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ABSTRACT

High temperature heat treatment of wood is an alternative to chemical treatment which

is harmful to the environment as well as human health. The heat-treated woods have higher

durability against biological attacks, higher dimensional stability, and higher thermal

insulating capacity, and attractive dark brown color compared to conventionally oven-dried

wood. Unfortunately, this dark brown color is not stable in outer environment and turns to

grey or white if not protected. Especially sunlight (UV and visible light) and water

(moisture or rain) are the two main components responsible for the discoloration of heat-

treated wood. Although numerous research studies are published which are devoted to

understanding the degradation behavior of natural wood and their protection mechanism,

few are reported on the discoloration of heat-treated wood and none is available on their

protection mechanism. Commercially available coatings are usually highly pigmented and

contain toxic compounds. This thesis focuses on the development of a transparent or

semitransparent non toxic coating to prevent or delay discoloration and degradation of

heat-treated wood. In this study, one soft wood species (jack pine) and two hard wood

species (quaking aspen, white birch) are considered.

This study has two parts. The first part is to study potential components of the

transparent non toxic protective coatings. The second part involves the evaluation of these

coatings.

Several approaches are used for the first part. The first approach is based on the

development of different organic and inorganic UV stabilizers and natural antioxidants



(bark extracts, needle extracts, and even organosolv nano lignins). The second approach is

the investigation of different inorganic micro and nano UV absorbers (micro and nano

titania particles, ZnO nano particles, and CeO2 nano particles) alone or together with

natural antioxidants. The third approach concerns with the investigation of different base

polymers (sol-gel coating, soy based polymer coating, and acrylic polyurethane coatings)

to be used with the above mentioned additives. In the second part, effectiveness of the

coatings with different additives is examined and compared with that of an industrial

coating commonly used.

The results showed that the acrylic polyurethane with bark extracts and lignin stabilizer

or with CeC>2 nano particles alone or together with lignin stabilizer performed better than

the industrial coatings considered during this study for the protection of heat-treated wood

during accelerated aging. Up to date, there are no coatings available in the market

developed especially for heat-treated woods. Therefore, this study gives an insight into the

protection mechanism of heat-treated wood. The results indicate that highly toxic and

pigmented industrial coatings could be replaced by the coatings developed during this

study as they are more effective. Bark extracts, due to their high antioxidant properties, can

be a potential additive for the wood coatings. A lot of research focuses on the inorganic

UV absorbers; however, there exist one or two studies on CeC>2 nano particles. This thesis

will provide a pathway for the use of CeC>2 nano particles in wood coatings. Therefore, the

findings of this thesis constitute a major contribution to the wood coatings industry.



RESUME

Le traitement du bois à haute température est un alternatif au traitement chimique qui

est néfaste pour l'environnement aussi bien que à la santé humaine. Le bois traité

thermiquement a plus de durabilité face à l'attaque biologique, une plus haute stabilité

dimensionnelle, une meilleure capacité d'isolation thermique et une couleur brun foncé

plus attrayante que le bois séché dans le séchoir conventionnel. Malheureusement, cette

couleur brun foncé n'est pas stable dans l'environnement externe et devient gris ou blanc si

non protégée. Particulièrement les rayons du soleil (UV et lumière visible) et l'eau

(humidité ou pluie) sont les deux facteurs principaux responsables de la décoloration du

bois traité thermiquement. Bien que plusieurs études sur le bois naturel se soient penchées

sur la compréhension de la dégradation et sur les mécanismes de protection, un nombre

très limité d'études porte sur la décoloration du bois traité thermiquement et sur les

approches potentielles de protection. Les revêtements disponibles commercialement sont

hautement pigmentés et contiennent des composés toxiques. Cette thèse met l'emphase sur

le développement des revêtements transparents ou semi-transparents non toxiques, pour

empêcher ou retarder la décoloration ou la dégradation du bois traité thermiquement. Une

espèce de bois mou (pin gris) et deux espèces de bois durs (peuplier faux tremble, bouleau

blanc) ont été considérées dans cette étude.

Cette étude est faite en deux parties. La première partie porte sur les composantes

potentielles de revêtements protecteurs transparents non toxiques. La deuxième partie traite

de l'évaluation de ces revêtements.



Plusieurs démarches sont utilisées pour la première partie. La première est basée sur le

développement de différents stabilisateurs UV organiques et inorganiques et antioxydants

naturels. La deuxième façon est l'examen de différents micro et nano absorbeurs UV

inorganiques (micro et nano particules de titane, nano particules de ZnO et CeCh), seuls ou

avec des antioxydants naturels. La troisième approche concerne l'analyse des différents

polymères de base utilisés avec les additifs mentionnés ci-dessus.

L'efficacité des revêtements avec différents additifs a été examinée dans la deuxième

partie et comparée à celle d'un revêtement industriel couramment utilisés. Les résultats

démontrent que l'acrylique polyuréthane avec l'extrait d'écorce et le stabilisateur de la

lignine ou avec les nano particules de CeÛ2 seul ou avec le stabilisateur de la lignine

performent mieux que le revêtement industriel considéré lors de l'étude de la protection du

bois traité thermiquement pendant le vieillissement accéléré. Jusqu'à présent, aucun

revêtement développé spécialement pour le bois traité thermiquement n'est disponible sur

le marché. Cette étude fournit donc un regard sur le mécanisme de protection du bois traité

thermiquement. Les résultats indiquent que les revêtements industriels pigmentés et

hautement toxiques peuvent être remplacés par des revêtements développés lors de cette

étude parce qu'ils sont plus efficaces. Les extraits d'écorces, à cause de leurs propriétés

hautement anti-oxydantes, peuvent être un additif potentiel pour le revêtement du bois.

Bien que plusieurs recherches se concentrent sur l'absorbeur UV inorganique, il existe

cependant une ou deux études sur les nano particules de CeO2. Cette thèse pave la voie à

l'usage des nano particules de CeC>2 dans le revêtement de bois. Par conséquent, les

IV



résultats de cette thèse constituent une contribution majeure pour l'industrie du revêtement

de bois.
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Chapter 1

INTRODUCTION

Mankind from the primitive age is highly dependent on forests and the wood they

produce. Wood has been used as a building material for houses, boats, roads, bridges,

agricultural implements and tools, furniture and thousand others from prehistoric and

historic periods to the very modern day society. Wood was not only used as a building

material but was the main source of fuel in the beginning of mankind survival. It also

gained importance for the production of charcoal, tar and pitch, and potash as a chemical

raw material. In addition, its use as the basic substance for pulp and paper industry should

not be overlooked

In 2010, world consumption of fuel and charcoal was a little more than half of the

world's wood consumption whereas 25% of world's wood harvest was accounted for

construction and building industry. Out of 3.2 billion cubic meters of wood consumption,

0.15 billion cubic meters was used as source of pulp in 2009 (Figure 1.1). Increased

demand of industrial round wood and continuous decrease in supply due to

industrialization and deforestation of limited natural resources forced wood industries to

consider different options in order to increase the durability of this natural product in

construction and building industry.
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Figure 1.1 Wood consumption since 1991 (FAOStat 2009)

Wood is world's most important building material and the wood industry is one of the

major industries in North America, especially in Canada. The Canadian sawmills and wood

preservation industry contributed nearly $7.6 billion to the national Gross Domestic

Product (GDP) in 2006. This is equivalent of 4.4% of the manufacturing sector's GDP, and

0.7% of the entire Canadian economy. This industry is also a key player in the export

market, accounting for more than 4% of total Canadian merchandise exports [1]. It is also

of utmost importance to the economy of the Saguenay-Lac-St-Jean region.

Wood is a naturally occurring polymer composite, constituted mainly of

polysaccharides and polyphenolics including three biopolymers: lignin, cellulose and

hemicelluloses [2-5]. Cellulose, a long, linear cellobiose-based homopolysaccharide

composed of P-D-glucopyranose units linked together by (1�>4)-glycosidic bonds, is the

main component of wood and constitutes 40-45% of the wood substance. Cellulose

molecules are randomly oriented and have a tendency to form intra- and intermolecular



hydrogen bonds. In contrast to cellulose, hemicellulose consists of branched

heteropolysaccharides mainly the sugars, D-xylopyranose, D-glucopyranose, D-

galactopyranose, L-arabinofuranose, D-mannopyranose, D-glucopyranosyluronic acid, and

D-galactopyranosyluronic acid with minor amounts of other sugars, surrounding the

cellulose fibers and have a degree of polymerization of only 200. The hemicellulose

content of wood is usually between 20-30%. Lignin, on the other hand; is an amorphous

polyphenolic aromatic 3D polymer based on polymerization of three poly propanoid units.

It mainly acts as a binder between the cells and essentially plays the important role of

strength provider [6-10]. Lignin content of normal softwood varies between 26-32% while

that of hardwood varies between 20-25% [10]. Unlike cellulose which has a single

repeating unit of the hemicelluloses, lignin consists of a complex arrangement of

substituted phenolic units.

1.1. Background

Wood preservation is a very important and cost bearing part for wood industries. Since

wood is a biological material, it tends to deteriorate with time without proper preservation

techniques and material loss due to deterioration is a big problem for wood industries. At

this stage, wood deterioration is caused by mainly biological attacks. There are several

wood preservation techniques available in the market. Chemical treatment is one of the

most useful and practiced method. In the late 1940s and early 1950s, creosote and

creosote/petroleum mixtures received high attention for wood preservation and are still

practiced by Canadian wood industry mainly for railway roads, utility poles, and marine



structures. It was later replaced by pentacholorophenol in P9 type A oil mainly for utility

poles in 1970s, which later substituted by cromated copper arsenate (CCA). Until 2003,

CCA treatment was the main wood preservation technique in Canada which was replaced

recently by alkaline copper quaternary and copper azole due to its high toxicity. These

amine copper-organic co-bioside systems are more corrosive than CCA. All these

chemicals are toxic in nature, and they affect environment and human health adversely.

Motivated by growing environmental concerns and growing demand for sustainable use

of natural resources, there are many studies on new technologies for enhancing durability

and service life of wood due to its unique properties (e.g., wood is recyclable, renewable,

and biodegradable) [8, 11, 12]. High temperature heat treatment of wood is a viable and

environment-friendly wood preservation method, and it is one of the alternatives to

chemical treatment which is harmful to the environment as well as to human health [13].

Heat treatment modifies wood both physically and chemically. The heat-treated woods are

highly popular among consumers because of their attractive dark brown color. In addition,

it is also dimensionally more stable and less prone to biological attack compared to natural

wood due to decrease in hygroscopicity during heat-treatment [13-23]. The heat treatment

also improves thermal insulating capacity of wood by modifying its chemical structure.

High temperature heat treatment of wood leads to decrease in amorphous polysaccharide

content, condensation and demethoxylation of lignin, softening of cellulose and

hemicelluloses structure, and removal of certain extractives. Although high-temperature

heat treatment has many advantages, it does not restrain the heat-treated wood from aging.

On prolonged exposure to outer environment without any protection, these heat-treated



woods undergo several chemical modifications which manifest itself with color change,

loss of gloss, and formation of cracks on the surface. Aging of heat-treated wood differs

from untreated wood due to the condensed structure of lignin and presence of antioxidant

compound, consequent to the thermal modification [24-26]. Modified structure of lignin in

heat-treated wood could partially inhibit UV-light-induced free-radical reactions due to

reduction in leaching of degraded product and decrease in the formation of low molecular

weight degradation products such as quinones [26].

1.2. Statement of the Problem

From the end user's perspective, heat-treated wood is a very beneficial product that has

good outdoor fungal resistance, improved swelling and shrinkage properties although less

strength and flexibility compared to untreated wood. The main application of these heat-

treated woods is for decorative purposes as building material. For the outdoor application

of wood, it must satisfy a number of criteria most importantly a prolonged exposure to the

outer environment without much degradation. In the natural outdoor environment, heat-

treated wood surface undergoes varieties of chain scission reactions due to environmental

stresses if not protected with coating. Photo-oxidation of wood refers to a process where

this polymer undergoes chemical modifications such as bond cleavage and hydrogen

abstraction resulting in radical formation, formation of peroxides with oxygen, and finally

decomposition resulting in production of colored and hydrophilic by-products, known as

chromophores. These modifications induce surface property changes leading to

discoloration, increased water sensitivity followed by hydrolysis, leaching, and cracking.



Apart from a decrease in methoxyl content, and an increase in carboxyl on the wood

surface, photo-degradation also results in an increase in cellulose and a decrease in lignin

concentration on wood surface [11, 27, 28].

With the move towards value-added products as well as higher quality product

specifications, discolorations have become an important economic problem. Therefore,

color defects are less tolerable, and they ultimately lead to deterioration of various

physical, chemical, and biological properties of heat-treated wood. Wood discolorations

can affect the natural appearance of many wood species causing considerable economic

problems to the wood industry, especially for heat-treated woods as they are mainly used

for decorative purposes. Since heat treatment does not protect wood from UV,

development of UV protective coating is of utmost importance to improve the durability

and service life for this new product.

In order to prevent photodegradation of the natural wood used in outdoor applications, a

great deal of effort has been put forward for the development of protective systems [29].

Numerous researchers work in different directions with similar objectives. A part of the

research is directed towards the treatment of natural wood with inorganic substances (ferric

chloride, chromium trioxide, zinc oxide, titanium oxide) which imparts some beneficial

properties but also imparts some unwanted stain on the wood surface. On the other hand, a

wide variety of wood finishes are available such as paints, solid color stains, and semi-

transparent coatings. However, these cover the natural beauty and color of wood. In

addition, most have toxic components. Although a lot of literature is devoted to the



development of coatings for the protection of natural wood, to our knowledge, there is no

study reported on the protection of heat-treated wood.

When choosing a wood finish, there are two elements to consider: aesthetics and

protection. These two qualities can sometimes be conflicting. Aesthetically, there is a

growing trend among consumers to maintain the clear natural look of wood. However, the

best protection from the sun's ultraviolet radiation is obtained from pigmented products

which tend to cover the wood's natural grain and texture. Thus, the problem lies in

balancing aesthetic and protection. Protective coatings should [30]:

�S have photochemical resistance,

�S dampen the variations of wood moisture content

S prevent the growth of dark color fungi and

S be weather resistant

The chemical modification and mechanical breakdown at the wood and clear or

semitransparent coating interface due to UV radiation of sunlight often result in the failure

of coatings [6, 30] (See Figure 1.2). In order to overcome this problem, UV light should be

screened before reaching the wood surface. To enhance the durability of protective

coatings, light stabilizers, UV absorbers, and antioxidants are incorporated in coating

formulations as additives. UV absorbers are inorganic and organic materials which

preferentially absorb the UV radiation and prevent the excitation state, thus, they protect

the coating [31, 32]. Light stabilizer must be effective over a long period of time and must

not, therefore, degrade, evaporate from the matrix, and be leached out by solvents from the

material [33, 34]. Furthermore, the additive must be uniformly distributed, which requires



its compatibility with the base polymer. For UV protective coatings, both inorganic and

organic UV absorbers can be used, but no single UV absorber exhibits an ideal absorption

in the desired range. Different combinations of organic and inorganic UV absorbers are

studied in the search for efficient UV protective coatings [35]. Natural antioxidants also

stabilize UV protective coatings by transforming hydrogen peroxide into a more stable

product. Therefore, the effects of antioxidants on protection of heat-treated wood surface

from UV degradation are also studied.
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Figure 1.2 Factors influencing wood and coating [6]



1.3. Objectives

The main objective of this doctoral research project is to protect the heat-treated wood

in an outdoor environment from mainly two important aging factors, UV light and water.

In order to achieve this goal, development of a non-toxic and transparent coating which

can prevent the color change for long periods without altering the heat-treated wood's

natural color is the most important part. Several specific objectives have been listed below

to achieve the main objective of this project:

I. to synthesize and investigate the efficiency of sol-gel coatings alone or

together with organic UV absorbers in order to enhance the exterior durability of

heat-treated wood,

II. to extract natural antioxidants and investigate their effectiveness alone or

together with other organic and inorganic UV stabilizers for photo protection of

heat-treated wood,

III. to study different base polymers (soy polymer, acrylic polyurethane) in

order to find the best suitable polymer to be mixed with UV protection agents for

the protection of heat-treated wood,

IV. to study the affinity of newly developed coatings for different heat-treated

wood species, e.g., jack pine, quaking aspen, and white birch,

V. to perform accelerated aging tests with coated and different heat-treated

wood species (jack pine, quaking aspen and white birch) to examine the usefulness

of the developed coatings during this study and compare their performances with

each other as well as with those of the commercially available coatings, and



VI. to study the degradation behavior of the coated heat-treated wood surface

and wood-coating interface by carrying out different morphological and

compositional studies at different stages of accelerated aging tests.

1.4. Scope

There is no specific information in the literature concerning the protection of heat-

treated wood from UV light and water. The majority of the research was carried out with

untreated wood. Therefore, the originality of the project lies in the development of

protective coatings for heat-treated wood and investigating their protection mechanisms.

Since heat-treated wood is a green product, no chemicals are used for the heat treatment.

Therefore, the main challenge was the development of a non-toxic natural coating with

minimal use of chemicals. Also, this coating should be as transparent as possible because

consumers buy the product due to its attractive color. Balance between aesthetics and

protection was another challenge for this work as they are usually opposing each other.

Highest protection can usually be achieved with opaque and highly pigmented coating

whereas transparent coatings keep the natural look of heat-treated wood. For this purpose,

the effect of UV stabilizers in different polymer coatings (soy-based and acrylic

polyurethane) on the color change of heat-treated wood have been studied on three

different North American wood species- jack pine, quaking aspen, and white birch-upon

prolonged exposure to accelerated aging.

This thesis consists of five chapters. Detailed literature review is discussed in chapter 2

after a brief background given on wood in this chapter. The experimental materials and
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methods are given in chapter 3. Chapter 4, the results and discussions part, consists of six

major subdivisions. In the first subdivision, different methods for calculating surface

energy of coated heat-treated wood are compared. The development of natural antioxidants

and their characterization is the subject of the next subdivision followed by effectiveness

of sol-gel derived nano coatings on heat-treated jack pine. In the following two

subdivisions, degradation of soy polymer and acrylic polyurethane coated heat-treated

surfaces during accelerated aging tests are presented, respectively. This chapter ends with

the results of the study on fungal degradation of coated heat-treated surface before and

after aging. Finally, in the last chapter, the conclusions and recommendations are given.
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Chapter 2

LITERATURE REVIEW

In this chapter, a detailed literature review is presented.

2.1. Wetting, Contact Angle, and Surface Tension

Great attention has been paid to wetting processes in literature on the surface properties

of wood and multiphase systems [36]. The wetting behavior is important in order to know

the surface properties of wood and also to assess the adhesion of paints or coatings which

are used to protect wood from environmental degradation. In literature, the term wetting is

defined in many ways. Simply it is what happens when a liquid comes in contact with a

solid surface [37]. As reviewed by Stehr and coworkers [38], Berg has defined wetting as

"macroscopic manifestations of molecular interactions between liquids and solids in direct

contact at the interface between them". For rough and porous materials, such as wood,

several wetting phenomena may occur. The term wetting includes (1) the formation of a

contact angle, at the solid/liquid/fluid interline, (2) the spreading of liquid over solid

surface, and (3) the wicking (penetration) of liquid into the porous solid. The wetting

behavior of wood is dependent not only on the chemical composition of wood, but also on

the surface roughness of the wood, the density of wood (i.e., early wood or late wood),

porosity, heterogeneity, bulk sorption, liquid viscosity, reorientation of the functional

12



groups at the wood-liquid interface, and influences related to the contamination of the

liquid by wood extractives.

The first widely accepted relationship between interfacial tension and contact angle for

a liquid drop on a solid surface was expressed by Young's Equation [39] as suggested by

Young in 1805 [40]:

* k - YSVo + YLVcos8 = 0 [2.1]

where: Ysy0: Interfacial tension between solid and vapor

YSL- Interfacial tension between solid and liquid (also called surface energy)

YLV: Interfacial tension between liquid and vapor (also called surface tension)

0: Contact angle

Later in 1869, Dupré [41] developed an equation for the thermodynamic energy of

interaction, which is widely known as work of adhesion, WA

WA = YSV + YLV-YSL [2.2]

As can be seen from Equation 2.2, the work of adhesion is a simple summation of the

energy per unit area involved when a surface is destroyed or created by separating a liquid-

solid interface. Combining equations [2.1] and [2.2]:

wA = YLV(1 + cosO) [2.3]

This relationship is most commonly known as Young-Dupré equation. The phases are

mutually in equilibrium and the designation Fsvo indicates that the solid surface is in

equilibrium with the saturated air. If 7t° is adsorbed film pressure, then

YLVcos9 = YS- YSL ~ n° [2.4]

where
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= ff�ndlnP [2.5]

where P°: Vapor pressure of the pure liquid adsorbate

P: Pressure of the adsorbate vapor

£: Specific surface area

n: Moles adsorbed per gram.

The methods of modifying the wettability of solid surface by the adsorption from a

solution of oleo phobic monolayers of oriented polar compounds were reported in the

literature. In this case, a drop of liquid placed on the treated sample remained as a discrete

droplet and exhibited a finite contact angle. Fox and Zisman in 1950 [42] studied the

wetting of such low energy surfaces with a wide variety of liquids which were not good

solvents for the monolayers. Later in the 1960 Good and Girifalco [43] proposed a theory

for the estimation of surface and interfacial energies as shown below:

YAB = YA + YB- Z&ÇTAYB)1/2 [2.6]

where A, B refer to two phases (solid and liquid), and

O: ratio involving the free energies of adhesion and cohesion for two phases.

In the zeroth order approximation, <D is equal to unity. In the first order approximation

for regular interfaces, the value of <I> is given by the equation 2.7 [44]:

where V is the molar volume.

When VA and VB are not extremely different, the value of O is close to unity. A

unifying theory was needed which could take the different types of intermolecular forces

14



between a solid and a liquid into account. Fowkes in 1964 [45] developed a theory to

predict the effect of interfacial attraction on the tension of the interface, which could be

calculated by the geometric mean of the dispersion force components of the interfacial

tensions of the two phases. He assumed that the total free energy at a surface is equal to the

sum of contributions from the different intermolecular forces at the surface as shown

below:

r iv = ri + rp
L [2.8]

where Yi : Dispersion forces

Y"LP: Polar forces

Fowkes [45] proposed the following geometric mean relationship for the prediction of

intermolecular forces by considering only dispersion forces involved in the interaction of

solid-liquid interface:

ySi = Ys + YLV-2{Yd
sri)

112 [2.9]

By combining equation [2.1] and [2.9] and assuming Ys = YSVo, an expression is derived

which is often known as Fowkes's relation:

YLV(1 + cosd) = 2(Yd
LY$)V2 [2.10]

In order to determine the non-dispersion forces of attraction, Tamai and co workers

have modified Fowkes's equation by including a general term Ii2P to represent

electrostatic, metallic, hydrogen bonding, and dipole-dipole interactions [46]. The

modified equation becomes:

Ysi = yS + y iv - 2(Yd
sY

d
L)

l/2 - IP
SL [2.11]
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Owens and Wendent [47] further modified equation [2.11] by introducing the polar

force contribution which was presented by the geometric mean of the polar components.

Thus the equation [2.11] became

YLV(1 + cosO) = 2(Yd
sY

d
L ) 1 / 2 + 2(YP

SY
P

L)1/2 [2.12]

where Yj denotes the polar component of surface energy.

The geometric mean relationship was further improvised by using a reciprocal mean or

harmonic mean by Wu [48]. He indicated that the harmonic mean model shown below

gave better result which was further proved by Nguyen and Jones [46]:

r � 4Y^L 4 Y ^

SL -
_L v SL SL n m
+ ^LV - YdYd ~ ~rPW i2-^}

'srL * S*L

This was further innovated considering the Lifshitz-van der Waals and polar

interactions by Van Oss and coworkers [49]. The equation [2.14] was developed by taking

into account the acid-base components of solids and liquids

(i + COSB)YL = 2qr$wrlw + JYJYÏ + Jrfn) [2.14]

where Y£w : Lifshitz-van der Waals component of solid surface energy

Ŷ + : Electron donner component of solid surface energy

Yf: Electron acceptor component of solid surface energy

Thus, by contact angle (0) measurement with three different liquids (of which two must

be polar) with known Yj;w , Yg" and values, Yf using Equation [2.14] three times, the Y$w,

Ys~ and Yf of any solid can be determined.
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They had also derived the following equation which can be used in interpretation of

contact angle data

Y = YLW + YAB [2.15]

The polar component of the free energy of cohesion of any compound is given by:

YA
L

B = 2^fffFL [2.16]

Based on these theories, a wide range of publications are devoted for the experimental

work aimed at understanding the surface chemistry of wood and the adhesion and

gluability of different molecular probes, coatings, and resins.

The anatomical wood structures have a complex surface morphology due to the non

homogeneity, at the macro-, micro-, as well as sub micro-structural level. The chemical

composition of wood is reflected by the free surface energy. The free surface energy of

materials is result of unsaturated fields of force belonging to the surfaces of these

materials.

The contact angle of a liquid with a solid surface is a convenient measure of wettability;

it is an indicator of the affinity of a liquid for a solid [37]. When a liquid does not

completely spread on a substrate (usually a solid), a contact angle (0) is formed, which is

geometrically defined as the angle on the liquid side of the tangential line drawn through

the three-phase boundary where a liquid, gas and solid intersect, or two immiscible liquids

and solid intersect (Figure 2.1). The complete spreading corresponds to a contact angle of

0°.
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Figure 2.1 Contact angle and interfacial tensions at equilibrium

Contact angle measurements are reported in the literature in several ways.

a) The static sessile drop method - In the static sessile drop method the contact

angle of a pure liquid drop on solid substrate is measured by contact angle

goniometer, after an equilibrium contact angle is reached.

b) The dynamic sessile drop method - The dynamic sessile drop method is

similar to that of static sessile drop method. However, the change of contact angle

with time data is measured.

c) Dynamic Wilhelmy method - For dynamic Wilhelmy method, wetting force

on the solid substrate is measured by immersing the solid into a liquid or

withdrawing it from a liquid of known surface tension. In this case, advancing and

receding contact angles are measured.

d) Single-fiber Wilhelmy method - When dynamic Wilhelmy method applied

to single fibers to measure advancing and receding contact angles, it is known as

Single-fiber Wilhelmy method.

e) Powder contact angle method - This method enables measurement of

average contact angle and sorption speed for powders and other porous materials.
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When the liquid is put in contact with powder, liquid penetrates through its porous

structure. Measuring the weight change with time gives the quantity of liquid

penetrated. Then, the contact angle can be calculated from Washburn equation

using the measured weight data as given below:

T = [Ti/C.p2 .y.cos0].M2 [2.17]

The terms are defined as follows:

T = time after contact

r| = viscosity of liquid

C = material constant characteristic of solid sample

p = density of liquid

y = surface tension of liquid

9 = contact angle

M = mass of liquid adsorbed on solid

The determination of surface energy of solids is indirect and complicated. One of the

first approaches to the characterization of low-energy solid surface was an empirical one

developed by Fox and Zisman [42]. They established that a linear relationship often existed

between the cosine of the contact angle of several liquids and their surface tension. Zisman

introduced the concept of critical surface tension, which represents a value of the surface

energy of an actual or hypothetical liquid that just spread on the solid surface (complete

wetting), giving a zero contact angle [50]. The meaning of "critical surface tension" is not

the surface energy of the solid but only an empirical parameter closely related to this
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quantity. However, Zisman [51] reported critical surface tension as even more useful

parameter because it is a characteristic of the solid only [52].

A severe contamination of some probe liquids was reported in reference [53] during

wetting measurement on non-extracted wood by Wilhelmy method. The contamination

was detected as a decrease in the surface tension, which was caused by dissolution or the

presence of wood extractives at the wood-liquid interface or at the wood-liquid-air

interline. Though Meijer et al. [54] had the same results for probe liquids but they did not

found any influence of extractives on the penetration of wood coatings into the surfaces.

Direct measurement of a contact angle of liquid on wood is very difficult as wood interacts

with many liquids and the contact angle starts changing soon after contact. To overcome

this difficulty a direct image analysis method was first used at a forest product laboratory

[55] to measure the contact angle and was compared with the result of modified Wilhelmy

procedure.

Liptakova and Kudela [36] studied the change of water droplet shape with time on

microtomed beech wood and observed a distinct decrease of the apparent contact angle

with time. Mantanis and Young [39] measured the thermodynamic work of adhesion,

contact angle, wettability, and acid base contribution of the wetting of four North

American wood species (Sitka spruce, Douglas fir, sugar maple, quaking aspen) using the

Wilhelmy technique. All the wood surfaces had very strong acidic character according to

their study whereas Gindl and his co workers [56] found higher basicity component of

Norway spruce, larch, beech, and oak. The wetting behavior of sanded wood surfaces was

compared with that of the microtomed surfaces of four different wood species (Norway
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spruce, larch, beech and oak) by Gindl et al [56]. It was shown that there was a significant

influence of the mechanical treatment on the surface energy and all its components

whereas differences among wood species were significant only for the total surface energy

and its electron donor component. A higher basicity component was also reported for all

wood species than the acidity component based on contact angle obtained by the

application of the van-Oss et al, [49] approach. Liptakova et al [57] found that type of

wood surface treatment as an important factor influencing the wetting process since

mechanical treatment of wood surface not only modifies morphology, but also changes

chemical composition of surface layer by increasing lignin content of the wood surface.

The same observation was also supported by Sinn et al [58]. They investigated the changes

in surface properties of wood (Norway spruce and Beech) due to utilization of different

grain sizes during sanding, and they found maximum surface energy at the mean grain size.

A hypothesis describing tip crack generation during different machining operations on

sapwood of pine surfaces and the differences between the pith side and bark side were

investigated by Stehr and Ostlund [59]. The wetting dynamics of phenol resorcinol

formaldehyde, polyvinyl acetate, and a series of probe liquids on sawed, planed, sanded,

and razor blade cut wood surfaces of Southern pine were studied by Stehr et al [38]. The

fastest wetting of probe liquids occurred on the sanded surfaces because of the greater

surface roughness, resulting increase in capillary forces as compared with the other

smoother surfaces. This was in good agreement with the results obtained by Scheikl and

Dunky [60], A similar result was achieved by Hse [61]. He found a lower contact angle on

rougher early wood than on the smoother latewood which was also supported by Jinzhen
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and Kamdem [62]. But Stehr et al. [38] concluded that a smoother surface improved

wetting and penetration properties for high viscosity liquids such as adhesives. It was

reported by Scheikl and Dunky [60] that there was no influence of wood moisture content

on wetting.

The wettability of four different European heat-treated wood species (pine, spruce,

beech, and poplar) was studied by Pétrissans and coworkers [63] and a declination in

wettability with the heat treatment was reported which was in good agreement with the

results obtained by Hakkou et al [64, 65]. Surface free energies of pine and beech wood

were investigated before and after heat treatment using the Lifshitz-van der Waals/acid-

base approach by Gerardin et al. [66]. They found that the decrease in electron-donating

part of the acid-base component of surface energy was the major parameter affecting the

wetting of the modified wood's surface.

A decrease in the total surface energy with surface aging was reported by Sinn and

coworkers [58]. Kalnins and Feist [67] suggested that aging of wood increases the

wettability by 1) reducing or removing the water repellent effect of extractives; 2)

degrading the hydrophobic lignin component of wood; and 3) allowing cellulose to become

more abundant on the surface. It is likely that major differences exist between species of

wood. The feasibility of UV light exposure for the activation of wood surface to increase

the wettability, using radial and tangential surface of two wood species, spruce and teak

were assessed by Ginld et al. [68]. At specific UV light, the surface energy, especially that

of the base component of wood, increased significantly, i.e., it improved the adhesion

properties of wood.
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As reviewed by Liptakova and Kudela [69], the surface energy of coating material

increased after drying compared to that of the liquid containing state which was due to the

increase in their polar shares by keeping the disperse share almost similar. Also during

drying, interactions between polar components of surface energy of the adjacent phases

increase the work of adhesion between coating material and wood surface. The degree of

coating penetration is an important aspect of coating performance, and it highly depends on

type of coating, type of formulation used, and anatomical structure of wood. Richter et al.

[70] investigated the effect of surface roughness on paint performance and found better

paint performance on sanded wood which needed relatively low quantity of paint. Similar

results were reported by Moura and Hernadez [71] who have investigated varnish coating

performance for two surfacing methods on sugar maple wood. As mentioned by de Meijer

et al. [54], coating penetration not only depends on the anatomical structure of wood but

also on the ability of the coating to flow through the lumen of ray cells or tracheid. The

coating flow through the wood capillaries is influenced by viscosity, surface tension,

drying rate of the coating, the ratio of solid to liquid material, presence of pigments, and

diameter of wood capillaries [72]. Rijckaert et al. [73] found that penetration of water-

borne paints was less than the solvent borne paints which was well supported by the work

of de Meijer and his coworkers [54, 74].

Hora [75] introduced a method for determination of lifetime expectation of exterior

wood coatings by the use of water uptake rate and the dynamics of a liquid water drop

contact angle. It was also reported that for a short measuring time the contact angle was
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proportional to the square root of time and the drop spreading took place due to the

isotropic diffusion process.

2.2. Aging of Wood

Within the competitive materials such as concrete, metals, and plastics, wood has a

distinguished place due to its physical properties and warm appearance. When exposed to

solar irradiation, natural wood undergoes photochemical reactions which lead to significant

changes in its appearance such as discoloration, loss of gloss and lightness, roughening and

checking of surfaces, and destruction of mechanical and physical properties [11, 26, 29].

There have been many studies in the past on the investigation of the mechanism of wood

aging, and it has been clearly shown that the absorption of a UV photon can result in

formation of a free radical, and that through the action of oxygen and water, forms

hydroperoxide. Both the free radical and hydroperoxide can initiate a series of chain

scission reactions to degrade the polymeric components of wood [76].

2.2.1. Factors Affecting Wood Aging

The deleterious effect of wood aging has been ascribed to a complex set of reactions

induced by a number of factors. The aging factors responsible for changes in wood

surfaces are solar radiation (UV, visible, and IR light), moisture (dew, rain, snow, and

humidity), temperature, and oxygen. UV portion of the solar radiation and moisture are the

most important parameters contributing to wood aging [24]. UV radiation has sufficient

energy to chemically degrade wood's structural components (lignin and carbohydrates)
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[33, 77, 78]. The short wavelengths of visible portion of sunlight also cause surface

changes in wood [11]. These wavelengths do not directly initiate wood degradation;

however, they enhance the photochemical reactions once they are already started [79].

Besides sunlight and water, oxygen molecules are among the most ubiquitous in nature

[3,10]. They play a unique role in many photophysical and photochemical processes. In

addition, there is considerable evidence that many photo-oxidation reactions involve the

low-lying singlet states of oxygen as intermediates [28]. Peroxide formation occurs in

cellulose and lignin upon photoirradiation in the presence of oxygen. The deterioration of

wood surfaces during the aging process may be the consequence of free radical chain

reactions, initiated by active immédiates generated by the decomposition of photo-induced

hydroperoxides [80]. Heat may not be as critical factor as UV light or water, but as the

temperature increases, the rate of photochemical and oxidative reactions increase. Freezing

and thawing of absorbed water can also contribute to wood checking [11]. Moreover, an

additional aging factor, atmospheric pollutants such as sulfur dioxide, nitrogen dioxide,

and ozone in the presence or absence of UV light, also affect the wood aging process [3,

11,28].

2.2.2. Chemistry of Wood Aging

Among the wood components, lignin is a very good UV absorber due to the presence of

chromophores with aromatic conjugated bond systems and carbonyl groups in lignin

structure [3, 11]. The ultraviolet portion of the sunlight, which penetrates approximately

75 urn, is responsible for the primary photochemical process. Lignin contributes 80�95%,
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carbohydrates and extractive contributions are 5-20% and 2%, respectively, to the total

UV absorption of wood [33, 78, 81]. Photo-oxidation of lignin refers to a process where

this polymer undergoes chemical modifications such as bond cleavage, and hydrogen

abstraction resulting in radical formation, formation of peroxides with oxygen and finally

decomposition with production of colored and hydrophilic by-products, so called

chromophores [11, 27, 28]. Four reaction pathways for lignin have been identified by

Schaller and Rogez [8]: (/) phenoxyl free radical formation due to direct absorption of UV

light by conjugated phenolic groups, (if) abstraction of phenolic hydrogen as a result of

aromatic carbonyl triplet excitation to produce a ketyl and phenoxyl free radical, (//'/)

cleavage of non phenolic phenacyl-a-Oarylethers to phenacyl phenoxyl free-radical pairs,

and (iv) abstraction of benzylic hydrogen of the a-guaiacylglycerol-P-arylether group to

form ketyl free-radicals which then undergoes cleavage of the p-O-4 arylether bond to

produce an enol and phenoxyl free-radical. The enol eventually tautomerizes to a ketone.

Alkoxyl and peroxyl free-radicals produced from the reaction of oxygen and lignin free-

radicals, react with the phenoxyl free-radicals to produce colored chromophores, e.g.,

quinoides, aromatic ketones, aldehydes, and acids as photo degradation products [8]. The

mechanism behind natural wood aging is well understood and reported in detail in

literature. But very few studies were reported on heat-treated wood aging [24, 26, 82].

Nuopponen and his coworkers [26] found that condensed structure of lignin in heat-treated

wood prevents leaching of degradation products which eventually results in enrichment of

the heat-treated wood surface with aromatic and conjugated carbonyl products compared to

the surface of the reference sample enriched mainly with cellulose after aging. Ayadi et al.
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[24] reported an increase in phenolic antioxidants during heat-treatment of wood which,

according to them, provides better resistance against aging compared to natural wood.

2.3. Stabilization Methods of Wood Aging

In order to extend the durability of wood, different stabilization methods are reported in

literature though very few studies are found on heat-treated wood. In this section, these

stabilization methods are discussed.

2.3.1. UV Stabilizers

2.3.1.1. Organic UV stabilizers

The organic chemical additives are of two types -UV absorbers (UV-A) and hindered

amine light stabilizers (HALS) (Joint Coatings/Forest Products Committee, 2000).

UV absorbers have been used in order to reduce the damaging effects of UV light and

conserve the properties of the materials. In order to offer an effective protection against

UV irradiation, one of the requirements for the UV absorber molecules is the ability of

transforming the absorbed radiation energy into less damaging thermal energy via a photo-

physical process [83]. UV absorbers are organic or inorganic compounds which can

absorb, in the best cases, all UV light (X<400mm). They are transparent for all visible light

(k >400mm) and convert the excitation energy entirely into heat. It was demonstrated by

Aloui et al. [84] that UV absorbers can improve the durability of wood clear coating

systems by inhibiting the formation of cracks.
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UV absorbers must possess an efficient mechanism of energy dissipation other than

radiation. Absorption of UV light promotes organic molecules from the electronic ground

singlet state SO into an excited electronic state (S1 or higher). There are different ways to

dissipate this energy. The most important energy dissipation mode is internal conversion

followed by vibronic relaxation. In contrast to the energy of excited electrons, vibrational

energy can be dissipated into heat via collisions with the surrounding medium. The

electronic excitation of the UV absorber can be transferred into vibrations via an intra-

molecular process called internal conversion. The probability for internal conversion is

strongly enhanced when the molecule in its excited electronic state can switch between

isomeric structures such as by cis/trans-isomerization or by intra-molecular H-transfer. UV

radiation is absorbed and this leads to the excited state SI. Within a very short time, in the

order of 10-12 seconds, isomerization takes place. During this short time span no other

chemical reactions can be triggered. After the energy is dissipated vibronically,

isomerization takes place back to the original ground state SO. This isomerization is also

referred to as photo-tautomerism. The structural elements involved are indicated in the

Figure 2.2.

28



H-O R,

B,

Normal tonn

hv
R,

Photo-isomer Rl

Normal form
Excited state

Energy

hv

H-O B, S ,

Unstable photo- s- . > . �
i some r in ,""°. .«f

!]

Vf
cT �> excited state

Normal form
Ground state

W * * Unstable photo-
- isomer in

ground slate

1 cyc le takes 1 0 1 2 to 1 0 1 0 s e c o i d s

Figure 2.2 Mechanism of dissipation of energy for an UV absorber with an intra-molecular

hydrogen bond (webinar ATLAS. 2008)

Light stabilizers are also used to prevent the effect of UV irradiation on color and other

properties of materials. A particularly important consideration in the selection of light

stabilizers for wood or plastic materials is the permanence of the stabilizer itself, especially

under higher intensities of UV-B irradiation. Conceptually, the light stabilizer is slowly

depleted on exposure either due to slow leaching out of the organic material or due to

photochemical breakdown by UV-B [85].

HALS does not absorb UV radiation, but act to inhibit degradation of the polymer. They

slow down the photochemically initiated degradation reactions. Because of the

regenerative nature of this radical scavenging process. HALS plays an important role in

preventing wood degradation (Figure 2.3).
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Figure 2.3 Mechanism of HALS action in removing free radicals from photodegrading

materials (Webinar, Atlas, 2008)

The susceptibility of clear coating agents to photodegradation and loss of cohesion

between coating agents and wood surfaces are generally recognized as the serious

limitations for utilization of light stabilizers. Therefore, coating agents with high stability

against UV light and a capacity to screen UV light are prerequisites for protection against

photodegradation [29]. To enhance the durability of protective coatings, light stabilizer

must be effective over a long period of time and must, therefore, not degrade, evaporate

from the matrix, be leached out by solvents or removed in any other way from the material

[8, 86]. Furthermore, the additive must be uniformly distributed, which requires its

compatibility with the polymer. The chemical fixation of light stabilizers can be achieved

at various stages and, therefore, the light stabilizers can be classified as [85]

� Light stabilizers which are incorporated during the resin manufacture;

� Light stabilizers which are fixed in post polymerization reactions;

� Light stabilizers, which are fixed during the cross-linking and hardening

stage; and
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� Light stabilizers, which photo-reacts with the polymer.

Hon et al., have developed a clear acrylic coating containing an internal UV light

absorber 2,4-dihydroxybenzophenon in view of need for a stable transparent coating of

wood [29]. According to their study, poly(HMHBP) and its co polymers proved to be good

protective agents, and the combination of BHT with poly(HMHBP) offered enhanced

protection against photodegradation [29].

Decker and Zahouily in 1998 [87] showed that grafting of UV absorbers prior to the

coating application on polymeric materials increase the light stabilization of these

polymeric materials without affecting the adhesion properties of the coatings. The grafting

of UV absorber on wood prior to the clear finish application was studied by Kiguchi et al,

[88]. According to their study, grafting of HEPBP is effective in restricting loss of mass

and tensile strength of all the wood species during natural aging for fifty days. Grafting of

HEPBP significantly improves the performance of clear finishes on wood during artificial

aging. They have also grafted new triazine type UV absorber but it results in greater

discoloration compared to HEPBP grafted veneers. They concluded that as a commercial

pre-treatment method intended to improve the performance of clear finishes on wood,

grafting is unsuitable for DYI market. However, it can be conceivably used as an industrial

pretreatment method if cost of grafting can be reduced significantly [88].

In 2002, Liu et al. [89] synthesized four monomeric hindered piperidinol derivatives

which showed better photo-stabilization characteristics compared to Tinuvin 700 and

Tinuvin 292 in UV curable epoxy acrylate coating.
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Sundell and Sundholm [90] synthesized polyester binders for wood and found

benzotriazole derived UVA as the most effective light stabilizer.

Hayoz et al. [6] developed new UV screeners which had a more pronounced red shift in

their absorption spectra than previously used benzophenones and benzotrialzoles since not

only UV light but also some portion of visible light affect the photodegradation of wood.

In their study, they have shown that effective wood substrate color protection increased

with the use of more photo-stable and more red-shift UV screeners. In addition, a hindered

amine nitroxyl light stabilizer has been found to provide significant improvement in color

stabilization when used in impregnating pre-treatments with subsequent application of a

clear topcoat including UV-screener. They have achieved almost total protection against

discoloration though their experiments were mainly focused on indoor application [6].

According to Zayat et al, [91] the matrix in which the organic UV absorber embedded

was the main factor affecting the stability of the molecule. Basic and polar matrices are

capable of forming intermolecular hydrogen bond with the acid phenolic hydroxyl groups,

disrupting the intra-molecular H-bonds, therefore, preventing the excited state intra-

molecular proton transfer (ESIPT) mechanism to take place.

Schaller and Rogez [9] reported that UV and visible light up to 500nm can cause lignin

degradation with chromophore formation and discoloration of pine wood. This means that

pale wood species cannot be properly protected by the single use of organic UVA. For this

reason, they introduced the utilization of lignin stabilizer which could act as VIS light

screeners and were shown to provide improvements in reducing photo-degradation effect
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[9]. They, in a later study, reported that HPTs act as effective UVA for most application

areas such as automotive, wood, and powder clear coatings [34].

2.3.1.2. Inorganic UV stabilizers

Numerous studies were devoted to the different wood pretreatments methods in the late

80s or early 90s. Among them chromium trioxide stabilized lignin most effectively by

forming photo stable lignin complexes which protected wood significantly against aging

[27]. But pre-treatment of wood with chromium oxide resulted in unwanted brown

coloration initially which turned to green upon natural aging. Also, high toxicity of

chromium compounds limited their use as wood pre-treatment agent for photo-stabilization

of clear coatings.

Tshabala and her coworkers [12, 92] and Mahlberg et al. [93] studied the aging behavior

of wood surface coated with multifunctional alkoxysilanes by sol-gel deposition. They

found very little color change of the sol-gel coated wood surfaces after accelerated aging

which was directly related to the weight loss of those specimens. The coating derived by

Tshabala et al. [12, 92] was not only resistant to water leaching, but also improved the

leaching stability of endogeneous wood coloring components and mitigate discoloration of

wood which was well supported by the work of Donath et al. [94]. In a later study during

the same year [95], they reported that sol-gel deposit on the wood substrates lowered the

rates of water and water vapor sorption. They also indicated that the sol-gel process

resulted in deposition of polysiloxane networks that were bonded to the wood by

polycondensation with surface hydroxyl groups derived mainly from cellulose [95]. In
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2005, Tshabala [96] studied the characteristics of wood specimens coated with sol-gel

deposited aluminum isopropoxide, titanium isopropoxide, or zirconium propoxide in the

presence of methytrimethoxysilane. Both zirconium propoxide and titanium isopropoxide

sol-gel deposits reduced water sorption whereas aluminum isopropoxide sol-gel deposit

increased water sorption compared to water sorption of uncoated wood specimens. He also

concluded that these sol-gel deposits promoted a degradation pathway by affecting both

light penetration and permeation rate of oxygen to those wood surface components that

were susceptible to photo oxidation.

Thin radiata pine veneers were treated with a range of titanium, zirconium, and

manganese compounds and exposed to natural aging. The results revealed the low

efficiency of titanates and zirconates in protecting lignin degradation [97].

In 2003, Kundu and Mukherjee [98] derived highly efficient UV absorbing transparent

sol-gel coatings on glass and found CeÛ2 to be more effective compared to PbO in TiC>2

sol for UV absorption. Cui et al. [99] synthesized TiO2-CeO2-SiO2 coatings by combining

UV absorption and optical properties of CeC>2 and amorphous TiC>2 with enhanced UV

protective characteristics. They also concluded that low temperature processing (<100 °C)

enabled its use for the protection of inorganic substrates as well as organic materials.

Aloui and his coworkers [100] investigated inorganic iron oxides for the

photostabilization of wood clear coating systems and compared the results with that of

organic UV absorbers. They found that organic UV absorbers were more efficient

compared to inorganic iron oxides which tended to increase the glass transition

temperature during aging and, consequently, decreased the flexibility of the films.
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Inorganic UV absorbers have been used since long time. Silica, titania, and zinc oxide

are the most commonly used inorganic UV absorbers [100-102]. On the other hand,

numerous studies are directed their research towards the ceria containing materials due to

their wide ranges of applications in solid oxide fuel cells (SOFCs), catalysis, luminescent

materials, gas sensors, polishing materials, and ferromagnetic oxides and so on [103-107].

Cerium oxide has almost the same band gap as that of titania (3.0-3.2eV) and shares the

same classical UV absorption mechanism. Under UV light, both cerium oxide and titania

molecules get excited by absorbing a photon which creates an electron-hole pair.

In case of titania, these electron hole pairs migrate to the surface of the particles and

eventually react with oxygen, water or hydroxyls to form free radicals. This process is

known as photocatalysis and thus titania particles are not able to prevent the aging of

wood. On the contrary, cerium oxides are photocatalytically inactive in nature. The

electron-hole pair formation is much lower than that of the titanium oxide due to the

presence of higher localized electron in cerium oxide (4f orbital in case of cerium oxide in

comparison to 3d orbital for titanium oxide) which leads to more ionic cerium-oxygen

bonding. In addition, the electron-hole pair recombines very fast before it can migrate to

the particle surface because of the crystal defects and oxido-reduction reaction. Also,

cerium oxide has a lower refractive index than that of titanium oxide and is rather

transparent to visible light compared to titanium oxide and zinc oxide. Therefore, it seems

that it is advantageous to use CeO2 as UV absorber in coating material; however, it's very

high catalytic activity [103] constitutes a major drawback.
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In a very recent study, Blanchard and Blanchet [108] compared the effects of inorganic

UV absorbers (CeC>2 and ZnO) with the organic UV absorbers for the wood color

stabilization in indoor conditions by incorporating them with polyurethane/polyacrylate

coating. They reported higher efficiency of these nano particles at medium light exposure

whereas highest protection was reported for combination of organic and inorganic

materials.

2.3.1.3. Combinations of Organic and Inorganic UV Stabilizers

None of organic or inorganic UV stabilizers can provide 100% UV protection. For this

reason, numerous researchers studied towards combined effect of organic and inorganic

UV stabilizers.

Improvement of the photo stability using benzophenon(BP)-SiO2 composites was

reported by Miyafuji et al. [109]. This combination prevented discoloration and cell

structure degradation of wood better compared to SiO2 composites. It was also emphasized

that this high photo stability of the BP-SiÛ2 wood-inorganic composites would be

sustainable for a long period because BP was stable against UV light. Mahltig and his

coworkers [35] investigated the UV protecting coatings of silica and titania sols in

combination with organic UV absorbers, and test results revealed an increase in UV

absorption capacity of titania coatings when combined with organic UV absorbers. In

2006, Parejo et al. [83] developed highly efficient UV absorbing sol-gel derived ormosil

coating in combination with benzophenon which was successfully applied by Zayat et al.

[91] for preventing UV light damage of light sensitive materials.
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2.3.1.4. Natural Antioxidants

2.3.1.4.1. Bark Extracts

In recent years, bark has moved increasingly into the centre of interest. Numerous

studies on its structure and composition as well as its utilization in different fields are

performed [110]. Bark is a highly complex, heterogeneous material composed mainly of a

thin, physiologically active inner layer and a relatively inert outer layer whose principal

functions are to protect the cambium and to prevent the loss of water. The chemical

composition of bark, which differs from wood by its high polyphenols content, determines

the properties which are important in view of its utilization. Barks have a different swelling

behavior than wood, are less anisotropic, possess slightly lower heat transfer coefficients,

and have much weaker mechanical properties compared to wood [110]. However, barks of

several tree species are known to contain bioactive chemicals that can add value to this

energy resource [111]. The chemicals that give wood its color are extractives: organic

compounds of various types that may contain halogens, sulphur, and nitrogen [112].

Extractives are natural products extraneous to a lignocellulose cell wall; though these

compounds contribute only a few percent to the total wood mass, they have significant

influence in defining some of the properties of wood [33]. They can be removed with inert

solvents such as ether, benzene, alcohol, acetone, and water. Natural phenolic compounds

have recently received much attention due to their antioxidant properties. It is a growing

tendency that natural antioxidant compounds to be used to replace synthetic antioxidants
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which are carcinogenic in nature [113]. One of nature's most readily available and most

valuable sources of phenolic antioxidants are present in wood, especially in wood knots

and barks of several tree species [114, 115]. The major phenolic compounds in plants

include flavonoids, phenolic acids, stilbenes, proanthocyanidins, tannins, lignans, and

lignin. It is the redox properties of these compounds that accounts for the antioxidant

behavior, for example they act as reducing agents, hydrogen donors, and singlet oxygen

quenchers. Plant antioxidants also act as peroxide decomposers and enzyme inhibitors

[116, 117]. Natural antioxidants can be classified as primary (chain-breaking) antioxidants,

which can react directly with lipid radicals and convert them into stable products, or as

secondary (preventive) antioxidants, which can lower the rate of oxidation by different

mechanisms. Primary antioxidants most often act by donating a hydrogen atom, while

secondary antioxidants may act by binding with metal ions which enables them to catalyze

oxidative processes by scavenging oxygen, by absorbing UV radiation, by inhibiting

enzymes or by decomposing hydroperoxides. The free radical scavenging effect of

phenolic compounds has mostly been ascribed to the ability of the compound to donate a

phenolic hydrogen radical to the free radical. In turn, the phenolic compound forms a

stabilized phenoxyl radical while the free radical is scavenged. This reversible radical

trapping stage, which is highly dependent on the molecular structure of the phenolic

compound and the bond dissociation energy of the phenolic O-H bond, is followed by a

termination stage. In the second stage, the generated phenoxyl radical combines with

another radical species to produce stable termination products. The self-redox reaction

(disproportionation) of the phenolics should also be considered as an alternative
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termination stage. Structural identification of these termination products, as well as kinetic

studies of the radical reactions, may give an insight into the antioxidant mechanisms

involved at the molecular level. Different lignans have different radical-scavenging

activity. The activity can be related to some structural features which makes the tailoring

of specific lignan based antioxidants possible. The lignans can scavenge numerous

equivalents of free radical [114]. In Picea mariana, the total amount of lignans is small in

stemwood (less than 0.2% w/w). The knots contained 20-30 times more lignans than the

corresponding stemwood [118]. The total amount of lignans in the knots ranged from 1%

to 5% (w/w). The identified lignans are the same as in P. abies and P. glauca with the

exception that no a-conidendric acid is detected. In addition to the lignans and

oligolignans, all samples off. mariana contained small amounts of l,3-(bis-guaiacyl)-l,2-

propandiol. These same two lignin-like isomers are earlier found also in P.abies. The

lignans in all spruce species occurred only as free aglycone and no lignan glycosides are

detected. Small amounts of flavonoids are present in most samples P. mariana. P.glauca,

P. omorika, P. sitchensis, and P. pungens. P. sitchensis, whose knots also contained the

smallest amounts of lignan of all spruces, contained up to five different flavonoids in some

samples [118]. The extracts of Picea glauca and Picea mariana possess similar antioxidant

activities, using both assays. The total phenol content of these extracts is also relatively

high with concentration ranging from 36g to 59g/100g. Bark of boreal forest conifers is

relatively non toxic, rich in phenol, and posses a strong antioxidant activity. The best

phenolic extraction yields as well as antioxidant activities with both assays are obtained

with Picea glauca and Picea mariana [119]. Lignans are biologically active polyphenolic
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compounds which are defined by the (3�P linkage between two phenylpropane units or

between their biogenetic equivalents. These compounds are found in the plant kingdom in

various structures with different degrees of oxidation of the side chain or with differences

in the aromatic substitution pattern [114]. Bark extract of Picea abies has the strongest

antioxidant potency in the lipid peroxidation tests of the bark extracts. Picea abies bark

extract contains stilbenes and stilbene glycosides that are known for their potency to inhibit

lipid peroxidation. Most lignans are powerful antioxidants with effects as strong as or even

stronger than most flavonoids. However, the flavonoid melacacidin possessed the largest

trapping capacity of the polyphenols studied by Chou et al. [120]. Results obtained by

Nzokou and Kamdem [77] suggested that the presence of extractives slows down this

process with polyphenolic water extractives acting as antioxidant protecting the wood

surface against photodegradation. It was shown that the rate of whitening and the total

discoloration rate of wood specimens are significantly affected by the removal of water

extractable compounds from wood [121]. Schultz and Nicholas [122] have found that

extractives have very poor fungicidal activities compared to commercial biocides although

they have concluded that extractives may protect heartwood against fungicidal activities by

their excellent free radical scavenging effect. However, according to Pandey [33], wood

species rich in extractives became bleached before the browning happened to be

observable.
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2.3.1.4.2. Leaf Extracts

Phenolic compounds are commonly found in both edible and nonedible plants. They

have been reported to have multiple biological effects including antioxidant activity [115].

Crude extract of leaves, fruits, vegetables are rich in phenolic compounds. Flavonoids are a

group of polyphenolic compounds broadly distributed as secondary metabolites in the plant

kingdom and represent one of the most important and interesting classes of biologically

active compounds [123]. They generally occur as glycosylated dérivâtes in plants although

conjugations with inorganic sulphate or organic acid as well as malonylation are also

known [124]. The crude extract of leaves contain chlorophylls and their derivatives. The

chlorophylls are a group of tetrapyrrolic pigments with common structural elements and

functions [125].

Antioxidant Activity of Crude Leaves Extract

Kâhakônen et al [115] have reported in their study that tree material extracts have

overall good antioxidant activities. The inhibition of conjugated diene hydroperoxides of

most active tree extracts (>90% inhibition) decreased in following order: spruce needle >

willow leaf) willow bark > silverwillow bark > pine cork > silver birch phloem > pine

bark. The inhibition of MeLo-conjugated diene hydroperoxides of most active plant

extracts (>90% inhibition) decreased in following order: bog-rosemary > thyme >

cloudberry leaf > heather > bulrush stalk. Caraway, flax, and rose seed extracts had only

moderate or weak activity (<48% inhibition). All examined tree extracts, excluding birch

bark (18%) and pine cork (48%), have antioxidant activity of over 80%. The inhibition
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decreased in the following order: silverwillow bark > maple leaf > willow leaf > pine bark

> silver birch phloem > willow bark > white birch leaf > aspen leaf > silver birch leaf >

silverwillow leaf. The spruce and pine needle extracts are as active as leaf extracts with 98

and 95% inhibitions, respectively. Several flavonoids have been isolated from the needles

of Scotch pine and Norway spruce. The flavan-3-ols (+)-catechin and (+)-gallocatechin

have been found in both conifer needles. In addition, dimeric and trimeric

proanthocyanidins have been reported in pine needles. Dilignols and their glycosides were

found in both pine and spruce needles [115]. In another study by Aquino et al. [126] in

vitro and in vivo findings demonstrated that the ethanolic extract of C. reflexum leaves

(ECR extract) possesses a strong antioxidant/free radical scavenging effectiveness, which

is probably due to the presence of phenolic compounds. Furthermore, this polar extract

gave excellent photoprotection against UV-B induced skin damage; thus its use could have

important therapeutic applications in certain skin diseases caused, initiated or exacerbated

by ROS and free radical overproduction. UV-A absorbing capacity of whole leaf

methanolic extracts, at least for certain plant species or genera, could be a useful indicator

of the ability of abaxial or adaxial epidermis to screening out the UV-A component of the

spectrum since a tight link between UV-A related compounds accumulation and UV-A

attenuation has been established (at least for abaxial epidermis) [127]. Spectra of NaOH-

extracted pigments from UV-B-exposed plants showed a decrease in absorption in the

visible region and an increase in the UV region: the former a consequence of the loss of

chlorophyll, the latter is probably due to induced synthesis of protective pigments. The

42



decrease in chlorophyll absorption is an earlier event than the increase in UV absorption

[128].

2.3.2. Coatings

2.3.2.1. Soy polymer coatings

Soybeans have a rich history of industrial use, ranging from ancient times when the

versatile soybean is used in water-proofing, caulking, mechanical lubrication, leather

tanning, soap and fertilizer manufacturing. Soybeans are also utilized to provide lubricants,

fuels, coatings, cosmetics, and Pharmaceuticals. Soybeans also have a long history of

utilization as a protein foodstuff in the orient [129]. Several hundred industrial products

made from soybeans are developed in the 1930's and 40's ranging from textile fibers to

fire extinguishing foams [130]. However, soy-based products have a number of problems.

Moisture absorption properties of soy proteins led to problems with microbial growth and

adhesion stability in soy-based glues and plastics. Soy protein is used as adhesive before

1930s, but later it is replaced by petroleum based adhesives due to their greater availability,

less complicated chemistry and better product stability, higher gluing strength and better

water resistance, and also lower cost [131, 132]. In the late 1980's, interest in

environmental balance, product degradability, reduction of hazardous wastes/processing

and use of renewable resources has rejuvenated interest in soybean and other plant-based

products utilization. New Century Coatings (NCC) has developed a line of soy methyl

ester stains, sealers and architectural paints with excellent performance properties. These
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stains are user-friendly with deep penetration which extends the life of many different

substrates [133]. The stain forms primarily due to the reaction of strong alkali in soybean

coating with wood [134]. In the present study, development of a soy based wood coating

which can protect wood from UV radiation, consequently, prevents the color change of

heat-treated wood is attempted.

2.3.2.2. Acrylic polyurethane coatings

Aliphatic urethane acrylates are one of the most expensive class of materials for

coatings industry, but their excellent weather resistance make them an important class of

binders for outdoor applications [135].

Masson and his coworkers [136] carried out a kinetic study of the drying and UV-curing

of water based urethane-acrylate formulation by means of infrared spectroscopy to

quantify the influence of moisture. They found that the softening of water based

polyurethane acrylates was directly related to the polar group contents of the polymer due

to their high sensitivity towards humidity. But this phenomenon was fully reversible and

had no effect on their long term stability. Decker et al. [137] developed a dual cure

technique for curing of shadow areas of polyurethane acrylates and compared their light

stabilization characteristics with UV cured polyurethane acrylates. Pardini and Amalvy

[138] synthesized polyurethane/acrylic hybrids and their characterizations were also

presented. Aznar and his coworkers [139] developed glossy topcoat using

polyurethane/acrylic hybrid binders which had better optical properties compared to pure

acrylic based paints after aging. Ahn et al. [140] modified UV curable polyurethane
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dispersions by incorporating multifunctional extender which showed very good mechanical

properties and enhanced solvent resistance, and lowered water swell. Tielemans and Blues

[141] developed radiation curable polyurethane dispersions for exterior wood applications.

They found that use of polycarbonate backbone eventually increased aging resistance of

those coatings. The degradation of coated wood prior to the coated neutral substance

suggested a modification of coating barrier properties before the destruction of the coating.

In a very recent study by Sow and his coworkers [142], the effect of alumina and silica

nano particles on mechanical, optical and thermal properties of UV-waterborne nano

composite coatings was reported. A poor dispersion of nano particles in UV cured coatings

was the main drawback which affected the hardness of the nano composite coatings, but

scratch resistance increased significantly, especially with nano silica. The photostability of

these nano composite coatings were not published because it was intended to use those

coatings for interior applications.

A wide range of studies [143-148] are reported in literature on the photo-oxidation and

degradation of acrylic polyurethane coatings. These gave an insight on the chemical and

structural modification of these coatings during aging but all of them not necessarily

applied to wood.

Although a number of publications are available in literature on the degradation behavior

of natural wood coated with different coatings [30, 149-155] only two publications are

found on aging behavior of coated heat-treated wood [156, 157]. However, this work

seems to be very limited as they only examined few commercially available coatings on
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heat-treated wood. Authors did not suggest any improvement to the coatings so that they

can be applied to heat-treated wood.

Present work mainly was focused on the development of transparent and non toxic

coatings using natural components and minimum amount of chemicals for heat-treated

wood which is an eco-friendly product. In general, commercially available coatings are

highly pigmented covering the natural texture and look of heat-treated wood. Also, they

are mostly toxic and are produced from non renewable petroleum products which have

adverse effects on environment as well as human health. Due to the ever increasing

environmental legislations which are becoming more stringent with time, development of

non toxic environment friendly coatings is very important for heat-treated wood.
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Chapter 3

EXPERIMENTAL

The experimental section consists of several subsections. In Section 3.1, the wood

sample preparation for accelerated aging test and all other tests are described. In the next

two sections (3.2 and 3.3), preparation of different natural extracts (leaf extract, bark

extract, and nano organosolv lignin) which have high antioxidant activity are illustrated.

These extracts can be added to different base polymers to increase their effectiveness in

protecting wood against photodegradation. Since the main aim of this work was to prepare

a transparent and non toxic coating, the toxicity of these natural antioxidants are very

important. The detailed analyses of cytotoxicity of these natural products are described in

Section 3.4. The antioxidant activity measurement technique of these natural antioxidants

is reported in the following section (Section 3.5). The subsequent section (Section 3.6)

consists of the description of thin layer chromatographic measurement of these natural

antioxidants used for evaluating the presence of different phenolic and terpenoid groups.

Section 3.7 illustrates the descriptions of three different base polymer coatings. The sol-gel

derived coating, soy based polymer coating and acrylic polyurethane coating preparation

were explained in detail. Different additives used to improve UV protection characteristics

of the acrylic polyurethane coating are summarized in Table 3.1.
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The concentration of sol-gel coatings were optimized by transmission tests and details

are described in Section 3.8 followed by details of accelerated aging tests given in Section

3.9. The accelerated aging tests were carried out to measure the effectiveness of coatings in

protecting different heat-treated wood surfaces from aging as a result of sunlight exposure.

These tests facilitates the study of wood aging in shorter time compared to the time of

exposure required under natural sun light in order for wood to age to same degree. The

surface characterization of coated heat-treated wood surfaces before and after aging is the

subject of Section 3.10. The contact angle tests of different coatings and heat-treated wood

were carried out to evaluate the wetting behavior of the coatings. In addition, the contact

angle between water and coated heat-treated wood samples before and after aging were

measured to have an indication of water penetration through the coatings which might be

correlated with coating degradation during aging. The color change of the coated heat-

treated surfaces were measured before and after aging to evaluate efficiencies of different

coatings on heat-treated wood which was then confirmed with visual evaluation. The

chemical modifications of coatings during accelerated aging tests were evaluated by ATR-

FTIR analyses and XPS analyses whereas the degradations at wood-coating interface were

monitored by Fluorescence microscopy analyses and SEM analyses.

The fungal durability of these coatings before and after aging was carried out by two

different fungi. This was very important because the accelerated aging chamber can

simulate the sunlight and rain, but fungi attack cannot be carried out simultaneously in

accelerated aging chamber. Therefore, this test gives an insight against fungal attack on

48



coated-heat-treated surface before and after aging. The methodology of fungal durability

tests is presented in Section 3.11.

3.1. Wood Sample Preparation

3.1.1. Heat Treatment

White birch and quaking aspen wood boards with dimensions of 0.015 m x 0.045 m x

2.44 m were obtained from a local sawmill in Saguenay-Lac-St-Jean (Quebec, Canada).

They were pre-dried in air until the moisture content was reduced to 5-17 %. The heat

treatment of white birch and quaking aspen was carried out in a prototype furnace of

UQAC at Chicoutimi (Quebec, Canada). Heat-treatment was carried out at the maximum

temperatures of 210°C and 205°C, respectively, for aspen and birch. The boards were

heated to maximum temperature with a heating rate of 15°C/h in a humid and inert gas,

and were kept at that temperature for one hour. A detailed description of the thermal

modification process is published elsewhere [20]. Heat-treated jack pine thermo wood

(210°C) was obtained from Industries ISA, Normandin, Quebec.

The heat-treated wooden boards were then planed followed by sawing. The wood

samples for different tests were chosen carefully from the lot without any visible defects or

cracks.
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3.2. Natural Antioxidant Preparation

In this study, three conifer bark specimens (jack pine, black spruce and balsam fir) were

used. The stem of the trees were collected from Lac Simoncouche area of Saguney-Lac-St-

Jean region of Quebec. The barks were removed from the tree stem and dried for 3-4 days

in an oven at < 50°C. The dried barks were crushed in a grinder with a definite size sieve so

that the crushed bark particles had almost uniform dimensions. Barks of 700 g for each

species were extracted with methanol-water solutions: [100:0], [80:20], [70:30],

respectively. All extractions were performed for 1.5h at 40°C. The extracts were pooled,

filtered, and dried under vacuum at 40°C (Figure 3.1).

The branches with needles (jack pine) were collected from Lac Simoncouche area of

Saguenay-Lac-St-Jean region of Quebec. Needles were separated from the branches of the

trees and washed properly to remove any dirt. The needles were dried at room temperature

to remove extra water. The extraction of needles (Figure 3.1) was done with two solvent

mixtures: methanol-water: [100:0] and [80:20]. The extracts were then filtered, pooled, and

dried under vacuum. The yield was evaluated based on the amount of dry plant material

used for extraction.
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Figure 3.1 Extraction set-up and vacuum rotary evaporator

3.3. Nano-Lignin Synthesis

Powdered organosolv lignin samples of lodge pole pine treated at different temperatures

(165°C, 175°C, and I85°C) and one sample of poplar treated at I85°C were received from

NSERC Bioconversion Network. The lignin samples were then hydrated overnight mixing

by mechanical stirrer and by forming vortex (1 wt% mixture). The samples were then

passed through microfluidizer equipped with size sieves (200n alone-5passes. followed by

200u, and 100n sieve in series-1 pass followed by 110n and 87u. sieves in series-maximum

15passes) to prepare nano lignin. The size of the nano particles were detected by zeta plus

particle size analyzer and also by scanning electron microscope. Also ATR-FTIR analyses

were done to identify the functional groups present in the samples. All these analyses were

done at the laboratory of Forest Products Units of AITF, Edmonton, and the SEM analyses

were done at University of Alberta, Edmonton.
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3.4. Toxicity Test

3.4.1. Cell Culture

Skin fibroblast WS1 (#CRL-1502) cell lines were obtained from the American Type

Culture Collection (ATCC, Manassas, USA). Cells line was grown in minimum essential

medium containing Earle's salts (Mediatech Cellgro, Herndon, USA), supplemented with

10% fetal calf serum (Hyclone, Logan, USA), lxsolution of vitamins, lxsodium pyruvate,

1 xnonessential amino acids, 100 IU of penicillin and 100 igmL"1 of streptomycin

(Mediatech Cellgro). Cells were cultured at 37 °C in a humidified atmosphere containing

5% CO2.

3.4.2. Cytotoxicity Assay

Exponentially growing cells were plated at a density of 5><103 cells per well in 96-well

microplates (BD Falcon) in 100 uL of culture medium and were allowed to adhere for 16 h

before treatment. Then, the cells were incubated for 48 h in the presence or absence of 100

uL of extracts with increasing concentrations. Fraction of extracts were dissolved in

culture medium and DMSO (Dimethyl sulfoxide). The final concentration of DMSO in the

culture medium was maintained at 0.25% (v/v) to avoid toxicity. Cytotoxicity was assessed

using the Resazurin reduction test and Hoechst test. Fluorescence was measured with an

automated 96-well Fluoroskan Ascent Fl� plate reader (Labsystems) using an excitation

wavelength of 530 nm and an emission wavelength of 590 nm. Cytotoxicity was expressed

as the concentration of drug inhibiting cell growth by 50% (IC50).
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3.5. Oxygen Radical Absorption Capacity

The ORAC (oxygen radical absorption capacity) assay was carried out in 348-well

microplates (Costar) on a Fluoroskan Ascent FL� plate reader (Labsystems) equipped

with an automated injector. A gradient of 16 concentrations of the samples was prepared

with triplicate. The experiment was conducted at 37.5°C and in pH 7.4 phosphate buffer

with a blank sample in parallel. The fluorimeter was programmed to record the

fluorescence (k ex.: 485 nm/em.: 530 nm) of fluorescein every minute after addition of 375

mM 2,2'-azobis(2-amidinopropane) dihydrochloride (AAPH) for a total of 35 min. The

final results were calculated using the net area under the curves of the sample

concentrations for which a decrease of at least 95% of fluorescence was observed at 35

min and which also presented a linear dose�response pattern (approximately 4-8

concentrations). ORAC values were expressed in micromoles of Trolox equivalents (TE)

per miligram (umol TE/mg).

3.6. Thin Layer Chromatography (TLC)

3.6.1. Sample Preparation

10 mg of extracts were dissolved in lml of methanol using ultrasonic bath until

complete dissolution. 25uL of the test solution was deposed on silica gel plates (Thin layer

chromatography ultrapure silica gel plates, Silicycle). The plates were eluted in the solvent

system: chloroform: methanol: water (26:14:3) (vol%), dried, developed and evaluated
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under visible and UV (365nm and 254nm) lights (Chromato VUE - Ultraviolet products

inc, San Gabriel, CA, USA).

3.6.2. TLC Evaluation of Terpenes

In order to analyze terpenoid compounds, the TLC plates after migration, were sprayed

with H2SO4 20% in methanol and were heated in oven at 105-110°C for 3-5 minutes. The

terpenes were colored in red-violate.

3.6.3. TLC Evaluation of Polyphenols

For polyphenol identification, the plates were sprayed by 1% methanolic diphenylboric

acid-P-ethylamino ester (=diphenylbryloxyethylamine) (NP), followed by 5% ethanolic

polyethyleneglycol-4000 (PEG). After heating for 1 min at 105-110°C in oven, the plates

were evaluated under UV (365nm). The different phenolic compounds were identified with

blue, green and yellow colors.

3.6.4. Rf Calculation

The retention factor (Rf) is defined as the distance traveled by the compound divided by

the distance traveled by the solvent.

Each component present in the conifer bark or needle extract has their own distinct Rf

value for a particular TLC condition. The Rf can provide an evidence as to the identity of a

compound which should further be confirmed by adding a standard (co-spot).
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3.7. Preparation of Coatings

3.7.1. Sol-Gel Coating Preparation

The inorganic TiÛ2 sol was prepared by hydrolysis of equal volume of titanium

butoxide (Ti(OC3H7)4 obtained from Sigma Aldrich) and pure ethanol (100%) at room

temperature by stirring for 15 minutes followed by 72 hours of aging. Different

concentrations of sol were prepared by diluting it with pure ethanol (for 5ml concentrated

sol 10-25ml pure ethanol). The final coatings were prepared by dissolving Tinuvin5236

and lignostabl 198 in diluted sols (0.5-15 wt% tinuvin5236 and 0.1-2 wt% lignostabl 198).

3.7.2. Soy Polymer Coating Development

0.9g of NaOH was added to 67.5ml of water to make the solution alkaline as the

maximum solubility of soy polymer (Pro-cote obtained from DuPont) is at pH 7. 15 g soy

Pro-cote was then added at a very slow rate to avoid build-up of a layer of non-dispersed

soy polymer on the top of the solution in order to make 18% Pro-cote solution (Figure 3.2).

After mixing for 30min, some lumps were still present in the solution. In order to break

those small lumps, the solution was kept in Ultra Sound Bath (Elma, S80H, Elma Sonic,

750 W, U-100-120V/AC, f- 50/60 Hz) at 45°C for almost 30 minutes (till all the lumps

were dissolved).
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Figure 3.2 Soy polymer preparation setup and soy polymer coating after preparation

3.7.2.1. Preparation of NH4OH coating

In 85gm of NH4OH (15% solution) at 60 C, 15gm of 18% Pro-cote solution (already

prepared) was mixed by forming high vortex in order to avoid any lump formation. The

solution was then cooled down to room temperature before adding any additives to it. In

this soy polymer coating different amount of additives (black spruce bark extract. Tinuvin

477DW obtained from CIBA specialty chemicals) were then added and mixed to have a

homogeneous solution and their transmittivity was measured using UV-VIS

spectrophotometer.

3.7.2.2. Preparation of Urea-formaldehyde Coating

85% of 5% Pro cote solution was mixed with 15 % Urea formaldehyde by a mechanical

stirrer for 30min. Different additives were then added to get optimum characteristic.
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3.7.3. Acrylic Polyurethane Coatings

Two component sunlight cured water based acrylic polyurethane ((Bayhydrol UV XP

2690 and Bayhydrol 122) was obtained from Bayer Corporation, Germany. The acrylic

polyurethane coating consisted of a curing agent-Irgacure 819DW (Ciba Specialty

Chemicals), a defoaming agent- Tego Foamex 822 (Goldschmidt Chemical Corporation), a

surface tension Reducing agent- Byk 348 (BYK-Chimie USA), and a thickener- Borchigel

LW44 (OMG Americas, Inc) to get high performance against aging. The acrylic

polyurethane coating was then modified by using different additives like organic

antioxidants (bark and leaf extracts, nano lignin), lignin stabilizer (lignostab 1198 obtained

from CIBA chemicals), inorganic UV absorbers (CeC>2 nano particles dispersed in water

Nano BYK 3810 obtained from Byk Chimie, Titania micro and nano particles, ZnO nano

particles obtained from MKNano). Alone or different combinations of these additives have

been used and were compared with each other as well as with commercially available

organic UV absorber, HALS (tinuvin 123 and tinuvinl 130, obtained from CIBA speciality

Chemicals) and one commercial coating. The formulations of different coatings are

presented in Table 3.1. The coatings found promising are presented in chapter 4. The

others are presented in the Appendices as shown in Table 3.1.
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Table 3.1 Formulations of different acrylic polyurethane coatings developed during this

study

Coating Description Presented in

Acrylic polyurethane without UV The base acrylic polyurethane Chapter 4
stabilizers coating

Acrylic polyurethane with organic UV The base coating + Tinuvinl23 Chapter 4
stabilizers + Tinuvinl 130

Acrylic polyurethane with organic UV The base coating + Tinuvinl23 Appendix 3
stabilizers and black spruce bark + Tinuvinl l30 + black spruce
extracts bark extracts

Acrylic polyurethane with organic UV The base coating + Tinuvinl23 Appendix 3
stabilizers and needle extract + Tinuvinl 130 + needle extract

Acrylic polyurethane with organic UV The base coating + Tinuvinl23 Appendix 2
stabilizers and titania micro particles + Tinuvinl 130 + TiO2<5|im

Acrylic polyurethane with organic UV The base coating + Tinuvinl23 Appendix 2
stabilizers and titania nano particles + Tinuvin l130 + TiO2~50nm

Acrylic polyurethane with organic UV The base coating + Tinuvin 123 Appendix 2
stabilizers and zinc oxide nano + Tinuvinl 130 + ZnO~30nm
particles

Acrylic polyurethane needle extract The base coating + needle Appendix 3
and lignin stabilizer extract + Lignostab 1198

Acrylic polyurethane with black The base coating + black Chapter 4
spruce bark extracts spruce bark extracts

Acrylic polyurethane with lignin The base coating + lignin Chapter 4
stabilizer stabilizer

Acrylic polyurethane with black The base coating + black Chapter 4
spruce bark extracts + lignin stabilizer spruce bark extracts +

Lignostab 1198

Acrylic polyurethane with CeCh The base coating + CeCh nano Chapter 4
particles~30nm
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Acrylic polyurethane with CeC>2 and The base coating + CeC>2 nano Appendix
bark extract particles~30nm + bark extract

Acrylic polyurethane with CeC>2 and The base coating + CeC>2 nano Chapter 4
lignin stabilizer particles~30nm + lignin

stabilizer

Acrylic polyurethane with CeC>2, bark The base coating + CeÛ2 nano Appendix
extract and lignin stabilizer particles~30nm + bark extract

+ lignin stabilizer

Acrylic polyurethane with lignin nano The base coating + organosolv Appendix 4
particles BC6 poplar lignin at 185°C

Acrylic polyurethane with lignin nano The base coating + organosolv Appendix 4
particles BC6 and lignin stabilizer poplar lignin at 185°C +

Lignostab 1198

Acrylic polyurethane with lignin nano The base coating + organosolv Appendix 4
particles BC9 lodgepole pine lignin at 185°C

Acrylic polyurethane with lignin nano The base coating + organosolv Appendix 4
particles BC9 and lignin stabilizer lodgepole pine lignin at 185°C

+ Lignostab 1198

Acrylic polyurethane with lignin nano The base coating + organosolv Appendix 4
particles BC37 and lignin stabilizer lodgepole pine lignin at 170°C

+ Lignostab 1198

3.8. Transmission Test

The transmission spectra of natural antioxidants (bark extracts and needle extract) and

also sol-gel derived coatings at different concentrations were carried out using UV/VIS

spectrophotometer (Agilent 8453 UV-VIS spectroscopy system present at UQAC).

Different amount of the bark extracts were dissolved in methanol.
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3.9. Aging Test

For each species studied, samples (6.6cm><7cmx 1.9cm) were coated with three layers

(for heat-treated jack pine) and with four layers (for heat-treated aspen and birch) of

coatings except for industrial Laurentide coating. For this coating only two layers were

used as recommended by the manufacturer. Seven samples were prepared for each coating.

Six of these samples were exposed to accelerated aging test and one sample for each

coating was kept as a reference. The reference samples were protected from the light

exposure.

Accelerated aging tests were conducted in Atlas Xenon Weather-Ometer (with a

daylight filter, irradiation 0.35W/m2 at 340nm, BPT 63±3°C and continuous light cycle

with 102min light and 18 min specimen spray with light). All the samples were exposed to

UV light for different times. The maximum exposure time was 1500h. A sample for each

coating was taken out after 72h, 168h, 336h, 672h, 1008h, and 1500 h exposure.

3.10. Surface Characterizations

3.10.1. Wetting Test

The contact angle tests were performed using FTA200 sessile-drop system. FTA200

consists of a measurement platform, and a frame grabber (video capture) card, and a

computer (Figure 3.3). With the help of a computerized syringe pump, 15(iL drop of a

desired liquid was placed on the wood sample and the images were captured using high

resolution camera for a predetermined time. The contact angle measurements of

liquid/wood systems and data analysis were carried out using the image analysis software
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FTA32. All the contact angle experiments were carried out at room temperatures. In this

study, only tangential surface of wood was examined and the contact angle experiments

were executed along the veneer grain direction in order to study the affinity of the coatings

towards tangential surface of heat-treated jack pine. Also, to investigate the effect of

different surface orientation of wood, coating containing bark extract and lignin stabilizer

applied to heat-treated jack pine after different surface treatment was examined on radial

and tangential surfaces. The contact angles of water and coated jack pine surface were also

measured before and after aging. The surface tension of the liquid coatings was measured

by pendant drop method using the FTA32 software. At least 6 measurements were carried

out for each coating. Contact angles of different probe liquids on coated wood surfaces

were measured to calculate solid surface energy. The surface tension components of

different probe liquids are presented in Table 3.2.

Pump
Svrinee holder

Video Syringe
Probe
limririearner

Back light

Sample stand

Figure 3.3 FTA200 instrument for contact angle experiment
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Table 3.2 The surface tension component and parameters (in mJ/m2) of probe liquids used

for contact angle measurement

Liquids

Water

Formamide

Ethylene
glycol

Hexane

Pyridine

Acetic acid

Nitromethane

Liquid
index

1

2

3

4

5

6

7

Interfacial
Tension
fYL)
72.8

58

48

18.4

38

27.8

36.8

Dispersive
(YLd)

21.8

39

29

18.4

37.2

-

-

Polar
(YL»)

51

19

19

0

0.8

_

-

Acid
(YL+)

25.5

2.28

47

0

-

_

-

Base
(YL)

25.5

39.6

1.92

0

-

_

-

Liquid
nature

Bifunctional

Basic

Acidic

Neutral

3.10.2. Color Measurement

The color of all the samples was measured before and after the aging test using

Datacolor CHECK® spectrocolorimeter with diffuse illumination 8° viewing in

conformance with CIE publication No. 15.2 (Colorimeter based on D65 light source by

simulating day light). The CIE L*, a*, b* coordinates were characterized by three

parameters. L* axis represented the lightness and it varies from 100 (white) to 0 (black), a*

and b* were the chromaticity indices where +a* was the red, -a* was the green, +b* was

the yellow, -b* was the blue directions. The color differences were calculated using the

equations [3.1] to [3.3] and the total color difference was calculated from equation [3.4] for

each sample.
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L after weathering ^"before weathering P*'J

**af ter weathering ^before weathering L^"A1

~~ " after weathering ~ "before weathering LV-'J

AE = VAL2 + Aa2 + Afc2 [3.4]

3.10.3. Visual Assessment

The visual assessments were done by taking photographs of coated heat-treated wood

surfaces at different aging times. The color change and other changes in surface

appearances were carefully noted and reported in the results section.

3.10.4. Chemical Analyses

3.10.4.1. FT-IR-ATR measurement

The chemical modifications of the coated wood samples due to aging were examined by

FT-IR spectroscopy (Figure 3.4). IR spectra were collected in the wave number range of

550-4000 cm"1 and all the spectra were recorded at 4 cm"1 resolution. Each time 20 scans

were carried out prior to the Fourier transformation. All spectra were collected using a

diamond micro-ATR crystal (Jasco FT/IR 4200). The incident angle of the crystal was 47°

corresponding to an analysis depth of 0.2-5 \im, depending on the wave number. This

ensured that the recorded FT-IR spectra were solely for the coating and there was no

interaction with wood. The diameter of the actual analysis area was ~30um. All spectra
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were analyzed using Jasco spectra manager software. The ATR-FTIR analyses were

carried out at the forest products laboratory of Alberta Innovates Technology Future.

Edmonton.

Figure 3.4 ATR-FTIR instrument

3.10.4.2. XPS measurement

The XPS measurements of heat-treated and coated wood samples were performed by

AXIS Ultra XPS spectrometer (Kratos Analytical) at the Alberta Centre for Surface

Engineering and Science (ACSES), University of Alberta (Figure 3.5). The base pressure

in the analytical chamber was lower than 2M0"8 Pa. Mono-chromate Al Ka (hv = 1486.6

eV) source was used at a power of 210 W. The resolution function of the instrument for the

source in hybrid lens mode was 0.55 eV for Ag 3d and 0.70 eV for Au 4f peaks. The

photoelectron exit was along the normal of the sample surface with an analysis spot of

400><700 u,m. Charge neutralizer was used to compensate sample charging during the
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analysis. The survey scans spanned from 1100 eV to 0 eV binding energies which were

collected with analyzer pass energy (PE) of 160 eV and a step of 0.35 eV. For the high-

resolution spectra the pass-energy of 20 eV with a step of 0.1 eV was used. CASA

software was applied in the data processing. A linear background was subtracted from each

peak, and then the peak area was evaluated and scaled to the instrument sensitivity factors.

The composition was calculated from the survey spectra with sum of all peaks after scaling

equal to 100 %. The spectra fitting and component analysis were performed using the high-

resolution spectra.

Figure 3.5 AXIS Ultra XPS spectrometer and sample holder for XPS analysis
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3.10.5. Morphological Analyses

3.10.5.1. Fluorescence microscopy analysis

The fluorescence microscopy tests were carried out in Laboratoire d'écologie Végétale

et Animale, UQAC. Small microcores were cut from the original surface to test with

Fluorescence Microscope. Microcores were dehydrated in successive immersions in

ethanol and Histo-Clear and embedded in paraffin as recommended by Rossi et al. (2006)

[158]. Transverse sections, 7 fxm thick, were cut with a rotary microtome, placed on slides

and gently stretched with a fine needle. All sections were stained with a 0.5% aqueous

solution of Toluidine Blue to enhance the contrast of the wood tissue. To examine the

depth of penetration and the pattern of distribution of the coatings, sections were also

stained with 1% Sudan IV solution prepared in 95% ethanol [159]. The resulting turquoise

color of the wood cell walls contrasts well against the red color of the coating. The

transverse sections were fixed on glass slides with the Eukitt histological mounting

medium. A camera mounted on an optical microscope was used to record numerical

images and measure coating thickness with an image analysis system specifically designed

for wood cells (WinCELL).

3.10.5.2. SEM analysis

The samples with dimension of lcmxlcmxlcm were cut from the original samples for

SEM analysis. The tests were performed in CURAL (Centre universitaire de recherche sur

l'aluminium), UQAC. The specimens were vacuum dried for one week at room
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temperature prior to SFM analysis. Each sample was then sputtered (in three directions-

axial, radial and exposed surface) with gold-platinum coating with a plasma current of

10mA, chamber pressure of 6><10~2mbar, and sputtering time of 140s by using a Polaron

Range sputter coater. The SEM analysis was done by using JEOL-JSM-6480LV (Figure

3.6) with secondary electron scattering and with a low voltage of 10KV to avoid damage

from charging. All the above mentioned surfaces (in three directions) of the samples were

examined before and after aging for 72, 672 and 1500h under SEM to find the extent of

aging and their effects.

Figure 3.6 JEOL-JSM-6480LV SEM microscope

3.11. Fungal Durability

One brown rot fungi Poria placenta and a white rot fungus Trametes versicolor

purchased from FPInnovations FORINTEK. Québec, Canada were used in this study.

Stock cultures of fungi were maintained on malt-agar medium stored at 4°C.
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In this study, the methodology used to perform solid state cultures on wood was adapted

from EN-113 (1986) standard. Wood samples with dimensions of 0.015 m x 0.005 m x

0.035 m in radial, tangential and axial directions were prepared. The size of wood samples

was reduced to accelerate fungal degradation and also to reduce the testing duration from

16 weeks to 8 weeks.

20 ml of sterile medium was prepared by dissolving 40g malt and 30 g agar in 1 liter of

distilled water. Petri dishes of 9 cm in diameter were filled with this medium, inoculated

with fungus, incubated for 2 weeks at the temperature of 22°C ± 1°C, and the relative

humidity of 70% ± 4% so that the mycelium can colonize.

Two sets of each wood sample were placed in different petri dishes. Each experiment

was carried out two times to ensure the reproducibility of the results. Incubation was

carried out under controlled temperature and humidity (22°C ± 1°C, 70% ± 4% relative

humidity) in climatic chamber (Conviron). At the end of each test period, mycelia were

removed and the samples were dried at 103°C ± 2°C and the weight loss caused by the

fungal decay (WL-FD) was determined. This was expressed as a percentage of the initial

oven dried weight of the wood sample as follows:

WL-FD (%) = 100 ((ml - m2)/ml) [3.5]

where mi and rmare masses of coated heat-treated wood samples before and after exposure

to fungal attack, respectively.
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Chapter 4

RESULTS AND DISCUSSIONS

In this chapter results obtained during this work are discussed in detail. This chapter is

divided into several main sections. In the first section, different methods of solid surface

energy calculations are compared for heat-treated and coated surfaces. This was done to

compare different surface forces and Lifshitz van der Waal forces appeared to be the most

important component of wood surface energy. During this study, different natural

antioxidants were prepared and their characterization is subject of the next section. The

detailed discussion about their antioxidant activity is also presented. The bark extract with

highest antioxidant activity and a needle extract were chosen to add in the base coatings to

study their protective characteristics against accelerated aging of heat-treated wood. Three

different coatings are described in the next three subsections. They are sol-gel derived

titania coatings, soy based polymer coating and acrylic polyurethane coating. At the

beginning of this study titania coatings were developed by sol-gel reaction and different

light stabilizers were added to enhance the UV protective characteristic of this coating. The

accelerated aging test of these coating on heat-treated jack pine revealed that the sol-gel

derived titania coatings were not effective enough to protect discoloration of heat-treated

wood against accelerated aging. The soy based polymer coating containing bark extract

also showed same trend as sol-gel derived coatings and almost no protection was observed
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on heat-treated jack pine against accelerated aging test. In the next attempt, acrylic

polyurethane was chosen as the base polymer due to their high resistance against aging and

different UV stabilizers were added to it to increase their resistance against aging. This

coating in combinations with different UV stabilizers showed promising results against

accelerated aging test. Since biological attacks could not be incorporated during the

accelerated aging test, the coated and heat-treated samples after aging for different times

and before aging were exposed to brown rot and white rot fungi to study their durability

against biological attack.

Due to the space limitations, the results for acrylic polyurethane with titania micro and

nano particles and ZnO nano particles are presented in Appendix 2. In the Appendix 1

detailed steps for surface energy calculations are presented with one numerical example.

The effect of needle extracts on acrylic polyurethane coatings performance is reported in

Appendix 3. Characterization of nano lignins and their performance in acrylic polyurethane

coating on heat-treated jack pine is subject of Appendix 4. Appendix 5 consists of detailed

XPS results for acrylic polyurethane with CeC>2 nano particles and lignin stabilizer. In

Appendix 6, the performance of acrylic polyurethanes with black spruce bark extracts and

lignin stabilizers; are compared with that of CeC>2 nano particles and lignin stabilizers on

heat-treated and un-treated wood species. Finally in Appendix 7, the antifungal activity of

different bark extracts on heat-treated jack pine, aspen and birch is compared with that of

the coatings without bark extracts.
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4.1. Surface Energy Calculation of Coated Wood

4.1.1. General

The contact angle tests and surface energy calculations were performed to understand

the interaction of water and other liquids with different coatings and thus to predict the

longevity. The contact angle change implies the penetration or spreading properties of the

liquid on the coated surface in which facilitates coating characterization (polar or

nonpolar).

4.1.2. ZismanPlot

Zisman, in the year 1950, [42] proposed the theory of critical surface tension which is

the minimum surface tension below which all the liquids wet the solid surface. The critical

surface tension, ¥c, can be estimated by measuring the contact angle of a series of liquids

with known surface tensions on the surface of interest. These contact angles are plotted as

a function of the surface tension (¥LV) of the test liquids (Table 3.2). The critical surface

tension is defined as the intercept of the horizontal line, cosO = 1, with the extrapolated

straight-line plot of cos0 against surface tension of the probe liquids as shown in Figure

4.1.

Zisman [51] measured the contact angle 0 for a set of solutions of differing surface

tensions ¥LV- When the cosines of the contact angles were plotted against the surface

tensions, a more-or-less straight line was obtained. From thermodynamic point of view, the

critical surface tension of a surface is not identical to its surface energy, but from a
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practical point of view, the numbers are very similar. Therefore, many workers use critical

surface tension as a usable approximation to surface energy. In the present study, Zisman

plot results are used for comparisons for surface energy of coated heat-treated jack pine.
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Figure 4.1 Zisman plot for soy polymer embedded with 5% bark extractive coated heat-

treated jack pine wood

The critical surface tension values of different wood coating surfaces are tabulated in

Table 4.1 and for soy polymer embedded with 5% bark extracts is shown in Figure 4.1.

Critical surface tension values varied from 24.6mJ/m: for TiO2 coating embedded with

tinuvin5236 to 30.51mJ/m2 ethanol coating embedded with tinuvin5236. The critical

surface tension values for TiO? coating embedded with tinuvin5236 and for TiC>2 coating

embedded with tinuvin5236 and Iignostabl l98 were comparable quite favorably with the

surface energy values obtained by Lifshitz-van der Waal's acid base approach. However,

the critical surface tension for soy polymer coating showed a large deviation from the
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surface energy values obtained by Lifshitz-van der Waal's acid base approach (see Table

4.1). It was also very surprising that critical surface tension values for ethanol coatings

were higher than the surface energy values obtained by Lifshitz-van der Waal's acid-base

approach. It is well known that the choice of probe liquids used to measure the surface

tensions can have an effect on the values. In this study, the probe liquids used were mainly

chosen for calculating polar-dispersion and acid-base character of the surface and they

might not be the best choices for calculating critical surface tension of different coated

wood surfaces.
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Table 4.1 Surface energy components and parameters obtained by using acid-base

approach and critical surface tension values obtained by Zisman plots

Surface Energy (mj/m2)
Critical

Lifshitz-
surface Total Acid-

Coating van der
tension surface base Acid Base

Waal
(mj/m2) energy forces

forces

15% tinuvin5236 in
30.51 20.86 19.19 1.67 0.20 3.43

ethanol coating

15% tinuvin5236 and

2%lignostabll98in 29.99 19.69 19.14 0.55 0.01 5.37

ethanol

15% tinuvin5236 in
24.6 26.25 19.74 6.51 1.28 8.27

TiÛ2 coating

15% tinuvin5236 and

2% lignostab in TiO2 24.72 26.05 19.72 6.33 1.01 9.88

coating

5% bark extractive in
24.72 39.86 20.14 19.73 2.678 36.32

soy polymer coating
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4.1.3. Owens Wendents' Method

In 1969, based on Fowkes equation (see Eq. 2.10), Owens and Wendt [47] proposed a

new expression which divided the surface energy into two components, dispersive and

polar and used a geometric mean approach to combine their contributions (see Eqn. 2.12).

This concept permits a direct calculation of the unknown solid surface tension components,

(ys
p and ys ), from contact angle measurements with two liquids with known surface

tension components (yid and yip). The solution to this equation requires the input from two

or more standard high surface tension, non-associating liquids with very different

polarities. Water (highly polar) and methyleneiodide (non-polar) are liquids often selected

for contact angle experiments when this method is employed. A similar approach was

proposed concurrently by Kaelble [160].

In his observations on interfacial tension, Wu also was started with the polar and

disperse fractions of the interfacial tension of the participating phases. However, in

contrast to Fowkes and Owens and Wendt [45, 47], who used the geometric mean of the

interfacial tensions in their calculations, Wu [48] used the harmonic mean (see Eqn. 2.13).

Using this relationship, he achieved more accurate results, in particular for high-energy

systems. At least two test liquids with known polar and disperse fractions are required for

this method; at least one of the liquids must have a polar fraction >0.

The individual contributions of polar and dispersion forces to the total surface energy of

the soy polymer coating with 5% bark extracts coated heat-treated jack pine are reported in

Figure 4.2. Because of the biological origin of wood and its well-known interactions with

water, it was often felt that the polar nature of wood was of primary importance in
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understanding its interactions. Both the geometric-mean and harmonic-mean models for

surface interaction predicted that dispersion forces were clearly more important than polar

forces on coated heat-treated jack pine. Though Gardner [161] observed a higher value of

surface energy obtained by the geometric mean method than the values obtained by

harmonic mean equation, in the present study opposite observations were recorded.
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Figure 4.2 Polar and dispersive component of total surface energy of 5% bark extracts in

soy polymer coated heat-treated wood by two different approaches

The surface energy values were solely dependent on the choice of liquids. But surface

energy values obtained by geometric mean method and using different combinations of

liquids, were more divergent than the values obtained by harmonic mean method [46]. This

in turn favored use of harmonic mean method for characterizing wood surface
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thermodynamics. The surface energy values calculated by using geometric mean method

for different liquid combinations varied from 15.02mJ/m2 for Tinuvin5236 and

Iignostabll98 embedded ethanol coated wood to 190mJ/m2 for bark extracts embedded

soy polymer coated wood (Figure 4.2). The surface energy values obtained by using Wu's

harmonic mean method for different combinations of liquid varied between 20.09mJ/m2

for Tinuvin and lignostab embedded ethanol coated wood to 60.55mJ/m2 for bark extracts

embedded soy polymer coated wood (Figure 4.2).

4.1.4. Liftshitz Van-der Waals Acid Base Method

Determination of the solid surface energy components yLW, y+ and y" for the heat-treated

coated wood samples were calculated by using Lifshitz van der Waals (see Eqns 2.14-2.16)

acid base approach [49]. If the contact angle, liquid surface tension, and liquid surface

tension components are known, the solid surface energy components can be calculated

using a set of minimum three simultaneous equations. In this instance, a set of four

simultaneous equations representing the four probe liquids (water, formamide, ethylene

glycol, and hexane) were utilized to compute the three unknown wood surface energy

components. The detailed calculation steps are presented in Appendix 1.
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Figure 4.3 Different surface energy components- dispersive, polar, acid and base

components of total surface energy for different coated heat-treated jack pine by Lifshitz-

van der Waals acid base approach

The surface energy components determined by using Lifshitz-van der Waals acid-base

approach is shown in Figure 4.3 and also in Table 4.1. The total surface free energies

varied from 19.69mJ/m2 for tinuvin and lignostab embedded ethanol coating to

39.86mJ/m2 for bark extracts embedded soy polymer coating. Lifshitz-van der Waal forces

appeared to account for the majority of wood surface energy values ranging from

19.14mJ/m2 for Tinuvin and lignostab embedded ethanol coating to 20.14mJ/m2 for bark

extract embedded soy polymer coating. Acid-base contribution varied from 0.55mJ/m~ for

Tinuvin5236 and lignostab 1198 embedded ethanol coating to 19.73mJ/m2 for bark extract

embedded soy polymer coating. It is really important to note that the majority of acid-base

character came from the electron donating f sites on the coated heat-treated wood surface.
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At first glance, this electron donating behavior goes against conventional wisdom because

wood exhibits a slightly acidic pH. However it should be pointed out that pH

measurements are usually made on bulk wood, and contact angles are surface sensitive

measurement. But for this particular study, the coatings developed were slightly basic in

nature.

The contact angle behaviors of different probe liquids on different coated heat-treated

jack pine surfaces showed different behavior. Most importantly water on all coatings,

except for soy polymer coating, showed high contact angle. This implied hydrophobic

character of coatings except for soy polymer coating. The work of adhesion between water

and soy polymer coating demonstrated higher value than with other coatings.

The Lifshitz-van der Waals acid base approach provided greater accuracy in calculating

wood surface energy components than the geometric mean and harmonic mean equations

because it was based on the contribution of contact angles from four liquids versus two

liquids. Also, the fact that the acid base character of the solid obtained by using acid-base

approach was a marked improvement over the geometric mean and harmonic mean

calculations. It is also really important to concentrate on the fact that the calculations

depend on the combination of liquids used and different results can be obtained.

According to Gardner [161], the thermodynamic nature of the chemical components

comprising the wood surface would prohibit surface tension values greater than 73mJ/m .

The determinations of critical surface tension values for wood were dependent on

choice of probe liquids. In some instances, the critical surface tension of wood obtained by

using Zisman plots compared favorably with the total surface tension obtained by the
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Lifshitz-van der Waals acid base approach. Therefore, the Zisman approach can still be

considered as a useful for understanding how an adhesive or finish will wet the surface.

Perhaps, more important, however, is understanding how the acid base character of the

wood surface influences adhesive curing mechanisms. The contribution of the y" wood

surface to fundamental wood -adhesive interactions may have considerable implications in

the gluing and finishing technology of wood, and deserves further study.

Lifshitz-van der Waals acid base approach was the most accurate method compared to

other methods used during this study to determine surface energy of coated heat-treated

jack pine surfaces. Therefore, this method was chosen to determine the surface energy

change of acrylic polyurethane coating containing bark extract and lignin stabilizer on

heat-treated jack pine during aging. The results (Table 4.2) showed, for initial 72h of

aging, the total surface energy decreased along with all the components of surface energy.

This was probably due to the curing of acrylic polyurethane coating during initial stages of

aging whereas an increase in total surface energy was observed after 1500h of aging. This

was due to the degradation occurred during accelerated aging. Also for this coating, it is

found that the acid-base character was majorly due to the contribution of base component

of surface energy.
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Table 4.2 Surface energy components of acrylic polyurethane coating with bark extracts

and lignin stabilizer on heat-treated jack pine for different aging time

Surface Energy (mJ/m )

Aging Time (h)
Total Lifshitz-van Acid-
Surface der Waal base Acid Base
Energy forces forces

0 45.98 39.27 6.71 0.5 22.52

72 38.13 36.79 1.34 0.02 21.44

1500 56.14 44.72 11.42 1.24 26.33

4.1.5. Concluding Remarks

Further studies are needed in order to evaluate the adhesion forces of these coatings on

wood surfaces. The contact angle of water on soy polymer coating was less compared to

other coatings and accordingly the adhesion force was quite high for this coating.

Generally, work of adhesion increased with time for initial periods and then maintained a

constant value. The Lifshitz-van der Waals acid base approach to determine solid surface

tension components was more accurate than geometric mean and harmonic man approach.

Lifshitz van der Waal forces appeared to be the most important component of wood

surface tension, and the electron donating y" sites contributed prominently to the acid base

character of wood. In some instances critical surface tensions of wood obtained by Zisman

plots were in good accordance with the total surface tension obtained using Lifshitz-van

der Waals acid base approach.
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4.2. Characterizations of Natural Antioxidants

4.2.1. General

The disposal of natural residues (barks or leaves of trees) is a challenging task for wood

industry which prompted to investigate the application of these unwanted residues in

different areas especially as coating additives due to their high antioxidant activity. Natural

polyphenols are well known due to their antioxidant properties. It is a growing tendency to

replace synthetic antioxidants which are often carcinogenic with natural antioxidant

compounds [113]. One of nature's most readily available and most valuable sources of

phenolic antioxidants are present in wood, especially in knots and barks of several tree

species [114, 115].

4.2.2. Extraction Yield and Cytotoxicity of Various Conifer Bark Extracts and

Needle Extract

Three different species of boreal forest conifers (black spruce, balsam fir, and jack pine)

were used for bark extracts whereas only one species (jack pine) was utilized for needle

extract. The extraction of each conifer barks were carried out using three different solvent

proportions consisting of methanol: water [100:0]; [80:20]; [70:30] whereas first two

solvent proportions were used for needle extraction. The total extraction yields of each

conifer bark extracts and needle extract are presented in Table 4.3. The extraction yield for

conifer bark extracts were ranged from 13.3% to 22.2% while the needle extract (jack pine)
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had a very low yield of 3.46%. The highest yield was obtained for black spruce bark

extracts (22.19%) whereas lowest yield was observed for jack pine bark extracts.

Table 4.3 The total yield and cytotoxicity of organic UV stabilizers and natural

antioxidants

Compounds Yield

Tinuvinl23

Tinuvinll30

Balsam Fir bark extracts 16.1

Jack pine bark extracts 13.3

Black spruce bark extracts 22.2

Needle extract 3.5

Cell line

WS-1

>100 uM

>100 uM

91 ±7 ug/ml

>200 ug/ml

>200 u.g/ml

>200 jig/ml

WS-1: human normal skin fibroblasts

The cytotoxicity of all the bark extracts and needle extract were compared with those of

commercially available organic and inorganic UV stabilizers on human skin fibroblast

(WSl) by Resazurin reduction test. The cells were incubated in the presence or absence of

increasing concentrations of extracts for 48h. The results which were expressed as a

concentration inhibiting fifty percent of cell growth (IC50) are presented in Table 4.3. It

was clear from the table that Tinuvinl23 and needle extract were non toxic on human skin

fibroblast cells. Balsam fir bark extracts was slightly active and toxic in nature as the cell
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growth was inhibited in dose of less than 100ug/ml. The jack pine bark extracts and the

black spruce bark extracts were completely non toxic on human skin fibroblast.

4.2.3. Antioxidant Activity of Extracts

The antioxidant activities of bark extracts and needle extract were evaluated using

oxygen radical absorption capacity (ORAC). ORACFL values were expressed as Trolox

equivalent (TE umol) per mg of extracts. The quercetine was used as positive control with

an ORACFL value of 19.75 umol TE/mg. All the assays were conducted in triplicate and

the mean values are presented in Table 4.4 with standard deviations. Results, presented in

Table 4.4, showed that highest antioxidant activity was observed for black spruce bark

extracts whereas lowest antioxidant activity was noticed for balsam fir bark extracts. Jack

pine bark extracts showed higher antioxidant activity than needle extract.

From the Table 4.4 it is very clear that black spruce bark extracts was about six times

more active compared to balsam fir bark extracts and about two times more active

compared to jack pine bark extracts radical scavenging activity.
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Table 4.4 Antioxidant activity of conifer bark and needle extracts using ORAC assay

Compounds Oxygen Radical Absorbance Capacity

(ORACFL in 348 well plates)

umol TE / mg R2 Number of

experiments

Needle extract 3.8 ± 0.5

Balsam fir bark extracts 2.0 ± 0.4

Jack pine bark extracts 6.0 ± 0.9

Black spruce bark extracts 11.6 ± 0.6

Quercetine 19.8 ±0.8

Trolox 3.9 ± 0.2

0.9786

0.9936

0.9808

0.9862

0.9941

0.9852

7

5

4

5

8

4.2.4. UV Absorption Spectra of Tested Extracts

The UV absorption capacity of different conifer bark extracts and needle extract was

compared (Figure 4.4) in order to carry out primary screening. The transmission spectra of

the black spruce bark extracts at different concentrations (0.5% and 1% w/w) were

compared with those of other two conifer bark extracts (balsam fir bark extracts and jack

pine bark extracts) and needle extract. The transmission results (Figure 4.4) showed that

the balsam fir bark extracts had a poor absorption capacity in the UV range compared to

the other three extracts (jack pine bark extracts, black spruce bark extracts, and needle
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extract). Less than 1% transmittance was observed up to 337nm and 345nm for 0.5% and

1% of balsam fir bark extracts, respectively. High transmission in the UV range facilitates

the UV light to reach to the wood surface and eventually starts to degrade it within a short

time period after exposure to outer environment. Negligible transmittance (less than 1%)

was detected for jack pine bark extracts (up to 391nm for 0.5% and 396nm for 1%) in the

UV region. Conversely, complete blockage of UV light transmission was attained for black

spruce bark extracts (less than 1% transmittance up to 401nm for 0.5% and 408nm for 1%

black spruce bark extracts). Also, this extract exhibited almost transparent nature

throughout visible region. Among all the bark extracts, the black spruce bark extracts

fulfilled the primary criteria of UV absorber. On the other hand, the needle extract

absorbed all the UV light and some portion of the visible light due to the presence of

chlorophyll (green in nature). In addition to their antioxidant activity, black spruce bark

extracts and needle extract can also act as UV absorber though their mechanism of energy

dissipation is still unknown. However, further tests are necessary to conclude the efficiency

of bark extract and needle extract. From UV- VIS spectroscopy and cytotoxicity results

black spruce bark extracts and needle extract were chosen for further tests.
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Figure 4.4 Transmissions spectra of different bark extracts and needle extract for two

different concentrations

4.2.5. Chromatographic Assessment of Tested Extracts

Of the many chromatographic methods presently available, thin layer chromatography

is widely used for separating the components of mixtures due to its rapidity and simplicity.

The main advantage of this method is [162] that the qualitative characterization of

constituents requires very short time. Other than qualitative detection, the drug quality

assessment can also be realized from the semi quantitative information on the chief active

constituent provided by TLC.
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Figure 4.5 TLC of black spruce bark extracts and needle extract on silica gel-coated glass

plate (a) terpenes. (b) polyphenols

From the chromatographic tests, it was clear that there were at least seven and six

different terpene compounds present in black spruce bark extracts and needle extract,

respectively (Figure 4.5a). According to the findings of Lalancette et al. [119] phenolic

compunds are mainly responsible for the antioxidant activity of extracts for all conifer

species. The black spruce bark extracts consisted of minimum six phenolic compounds and

minimum ten phenolic compounds were detected by TLC on silica gel-coated glass plate

for the needle extract (Figure 4.5b). Although fewer numbers of phenolic compounds were
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present in black spruce bark extracts compared to those of needle extract, they were more

prominent than the needle extract phenolics. Quantitatively the black spruce bark extracts

had higher number of phenolic compounds compared to those of needle extract whereas

qualitatively black spruce bark extracts was richer in phenolics as revealed by TLC (Figure

4.5b). Presence of phenolic acids and flavonoids could be confirmed from TLC results

(Figure 4.5b). The Rf values of terpene and phenolic compunds are presented in Table 4.5.

Table 4.5 The Rf values of different phenolic and terpene components of black spruce bark

extracts and needle extract

Component

Number

I

II

III

IV

V

VI

VII

VIII

IX

X

Phenolic

Bark
extract

0.84

0.75

0.64

0.57

0.48

0.41

Compounds

Needle
extract

0.77

0.72

0.67

0.65

0.63

0.58

0.52

0.41

0.23

0.16

Terpene Compounds

R,

Bark
extract

0.89

0.78

0.68

0.58

0.51

0.42

0.33

Needle
extract

0.89

0.86

0.80

0.74

0.53

0.40
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4.2.6. Concluding Remarks

The natural antioxidants were extracted successfully. The characteristics of three

different bark extracts and one needle extract were evaluated. The UV absorption spectra

of different bark extracts and the needle extract showed that the black spruce bark and the

needle extracts were the most effective in absorption of light in the UV range as well as

lower wavelength of visible region. The highest extraction yield was obtained for the black

spruce bark extracts whereas lowest extraction yield was achieved with the needle extract.

Other than balsam fir bark extracts, all other extracts were not toxic on normal skin

fibroblast cells according to the cytotoxicity results. The highest antioxidant activity was

observed for the black spruce bark extracts. Thin layer chromatography revealed minimum

six and ten different phenolic compounds present in black spruce bark extracts and needle

extract, respectively. Although the black spruce bark extracts and needle extract were rich

in phenolic compounds, further tests were needed to study their activity as potential

additives in coatings for wood color protection from outer environment. From this point on

wards in this thesis, black spruce bark extracts will be marked as bark extract.
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4.3. Aging of Sol-Gel Coated Heat-Treated Wood

4.3.1. General

Heat-treated wood is a natural product and no chemicals were used during heat-

treatment. To protect this new product from outer environment, a highly effective non

toxic coating is necessary. For UV protective coatings, both inorganic and organic UV

absorbers can be used. However, no single UV absorber exhibits a complete UV

absorption in the desired range (Figure 4.6). Therefore, in order to achieve absorption in

this range, organic and inorganic UV absorbers can be combined [35].

4.3.2. Optical Properties of Sol-Gel Coatings

The inorganic oxide coatings were deposited on glass by dip coating method. As the

concentration and the thickness of TiC>2 coatings were increased, the wavelength (k) limit

of the region where the transmission of UV was less than 10% (T<10%) was moved from

285nm to 320nm (Figure 4.6). This is in good accordance with the result reported by

Mahltig [35]. Also, the interference effect was a good evidence of smoothness of the

layers. The titania coatings (Figure 4.6) displayed a high transmission (T>10%) in the UV

range (320nm-400nm). The organic UV absorber alone or with lignin stabilizer showed

better results but the upper limit was found at near UV region (T>10% for >^390nm).

Therefore these coatings could not be used alone as a UV protective coating for wood.
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Figure 4.6 UV/VIS spectra of titania coatings on glass as function of concentration and

layer thickness

In order to reduce the transmission of UV radiations by the coatings over the whole UV

range, organic UV absorbers were embedded into UV absorbing titania coating. The

experiments showed that the transmission of UV light decreased rapidly with increasing

concentration of Tinuvin 5236. Less than 10% of UV was transmitted below the wave

length of 440nm when 15% Tinuvin was used (Figure 4.7). Also as the thickness of the

coating (number of layers) was increased the transmission curve was shifted towards red

region. When two layers of coating were applied, less than 10% of UV was transmitted at

wavelengths less than 470nm (Figure 4.7). Further increase in thickness resulted in fully

opaque coatings which were undesirable. Addition of lignin stabilizer did not significantly

affect the transmission in UV/VIS spectra. Interference effects were observed only for

coatings with low concentration of UV absorber.
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The decrease in transmission at a given wave length and also red shift of the minimum

could be explained by the formation of complex bonding between the embedded UV

absorber and the titania as reported by Mahltig et al. [35]. The transmission tests indicated

that the titania nanoparticles embedded Tinuvin5236 alone or together with lignostab could

be satisfactorily used as UV protective coatings. However, this has to be verified with

aging tests.
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Figure 4.7 UV/VIS spectra of titania nano particles embedded with different concentration

of organic UV absorber tinuvin5236
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4.3.3. Color Measurement and Visual Assessment

The accelerated aging tests were carried out in order to study the effect of sun exposure

on color change of heat-treated wood. Xenon arc source simulates the sun radiation more

closely than any other artificial light source. Both the spectral distribution of energy and

irradiance control can be adjusted with this system (Atlas aging device) through optical

filtering and electrical power management, respectively.

Uncoated wood

-»� Titania coating
embedded with
Tinuvin5236

"ifc� Tltania coating
embedded with
Tinuvin5236
and

0 200 400 600 800 1000 1200 1400 1600|_ignostab1198 !
Time (h) j

Figure 4.8 Lightness index variation of uncoated and coated heat-treated jack pine as a

function of aging time
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Figure 4.9 Red-green index variation of uncoated and coated heat-treated jack pine as a

function of aging time
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Figure 4.10 Yellow-blue index variation of uncoated and coated heat treated jack pine as a

function of aging time
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Figure 4.11 Total color variation of uncoated and coated heat-treated jack pine as a

function of aging time

The lightness values for coated and uncoated wood were presented in Figure 4.8. The

lightness value of uncoated wood was lower than those of the coated ones for the initial

period of aging (up to 668h). UV absorber (Tinuvin5236) and lignin stabilizer

(Lignostabl l98) embedded titania coatings had the lowest lightness value between 668h

and lOOOh exposure. Although no effect of lignin stabilizer on UV protection could be

detected with transmission tests when it was used with titania, artificial aging tests showed

that its addition clearly improved the UV protection capacity of the titania containing

coatings. After this time, all three curves approached each other. However, lignin

stabilizer containing coating always had the lowest lightness value.

Chromaticity coordinates a* and b* over the aging period are presented in Figure 4.9

and Figure 4.10 for coated and uncoated wood samples. The variation of chromaticity
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coordinates over the aging period showed similar trends for coated and uncoated wood

except at initial aging times. Initially, the uncoated wood was redder than the coated wood.

All the samples became greener after aging. Also, it can clearly be seen from Figure 4.10

that UV absorber and lignin stabilizer coated wood was initially more yellowish than

uncoated one and the wood coated with UV absorber embedded titania. However, its color

was distinctly different (becoming less yellowish) than the other two.

The total color change (Figure 4.11) of uncoated and coated wood samples increased

with the exception of initial period of aging (168h). The color change in uncoated wood

was lower than that of coated wood for initial 600h but the wood coated with UV absorber

and lignin stabilizer embedded titania seemed to be better protected at longer times. Titania

coating without lignin stabilizer had no UV protecting effect on wood. Further increase in

lignin stabilizer (over 2%) did not affect the protection UV capacity of this coating.

The visual assessments of these two coated jack pine surfaces after different aging times

are reported in Figure 4.12. The wood surfaces became white after aging due to

degradation of lignin. From the visual assessment also it was clear that better protection

was observed for titania sol containing tinuvin5236 and lignostab coated heat-treated jack

pine surfaces. But still the coating was not good enough to protect the heat-treated jack

pine for longer time period. Since wood is a porous material, coating applied on it tends to

penetrate through the pores and after sometime not enough protection is left on the surface.

This can be a reason for poor coating performance.
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Figure 4.12 Heat-treated jack pine coated with (a) titania sol containing tinuvin 5236. (b)

titania sol containing tinuvin5236 and lignostab at different aging times



4.3.4. FTIR Analysis

In the present study, the infrared spectra of coated and uncoated heat-treated wood were

studied with FTIR-ATR system before and after aging for different periods. According to

the histological observations of Yata and Tamura (1995), the photodegraded zone with

grayish color reached 0.2 mm depth from the surface after aging for half a year, and a

0.5mm thick brown zone was found underneath the gray zone. Since the analysis depth of

ATR FT-IR spectroscopy is a couple of micrometer, only the surface components of the

wood are detected. Different kinds of coatings were applied on wood and their

performance was evaluated by following the changes in peak intensity during different

exposure times.

The FTIR spectra for heat-treated wood coated with titania coating embedded with

Tinuvin 5236 and lignin stabilizer aged for different periods are presented in Figure 4.13.

The Figure 4.13 shows the basic structure of wood: a broad but not strong O-H stretching

at 3300-3600 cm'1 due to high temperature heat treatment of wood, C-H stretching at 2800-

3000 cm"1 and several distinct peaks in the finger print region between 500 and 1750 cm"1.

The peak around 1726 cm"1 was assigned to the carbonyl stretching vibration of carboxyl

and ester groups, especially acetyl group binding to hemicelluloses, such as xylan in

hardwood and glucomannan in softwood [26, 163]. In present study, the peak around 1726

cm"1 was the result of chromophores containing carbonyl groups generated during aging

and presence of more cellulose on the surface. Decrease in this peak intensity during aging

was due to the depletion of chromophores from the wood surface, giving a pale look. Peak

intensities around 1505 cm"1 and 1595 cm"1 were originated from the vibration of aromatic
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ring structure of lignin. The band around 1450 cm'1 was assigned to asymmetric C-H

deformation of lignin [64, 65, 164]. Soft wood lignin showed higher peak intensity at 1505

cm"1 and absorption around 1260 cm"1, which is characteristic for aryl alkyl ether bonds.

The doublets which might be due to the condensed structure of lignin were noticeable at

1595 cm"1 and 1505 cm"1. Disappearance of this doublet after 1500h of aging confirmed

that no lignin left on the wood surface. This was the main reason for the coated surface

becoming white after aging as shown in Figure 4.12. The peaks at 1367. 1162 and 898 cm"1

were mainly due to carbohydrates and have no significant contributions from lignin [86,

165]. The band around 1380cm"1 mainly due to conformational changes in the glycosidic

bridge [166] remained almost constant.
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Figure 4.13 FTIR Peaks of 15% Tinuvin5236 and 2% lignin stabilizer in titania coated

wood at different aging times
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4.3.5. XPS Analysis

The changes in surface chemical compositions were investigated by XPS analyses of

tinuvin5236 and Hgnostabl l98 in TiC>2 sol-gel coated heat-treated jack pine surfaces after

aging for 72h and 1500h (Figure 4.14a). The survey spectrum of 72h aged coated-wood

surface showed prominent peaks of Cls, Ols and Ti2p and small peaks of Nls, Ti3s, Ti3p,

OKLL, 02s, Nais, NaKLL implying presence of titania coating. After 1500h of aging Ti

peaks disappeared mainly due to the depletion of titania coating. Cls and Ols peak

intensities increased slightly whereas OKLL peak intensity decreased after 1500h of aging.

Also the spectra intensity all over the binding energy range decreased after 1500h of

accelerated aging (Figure 4.14a). The high resolution spectra of Cls were deconvoluted

into four components Cl, C2, C3 and C4. The Cl peak is ascribable to hydrophobic bonds

such as carbon linked carbon or hydrogen present in lignin and aromatic low molecular

weight extractives and fatty acids. The C2 peak corresponds to carbon-oxygen bonds

present in hydroxyl or ether group of lignin and polysaccharides of wood. The C3 peak is

mainly due to hemiacetal carbon of cellulose and hemicelluloses and to a lower extent to

carbonyl groups. The C4 peak corresponds to carbonyl of carboxylic acid or ester functions

present in wood [66, 167]. The deconvoluted spectra after 72h of aging (Figure 4.14b)

revealed highest contribution from the Cl component followed by C2, C3 and C4. The C2

component contribution was also quite high which was mainly from cellulose. After 1500h

of aging C2 component contribution was the highest (Figure 4.14c) as cellulose became the

most available component at the wood surface because of aging. At this stage, Cl

component contribution decreased considerably as a result of lignin degradation and
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depletion of degraded products from the surface due to the presence of moisture and water

spray. The contribution of different types of oxygen atoms was more difficult to analyze.

According to the literature, the 02 component represents all the oxygen elements in

cellulose whereas the oxygen elements in benzyl aryl ether and diaryl ether are ascribed to

01, the oxygen elements in phenolic OH, aliphatic aromatic ether and thioglycolic acid to

03 [2, 168, 169]. The Ols spectrum was decomposed into three components after 72h of

aging and four components after 1500h of aging. After 72h of aging 01% was almost 43%

and the contribution of 02 and 03 components were almost equal (Figure 4.14d).

However, after 1500h of aging a new component was formed and 02% increased to 83%

and 0 1 % and 03% decreased extensively (Figure 4.14e). The noteworthy increase in

percentage of 02 component clearly showed that after 1500h of aging the wood surface

became rich in cellulose. In addition, decrease in contribution of 01 and 03 components

illustrated that lignin was degraded and depleted with aging from the wood surface. The

formation of a new component 04 demonstrated that oxygenated products were formed

due to aging. As illustrated in Table 4.6, the 0/C ratio increased from 0.4 (before aging) to

0.55 after 72h of aging and after 1500h of aging to 0.56. The increase in 0/C ratio was

mainly due to the lignin degradation and production of oxygenated photo products during

aging.

102



100 10

800 600 400

Binding Energy (eV)

(a)

288 286 284 282

Binding Energy (eV)

(b)

293 290 288 286 284 282

Binding Energy (eV)

(c)

280 278 540 538 536 534 532 530 528
Binding Energy (eV)

(d)

526

70

540 538 536 534 532 530

Binding Energy (eV)

Figure 4.14 The XPS spectra of heat-
treated jack pine wood coated with
tinuvin5236 and lignostab in titania sol. (a)
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It is well known that all polymers, except saturated hydrocarbons such as polypropylene

or polyethylene, have acidic or basic functional sites. In general, most polymers have either

an acidic or basic character or both to some extent. Some of the XPS peak shifts may, in

principle, be related to the acid-base interactions. Particularly, the high resolution XPS

spectrum of the basic oxygen of the surface sites is most helpful in identifying the extent of

base interaction. According to Fowke's theory as explained by Shen et al. [170], the total

acidity of any surface can be calculated by the contribution of C2 and C4 components and

basicity depends on the contribution of Cl and C3 components. It was clear from the Table

4.6 given below that the acidity of the surface increased whereas the basicity decreased

with aging. Therefore, it could be concluded that the photo products formed during aging

were acidic in nature.

Table 4.6 The O/C ratio and acid/base ratio of heat-treated jack pine coated with

tinuvin5236 and lignostab in titania sol

Sample

Before Aging

After 72h of Aging

After 1500h of Aging

O%

28.70

35.62

35.91

C%

71.30

64.38

64.09

O/C

0.40

0.55

0.56

Total

Acidity

(C2+C4)

31.13

40.58

60.65

Total

Basicity

(C1+C3)

68.87

59.42

39.35

A/B

0.45

0.68

1.54
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4.3.6. SEM Analysis

The most important early structural indication of photo degradation on soft wood

surfaces is the damage of bordered pits as explained by Turkulin [171]. For wood surface

coated with semitransparent coating, he had reported formation of distinctive cracks of the

torus on aspirated pits only after 4days of natural exposure or 10 hours of Fluorescent UV

lamps exposure. Whereas such kind of cracks were visible for the present study after 72h

of accelerated aging at the surface beneath the sol-gel coated titania nano coating

containing Tinuvin5236 and lignin stabilizer (Figure 4.15a). Upon prolonged exposure to

accelerated aging test, after 672h of aging, pit dome cracks progressed diagonally,

following the microfibril orientation in the domes resulting in the widening in aperture and

thinning of the pit dome (Figure 4.15b). Complete destruction of the pit membrane mark

was observed in the present study after 1500h of exposure to accelerated aging condition.

Simple pits found in late wood of jack pine did not disintegrate as fast as bordered pits.

Only after 1500h of aging, SEM micrographs exhibited deep S2 crack in simple pit

revealing angle of microfibrils in this layer of secondary cell wall (Figure 4.15c). Along

with the longitudinal cracks in S2, horizontal cracks were also evident as a sign of

accelerated aging of heat-treated jack pine coated with sol-gel derived titania nano coatings

containing Tinuvin5236 and lignin stabilizer after 1500h of exposure (Figure 4.15d).
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(d)

Figure 4.15 SEM analyses of heat-treated jack pine coated with titania coating containing

organic UV absorber and lignin stabilizer after (a) 72h of aging, (b) 672h of aging, (c) and

(d) 1500h of aging

4.3.7. Concluding Remarks

The inorganic UV absorbing titania coating and organic UV absorbers did not provide

sufficient UV protection for heat-treated jack pine surfaces when used separately. The

UV/VIS spectroscopy results for titania particles embedded with UV absorber indicated

very promising UV protective characteristics. But the accelerated aging test results did not

yield to the same conclusion. The color change diagrams demonstrated that the titania

embedded with UV absorber coating did not have a considerable influence on wood color

but addition of lignin stabilizer played an important role in protection of wood from UV

exposure as they mainly act as radical scavenger. The coatings did not work effectively

since they were not thick enough. There was not enough protection left on the surface

when the coating fills the pores after the application of a thin layer. The XPS, FTIR
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analyses revealed that with aging lignin degraded which resulted in formation of

oxygenated acidic products leaving behind a cellulose enriched surface. Further study is

needed to investigate the performance of these UV protective coatings incorporated in

wood clear coats.
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4.4. Aging of Soy Polymer Coated Wood

4.4.1. General

The soy based polymers are non toxic and environment friendly which prompted to

choose this polymer for protection of heat-treated wood. No literature was found on their

use in outdoor environment as protective coating; therefore, their weather resistance

characteristics were unknown. This soy polymer needed to crosslink for better performance

and three different ways were available. The first method was to crosslink by using

ammonium hydroxide, secondly by using AzeCote and third option was to use urea

formaldehyde. The best crosslinking agent was selected by carrying out a 24h water

immersion test of these three differently coupled coatings on heat-treated jack pine and

investigating the adhesion behavior of them at the end of the test. The azecote coupled soy

polymer showed very poor water resistance characteristics whereas ammonium hydroxide

and urea formaldehyde demonstrated high water resistivity. Due to the very high toxicity

of urea formaldehyde, ammonium hydroxide was chosen as a coupling agent for soy

polymer coatings to be tested for their efficiency in protection of heat-treated wood from

color change during accelerated aging.

4.4.2. Color Measurement and Visual Assessment

The color measurement results for the heat-treated jack pine coated with soy polymer

coating containing bark extracts were compared with commercially available pigmented
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solvent borne Laurentide and Cetol coatings on heat-treated jack pine and are presented in

Figure 4.16.

The changes in lightness index suggested that the soy polymer coating on heat-treated

jack pine did not prevent wood color change during artificial aging and very high lightness

index change was observed only after 72h of exposure (Figure 4.16 a). The change in

lightness index increased with aging time and after 1008h of aging it became almost

constant. The industrial Laurentide coating and industrial Cetol coating showed very small

lightness index change even after 1500h of accelerated aging (Figure 4.16a). For the

industrial coatings the surface became lighter for initial 336h of aging but then the

lightness value started decreasing for both the commercially available coatings. The soy

polymer coating became greener with increasing aging time whereas increase in red-green

index was observed for both the industrial coatings (Figure 4.16b). The most change in

chromaticity indices was noticed for soy polymer based coating on heat-treated jack pine.

The soy polymer coated heat-treated jack pine turned to bluish in nature after accelerated

aging whereas both the industrial coatings showed yellowish nature up to 1008h of aging

(Figure 4.16c). Increase in same index for initial 336h of exposure was observed for both

the industrial coatings. The soy polymer coating exhibited almost no protection, and color

change was very significant compared to the industrial coatings on heat-treated jack pine

(Figure 4.16d).
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Figure 4.16 Comparison of color change of heat-treated jack pine coated with soy polymer

coating and commercially available Laurentide coating and Cetol coating after different

aging period (a) lightness index, (b) red-green index, (c) yellow-blue index, and (d) total

color change
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Figure 4.17 Visual assessment of heat-treated jack pine coated with (a) soy polymer

coating, (b) Industrial Laurentide coating, and (c) Cetol coating for different aging periods
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A very significant change in color was observed only after 72h of accelerated aging for

heat-treated jack pine coated with soy polymer coating containing bark extract as shown in

Figure 4.17a. The surface became completely white due to degradation after 672h of

accelerated aging for this coating. The industrial coatings on the other hand protected wood

better and almost no color change was observed up to 672h of accelerated aging. Small

local degradations were visible after 1008h of aging for the both industrial coatings (Figure

4.17). The Cetol coating (Figure 4.17c) degraded more at the end of 1500h of aging

compared to industrial Laurentide (Figure 4.17b) coating but significant degradation were

noticed for both the coatings at the end of 1500h of aging.

4.4.3. FT-IR Analysis

Soy polymer coating containing bark extracts was prepared in the laboratory and

applied on the wood surfaces. The thickness of the coating was very small and sometimes

the active components penetrated though the pores of the wood surfaces, resulting in

ineffective coating. For this reason, the coated heat-treated jack pine surfaces were

degraded only after 72h of aging. A very small peak around 1509 cm"1, which was

attributed due to the lignin guaiacyl nuclei, was noticeable after 72h of aging. However,

the peak disappeared after 168h of aging (Figure 4.18). The degradation of lignin during

aging was confirmed from disappearance of this peak which was accompanied by

formation of new carbonyl photoproducts. This was indicated by increasing absorption

around 1734 cm"1 due to photo oxidation of wood surface [26, 33, 82, 86, 163, 164, 166,

172-174] (Figure 4.18).
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Figure 4.18 ATR-FTIR analyses of heat-treated jack pine coated with soy polymer

containing bark extracts for different aging times

4.4.4. XPS Analysis

In the Figure 4.19 the survey spectra of heat treated jack pine coated with soy polymer

coating embedded with bark extracts are compared for different aging times. It can be

concluded from the survey spectra that both the main peaks, Cls and Ols, increased during

aging. There was a slight increase in Cls peak whereas in Ols peak intensity increased

quite prominently. Contributions of other components such as N and Si were not important

enough to consider (Figure 4.19a). The Cls spectra of the aged wood were deconvoluted

into four peaks as Cl, C2, C3 and C4. As shown by Figure 4.19, it can be said that there

was not enough protection of wood from aging as the Cls spectra after 72h of aging

became 'cellulose type' spectra (Figure 4.19b). Among the wood components, lignin is a
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very good UV absorber [11] and wood color degradation was mainly due to lignin photo

degradation [24]. The O/C ratio was increased from 0.39 to 0.65 with aging mainly due to

degradation of lignin and formation of chromophores on the surface. Due to degradation of

lignin, Cl% decreased significantly while C2% increased (Figure 4.19c). The formation of

a cellulose enrich aged layer increased the O/C ratio and the C2 component. The

contribution of C3 component increased slightly while C4 contribution decreased. The Cls

spectrum of heat-treated jack pine wood before aging was compared with that of coated

wood after 72h and 1500h of aging (Figure 4.19d). The highest peak of Cls spectra were

shifted to higher binding energy with aging due to the formation of new carbonyl photo

products. The Cl peak became narrower while the C2 peak became broader during aging.

The Cls spectrum of wood before aging was lignin like while the aged wood spectra were

cellulose like. The other important peak Ols was deconvoluted into two components 01

and 02 (Fgure 4.19e). With aging 01% decreased in contrast to 02% (Figure 4.19f),

which increased with aging. Also, the contribution of 0 1 % was very small compared to

02% which can be explained with the aging of surface coating as well as underneath lignin

on wood surface resulting in formation of various chromophores on the surface.
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Figure 4.19 The XPS spectra of heat-treated Jack pine wood coated with bark extracts in

soy polymer coating (a) survey spectra comparison of 72h and 1500h aged wood. High

resolution Cls spectra of (b) 72h and (c) 1500h aged wood, (d) Cls spectra comparison of

wood before and after aging, Ols high resolution spectra of (e) 72h and 1500h (0 aged

wood

4.4.5. Concluding Remarks

The soy polymer coating with bark extract did not protect heat-treated jack pine from

aging. The wood surface underwent degradation only after 72h of accelerated aging. This

was due to the fact that soy polymers, even after cross linking with NH4OH, had high

affinity towards water. The coating depletion took place due to the action of moisture

during accelerated aging. Also, bark extracts were soluble in water; therefore, they might

migrate from the wood surface as well. The coating thickness was another factor. Due to

very low coating thickness and high affinity towards water, even after short span of aging.
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no protection was left on the surface. Another important factor could be their (soy polymer

coating) highly basic nature which prevented the normal ESIPT mechanism to take place

for UV absorbers.
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4.5. Aging of Acrylic Polyurethane Coated Wood

4.5.1. General

Water based acrylic polyurethane coatings have wide applications and was chosen for

this study because of their high durability characteristics in accelerated aging environment,

upgraded film properties, and environmentally friendliness [139, 140, 143]. From

durability point of view, colored products are often added to coating materials, but this

affects negatively the aesthetic nature of the end product. The transparency of the coating

material is one of the most important factors for heat-treated wood from consumer's

perspective so that its attractive darker color is preserved for decorative purposes. But,

transparent coatings allow sunlight to reach to the wood surface which enables the onset of

the photochemical reactions leading to change of color and loss of gloss of the surface. To

overcome this shortcoming of transparent coatings, UV stabilizers are often added as an

additive to the coating formulations.

In this section, the results are presented for the three heat-treated wood species which

were used to test the effectiveness of different coatings with acrylic polyurethane base

(acrylic polyurethane with different combinations of bark extracts, CeC^ nano particles,

lignin stabilizer compared with commercially available organic UV stabilizers, and

industrial Laurentide coating). One soft wood species (heat-treated jack pine) and two hard

wood species (heat-treated aspen and birch) were taken into consideration in order to

investigate coating's durability under accelerated aging conditions. The results for the

acrylic polyurethane with titania and ZnO particles are presented in Appendix 2 and acrylic
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polyurethanes with needle extracts alone or together with lignin stabilizers are reported in

Appendix 3.

4.5.2. Affinity of Coatings towards Wood Surface

The wetting characteristics of different acrylic polyurethane coatings on heat-treated

jack pine revealed that the contact angle of the acrylic polyurethane coating with CeC^

nano particles was smallest (better wetting) compared to other acrylic polyurethane

coatings (Figure 4.20). This was due to the fact that CeC>2 nano particles were dispersed in

water with the help of surfactants. Therefore, addition of CeC>2 nano particles to the coating

formulation increased its water content and added some surfactants as well. This lowered

the surface tension and also viscosity of the coating which eventually resulted in better

wetting. However, the initial contact angles of all the acrylic polyurethane coatings were

below 90° showing that there were good contact with heat-treated jack pine and these

coatings. For all the coatings, contact angle started changing as soon as coating materials

came in contact with wood surface. After approximately 10 s, the contact angle reached to

an equilibrium point for all the coatings. The acrylic polyurethane coating with bark extract

showed slightly bigger equilibrium contact angle compared to acrylic polyurethane coating

with CeC>2 nano particles and almost similar equilibrium contact angle with acrylic

polyurethane coating containing CeO2 nano particles and lignin stabilizer. Bark extract and

lignin stabilizer containing acrylic polyurethane coating exhibited slightly larger contact

angle compared to that of acrylic polyurethane coating containing bark extract. The largest

equilibrium contact angle was observed for the coating with CeO2 nano particles, lignin
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stabilizer and bark extract whereas the coating containing CeOi nano particles and bark

extract showed slightly smaller contact angle than that of the former coating (Figure 4.20).

On the other hand, acrylic polyurethane coating without light stabilizers showed larger

equilibrium contact angle compared to that of acrylic polyurethane coatings containing

CeOi nano particles; bark extracts; lignin stabilizer; CeO: nano particles and lignin

stabilizers. Larger contact angle means less wetting which also means lower adhesion

between coating and wood. The difference in contact angle was mainly due to the

difference in percentage of solids (additives) in the coating materials (Figure 4.23) and

surface tensions of the coatings. Increase in solid percentage increased the viscosity and

higher surface tension of the coating which eventually resulted in larger contact angle and

decrease in wetting.

� CeO2
D Bark extract
OLignin stabilizer
� CeO2+lignin stabilizer
A CeO2+bark extract

Barkextract+lignin stabilizer
XCeO2+bark extract+lignin stabilizer
A Acrylic polyurethane
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à à é k

200 400 600
Time (s)
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Figure 4.20 Dynamic contact angle of acrylic polyurethane coatings on heat-treated jack

pine with or without light stabilizers
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These coatings showed similar wettability trends on heat-treated aspen as on heat-

treated jack pine, with the exception of acrylic polyurethane containing bark extract and

lignin stabilizer (Figure 4.21). This coating surprisingly showed smaller equilibrium

contact angle compared to all other coatings, other than acrylic polyurethane with CeOi

nano particles. Latter coating exhibited smallest contact angle on heat-treated aspen

whereas largest contact angle was observed for both CeO: nano particles and bark extract

containing acrylic polyurethane and CeO: nano particles, bark extract, and lignin stabilizer

containing acrylic polyurethane. Other than acrylic polyurethane without any light

stabilizer and with bark extract and lignin stabilizer, the increase in equilibrium contact

angle for all other coatings was found to be directly proportional to their solid content on

heat-treated aspen (Figure 4.23).
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Figure 4.21 Dynamic contact angle of acrylic polyurethane coatings on heat-treated aspen

with or without light stabilizers
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Figure 4.22 Dynamic contact angle of acrylic polyurethane coatings on heat-treated birch

with or without light stabilizers

The wetting characteristics of acrylic polyurethane coatings on heat-treated birch did

not follow the same trend as on heat-treated jack pine or aspen. After 10s of contact time

between coatings and heat-treated birch, contact angle change rate decreased considerably

(Figure 4.22). After this point also contact angle decreased slowly with time for all

coatings. This was probably due to the ongoing penetration of the coatings through the

pores. All the equilibrium contact angles clustered between 35° to 50°. Although smallest

equilibrium contact angle was observed for acrylic polyurethane with bark extract and

lignin stabilizer, at the end of wetting process, acrylic polyurethane with CeO? nano

particles exhibited smallest contact angle. Largest contact angle was observed for acrylic

polyurethane without light stabilizers.
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Figure 4.23 Surface tensions and equilibrium contact angles of acrylic polyurethane

coatings on heat-treated jack pine, aspen and birch with or without light stabilizers

4.5.2.1. Effect of Capillary Penetration of Coatings

In this section only four coatings (acrylic polyurethane with bark extracts; with lignin

stabilizers, with bark extracts and lignin stabilizer and without light stabilizers) and heat-

treated jack pine are considered since they were found to be most promising.

The surface tension affects the wetting properties of coatings. Figure 4.23 compares the

surface tension of acrylic polyurethane coatings with or without light stabilizers. The

surface tension of acrylic polyurethane coating without light stabilizers was found to be

higher than the surface tensions of acrylic polyurethane coatings with light stabilizers. This

was probably due to the presence of polar groups (OH groups on the surface) in UV
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stabilizers. Lowest surface tension was observed for coating containing bark extract

whereas highest surface tension was pertained by acrylic polyurethane coating without

light stabilizers. With the exception of coating without light stabilizers, equilibrium contact

angle increased with increasing surface tension. Other than some small exception, the

surface tension increase was directly proportional with the increase in solid content of the

coatings. For example, the solid content of acrylic polyurethane coating without light

stabilizers was lower compared to that of the coating with light stabilizers; therefore, it had

higher surface tension. This was most likely due to the addition of hydrophilic light

stabilizers which lowered the surface tension of acrylic polyurethane coatings with bark

light stabilizer.

The contact angle of a liquid on a porous substrate depends on interfacial forces and

highly affected by capillary penetration as reported in literature [72]. In this study, the

degree of capillary penetration was evaluated by monitoring the height and diameter

change of the drop as a function of time and also by calculating the drop's volume

according to Equations 4.1 and 4.2. The first model (see Eqn 4.1) which uses the height

(h) and diameter (d) to calculate the drop volume was proposed by Liptakova and Kudela

(1994) [36] whereas Denesuk et al. (1993) [175] derived the second model (see Eqn 4.2) to

compute the drop volume using diameter of the drop and contact angle (9).

[4.1]
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Figure 4.24 The drop height and diameter change with time for acrylic polyurethane

coatings with or without light stabilizers

The height of drops started decreasing as soon as the coatings came in contact with the

wood surface. As shown in Figure 4.24, the change of drop height with time was found to

be similar for all the four coatings. The diameter of drop was initially increased up to about

50s and decreased slightly thereafter for all the four coatings. The increase in diameter was

the indication of spreading of the coating drop on wood surface. Decrease in diameter was

most probably due to the ongoing penetration of the coating materials into the wood. The

least spreading was observed for coating containing bark extract and lignin stabilizer

whereas most spreading was noticed for coating containing bark extracts or lignin

stabilizer (Figure 4.24). This type of phenomenon was also observed with the alkyd based
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high solid containing coating, traditional solvent borne alkyd resin paint, and water borne

acrylic binder wetting properties on spruce and pine sapwood as reported by de Meijer et

al. (2001) [176]. Since wood is a porous material capillary penetration of the coatings took

place along with spreading.

The volumetric changes of the coating drops on heat-treated and planed jack pine with

time were calculated using Equations 4.1 and 4.2 and similar results were obtained from

both equations (Figure 4.25). Other than acrylic polyurethane coating containing bark

extract and lignin stabilizer, the drop volume seemed to increase for initial 10 seconds and

after that decreased with increasing contact time. The initial increase in drop volume was

due to rapid increase in diameter mainly along the grain of the wood surface for initial time

of contact although drop height decreased slightly. The volume of the drop calculated in

this study was dependent on the spreading of the drop along the grain. The spreading of the

drop along the grain was much higher than across the grain leading to an increase in

volume of the drop (assumed spherical but actually elliptical) for initial 10 seconds. The

drop volumes of the coating containing bark extract and lignin stabilizer decreased as soon

as it came in contact with wood surface. The decrease in volume of the drops was due to

the penetration of coatings material into the wood as well as evaporation of water from the

coating drops.
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Figure 4.25 Change of drop volume with time for acrylic polyurethane coatings with or

without light stabilizers

The model 2 was used to calculate the volumetric changes of the drops vs. contact time

as a function of experimentally measured contact angle change (see Eqn. 4.2). The rate of

volumetric capillary penetration of the coatings was calculated by using Equation 4.3 [176]

are given below.

» 0
and VQ = Vt + VP [4.3]

Vp: volume of coating penetrated into the wood

Vt : volume of drop at time t

Vo: volume of drop at t=0

t: time

b: rate constant
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For all the samples, there were fairly good linear relationship between square root of

time and fractional penetrated coating volume for initial about 100s with r2 (correlation

coefficient) values of 0.89 or higher. The median rate constant values (s) were calculated

because the rate constant values were not normally distributed [176]. This suggested early

diffusion of water from the coatings through the cell wall.

The capillary penetration rate varied with different UV stabilizers (Table 4.7). The

fastest penetration rate was observed for coating containing bark extract and lowest

penetration rate was exhibited by coating containing bark extract and lignin stabilizers. The

capillary penetration rate results directly support the contact angle results. Polyurethane

acrylate without light stabilizers had lower penetration rate due to the higher surface

tension compared to the polyurethane acrylate with bark extract or lignin stabilizer. On the

other hand, polyurethane acrylate with bark extract and lignin stabilizer had lower surface

tension but lower capillary penetration rate compared to that of the acrylate polyurethane

without light stabilizers. This was due to the continuous absorption of water into cell wall

and continuous evaporation of water to the environment from the drop which resulted in

rapid increase in viscosity and solid matter content in the drop.
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Table 4.7 Median rate of capillary penetration for acrylic polyurethane coatings with or

without light stabilizers

Coatings Capillary penetration rate (s" )

PUA+Bark extract -0.024

PUA+Lignin stabilizer -0.022

PUA+Bark extract+lignin stabilizer -0.018

Polyurethane acrylate -0.02

4.5.2.2. Effect of Mechanical Surface treatment

In this section, influence of mechanical surface treatment of heat-treated jack pine on

wetting of acrylic polyurethane with bark extract and lignin stabilizer has been discussed.

Surface anatomy plays an important role on the wetting process. Two types of surface

treatments were scrutinized in this study - sanding and planing. Four different grit papers

were used to study the effect of sanding on wetting of the wood by coating. Also, the effect

of different surfaces (radial and tangential) along with different mechanical surface

treatments on wetting was studied.

Liptakova et al. (1995) [57] compared three different surface treatments - microtoming,

milling and grounding and found that mechanical treatments not only change the

morphological structure of wood but also the chemical composition of wood surface layer.

Sinn et al. (2004) [58] in a later study investigated changes of surface properties of beech

and spruce wood due to sanding. The results in this study revealed that contact angle of the

acrylic polyurethane coating on heat-treated jack pine reached to equilibrium value both on
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tangential (Figure 4.26a) and radial surfaces (Figure 4.26b) irrespective of surface

treatments within 10s of contact. Wood cells usually compressed during planing but if the

compression is very strong, subsequent expansion of the cells can lead to high grain rising

which results in premature cracking of the coating. The mode of wood surface treatment

was found to be an important factor in wood/coating wetting process. There was an

increase in equilibrium contact angle for both radial and tangential heat-treated jack pine

when the surface was sanded by 120 grit paper compared to that of the planed surface.

During sanding wood fibers and other cellular elements were torn out, mechanically

distorted and even crushed which then were pressed into the pores together with wood dust

resulting in lower surface roughness. Increase in equilibrium contact angle was due to the

decreased wood surface porosity during sanding compared to planing. This increase was

more on radial surface compared to that of tangential surface since radial surfaces were

affected more by sanding compared to tangential surfaces. Usually wood surface roughness

decreases with increase in grain size of the sand papers. It was quite surprising to notice

the lowest equilibrium contact angle on both radial and tangential surfaces at mid grain

size sanded wood surface (Figure 4.27). These results are in accordance with the results

reported by Sinn et al. (2004) [58]. The equilibrium contact angle was lower after wood

surfaces sanded with 150 grit paper compared to 120 grit papers. This was due to the

smoothening of the surface which increased the spreading rate. The increase in equilibrium

contact angles took place after sanding the wood surface with 180 and 220 grit papers. This

could be explained by the fact that although the surface became smoother (faster

spreading) with increasing grit number of the sanding papers, the wood pores get
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completely blocked which suppressed the penetration of the coatings. Sinn et al. (2004)

[58] also noticed that the surface chemistry was altered during sanding which is attributed

to increase in lignin content due to the blockage of pores with wood dust.
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Figure 4.26 The effect of mechanical surface treatment on wetting of acrylic polyurethane

coating containing bark extract and lignin stabilizer-wood system on (a) radial, (b)

tangential surfaces
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4.5.3. Color Measurement

The accelerated aging tests were carried out in order to study the effect of UV/VIS

exposure on color change of coated and heat-treated wood within a shorter time span

compared to that of natural aging.

4.5.3.1. Heat-treated Jack Pine

The color measurement data suggested that, other than industrial coating and acrylic

polyurethane coating containing CeC>2 nano particles and lignin stabilizer, all the other

coatings became greener (Figure 4.28a) with increasing aging time. Only industrial coating

and acrylic polyurethane with CeC>2 nano particles and lignin stabilizer became redder. The

acrylic polyurethane with CeC>2 nano particles exhibited least variation in red-green index

while acrylic polyurethane coating containing organic UV absorber showed most variation

of the same index. The acrylic polyurethane coating without light stabilizers, acrylic

polyurethane coating containing organic UV stabilizers, and acrylic polyurethane with

lignin stabilizer demonstrated bluish nature whereas other coatings showed yellowish

nature after 1500h of aging. For acrylic polyurethane coatings with bark extracts, CeO2

nano particles, bark extracts and lignin stabilizers, and industrial Laurentide coating, the

yellow-blue index increased during the initial stages of aging. This was followed by a

decrease in the same index though extent of this change was less for industrial coating

(Figure 4.28b). The most change in yellow-blue index was observed for base acrylic

polyurethane coating, conversely, the least variation of the same index was observed for
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the acrylic polyurethane coating containing bark extracts with or without lignin stabilizer,

and CeÛ2 nano particles.

The lightness of all the coatings increased with aging time; however, lightness variation

of industrial Laurentide coating was less for initial HOOh of accelerated aging (Figure

4.28c) compared to those of coatings developed during this study. After HOOh of aging,

the acrylic polyurethane coatings containing bark extract or CeC>2 nano particles pertained

least lightness variation. The most change in lightness index was observed for the base

acrylic polyurethane coating. The acrylic polyurethane coating stabilized with organic UV

stabilizers also exhibited very high lightness index change. The acrylic polyurethane

coating containing lignin stabilizer showed almost similar lightness variation as the acrylic

polyurethane coating containing bark extract and lignin stabilizer; however for initial

period of aging, the former coating showed comparatively more variation in lightness

index. The acrylic polyurethane with CeC>2 nano particles and lignin stabilizer showed

similar lightness index variation as industrial Laurentide coating.

The most color change was detected for the base acrylic polyurethane coating (Figure

4.28d) nevertheless the acrylic polyurethane coating stabilized by organic UV stabilizers

also showed a significant total color change after 1500h of aging. The acrylic polyurethane

coating containing CeC>2 nano particles pertained highest protection (Figure 4.28d) among

all coatings during the accelerated aging test. Although, at the end of 1500h of aging,

acrylic polyurethane coating containing bark extracts showed similar total color change as

that of acrylic polyurethane with CeC>2 nano particles. Similar protective characteristics

were observed for the acrylic polyurethane coating containing bark extract alone or with
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lignin stabilizer, acrylic polyurethane with CeO2 nano particles and lignin stabilizer, and

the industrial Laurentide coating during initial 400h of aging but the color of acrylic

polyurethane coating containing bark extract and lignin stabilizer varied less compared to

the color of the industrial coating and acrylic polyurethane containing CeC>2 nano particles

and lignin stabilizer from 400h to 1400h of aging. The acrylic polyurethane coating with

bark extract exhibited better protection throughout compared to the industrial coating. The

acrylic polyurethane coating containing lignin stabilizer also showed high protective

characteristic. High UV/VIS resistance of industrial coating was expected as it is a highly

pigmented (almost green and opaque) solvent based coating which tends to cover the

natural grain texture of heat-treated jack pine surface completely. Also, this coating

contains some toxic substances. On the other hand, the acrylic polyurethane is transparent,

non-toxic and water borne coating which contains natural antioxidant or CeC>2 nano

particles with or without a very small amount of lignin stabilizer. This study showed that

acrylic polyurethane coating containing bark extract, CeC>2 nano particles and lignin

stabilizer alone or together can replace effectively the pigments and organic UV stabilizers

which are used for slowing down the degradation of wood in outer environment.
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Figure 4.28 Comparison of color change of heat-treated jack pine coated with acrylic

polyurethane with or without light stabilizers and commercially available Laurentide

coating after different aging period (a) red-green index, (b) yellow-blue index, (c) lightness

index, and (d) total color change
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4.5.3.2. Heat-treated Aspen

For heat-treated aspen, all the coatings became greener after aging for 1500h (Figure

4.29a). The most change in red-green index was observed for acrylic polyurethane coatings

with organic UV stabilizers and lignin stabilizer. The least change in the same index was

pertained by acrylic polyurethane coatings with CeÛ2 nano particles alone or together with

lignin stabilizer. Other than acrylic polyurethane containing CeC>2 nano particle with or

without lignin stabilizer and industrial Laurentide coated heat-treated aspen, all the other

coatings on heat-treated aspen after accelerated aging for 1500h became bluish in nature

whereas former three coatings turned yellowish after aging (Figure 4.29b). The least

variation of yellow-blue index was noticed for acrylic polyurethane with bark extract and

lignin stabilizer whereas most change in the same index was observed for acrylic

polyurethane without light stabilizer and industrial Laurentide coating. After aging all

coated heat-treated aspen surfaces became lighter in nature (Figure 4.29c). The most

variation in lightness was observed after accelerated aging for acrylic polyurethane with

lignin stabilizer with or without bark extracts. The least change in lightness index was

exhibited by industrial Laurentide coating. Acrylic polyurethane containing CeÛ2 nano

particles and lignin stabilizer showed almost similar lightness index variation that of

industrial Laurentide coating for final 500h of accelerated aging (after lOOOh of aging).

The most total color change at the end of accelerated aging was observed for acrylic

polyurethane with lignin stabilizer according to color measurement data (Figure 4.29d).

Industrial Laurentide coating showed least total color variation for initial 672h of aging,

after that acrylic polyurethane containing CeO2 nano particles and lignin stabilizer
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demonstrated least total color change. After 672h of aging, acrylic polyurethane with CeO:

nano particles also showed less color change compared to industrial Laurentide coating.
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Figure 4.29 Comparison of color change of heat-treated aspen coated with acrylic

polyurethane with or without light stabilizers and commercially available Laurentide

coating after different aging period (a) red-green index, (b) yellow-blue index, (c) lightness

index, and (d) total color change

139



4.5.3.3. Heat-treated Birch

For heat-treated birch, other than acrylic polyurethane coating with CeC>2 nano particles

and lignin stabilizer, all other coated heat-treated birch surface became greener after aging

(Figure 4.30a). Least change in this index was displayed by industrial Laurentide coating,

whereas most change was observed for acrylic polyurethane without light stabilizers. The

acrylic polyurethane coating with CeCh nano particles alone or together with lignin

stabilizer and industrial Laurentide coated heat-treated birch surfaces demonstrated

yellowish nature after aging whereas all other coatings on heat-treated birch exhibited

bluish nature (Figure 4.30b). Least change in this index was observed for acrylic

polyurethane with bark extract and lignin stabilizer. On the other hand, most change in the

same index was noticed for acrylic polyurethane without light stabilizers. The least

lightness index change was observed for industrial coating, but for initial 600h of aging

acrylic polyurethane with CeC>2 nano particles and lignin stabilizer coated heat-treated

birch showed least lightness variation (Figure 4.30c). The most change in lightness

variation was noticed for acrylic polyurethane without light stabilizers. Acrylic

polyurethane coatings with bark extracts and/or lignin stabilizer also showed very

significant lightness index variation. The total color measurement results (Figure 4.3 0d)

revealed least total color variation for acrylic polyurethane with CeC>2 nano particles and

lignin stabilizer coated heat-treated birch for initial 1050h of accelerated aging. Thereafter

industrial coating showed least total color variation however, the difference between PUA

containing CeC>2 with and without lignin stabilizer was not significant. Most color change

was observed for acrylic polyurethane without light stabilizers. Acrylic polyurethane with
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organic UV stabilizers and bark extracts and/or lignin stabilizers also showed a significant

color change at the end of aging test.
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Figure 4.30 Comparison of color change of heat-treated jack birch coated with acrylic

polyurethane with or without light stabilizers and commercially available Laurentide

coating after different aging period (a) red-green index, (b) yellow-blue index, (c) lightness

index, and (d) total color change



Acrylic polyurethane coating containing bark extract alone or together with lignin

stabilizer showed slight color change on heat-treated jack pine whereas on heat-treated

aspen it exhibited very significant color change and on heat-treated birch, it showed

moderate color change. On the contrary, acrylic polyurethane with CeC>2 nano particles

alone or together with lignin stabilizer protected well against aging for all the three heat-

treated wood species.

Comparing the protective characteristics of the same coatings on heat-treated jack pine

with that on heat-treated aspen and birch revealed that coatings worked much better on

heat-treated jack pine. There could be several reasons for this difference:

� The total percentage of lignin in heat-treated jack pine (35%) is more than the

lignin percentage in heat-treated aspen (26%) and birch (26%).

� Also lignin present in softwood jack pine is generally guaiacyl lignin which is

mainly composed of coniferyl alcohol units. Guaiacyl-syringyl lignin, on the other

hand, contains monomeric units from coniferyl and sinapyl alcohol which is mainly

found in hardwoods (aspen and birch). Pandey and Tapani in 2008 [177] reported

that the syringyl moieties of the lignin are more sensitive to UV light than the

guaiacyl units which resulted in higher degradation rate of lignin in hardwoods

compared to softwoods.

� The extractives present on the jack pine surface are different than those of birch and

aspen.
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� Due to the porous nature of the aspen and birch (presence of vessels), the coating

materials penetrate more and eventually the coating thickness decreases faster on

aspen and birch compared to on jack pine.

4.5.4. Visual Assessments

The visual assessment is very important from end user's perspective as this is the main

factor which accounts for coating's durability and period for repainting the substrate

surface.

4.5.4.1. Jack pine

The visual assessment of different coatings on heat-treated jack pine revealed that the

base acrylic polyurethane coating showed poor protective characteristics starting from the

initial period of aging and became completely white at the end of 1500h of aging (Figure

4.31). On the other hand, the acrylic polyurethane coating with organic UV absorbers

displayed better protection than the base coating but also underwent heavy color loss

(Figure 4.31). Small cracks were formed on the surface after 1500h of aging for both of the

above mentioned coatings. When the acrylic polyurethane coating was stabilized with bark

extract, it became highly efficient in protecting the heat-treated jack pine surface from

aging. According to naked eye evaluation, almost no color change was observed for this

coating with the exception of two or three local degradation points (small white patches) at

the end of 1500h of aging. On the other hand, acrylic polyurethane coating containing

lignin stabilizer demonstrated significant degradation at the edges after 1008h of aging and

the coating degradation started only after 672h of aging. The acrylic polyurethane coating
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containing bark extract and lignin stabilizer was one of the three most efficient coatings for

the protection of heat-treated jack pine, developed during this study and no degradation

was observed with naked eye for this coating even after 1500h of aging (Figure 4.31). Very

small color change (became slightly lighter) was detected for this coating but the color

change was homogeneous. Acrylic polyurethane coatings containing CeO2 nano particles

alone or together with lignin stabilizer were other two coatings which showed significant

protection against aging of heat-treated jack pine. For coating containing CeÛ2 nano

particles, no degradation on the surface was found although the surface became slightly

lighter at the end of 1500h of aging. In contrast, for coating containing CeC>2 nano particles

and lignin stabilizers almost no color change was detected at the end of 1500h of aging.

The industrial coating, although it covered fully the heat-treated jack pine surface, did not

protect the surface completely. Local degradation started only after 672h of accelerated

aging and complete degradation took place after 1500h of aging (Figure 4.31). The cracks

and fissures were also observed on the surface after 1008h of aging for this coating.
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Figure 4.31 Visual assessment of coated heat-treated jack pine for different aging times
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4.5.4.2. Aspen
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Figure 4.32 Visual assessments of coated heat-treated aspen for different aging times
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Acrylic polyurethane with or without UV stabilizers or lignin stabilizer did not protect

heat-treated aspen surface and color of wood started to change at the very initial stage of

aging (within 72h) and became almost white at the end of 1500h of aging (Figure 4.32).

Although acrylic polyurethane with bark extracts showed considerable resistance against

accelerated aging on heat-treated jack pine, significant color change was observed for this

coating on heat-treated aspen as early as 336h of aging. In contrast, coatings with CeÛ2

nano particles alone or together with lignin stabilizer protected aspen well from aging and

color changes were minimal (slightly lighter but homogeneous) at the end of 1500h of

aging. Acrylic polyurethane with bark extract and lignin stabilizer protected well heat-

treated aspen for initial 672h of aging, but the wood surface underwent severe color loss

thereafter. Degradation behavior of industrial coating was similar on heat-treated aspen and

heat-treated jack pine. Local degradation could easily be noticed for industrial coated heat-

treated aspen after 672h of accelerated aging.

4.5.4.3. Birch

Acrylic polyurethane with CeO2 nano particles alone or together with lignin stabilizer

showed best protection against aging on heat-treated birch. No degradation was noticed for

these two coatings even after 1500h of aging (Figure 4.33). Behavior of the other acrylic

polyurethane coatings was similar on heat-treated birch and heat-treated aspen. Industrial

coating protected heat-treated birch slightly better compared to surfaces of heat-treated

aspen and jack pine. The local degradation for this coating was visible only after 1008h of

aging.

147



Acrylic

polyurethane

Oh 72h 168h 336h 672h 1008h 15OOh

�
Oh

tl
m

72h

�
y

168h

�
�

336h

�
�

672h 1008h 15OOh

Oh

With organic UV
stabilizers

With bark extract

168h 336h 672h 1008h 1500h

;

Oh

�
Oh

�
Oh

�
Oh

�

72h

�
72h

�
72h

�
72h

1 ::

168h

�
168h

�
168h

�
168h

1

336h

�
336h

336h

�
336h

672h

�
672h

�
672h

�
672h

1008h

�
1008h

I

1008h

�
1008h

1500h

�
1500h

150()h

1500h

With lignin
stabilizer

With CeO2 nano
particles

With CeO2 and

lignin stabilizer

With bark extract
and lignin stabilizer

Industrial Coating

Increasing aging time

Figure 4.33 Visual assessment of coated heat-treated birch for different aging times

148



Although acrylic polyurethane coatings containing bark extract alone or together with

lignin stabilizer exhibited very good protective characteristic on heat-treated jack pine, it

failed to protect heat-treated aspen and heat-treated birch from degradation due to aging.

On the contrary, acrylic polyurethane coatings containing CeÛ2 nano particles with or

without lignin stabilizer were very effective on all the heat-treated wood species

investigated during this project. This was probably due to the difference in their protection

mechanisms. As explained before, bark extracts enriched with phenolic compounds have

high antioxidant properties. Therefore, they mainly act as singlet oxygen quencher or free

radical scavenger once the photo degradation starts at wood surface. Lignin content of

heat-treated jack pine is much higher compared to that of heat-treated hard wood species

(birch and aspen). Probably due to this reason, photodegradation of heat-treated jack pine

was much less compared to that of heat-treated aspen and birch. They could also absorb

harmful UV light as shown in Figure 4.4. On the other hand, CeO2 nano particles are

highly effective in UV absorption. Thus, they screen harmful UV light before reaching to

the wood surface. Also, their low photocatalytic activity facilitates significant protection

against aging.

4.5.5. Wetting Characteristics of Coated Wood

The changes in surface polarity of coated wood surfaces during aging were evaluated by

measuring contact angles of water drops on coated surfaces at different aging times. The

contact angle is a very simple yet insightful measure of coating degradation during aging.

The discoloration of coated wood surface underneath the coatings takes place mainly due
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to the photodegradation of lignin followed by formation of colored byproducts

(chromophores) at the wood surface by the action of UV light. These byproducts are then

removed by water diffused through the coatings, leaving behind grey or white texture of

wood. Water crosses pores of the superficial layer and reaches the substrate resulting in

blisters, cracks, spots, erosion and discoloration [178]. Water penetration through coating

is a very important phenomenon for wood discoloration which can be easily measured by

contact angle test and water uptake test. The main advantages of contact angle test over

water uptake test are precision, repeatability and negligible substrate effect on contact

angle dynamics [75].

The results showed that the contact angle started changing as soon as water drop came

in contact with coated wood surface. The lowest diffusion rate of water through the

coatings was observed for acrylic polyurethane coating with CeÛ2 nano particles before

aging with the exception of industrial coating (Figure 4.34) whereas highest diffusion rate

of water through the coatings was observed for acrylic polyurethane with bark extracts.

This was due to the hydrophilic nature of the natural antioxidants and UV stabilizers.

Acrylic polyurethane coatings with other additives were more prone to effect of water

compared to the coatings with CeCh nano particles (Figure 4.34). The acrylic polyurethane

coating with bark extract (Figure 4.34a) showed the most hydrophilic nature compared to

all other coatings before aging. The contact angle increased with increasing aging time for

acrylic polyurethane coatings with bark extracts (Figure 4.34a), lignin stabilizers (Figure

4.34b), bark extracts and lignin stabilizer (Figure 4.34c), CeC>2 nano particles (Figure

74.34g), and CeC>2 nano particles and lignin stabilizer (Figure 4.34h). For acrylic
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polyurethane coatings without any additives (Figure 4.34e) and with organic UV stabilizers

(Figure 4.34d) the contact angles increased after 72h of aging throughout the contact

period. For Industrial Laurentide coating, the contact angles before and after 72h of aging

were almost similar. After 1500h of aging contact angle changed drastically, and reached

to zero within 50s of contact between water drops and coated wood surfaces for latter three

coatings. The highest water repellency characteristic (largest contact angle) was exhibited

by coating containing bark extract and lignin stabilizer after 1500h of aging proving the

fact that this was most effective coating on heat-treated jack pine.
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Figure 4.34 Dynamic contact angle of water for different aging times on heat-treated jack

pine surface coated with the acrylic polyurethane coating containing (a) only bark extracts,

(b) lignin stabilizer, (c) bark extracts and lignin stabilizer, and (d) organic UV stabilizers,

(e) acrylic polyurethane without any additives, (f) industrial Laurentide coating, (g) acrylic

polyurethane with CeO: nano particles, and (h) with CeO: nano particles and lignin

stabilizer
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4.5.6. Chemical Modification

4.5.6.1. ATR-FT-IR analysis

Before the aging test, all the coated samples were cured at 23°C and 15% humidity

(laboratory condition) for one week. The effects of different additives on chemical changes

of acrylic polyurethane coatings were analyzed using ATR-FT-IR. The FT-IR spectra of

the acrylic polyurethane coating containing bark extract and lignin stabilizer coated heat-

treated jack pine panels before and after aging for different exposure times are shown in

Figures 4.35(a) and 4.35(b). The assignments of the bands were performed based on the

literature FT-IR data for acrylic-polyurethane system that is well documented [136-138.

143,144,146-148].
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Figure 4.35 ATR-FTIR analysis of acrylic polyurethane coating containing bark extract

and lignin stabilizer on heat-treated jack pine for different exposure times (a) 1800-650

cm"1 and (b) 3800-2600 cm"1

Before the detailed analysis, each spectrum was normalized at the CH bending

frequency (1451cm'1) in order to emphasize the oxidation of the polymer matrix [146]. As

reported by Perrin et al. [147], CH bending frequency must decrease slightly due to the

partial oxidation of the CHi in the a-NH position. Semi-quantitative measurements were

carried out to comprehend the effect of different additives (Figures 4.36- 4.41) on the aging

of acrylic polyurethane coating. Increase in absorption in the carbonyl region (1670-1770

cm"1) for acrylic polyurethane coating containing bark extract with or without lignin

stabilizer suggested the formation of several oxidation photoproducts mainly the

carboxylic acid (peak at 1715 cm"1) while a decrease in absorption was observed for the

acrylic polyurethane coating stabilized with organic UV stabilizers (Figure 4.36). This

might be due to the depletion of these photoproducts with the water spray during
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accelerated aging test. Carbonyl photoproducts formed either through the direct chain

scission or by the radical induced processes upon exposure to the artificial aging conditions

[144]. Significant decrease of the absorption in the region of 1605-1670 cm"1 (H-bond and

C=O stretching of the urethane) was another noticeable phenomenon for all the three

stabilized acrylic polyurethane coatings as shown in Figure 4.37. The decrease in the

absorption at 1640 cm'1 was due to the conversion of urea to urethane linkages [146]. The

extent of absorption intensity loss in this region was highest for the acrylic polyurethane

coating containing bark extract and a very high loss was also observed for the acrylic

polyurethane coating with bark extract and lignin stabilizer. However, relatively small

change was observed for the acrylic polyurethane coating stabilized with organic UV

absorbers (Figure 4.37). Usually a significant loss in the amide II band (1530 cm'1, as a

result of mixed vibration involving C-N and N-H mode) often reported due to the chain

scission reaction of the urethane linkages [143]. But in the present study, a small loss in

intensity of amide II band (1530 cm"1) was detected for all the three stabilized coating

(Figure 4.38). The lowest loss of the urethane group was observed for the acrylic

polyurethane coating containing organic UV absorber due to the presence of HALS type

UV stabilizer which extends the coating durability as well as the UV absorbers lifetime

[143]. The loss of the acrylate double bond (at 1407 cm"1) was attributed to the oxidation

reactions initiated by free radicals (Figure 4.39) [136].
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Figure 4.36 Buildup of oxidation products during accelerated aging of acrylic

polyurethane coatings stabilized by different additives on heat-treated jack pine

- D - With organic U V absorber

- O - With bark extract

^^A- With bark extract and lignin stabilizer

. D

0 200 400 600 800 1000 1200 1400 1600

Weathering Time (h)

Figure 4.37 Diminution of H-bond and C=O stretching of the urethane during accelerated

aging of acrylic polyurethane coatings stabilized by different additives on heat-treated jack

pine
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Figure 4.38 Change in urethane group of stabilized acrylic polyurethane coatings during

aging on heat-trealed jack pine
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Figure 4.39 Loss of acrylate double bond of acrylic polyurethane coating during aging on

heat-treated jack pine

The asymmetric CH group disappeared faster than the symmetric CH group for the

acrylic polyurethane coatings with organic UV absorbers and bark extracts. Slight increase

157



in absorption of symmetric CH was noticed for the acrylic polyurethane coating containing

bark extract and lignin stabilizer (Figure 4.40). Slight decrease in OH, NH content (3344

cm'1) during initial 72h of aging was either due to the removal of trapped water molecules

inside the coatings or crosslinking between urethane groups. Increase in this absorption

band thereafter was due to the formation of hydroxyl groups containing reaction products

(Figure 4.41) in addition to the absorption of water in the form of moisture and also due to

the formation of polyurea during accelerated aging test.
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Figure 4.40 Changes in CH stretching of stabilized acrylic polyurethane coatings during

accelerated aging on heat-treated jack pine
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Figure 4.41 Changes in hydroxyl and NH group during accelerated aging for stabilized

acrylic polyurethane coatings on heat-treated jack pine

From the FT-IR analyses, it seemed that the coating containing organic UV stabilizers

was most stabilized and should be the most durable during accelerated aging test.

However, from the accelerated aging test results, it was evident that acrylic polyurethane

coating containing bark extract and lignin stabilizer was the most effective coating from

the aesthetic and durability point of view for jack pine (Figure 4.29 and Figure 4.31). This

might be explained by considering the fact that all the acrylic polyurethane coatings used

in this study are transparent or semitransparent in nature. Therefore these coatings cannot

prevent the sunlight to reach to the wood surface completely which eventually commences

the photodegradation reaction on the wood surface. The bark extract at this stage might be

very effective due to its antioxidant properties which can delay the photo oxidation

159



reaction at the wood surface. At this stage, the UV stabilizers fail to perform as they can

only block the harmful UV lights to reach to the wood surface.

Below, the functional changes of acrylic polyurethane with CeC>2 nano particles alone or

together with lignin stabilizer and acrylic polyurethane with bark extracts and lignin

stabilizer on heat-treated jack pine, aspen and birch are compared for different aging times

by using the results of ATR-FTIR analyses.

The ATR-FTIR results revealed that carbonyl peaks (1720 cm"1) shifted towards 1710

cm"1 after 1500h of aging for coatings with CeC>2 alone or together with lignin stabilizer,

and bark extract and lignin stabilizer on all the three heat-treated wood species. Also, the

ATR-FTIR results clearly showed that, with increasing aging time, the C=O stretching of

ester at 1720 cm"1 became broader which was due to the overlapping of different carbonyl

photoproducts formed during aging. Carbonyl photoproducts formed either through the

direct chain scission or by the radical induced processes upon exposure to the artificial

aging conditions. This is also supported by increase in carbonyl groups during accelerated

aging for all the three coatings on heat-treated jack pine, aspen and birch (Figure 4.42).

The carbonyl group intensity increased most for the acrylic polyurethane with CeO2 nano

particles compared to the other two coatings (acrylic polyurethane with CeC>2 nano

particles and lignin stabilizer, and bark extract and lignin stabilizer). Addition of lignin

stabilizer to the coating with CeÛ2 nano particles certainly decreased carbonyl formation

during accelerated aging due to its radical scavenging properties. On the other hand, the

least change in carbonyl group intensity was observed for coating with bark extract and

lignin stabilizer due to effect of high antioxidant and singlet oxygen quenching properties
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of bark extracts as well as radical scavenging activity of lignin stabilizer. The results also

suggested that the most carbonyl formation was higher for any coatings on heat-treated

jack pine compared to that of heat-treated aspen or birch. The decrease in the carbonyl

groups was noticed for acrylic polyurethane with CeO: nano particles and lignin stabilizer

and acrylic polyurethane with bark extract and lignin stabilizer on all the three heat-treated

wood species. This was probably due to the depletion of the carbonyl photoproducts with

water spray during accelerated aging.
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Figure 4.42 Buildup of oxidation products during accelerated aging of acrylic

polyurethane coatings stabilized by different additives on different heat-treated wood

species

The peak at 1640 cm"1 was due to the C=O stretching vibrations of the polyurea. The

decrease in 1640 cm'1 for acrylic polyurethane with CeC>2 nano particles on heat-treated

jack pine was similar to that of heat-treated aspen and birch (Figure 4.43). Similar trends
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were noticed for acrylic polyurethane with bark extract and lignin stabilizer on all the heat-

treated wood species. Increase in the same group for initial aging periods followed by a

decrease for acrylic polyurethane with CeO? nano particles and lignin stabilizer was

noticed on all the heat-treated wood species (Figure 4.42). Decrease in this peak is directly

related to the chain scission of the polyurea. Highest chain scission for polyurea was

observed for acrylic polyurethane with CeOi nano particles compared to other two

coatings. This was due to the absence of lignin stabilizer which has high radical

scavenging activity.
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Figure 4.43 Diminution of H-bond and C=O stretching of the urethane during accelerated

aging of acrylic polyurethane coatings stabilized by different additives on different heat-

treated wood species
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It was quite surprising to notice increase in C-NH group of urethane linkages for acrylic

polyurethane coating containing CeOi nano particles and lignin stabilizer on all the heat-

treated wood species (Figure 4.44). This was probably due to the increase in urethane

groups on the surface due to the continuous reorientations of the surface functional groups

under UV light. The decrease in the same group for acrylic polyurethanes with CeOj nano

particles and bark extract and lignin stabilizer on all the heat-treated wood species was due

to the chain scission reactions at the acrylic urethane linkages. The decrease in C-NH

group of urethane was not even 10% for any of the coatings which suggested negligible

chain scission of urethane linkages even after 1500h of accelerated aging.
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Figure 4.44 Change in urethane group of stabilized acrylic polyurethane coatings during

aging on different heat-treated wood species
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Figure 4.45 Loss of acrylate double bond of acrylic polyurethane coating during aging on

different heat-treated wood species

Acrylate double bond was also diminished due the chain scission reactions for all the

coatings on heat-treated jack pine, aspen, and birch (Figure 4.45).
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Figure 4.46 Changes in CH stretching of stabilized acrylic polyurethane coatings during

accelerated aging on different heat-treated wood species
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The assymetric CH groups decreased with increasing aging time. The most change in

asymmetric groups was found for acrylic polyurethane with CeO2 nano particles compared

to those of other two coatings which indicated more degradation of this coating compared

to other two coatings (Figure 4.46).

The broadening of OH/NH group during accelerated aging was noticed for acrylic

polyurethane with CeO: nano particles alone or together with lignin stabilizer whereas

slight decrease in the same group was observed for acrylic polyurethane with bark extract

and lignin stabilizer (Figure 4.47).
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Figure 4.47 Changes in OH and NH groups during accelerated aging for stabilized acrylic

polyurethane coatings on different heat-treated wood species
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4.5.6.2. XPS analysis

The changes in surface chemical compositions were investigated using XPS analyses.

The Cls spectrum for heat-treated jack pine, coated with acrylic polyurethane coating

containing bark extract and lignin stabilizer, for different aging times has been shown in

Figure 4.48. Atomic percentages of different components for acrylic polyurethane coating

containing bark extract and lignin stabilizer for different aging times on heat-treated jack

pine, aspen and birch are presented in Table 4.8 along with deconvoluted Cls spectrum

and O/C ratio. The XPS results for acrylic polyurethane coating containing CeC>2 nano

particles and lignin stabilizer are reported in Appendix 5.
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Figure 4.48 Cls spectrum of the acrylic polyurethane coating containing bark extract and

lignin stabilizer on heat-treated jack pine: (a) Oh, (b) 72h, (c) 672h, and (d) 1500h of aging
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Table 4.8 Atomic percentages of different components of acrylic polyurethane coating

containing bark extract and lignin stabilizer on different wood species for different aging

times

aging
N Si

time Species C (%) Carbon Components O (%) O/C

(h)

C-H/ C-N/ CO
C=O

C-C CO O

"Ô 72.06 422 50.36 7̂ 44 22.21 2ÏÏ8 3J6 Ô3T

72 B i r c h 72.28 50.53 39.12 10.35 22.64 2.61 1.88 0.31

1500 75.7 58.43 29.99 11.57 19.86 3.54 0.81 0.26

0 71.71 45.42 47.51 7.07 22.62 2.12 3.55 0.32

72 Aspen 72.69 55.97 34.05 9.99 22.07 2.75 1.93 0.30

1500 79.21 53.32 37.43 9.25 16.93 2.87 0.77 0.21

0 72.16 45.8 46.86 7.33 22.49 1.76 3.59 0.31

72 Jack 74.31 34.22 55.79 9.99 20.43 3.35 1.89 0.27

672 pine 76.48 41.71 46.69 10.5 1.1 19.26 3.98 0.27 0.25

1500 81.88 72.19 18.44 2.19 7.18 14.6 2.46 0.71 0.18
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It was evident from XPS results (Table 4.8) that the carbon concentration on the top

surface of the coating increased with increasing aging time for all the wood species. On the

other hand, 0% decreased as aging time increased. This was due to the depletion of

oxidation photoproducts during accelerated aging with water spray. The nitrogen

concentration also increased as the aging time increased for heat-treated aspen and birch.

For heat-treated jack pine, the nitrogen concentration increased for initial 672h of aging

followed by a decrease. The increase in nitrogen concentration on the coating surface was

attributable to crosslinking whereas decrease of the same component was due to the chain

scission reactions. Si concentration decreased during aging which could be due to the

depletion of surface tension reducing agent from the polymer matrix.

The high resolution Cls spectra of heat-treated jack pine coated with acrylic

polyurethane coating containing bark extract and lignin stabilizer (Figure 4.48) revealed

that the C-C/C-H bond linkages increased whereas C-N concentration decreased with

increasing aging time. This indicates that there was chain scission of C-0 and NH-CO

bonds in the polyurethane main chain. A similar behavior was observed for the coated and

heat-treated birch, and aspen. Relative increase in C=0 was observed for coated aspen, and

birch with increasing aging time (Table 4.8) which might correspond to COO carboxyl and

N-C=0 functions occurred. The carboxyl groups were produced during oxidation of

polyurethane coatings and N-C=0 function was produced from urea or urethane. Since

COO groups are easy to decompose, the increase of the C=0 component was probably due

to the increase of urethane groups on the surface. For coated jack pine, there was increase

in C=0 group up to 672h of aging followed by a drastic reduction of the same group. A
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separate peak was found for COO carboxyl groups and a drastic increase in the same group

was observed after 1500h of aging for jack pine but separate peak of COO was not

observed for aspen and birch.

A degradation mechanism shown in Figure 4.49 could be postulated from the chemical

analysis of heat-treated surface with acrylic polyurethane coating stabilized by different

organic or inorganic UV stabilizer.

R - CH2 - CH2 - NH - COO - CH2 -

O2

PH

R - CH2 j - CHO * 4-NH - COO - CH2 -

(2)

(1)

(2)
UV light
Water

R - CH2 - COOH + * HN - COO - CH2 -

Carbonyl
photoproducts

(1720 cm"1) R - CH2 * + HOOC - NH - COO - CH2

P*

Crosslinking
H 2N-COO-CH 2

Figure 4.49 Degradation mechanism of acrylic polyurethane coating during accelerated

aging
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4.5.7. Morphological Analysis

4.5.7.1. Fluorescence Microscopy Assessment

The light microscopy of transverse sections of coated-wood provides useful information

on the distribution of the coatings by facilitating the observation of relatively large areas at

low magnification, thus, enabling a comparison of coated-wood surfaces at different aging

times. Light microscopy observations also facilitate the evaluation of penetration

characteristic of different coatings in early wood and late wood regions and coating

thickness change with aging.

The light micrographs of transverse section of the coating containing bark extract and

lignin stabilizer and heat-treated jack pine, aspen and birch for different aging times have

been compared in Figure 4.50. The light microscope pictures revealed good adhesion

between heat-treated jack pine, aspen and birch with the coating before aging (Figure 4.50)

although almost no penetration was observed for jack pine (Figure 4.50a). On the contrary,

considerable penetration was observed for aspen (Figure 4.50c) and birch (Figure 4.50b)

due to the presence of vessels which had much bigger radii compared to tracheids present

in jack pine. If birch and aspen are compared, the coating material penetrated into aspen

more due to its lower density compared to the density of birch. Since the most penetration

was detected for aspen, the coating thickness was lower for this species compared to the

thickness observed for others at a given number of coating layers. These results could

directly be related to contact angle measurement of acrylic polyurethane with different

additives on heat-treated jack pine, aspen and birch. The smallest equilibrium contact
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angles for coatings were found on heat-treated aspen surface whereas largest equilibrium

contact angles were detected on heat-treated birch surface.

(a)

_̂

(b)

(c)

Figure 4.50 The light micrographs of transverse section of the wood-coating containing

bark extract and lignin stabilizer interface for different aging times (a) heat-treated jack

pine, (b) heat-treated birch, and (c) heat-treated aspen

It was clear from light micrographs that there was no degradation for jack pine-coating

interface even after 1500h of aging, although coating detachment was observed in early
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wood region (Figure 4.50a). Complete detachment of the cells from each other for 5-6 cell

layers was observed for birch after 672h of aging. The extent of degradation increased

further after 1500h of aging and complete detachment of the coating layer was noticed.

Same phenomenon was also observed for aspen but the extent of degradation was more

important than that of heat-treated birch. After 1500h of aging, not only the middle lamella

region but also the cell walls degraded significantly for aspen. Therefore, it can be

concluded that coating thickness is a very important parameter in protection of wood from

outer environment.

Figure 4.51 compares the light micrographs of acrylic polyurethane with CeC>2 nano

particles and lignin stabilizer coated heat-treated jack pine, aspen and birch for different

aging times. Negligible degradation was detected at the interface of heat-treated jack pine

and acrylic polyurethane containing CeÛ2 nano particles and lignin stabilizer after 1500h

of aging (Figure 4.51a). Also, no degradation was observed for heat-treated jack pine

underneath the acrylic polyurethane coating with bark extract and lignin stabilizer after

1500h of aging. These results directly support the color measurement and visual

assessment results which demonstrated that the former coating on heat-treated jack pine

was as effective as latter coating. The slight degradation of heat-treated jack pine beneath

the acrylic polyurethane with CeC>2 nano particles and lignin stabilizer after 1500h of aging

was probably due to more water ingression through this coating compared to the acrylic

polyurethane with bark extract and lignin stabilizer which accelerated the photodegradation

process. On the other hand, similar degradation behaviors were observed for heat-treated

aspen (Figure 4.51c) beneath the acrylic polyurethane coating containing CeC>2 nano
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particles and lignin stabilizer and for heat-treated birch underneath the same coating over

the complete aging period (Figure 4.51b). After 672h of aging, small degradation was

visible for both hard wood species. After 1500h of aging, 5-6 cell layer degradation was

observed for heat-treated birch (Figure 4.51b) whereas heat-treated aspen showed 8-9 cell

layer degradation beneath the acrylic polyurethane with CeÛ2 nano particles and lignin

stabilizer. Complete detachment of the cells from each other was not noticed even after

1500h of aging for heat-treated aspen and birch beneath the acrylic polyurethane

containing CeÛ2 nano particles and lignin stabilizer. This phenomenon was observed for

heat-treated birch and aspen only after 672h of aging underneath the acrylic polyurethane

with bark extract and lignin stabilizer. The color measurement and visual assessment

results are in good agreement with fluorescence microscope results. Color change is

directly related to the extent of wood degradation beneath the coatings layers.
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(b)

(c)

Figure 4.51 The light micrographs of transverse section of the wood-coating containing

CeOi nano particles and lignin stabilizer interface for different aging times (a) heat-treated

jack pine, (b) heat-treated birch, and (c) heat-treated aspen

In Figure 4.52 the industrial Laurentide coating and heat-treated jack pine, aspen and

birch interfaces are compared for different aging times. Color measurement results showed

very small color changes throughout the aging period for this coating on all the three heat-

treated wood species. On the other hand, visual assessment revealed significant local

degradation after 672h of aging and substantial overall degradation after 1500h of aging on

heat-treated jack pine. The fluorescence microscopy results directly supports visual
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assessment as local degradation was visible after 672h of aging for all the three wood

species. Also, very significant degradation of heat-treated jack pine, aspen and birch was

noticed at the end of 1500h of aging. For all the three wood species, beneath this coating,

cell walls were completely degraded and detached from each other after 1500h of aging.

(a)

Figure 4.52 The light micrographs of transverse section of the wood-industrial Laurentide

coating interface for different aging times (a) heat-treated jack pine, (b) heat-treated birch,

and (c) heat-treated aspen
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4.5.7.2. SEM Analysis

The main interest of SEM examination of coated wood is the wood-coating interface.

The objective is to investigate the micro-structural changes occurring beneath the coating

surface and study the mode of failure of coating. One of the main reasons of coating failure

due to aging is adhesion loss. Long service life of coating is possible if the interface of

coating and wood are coherent. Adhesion between wood surface and coating has been

studied by scanning electron microscopy to detect early evidence of photo degradation as

explained by Turkulin [171]. The results of harmful UV transmittance to the wood surface

through semitransparent coatings can cause crack formation in the pit membranes, loss of

occurrence of radial fibril agglomeration and the development of the brittleness on

fractured cross sections of softwood tracheids [154]. The micrographs of aged coated

surfaces did not reveal any information about the chalking, porosity and brittleness.

The SEM micrographs of coated (acrylic polyurethane coating containing bark extract

and lignin stabilizer) and heat-treated aspen, birch, and jack pine are compared at different

aging times in Figure 4.53. It was clear from the SEM micrographs of different wood

species that the coating containing bark extract and lignin stabilizer was in good contact

with the outer cell layer before aging (Figure 4.53a). After 672h of aging, no structural

changes were observed for heat-treated jack pine whereas micro-structural damage was

evident for aspen and birch (Figure 4.53b). The damage for aspen was almost doubled in

terms of the affected layer after 672h of aging compared to that of birch. Small local

degradation was noticed for jack pine after 1500h of aging but only in the early wood

regions although the degradation mainly took place in middle lamella region (Figure
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4.53c). In contrast, complete destruction of middle lamella region as well as the cell wall

was evident for aspen which manifested to coating detachment and also significant color

loss (Figure 5.53c). For birch, the depth of degradation after 1500h of aging was almost

similar to that after 672h of aging but extent was more than the degradation observed after

672h of aging. Comparison of the degradation of birch and aspen after 1500h of aging

(Figure 5.53c) showed that the coating protected the birch better than the aspen. This

difference in degradation for these two hardwoods could be explained by the fact that the

percentage of syringical lignin was more in birch compared to that of aspen.

Birch Aspen Jack pine

(a)

(b)
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(c)

Figure 4.53 SEM micrographs of transverse sections of heat-treated birch, aspen and jack

pine and the coating containing bark extract and lignin stabilizer interface (a) before aging,

(b) after 672h of aging and (c) after 1500h of aging

The detailed micro structural changes occurring during accelerated aging in softwood

are discussed below. The SEM micrographs showed close contact of the acrylic

polyurethane coating containing bark extract and lignin stabilizer with S3 layer of heat-

treated jack pine cell before aging. Also, the coating flew through the cracks of cell wall

and interlocked cell walls to the middle lamella (Figure 4.54a). Breakdown of the middle

lamella during aging often causes cell detachment and this effect was noticed after 1500h

of aging for heat-treated jack pine beneath the acrylic polyurethane coating containing bark

extract and lignin stabilizer due to the local degradation (Figure 4.54b). In addition, cell

wall thinning due to the breakdown of the lignin in the S2 layer of the cell wall was

another noticeable phenomenon after 1500h of aging (Figure 4.54b).
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(a) (b)

Figure 4.54 SEM micrographs of the acrylic polyurethane coating containing bark extract

and lignin stabilizer and heat-treated jack pine interface (a) before aging: The structure

reveals that good adhesion of paint to the S3 layer and also penetration of the coating in the

cell wall through the cracks (b) aged jack pine tracheids after 672h of accelerated aging

test

The most important early structural indication of photo degradation on soft wood

surfaces is the damage of bordered pits as explained by Turkulin [171]. For wood surface

coated with semitransparent coating, he reported formation of distinctive cracks of the

torus on aspirated pits only after four days of natural exposure or ten hours of fluorescent

UV lamps exposure whereas such kind of cracks were visible for the present study only

after 672h of aging at the surface beneath the acrylic polyurethane coating containing bark

extract and lignin stabilizer (Figure 4.55b). Figure 4.55a shows no cracks in the bordered

pits before aging. Upon prolonged exposure to accelerated aging test, pit dome cracks

progressed diagonally, following the microfibril orientation in the domes resulting

widening in aperture and thinning of the pit dome (Figure 4.55c) after 1500h of aging.
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V

(c) (d)

Figure 4.55 SEM micrographs of surface (a) bordered pits beneath the acrylic

polyurethane coating with bark extract and lignin stabilizer-radial surface of jack pine

wood before aging; development of the structural damage of the bordered pits on radial

surface of jack pine coated with acrylic polyurethane with bark extract and lignin stabilizer

after (b) 672h and (c) 1500h of aging, (d) structural damage of simple pits on radial surface

after 1500h of aging, deep cracks in the S2 layer spread in the direction of the microfibril

orientation
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Complete destruction of the pit membrane mark was not observed in the present study even

after 1500h of aging. Simple pits found in late wood of jack pine did not disintegrate as

fast as bordered pits. Only after 1500h of aging, SEM micrographs exhibited deep S2 crack

in simple pit revealing angle of microfibrils in this layer of secondary cell wall (Figure

4.54d) although complete wall split was not observed.

4.5.8. Concluding Remarks

The wetting characteristics of the coatings, were not only dependent on the type of

additives used and viscosity of the coatings but also on interfacial tensions and capillary

penetration. The contact angle started changing as soon as coatings came in contact with

wood, but reached to equilibrium for all coatings within 10-15s. The lowest equilibrium

contact angle and most capillary penetration were observed for acrylic polyurethane

coating with bark extracts. The surface roughness also played an important role in wetting

process of wood/coating system. The most wetting was observed if mid grain size sanding

paper (grit number 150) was used due to the complex nature of wood surface morphology

during sanding. With increasing sanding grit paper number (decreasing grain size) the

surfaces became smoother which increased spreadability of the coatings. On the other

hand, smoother surfaces had lower porosity resulted in lower penetration characteristic.

Therefore, the optimal of spreading and penetration conditions were achieved when the

surface was sanded with mid grain size of the sanding papers. The wood surface

orientation did not play an important role for these types of highly viscous coatings.
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The acrylic polyurethane coating stabilized with bark extract alone or together with

lignin stabilizer showed enhanced protection against aging on heat-treated jack pine

whereas they failed to provide enough protection on heat-treated aspen and birch. This was

due to the presence of more lignin on soft wood species compared to lignin content of hard

wood species. But acrylic polyurethane with CeC>2 nano particles alone or together with

lignin stabilizer provided very good protection for heat-treated jack pine, aspen and birch.

CeO2 nano particles screened the harmful UV/VIS light during penetration through coating

before it reached to the wood surface. The above mentioned coatings performed better in

accelerated aging condition compared to industrial Laurentide coating. Water ingression

rate through the coatings after aging for different periods proved to be an important factor

for wood aging since colored photoproducts derived during accelerated aging could

migrate leaving behind pale gray surface. The chemical surface analyses lead to formation

of several carbonyl photo products during accelerated aging test, but chain scission

reaction of acrylic polyurethane was not very prominent. Therefore, it can be concluded

that UV/VIS light penetrates through the coatings and degrades the wood surface beneath

it. The morphological studies proved this fact since wood surfaces beneath the coating was

found to be degraded even if only minor chemical changes were observed for stabilized

acrylic polyurethanes.
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4.6. Fungi Test

4.6.1. General

Fungi are organisms which can deteriorate wood in outer environment. Therefore, the

effect of fungi on coated heat-treated wood surfaces aged for different times is very

important in order to study the efficiency of any coating in outer environment. The fungi

decay is a complex process and mainly depends on type of fungi and wood species

involved. In this work, the decay resistance of heat-treated jack pine coated with acrylic

polyurethane with bark extract and lignin stabilizer was studied by using one brown rot

fungus (P. placenta) and one white rot fungus (T.versicolor). Also, the effect of brown rot

fungus on heat-treated jack pine coated with acrylic polyurethane containing bark extract

and lignin stabilizer was investigated at different aging times.

4.6.2. Fungal Durability

The weight loss data of acrylic polyurethane containing bark extract and lignin stabilizer

coated heat-treated jack pine before and after aging for different times, exposed to a brown

rot fungus (P. placenta) for 8 weeks are presented in Figure 4.56 . Due to the limitations

of number of aged samples, the weight loss data for different exposure periods to fungi

could not be monitored. Nevertheless, pictures for different exposure times (2 weeks, 4

weeks, and 8 weeks) were taken to compare the growth of decay fungi on coated heat-

treated jack pine before and after aging (Figure 4.57). The weight loss data after 8 weeks of
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decay by P. Placenta for heat-treated jack pine coated with acrylic polyurethane containing

bark extracts and lignin stabilizer suggested that the decay resistance against the brown rot

fungus P. placenta decreased as the aging time increased (Figure 4.56). This was due the

degradation of acrylic polyurethane coating during accelerated aging. The weight loss after

8 weeks of decay for coated heat-treated jack pine after 672h of aging was almost double

of the weight loss of the samples recorded before aging. Whereas weight loss after 8 weeks

of decay for 1500h aged samples was slightly more than that of 672h aged samples. This

indicates that the coating degradation mainly took place within initial 672h of aging. It was

observed that the fungal growth of P. placenta on coated heat-treated jack pine surfaces

was fast and mycelia covered the coated wood samples before aging almost completely

after 2 weeks of exposure to the fungus (Figure 4.57). It was also noticeable that the

growth of decay fungus was less on 672h aged coated samples after 2 weeks of exposure

compared to that of unaged samples. The growth of P. placenta on 1500h of aged coated

samples was slower compared to the growth of the same fungus at different incubation

times on samples before aging and 672h aged coated samples, but showed highest mass

loss after 8 weeks.
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Figure 4.56 Mass loss data of heat-treated jack pine coated with acrylic polyurethane

coating containing bark extract and lignin stabilizer for different aging periods after 8

weeks of decay by P. placenta
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(b)

(c)

Figure 4.57 Heat-treated jack pine coated with acrylic polyurethane coating containing

bark extract and lignin stabilizer after 2 weeks (a), 4weeks (b), and 8 weeks (c) of decay

fungi (Poria Placenta) growth for different aging periods

The decay (3.68%) by white rot fungus (T. versicolor) of the coated unaged wood after

8 weeks of exposure to the fungus was more than double compared to the decay (1.45%) of

the same samples by brown rot fungus (P. placenta). The growth of white rot fungus was

slower (Figure 4.58) than that of the brown rot fungus but the mass loss (3.68%) was

higher by the decay of white rot fungus (T. versicolor) compared to mass loss caused by
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brown rot fungus (1.45%). This was probably due to the presence of hard wood bark

extracts in the acrylic polyurethane coating. White rot fungi degrade hard woods more

efficiently compared to brown rot fungi due to the difference in their decay process.

Usually white rot fungi degrade lignin and polysaccharides simultaneously whereas brown

rot fungi degrade polysaccharides. The bark extracts of hard woods composed of lignins,

lignans. stilbenes and different polyphenols. Thus, decay by white rot fungus resulted in

higher weight loss compared to weight loss caused by brown rot fungus.

(a) (b) (c)

Figure 4.58 White rot fungus (T. versicolor) growth on heat-treated jack pine coated with

acrylic polyurethane coating containing bark extract and lignin stabilizer before aging for

different decay periods (a) 2weeks, (b) 4weeks. and (c) 8 weeks
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4.6.3. Concluding Remarks

The fungi test results showed more decay by white rot fungus (T. versicolor) compared

to that of brown rot fungus (P. placenta) due to the presence of hardwood bark extracts in

the acrylic polyurethane coating. Also, with increasing aging time, the fungal durability of

heat-treated coated (acrylic polyurethane with bark extracts and lignin stabilizer) jack pine

decreased against P. placenta. This was due to the degradation of the coatings during

accelerated aging.
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Chapter 5

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

5.1. Conclusions

This thesis mainly concentrates on development of transparent and non toxic protective

coatings to prevent or delay the color change of heat-treated wood due to aging. The main

challenge was to maintain a balance between aesthetics and protection. From durability

point of view, pigmented opaque coatings can protect heat-treated wood surface more

efficiently but tends to cover the natural color and texture of heat-treated wood. This value

added product attracts the attention of customers mostly because of its color and texture

and also due to their increased dimensional stability. On the other hand, transparent

coatings are less durable which increases the service cost of this product. Therefore, UV

stabilizers are needed to be incorporated in transparent coatings in order to increase their

service life. In this work, a variety of organic and inorganic UV stabilizers were

considered.

In this thesis, a great effort has been put forth to extract natural antioxidants (bark and

needle extracts) which could be used as additives for various coatings and can delay wood

aging process. This attempt is justified since most of the organic UV absorbers available in

the market are toxic in nature. The black spruce bark extracts had highest yield as well as

highest oxygen radical absorbance capacity compared to other extracts. Also, other than
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needle extract, highest UV absorption capacity was found in black spruce bark extracts.

Although minimum six phenolic compounds were present in black spruce bark extracts

compared to minimum nine phenolic compounds present in needle extract as determined

from TLC evaluation, concentration of phenolic compounds were much higher in black

spruce bark extracts compared to needle extract. The cytotoxicity results showed that these

natural antioxidants are non toxic in nature.

The efficiency of these extracts in soy polymer coating on heat-treated jack pine was

compared with industrial coatings. The industrial coatings protected heat-treated jack pine

well upto 1008h of aging but high surface degradation was noticed after 1500h of aging for

the both industrial coatings. The soy based coating with bark extract did not show any

protection during accelerated aging due to their highly hygroscopic nature even after

crosslinking. Therefore, water could easily diffuse through this coating resulting in

delamination, blistering, and flaking of the coating material leading to very significant

color change during aging.

A different approach was taken for the protection of the heat-treated wood by sol-gel

coating in order to keep different paths open. Since none of the organic and inorganic UV

absorbers can absorb UV light completely, combinations of organic and inorganic UV

absorbers were used. Although sol-gel derived titania nano coatings containing organic UV

absorbers showed very good UV absorption capacity, they could not efficiently protect

heat-treated wood. This was probably because of the very thin coating layers left on wood

due to penetration of coatings; as a consequence, surface protection was not effective. Also

titania has high photocatalytic activity which in turn enhanced photodegradation of wood.
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The acrylic polyurethane coatings, on the contrary, are known for their weather

resistance capacity. Therefore, the weather resistance characteristic of acrylic polyurethane

was enhanced by adding natural antioxidants (bark extracts, needle extracts, and nano

lignins), inorganic micro and nano particles and organic UV stabilizers and compared with

those of industrial coatings. The acrylic polyurethane coating with black spruce bark

extracts alone or together with lignin stabilizers protected best against accelerated aging

conditions on heat-treated jack pine compared to all other coatings including Industrial

coating. There was not any noticeable degradation at the wood-coating interface even after

1500h of aging. However, this coating failed to perform similarly on heat-treated aspen

and birch. This was probably due to the fact that the acrylic polyurethane with bark extract

and lignin stabilizer was semitransparent in nature, therefore, the UV/VIS light could

easily penetrate and reach to the wood surface. Heat-treated jack pine has higher lignin

content than the heat-treated aspen and birch which eventually lead to lower degradation

for soft wood species (jack pine) compared to degradation of hard wood species (aspen and

birch). This point was further supported by the results of FT-IR analyses which showed

minimal degradation (chain scission) of acrylic polyurethane coating containing bark

extract and lignin stabilizer during accelerated aging.

Acrylic polyurethanes with CeC>2 nano particles alone or together with lignin stabilizer

were other two coatings which showed almost similar protective characteristic as acrylic

polyurethane with bark extract alone or together with lignin stabilizer on heat-treated jack

pine. Acrylic polyurethane with CeC>2 nano particles also pertained very significant

protective characteristic against the discoloration of heat-treated aspen and birch under
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accelerated aging conditions. They performed better than the industrial coating when

applied to the heat-treated wood species Qack pine, aspen, and birch) studied during this

work.

The acrylic polyurethane with black spruce bark extracts and lignin stabilizer showed

better decay resistance against the brown rot fungus (P. placenta) compared to their

resistance against white rot fungus (T. versicolor) due to the difference in the decay

mechanism of these two fungi. Decay resistance against brown rot fungus decreased with

increasing in aging time due to the degradation of coatings during aging.

The main objective of this study was well achieved and some of the coatings developed

during this study performed better than the industrial coating under accelerated aging

conditions. Therefore, it can be concluded that this work has significantly contributed to

the wood coating industry.
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5.2. Contribution to Saguenay-Lac-Saint-Jean Region, Quebec and Canadian

Economies

The heat-treated wood is a relatively new value-added product and it is very important

for the diversification of forestry products in our region. From the end user's perspective,

heat-treated wood is a very beneficial product that has good outdoor fungal resistance,

improved swelling and shrinkage properties (dimensional stability) compared to those of

untreated wood. However, after a short period of utilization it loses its color. With the

move towards value-added products and with higher quality product specifications, the

discolorations have become an important economic problem. Therefore, color defects are

less tolerable and they ultimately lead to a reduction of physical, chemical and biological

properties of heat-treated wood. Wood discolorations can affect the natural appearance of

many wood species resulting in economic problems for the wood industry. Although this

discoloration takes place on a very thin layer of external surface and does not change the

total characteristics of the wood product, the user wants a stable color, particularly when it

is used for decorative purposes. The protection of heat-treated wood against discoloration

is never studied before. This project attempts to bring a solution to the color loss problem

of heat-treated wood. Preservation of color improves the quality of the wood product;

consequently, it helps both the manufacturer and the customer. Therefore, the project

contributes to the regional economy.
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5.3. Recommendations

Although highly efficient coatings for the protection of heat-treated wood (jack pine,

aspen, and birch) were developed in this study, there is still a lot to be done for their

improvement. The results reported in this thesis are based on accelerated aging conditions.

Therefore, to perform natural aging of these samples in outer environment would give the

actual understanding of these coating's protective behavior. The location of the natural

aging tests could be varied in order to study their efficiency under different conditions.

This could be one of the pre requisite for the commercialization of any coating.

The cross linking reactions during accelerated aging condition could be studied in

detail. This will give an insight to protection mechanism of different light stabilizers used

in this study and might lead to identification of more efficient additives.

The efficiencies of the coatings developed during this work were studied on only three

heat-treated species. Their protective behavior on other wood species used frequently in

North America could be evaluated in future.

In this study only one kind of acrylic polyurethane base was used. Therefore, to evaluate

the efficiencies of the natural antioxidants in different base polymers could also be very

interesting. This could lead to identification of better bases for coatings.

In this thesis, main emphasis was on the behavior of different coatings under accelerated

aging conditions. As a result, the barrier properties (hardness, glass transition temperature,

spreading rate, etc.) of the coatings developed during this study was not investigated in

detail. To evaluate the barrier properties of these coatings might prove to be valuable from

commercialization point of view.
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The fungal resistance tests with other heat-treated and coated species could give better

understandings and validity of antifungal behavior of these coatings.
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Appendix 1

Coated Wood Surface Energy Calculation Steps by Lifshitz van-der Waals Acid Base

Approach

In this present study, four liquids (Table 3.2) were used to calculate the surface energy

of coated wood surfaces by Lifshitz van-der Waals acid base approach (see Eqn. 2.14). YL,

Yiw, Y"[, and Yt are known and are presented in Table 3.2 for each liquid. The contact

angle (9) was obtained by sessile drop experiments and initial contact angles of each

liquid/coated wood system were used for these calculations. Following matrix was

obtained for any coated wood surface, and the surface energy components were easily

obtained from its solution.

0-2

0-3
a4.

b\
b3

Lb4.
c 3

Lc4J
V 5 rf3

Ld4J

[Al.l]
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Where,
«3

a4j

= (1 + cosO)YL

Lc4J

- IY+

By solving the above four equations simultaneously, the three unknown can be easily

obtained.

The acid base component (YAB) was calculated using equation 2.16.

The numerical examples given below is for 5% black spruce bark extract on heat-treated

jack pine,

(1 + cos 81.84) x 72.8 = 2( lr$w x 21.8 + ^ r j X25.5 + VFJX25.5) [A1.2]

(1 + cos 65.52) x 58 = 2(JY%W x 39 + 7 ^ x 3 9 . 6 + ̂ /rj x 2.28) [A1.3]
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(1 + cos 67.34) x 48 = 2(IY§W x 29 + V^J x 47 + /̂KJ x l.92) [A1.4]

(1 + cos 3.23) x 18.43 = 2(]Y$W x 18.43 + JY% x O + ^FJ x 0) [A1.5]

By solving equations A1.2-A1.5 simultaneously, following surface energy components

were obtained

Y$w = 20.14 mj/mz

Fj = 2.678 mj/m2

Y s = 36.32 mj/m2

Y§B = 27(2.678x36.32) = 19.73 m//m2

Ys = 19.73 + 20.14 = 39.86 mj/m2
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Appendix 2

Effect of Titania and ZnO Particles on Aging Performance of Acrylic Polyurethane

for Heat-Treated Jack Pine

Coating selection for exterior use often requires a balance between aesthetic (clear

coatings) and protection (colored coatings) for a particular application. Water based acrylic

polyurethane coatings are highly efficient, non toxic and durable with upgraded film

properties. Incorporation of UV absorbers and HALS is necessary for the development of

transparent coatings which most of the time are toxic in nature. Increasing pressure of the

environmental legislation to reduce the VOC content of the coatings has compelled the

development of non toxic organic and inorganic UV absorbers. Among the inorganic UV

absorbers titanium dioxide and zinc oxide have a long history of color protection. In this

section, the performance characteristic of acrylic polyurethane incorporated with a natural

antioxidant (bark extract) and inorganic UV absorbers (nano and micro titania and nano

zinc oxide) along with organic UV absorbers are reported. In order to assess the

performance of these modified coatings, it is necessary to study their wetting and

penetration characteristics into wood and changes occurring at the wood and coating

interface due to weathering induced by UV. The service life (durability) of coated-wood

surface depends on the chemical composition of coating material, properties of the wood

surface (type of species, early wood and late wood region, sap wood or heart wood etc.)

and the interaction between the coating materials with the wood at their interface. This
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interaction is primarily reflected in the wetting and spreading of the coating material over

the wood surface during its application and it determines the contact area and smoothness

of the coating layer. The fluorescence microscope is a very important tool to determine the

penetration characteristic of different coatings into wood cells. The penetration behavior is

well correlated with the adhesion performance of coatings to the wood surface. Also, the

changes in the wood-coating interface taking place due to weathering can be characterized

using fluorescence microscopy. This analysis gives valuable information on the interaction

between wood and coating which could be directly related to the color change during

accelerated aging.
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Figure A.2.1 Acrylic polyurethane coating containing bark extract and titania micro

particle (a) comparison of contact angle change with time on early wood and late wood

regions; penetration characteristic of (b) late wood (c) early wood jack pine studied with

fluorescence microscope
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Figure A.2.2 Acrylic polyurethane coating containing bark extract and titania nano

particles (a) comparison of contact angle change with time on early wood and late wood

regions; penetration characteristic of (b) early wood jack pine studied using fluorescence

microscope
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Figure A.2.3 Acrylic polyurethane coating containing bark extract and zinc oxide nano

particles (a) comparison of contact angle change with time for early wood and late wood

region; penetration characteristic of (b) late wood (c) early wood jack pine studied using

fluorescence microscope
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Figure A.2.4 Comparison of surface tension of acrylic polyurethanc coating containing

titania micro particles, titania nano particles and zinc oxide nano particles
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Figure A.2.5 Dynamic contact angle of water for different aging times on jack pine surface

coated with the acrylic polyurethane coating containing (a) only organic UV absorbers, (b)

titania micro particles, (c) titania nano particles and (d) zinc oxide nano particles
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Figure A.2.6 Comparison of color change of heat-treated jack pine coated with acrylic

polyurethane with titania micro, titania nano particles, ZnO nano particles, and organic UV

stabilizers after different aging periods (a) red-green index, (b) yellow-blue index, (c)

lightness index, and (d) total color change
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Figure A.2.7 Visual assessment of acrylic polyurethane coated heat-treated jack pine for

different aging times
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Figure A.2.8 The light micrographs of transverse section of the coating containing titania

micro particles and wood interface for different aging time (a) before aging, (b) after 72h

of aging, (c) 672h of aging, (d) 1500h of aging, the coating containing titania nano

particles and wood interface for different aging time (e) before aging, (f) after 72h of

aging, (g) 672h of aging, (h) 1500h of aging and the coating containing zinc oxide nano

particles and wood interface for different aging time (i) before aging, (j) after 72h of aging,

(k) 672h of aging, (1) 1500h of aging
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Figure A.2.9 Percentage of coating thickness retention with increasing aging time
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There was a notable difference between the contact angle of acrylic polyurethane coating

containing titania micro particles and early wood or late wood jack pine whereas for the

other two coatings no difference in contact angle had been observed in early wood and late

wood regions. The contact angle of the acrylic polyurethane coating containing zinc oxide

nano particles/jack pine was highest at all times compared to those of the other two

coatings. This could be attributed to its high surface tension. Coating containing titania

micro particles had the lowest surface tension. The degree of orientation due to cross

linking between polymers under the influence of light increased initial contact angle of

coated-wood surface with water during aging for all four coatings. Coating erosion which

took place due to the photodegradation of polymeric material of the coating during aging

was an important phenomenon noticed for all coated-wood surfaces. Highest change in the

coating thickness was observed for the coating containing only organic UV absorbers.

Very poor penetration characteristic of all coatings was another important phenomenon

revealed by fluorescence microscopy tests. The photodegradation effect on the cell layer

just beneath the coating after 1500h of aging was observed for all coatings but for the

acrylic polyurethane coating containing only organic UV absorber and the coating

containing titania nano particles the degradation started within 672h of aging. The

degradation after 672h of aging beneath the coating containing only organic UV absorbers

was much severe than the coating containing titania nano particle. Therefore, it was well

established that addition of natural antioxidant and inorganic UV absorbers improve the

protective characteristic of acrylic polyurethane coating. But among them the coating

containing titania nano particles was less effective than the other two coatings for
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protecting heat-treated jack pine surface. The delamination was mainly due to the

separation of wood cells from each other as a result of degradation of lignin during aging

and not to the adhesion loss of the coating material from the wood surface.
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Appendix 3

Performance of Needle Extracts as Coating Additives to Delay the Discoloration of

Heat-Treated Jack Pine during Aging

In this study, effectiveness of different natural antioxidants has been tested in protecting

the heat-treated wood from degradation under accelerated aging conditions. The details of

bark extracts performance are reported in the main text. In this section, the performance of

needle extract is compared with that of bark extracts incorporated in to acrylic

polyurethane coating for the protection of heat-treated wood. The color change data along

with visual assessment and ATR-FT-IR analysis revealed that needle extracts arc less

effective in protection of heat-treated jack pine compared to bark extracts.
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Figure A.3.10 Comparison of acrylic polyurethane coatings stabilized with different

additives (a) red-green index, (b) yellow-blue index, (c) lightness index, and (d) total color

change
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Figure A.3.2 Heat-treated jack pine coated acrylic polyurethane coatings stabilized by

different additives for different aging time
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Figure A.3.3 ATR-FT-IR analysis of acrylic polyurethane coating containing organic UV

absorbers and bark extracts on heat-treated jack pine for different exposure times (a) 1800-
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Figure A.3.5 Build-up of oxidation photoproducts during accelerated aging test of acrylic

polyurcthanc coating stabilized with organic UV stabilizers alone or along with needle

extract or bark extract

3?

§
o
S
a
CL

0

O
-D

NI

100

90

80

70

60

50

40

30

20

10

-O- With organic UV absorber
-O- With organic UV absorber and bark extract
- û - With organic UV absorber and leaf extract

200 400 600 800 1000 1200 1400 1600

Weathering Time (h)

Figure A.3.6 Diminution of H-bond and C=O stretching of the urethane during accelerated

aging of acrylic polyurethane coating stabilized with organic UV stabilizers alone or along

with needle extract or bark extract
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Figure A.3.7 Loss of urethane group for acrylic polyurethane coating stabilized with

organic UV stabilizers alone or along with needle extract or bark extract during aging

period
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Figure A.3.8 Loss of acrylate double bond for acrylic polyurethane coating stabilized with

organic UV stabilizers alone or along with needle extract or bark extract during aging
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Figure A.3.9 Changes in absorption area under hydroxyl peak for acrylic polyurethane

coating stabilized with organic UV stabilizers alone or along with needle extract or bark

extract at different aging times
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Figure A.3.110 Changes in CH stretching for acrylic polyurethane coating stabilized with

organic UV stabilizers alone or along with needle extract or bark extract at different aging

times
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The color measurement results showed that addition of bark extract and needle extract

certainly decreased the color change during accelerated aging but bark extract was more

efficient than needle extract. The visual assessment results also proved this statement.

Oxidation and loss of acrylate double bond were attributed to the degradation of acrylic

polyurethane as divulged by ATR-FTIR analysis. The crosslink scission of acrylic

polyurethane was not significant enough. There was depletion of bark extract and needle

extract from the polymer matrix during accelerated aging. The natural antioxidants acted

mainly as radical scavenger shown by less photodegradation observed for coatings

containing natural antioxidants compared to that of organic UV stabilizers.
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Appendix 4

Characterization of Lignin Nano Particles and their Efficiency as Coating Additives

Lignin is a very good absorber of UV light. 95% of UV radiation reaches to wood surface

are absorbed by lignin. Also it is highly antioxidant in nature due to the presence of

phenolic groups in their structure. As a result, it is also a very good source of natural

antioxidant. High temperature heat-treatment of wood modifies the lignin structure by

demothoxylation and condensation which results in less degradation of heat-treated wood

lignin compared to natural wood lignin under aging. Organosolv lignins of lodgepole pine

and poplar, heat-treated at different temperatures, were obtained from Bioconversion. They

were further treated by microfluidizer in order to get nano sized particles of these

organosolv lignins which could be easily distributed homogeneously throughout the acrylic

polyurethane coatings. In this section, the particle size distributions of these organosolv

lignins are presented along with the SEM images. Also the effectiveness of these lignins in

acrylic polyurethane coating for the protection of heat-treated jack pine were studied under

accelerated aging conditions and color measurement and visual assessment results are

reported in this section.
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Effect of sieve size and number of passes on lignin particle diameter

Diameter (nm) Diameter (nm)

Figure A.4.1 Particle size distribution of poplar lignin after passing through 200ujn (a)

and 87 nm (b) sieve for different number of passes
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Figure A.4.12 Particle size distribution of lodgepole pine lignin after passing through

200nm (a) and 87 |im (b) sieve for different number of passes
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Figure A.4.3 Lignin nano particles after passing through 200 urn seive for 5 times at 3000

psi (a) and 6000 psi (b) pressure for poplar lignin and 3000 psi(c) and 6000 psi (d) for

lodgepole pine lignin in microfluidizer (with increase in pressure lignin nano particles

started aggregating)
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Figure A.4.4 Comparison of color change of acrylic polyurethane coating with different

lignin nano particles and/or lignin stabilizer on heat-treated jack pine after different aging

periods (a) lightness index, (b) red-green index, (c) yellow-blue index, and (d) total color

change

Poplar lignin seemed to be more effective to delay discoloration of heat-treated jack pine

compared to lodgepole pine lignins

236



72h 168h 336h 672h 1008h 1500h

PUA + lodgepole

pine lignin

PUA -i- lodgepole
pine lignin + lignin
stabilizer

UA + BC37
lignin + lignin
tabilizer

PUA + poplar
lignin

PUA + poplar
lignin + lignin
stabilizer

Figure A.4.5 Comparison of protective characteristics of acrylic polyurethane stabilized

with lignin nano particles for different aging time

Acrylic polyurethane with poplar lignin alone or together with lignin stabilizer protected

heat-treated jack pine till 1008h but at the end of 1500h of accelerated aging both the

coatings failed to protect heat-treated jack pine. Acrylic polyurethane with lodge pole pine

lignins alone or together with lignin stabilizer underwent high color loss only after 672h of

accelerated aging.
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Appendix 5

XPS Results for Acrylic Polyurethane Coating with CeO2 Nano Particles and Lignin

Stabilizer

Table A.5.1 Atomic percentage of different components of acrylic polyurethane coating

containing CeO2 nano particles and lignin stabilizer

Aging
time
(h)

0

72

672

1500

0

72

672

1500

0

72

672

1500

Species

Birch

Aspen

Jack
pine

C
(%)

76.48

74.79

73.16

76.59

41.61

76.18

76.66

77.22

76.39

76.64

74.03

84.05

C-H/
C-C

58.5

61.16

61.45

67.09

57.5

46.83

61.15

54.61

58.47

61.74

61.48

80.88

Carbon Components

C-N

29.51

24.38

26.57

20.66

28.51

41.33

25.31

34.01

28.57

24.83

27.4

11.52

C-O

11.99

1.52

1.92

2.74

12.99

11.84

13.54

11.34

0.53

0.24

0.89

2.07

C=O

0

12.93

10.06

9.51

0

0

0

0

12.44

13.19

10.23

5.54

O
(%)

22.24

23.21

21.52

19.71

55.7

22.9

22.52

18.38

22.77

22.59

21.77

13.76

N
(%)

0

0.71

4.07

3.68

1.23

0.05

0.24

4.14

0

0.2

3.96

2.18

Si
(%)

1.29

1.29

1.09

0

1.46

0.86

0.58

0

0.84

0.57

0.05

0

Ce
(%)

0

0

0

0.03

0

0

0

0.27

0

0

0

0.1

o/c

0.29

0.31

0.29

0.26

1.34

0.30

0.29

0.24

0.30

0.29

0.29

0.16

N/C

0.000

0.009

0.056

0.048

0.030

0.001

0.003

0.054

0.000

0.003

0.053

0.026
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Appendix 6

Comparison of Acrylic Polyurethane Coatings on Heat-Treated and Untreated Wood

Species

This study mainly focuses on the protection of heat-treated wood from UV light. In this

section, the effectiveness of the best coatings (acrylic polyurethane with bark extracts and

lignin stabilizer; and acrylic polyurethane with CeC>2 nano particles and lignin stabilizer)

on heat-treated wood is compared with that on untreated wood. The color measurement

results showed that with increase in aging time the acrylic polyurethane with CeO2 nano

particles and lignin stabilizer on all the three heat-treated wood species become darker.

This was probably due to the presence of extractives which migrated to the wood surface

during aging.

Acrylic polyurethane with bark extracts and lignin stabilizer protected heat-treated jack

pine well, even after 1500h of aging, but it failed to perform on untreated jack pine.

Significant degradation was observed on the surface of untreated jack pine at the end of

1500h of aging. On the other hand, t could be seen from the fluorescence micrographs that

there was almost no degradation at the interface of acrylic polyurethane with CeÛ2 nano

particles and lignin stabilizer and untreated birch after 1500h of accelerated aging whereas

only 4-5 cell layer degradation was observed for untreated aspen. Also, very small

degradation was observed at the interface of untreated jack pine and acrylic polyurethane

with CeÛ2 nano particles and lignin stabilizer after 1500h of aging.
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Figure A.6.1 Comparison of color change of acrylic polyurethane containing CeO2 nano

particles and lignin stabilizer on heat-treated and untreated jack pine, aspen, and birch after

different aging periods (a) lightness index change, (b) red-green index change, (c) yellow-

blue index change, and (d) total color change
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Figure A.6.13 Comparison of color change of acrylic polyurethane containing bark

extracts and lignin stabilizer on heat-treated and untreated jack pine, aspen, and birch after

different aging periods (a) lightness index change, (b) red-green index change, (c) yellow-

blue index change, and (d) total color change
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Figure A.6.3 Comparison of protective characteristic of acrylic polyurethane with CeOi

nano particles and lignin stabilizer on untreated (a) jack pine, (b) aspen, and (c) birch

before and after aging for different periods
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Figure A.6.4 Comparison of protective characteristic of acrylic polyurethane with bark

extracts and lignin stabilizer on untreated (a) jack pine, (b) aspen, and (c) birch before and

after aging for different periods
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Figure A.6.5 ATR-FT-IR analysis of acrylic polyurethane coating containing CeO? nano

particles and lignin stabilizer on untreated birch for different exposure times (a) 1800�

650cm"1 and (b) 3800-2600cnf '
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Figure A.6.6 ATR�FT-IR analysis of acrylic polyurethane coating containing CeOi nano

particles and lignin stabilizer on untreated aspen for different exposure times (a) 1800�

650cm"1 and (b) 3800-2600cm"'
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Figure A.6.7 ATR�FT-IR analysis of acrylic polyurethane coating containing CeC>2 nano

particles and lignin stabilizer on untreated jack pine for different exposure times (a) 1800-

650CITT1 and (b) 3800-2600cm"'
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(a)

(b)

(c)

Figure A.6.8 The light micrographs of transverse section of the acrylic polyurethane

coating containing CeC>2 nano particles and lignin stabilizer and (a) untreated birch, (b) un-

treated aspen, and (c) untreated jack pine interface for different aging times
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Appendix 7

Antifungal Activity of Different Extracts on Three North American Heat-Treated

Wood Species

The efficiency of different bark extracts (jack pine, yellow birch, white birch, larix, white

spruce, black spruce) on three heat-treated wood species (jack pine, aspen, birch) were

examined for their fungal durability. The heat-treated woods were immersed in 10%

methanolic solution of these extract for 24h. They were dried at 40°C for 48h before

exposing to fungi. Two different types of fungi were used for this study - a brown rot

fungus (P. placenta) and a white rot fungus (T. versicolor). The mass of these specimens

were recorded before and after fungal degradation and the weight loss data were compared

and are presented in this section.
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Figure A.7.1 Comparison of mass loss data of different bark extracts on heat-treated jack

pine, aspen, and birch with those of heat-treated woods without any extracts (control) after

8 weeks of decay by P. placenta
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Figure A.7.2 Comparison of mass loss data of different bark extracts on heat-treated jack

pine, aspen, and birch with those of heat-treated woods without any extracts (control) after

8 weeks of decay by T. versicolor
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