2- and -CH3) and hence slightly shifting 

part of the peak to higher wave numbers.  This can be seen when comparing 

the FTIR spectrum of the oil- and HEPBP-modified veneer to the untreated 

one, and also when studying the analysis of the reaction where only HEPBP 

was used, as in Figure 15. 

 

Figure 15. FTIR spectrum illustrating a partial shift of the hydrocarbon peak for a 
grafting reaction performed using oil and HEPBP combined.  

It was, however, not possible to establish the effect of the oil on the molecu-

lar weight of the solid material formed during the reactions (Table 3, no. 7 

and 8). One hypothesis was that the molecular weight of the solid material 

would decrease when both reactants were used, due to the decreased reactiv-

ity of the oil, but this seem not to be the case.  
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4.2.4. Effect of reaction procedure 

The two different reaction procedures used in this study were described in 

section 3.3.3 and differ only in the way the reactants were introduced to the 

wood veneers. The first procedure, used in Paper I predominantly, involves 

a considerably longer time of contact between the heated substance and the 

veneers, which could allow for more grafting. This is true to some extent but 

not as extensive as was first hypothesized. This is discussed further in sec-

tions 4.2.5 and 4.3.1. 

4.2.5. Performance after accelerated ageing 

In order to determine the actual effect of the pretreatment, the veneers were 

exposed to accelerated ageing in a QUV. During and after ageing the color 

of the veneers was measured in order to follow the color change, which 

gives an indication of the extent of degradation of the wood. A photograph 

of weathered and non-weathered samples from Paper I are shown in Figure 

16, and Figure 17 shows the results from the color measurements.  

 

Figure 16. Photograph of weathered (bottom) and unweathered (top) pine veneers 
used in Paper I. 

The color change of untreated veneers, as well as veneers from reactions 

performed using elevating temperatures, show a rapid increase when ex-

posed to UV-radiation. When HEPBP is introduced to the veneers, the color 

change becomes more gradual over the full exposure time and is consistently 

lower than for the untreated veneers (Figure 17).  
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Figure 17. Total color change of pretreated veneers before, during and after acceler-
ated ageing. 

When both HEPBP and ESBO are introduced it is possible to see a clear 

improvement of the color change when grafting at higher temperatures (102 

°C and 120 °C). Reactions performed at 102 °C show better result than reac-

tions performed at 120 °C. As already mentioned, for reactions performed at 

90 °C and lower no reaction occurs. This can also be seen in the graph of the 

color change in Figure 17, since these veneers show similar results as the 

untreated veneers.   

Comparing the HEPBP grafted with the ESBO- and HEPBP grafted ve-

neers indicates that when both reactants are used, the color change increases 

rapidly initially but then stays at a stable level, whereas when only HEPBP is 

used, a continuous increase can be seen due to a yellow discoloration from 

the start. Some of the reactions using both ESBO and HEPBP also showed 

a brown discoloration which need to be studied further.  
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4.3. Performance of pretreatment in combination with clear 
coating  

4.3.1. Coating properties 

The film thickness and the gloss of the coating was, as already mentioned, 

only measured for veneers used in Paper II since Paper I dealt with the 

pretreatment itself and not the coating. The film thickness variation is illus-

trated in Figure 18 below and show a significant variation in the film thick-

ness which could affect the performance of the samples. However, no such 

correlation has been noted at this stage.  

 

 

Figure 18. Film thickness of layer 1 and 2 for veneers used in Paper II. 

For the gloss measurements, Figure 19 shows that in most cases the gloss of 

the veneers has decreased after ageing, indicating slight degradation of the 

coating. Most obvious is, however, that some samples have increased in 

gloss whereas others have decreased. The samples increasing in gloss are 

those being kept in the conditioning room during the trial, showing that 

slightly higher values were measured at the second measurement than for the 
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first. Sample 5, 7 (Ac, dip) and 23 (Ce, dip) seem to have the largest decreas-

es in gloss, whereas 26 and 28 (Ce, boil) show very small decreases. Howev-

er, as the coatings and the two pretreatments show both large and small in-

creases in gloss, this suggests that for the gloss there are no obvious trends 

regarding certain coatings or pretreatment being better than others.  

 

Figure 19. Gloss measurements of samples used in Paper II, after accelerated age-
ing and for reference samples. 

 

4.3.2. Chemical analysis of pretreated and coated samples 

Samples were analyzed using FTIR before and after the pretreatments to 

verify the grafting of the two reactants to the surface. Figure 20 below shows 

the FTIR spectrum for samples representing the untreated, the dip grafted 

and the boil grafted veneer. The result shows that both the dip- and the boil 

process do have reactants on the surface. The large amount of reactant is 

likely due to that veneers were not extracted after reaction and hence also 

unreacted substances will be left on the surface. This large amount of sub-

stance further makes it difficult to detect any decreases of the epoxy groups 

present. Both grafted samples have the characteristic carbonyl triple peak at 

around 1600 cm-1, originating from the HEPBP, and they also show an in-

crease in the peak at approximately 1700 cm-1. This is most likely due to the 

oil, exhibiting a peak at the same wavenumber. The peak at approximately 
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1000 cm-1 arises from the wood, and the low absorbance of this peak for the 

boil process could be explained by the large amount of reactants on the sur-

face.  

 

Figure 20. Normalized FTIR spectrum of untreated, boil grafted and dip grafted 
veneers used for Paper II. 

 

4.3.3. Imaging of pretreated and coated samples 

SEM analysis was performed on samples exposed to 1400 h of accelerated 

ageing, and the results were compared to those samples being kept in the 

conditioning room for the entire trial. Two representative images are given 

in Figure 21 and show the cross section of the samples. The solid wood, the 

adhesive, the veneer and the coating can all be seen in the micrograph; how-

ever, the pretreatment was not possible to detect using these SEM images.  
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Figure 21. SEM images of sample 11 (top) and 15 (bottom), representing cond-

itioned and aged samples respectively. 

The images show slight differences, but none that can be exclusively corre-

lated to the degradation of the material. No cracks in the veneer or the coat-

ing, and no loss in adhesion; in fact, the adhesion appears to be very good. 

The vertical lines visible in the micrographs arise during the UV-laser prepa-

ration of the samples and are hence not due to degradation. As was dis-

cussed in the introduction (section 2.2), degradation of the wood starts by a 

discoloration of the wood and then continues by breaking down the lignin in 

the middle lamella, creating destruction of the cell wall (Figure 6, section 2.2 

and [32]). An indication of this can be seen for sample number 26 where 

separation between cells is visible in some areas close to the coated surface 
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(Figure 22). However, the separation could also be a consequence of the 

UV-laser procedure performed before imaging, and hence it cannot be con-

cluded that this is actually due to lignin degradation. The assumption is thus 

that no visible degradation has occurred and that longer accelerated ageing 

could be needed in order to see any distinct differences in the material.  

 

 
Figure 22. Micrograph of sample 30 (top) and 26 (bottom) representing conditioned 

and aged samples respectively. 
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4.3.4. Performance after accelerated ageing 

After approximately 1400 h of accelerated ageing, all samples still show a 

good appearance. Sample number 17, however, has two severe cracks along 

the veneer, which is most likely due to crack initiations prior to coating 

(Table 4, page 38). Despite these cracks, the color of this veneer is still good 

and surprisingly one of the best color wise (Figure 23). The two grafted 

samples showing the best result as far as color is concerned are samples 

number 5 and 7, which both have the lowest total color change. These are 

veneers pretreated using the dip process and with the acrylic coating contain-

ing double amount of UVA/HALS (Ac-coating). In general, the samples 

pretreated using the dip process show slightly better results. This is most 

likely due to that samples pretreated with the boil process has an initial 

brown discoloration which is fading in the beginning of the exposure period, 

hence creating a larger color change.   

 

Figure 23. Total color change of veneers used in Paper II, during and after acceler-
ated ageing. 
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other samples, due to their initial brownish color, but as the exposure time 

proceeds they become more and more yellow. Sample 5 (Dip and Ac-

coating) show the least yellowing and the two samples that lack pretreatment 

(Sample 2 and 17) actually has the highest increase in b*, indicating slightly 

more degradation.  

 

Figure 24. Yellowing of samples used in Paper II, during accelerated ageing. Note 
that the x-axis starts at 15 and not zero. 

The photographs in Table 4 below indicate a slight change in color. This is 

mostly evident for samples pretreated with the boil process, which seem to 

lose some of the brown discoloration as the exposure proceeds (sample 26). 

The dip-pretreated samples (not shown in the table) still show a light and not 

very yellow appearance, indicating little degradation, whereas the references 

seem to have darkened in color. Sample 11 is added to the table as a refer-

ence, since this sample has been kept in the conditioning room and not been 

exposed to accelerated ageing. 
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Table 4. Photographs of a selection of samples before and after 1400 h of accelerat-
ed ageing. 

Sample number Before QUV After QUV 

   

   

11 
  

   

17 
  

   

26 
  

 

An interesting observation is that apart from sample 17, the adhesions of the 

samples seem very good. None of the coatings have totally delaminated from 

the substrate even if the amount of pretreatment on the surface was big and 

could have caused adhesion problems. This means that the pretreatment is 

compatible with the acrylate top coat. Sample 17 do have adhesion prob-

lems, but this is caused by moisture entering through two major cracks in the 

veneer and coating layers, which was already initiated before the ageing start-

ed. 

Figure 25 below shows the FTIR spectra of samples pretreated with the boil 

process. The two samples have the same coating, however, sample 11 has 

been kept in the conditioning room whereas sample 15 has been exposed to 

1400 h of accelerated ageing. The spectrum basically shows the peaks for the 

acrylic coating on the top surface of the samples, and in some cases large 

peaks from the wood can be detected. However, no minor differences in the 

wood can be analyzed using this image. As Figure 25 shows there is no sig-

nificant difference between the two samples. No new peaks have occurred 

for the coating after ageing, indicating that no detectible degradation has 

occurred on the molecular scale.  
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Figure 25. FTIR spectra of samples pretreated using the boil process, with and 
without accelerated ageing. Note that the curves are not normalized.
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5. CONCLUSIONS 

Paper I shows that the reaction of wood and HEPBP in combination with 

epoxy functionalized soybean oil is possible, and results in grafting to the 

wood substrate. The combination of epoxy functionalized soybean oil and 

HEPBP restricts color changes of wood surfaces exposed to accelerated 

ageing and the treated veneers also show less physical damage than untreated 

samples or samples treated with only HEPBP. We also show that by using 3-

pentanone as a solvent, an increase in pressure was not required in order to 

achieve grafting. The combination of using HEPBP and epoxy functional-

ized soybean oil shows promise as a treatment for restricting the effects of 

UV radiation and water exposed to weathering. 

Paper II shows that the grafting of HEPBP and epoxy functionalized soy-

bean oil is possible for both the boil and the dip process. The latter process 

demands considerably shorter reaction times, making it more useable both 

on lab scale but also for potential up scaling. We also show that coating of 

the grafted surfaces is possible for two different acrylic coatings, where the 

adhesion between the coating and the wood surface appears uncompro-

mised. Furthermore, the study shows that after 1400 h of accelerated ageing, 

the surfaces show a slight change in color but overall very little degradation 

is detectable. This indicates that at this stage the proposed pretreatment and 

coating combination is working, although a longer accelerated ageing trial 

and an outdoor exposure test is necessary in order to confirm a long-lasting 

protection against UV degradation. 
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6. FUTURE WORK 

The first work to be performed after this study is an extended accelerated 

ageing trial and an outdoor exposure test on the two systems described in 

this thesis. This work has already been initialized and samples have been 

placed in Kioloa, Australia for approximately two years of weathering.  

Furthermore, as the component most susceptible to UV degradation in 

wood is lignin, it is of interest to try and achieve the grafting of HEPBP and 

oil on the hydroxyl groups of the actual lignin molecule. An interesting con-

tinuation of this work would hence be to investigate what the two reactants 

are actually grafted to, if it is the desired lignin, or if it is grafted to one or 

both of the other main components in wood (cellulose and hemicellulose). 

The answer to this is most likely highly connected to the availability of the 

wood components on the surface, but could also be correlated to the reactiv-

ity of the hydroxyl groups on the different components. One approach to 

establish the details of the grafting could be to graft the two components to 

model substances of lignin, and for comparison, the same could be per-

formed for hemicellulose and cellulose. Analyses using NMR and FTIR 

could then give an indication of how the HEPBP and epoxy functionalized 

soybean oil reacts with the different components of wood, and which reac-

tion is most likely and most beneficial.  

Since this study focuses only on the UV absorber HEPBP, another aspect of 

interest would be to study other UV absorbers to find out if the effect could 

be increased further. The alternatives here are to either continue using the 

benzophenones, or move on to other groups of UV absorbers, for example 

triazines or cyanoacrylates [33].  

A similar interest applies of course for the oil. Although soybean oil is com-

mercially available, it is grown and produced mostly in South America and 

needs rather extensive processing before it is used. Recent reports are also 

showing that the price for the soybean oil is increasing steadily [34]. Since 

the coating system we are aiming for will be applied and used mostly in Swe-

den and the Nordic countries it would be beneficial to use a vegetable oil 
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which is grown and produced here in Sweden. An example of such oil is 

linseed oil which is available in Sweden. This could make the product even 

more environmentally friendly. 

Connected to the two previous ideas, is of course also the interest of study-

ing another catalyst for the reaction between HEPBP/ESBO and wood. The 

current DMAP apparently does work, but limitations connected to it are, as 

already mentioned, the temperature effect and also the discolorations of the 

veneers. Other studies have comprised other catalysts which could be inter-

esting also for this project.  
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