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Abstract 

In this thesis I hypothesize that plasma will etch wood surfaces, produce new cell wall 

microstructures, and change the surface chemistry of wood because of differential etching of 

woodôs polymeric constituents. I also examine factors affecting the etching of wood by plasma, 

and applications of plasma etching for wood processing. Scanning electron and light microscopy 

and white light confocal profilometry were used to examine etching of wood surfaces. Wet 

chemical analysis, FTIR and XPS spectroscopy were used to analyze chemical changes at the 

surface of plasma-treated wood. Experiments were also performed to examine the effect of 

plasma treatments on the color of blue-stained wood, the morphology of fungal hyphae and the 

adhesion and performance of coatings on hot-oil modified wood. Exposure of wood to plasma 

caused etching of wood cell walls and created new surface microstructures. Regions of cell walls 

that were rich in lignin such as the middle lamella were etched more slowly by plasma. Confocal 

profilometry of wood exposed to plasma revealed a strong relationship between plasma 

treatment time and etching of cell walls, and same technique found that lignin pellets were 

etched more slowly than cellulose pellets. Plasma reduced the levels of carbohydrate at the 

surface of modified wood, which resulted in a relative increase in lignin content. Plasma 

treatment improved the effectiveness of hypochlorite bleach at removing blue-stain from wood 

and it prevented the discoloration of a white acrylic paint on hot-oil modified wood exposed to 

natural weathering. However, plasma treatment of hot-oil modified wood did not have positive 

effects on the adhesion and exterior performance of a range of other coatings (mainly semi-

transparent stains). I conclude that prolonged exposure to plasma can etch wood cell walls, but 

cell wall layers that are rich in lignin are degraded more slowly. Plasma etching of wood mainly 

depends on treatment time and also on the structure and chemical composition of wood. Plasma 

treatment is an efficient pre-treatment for bleaching of blue-stained wood and reducing the 

discoloration of white acrylic paint on hot-oil modified wood. 
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1 General introduction 

1.1 Introduction 

The surface properties of wood play an important role when wood is used or processed into 

different products such as siding, joinery and wood composites (Tshabalala 2005). For example, 

the surface degradation of wood when it is used outdoors, places wood at a disadvantage 

compared to other materials (Feist and Hon 1984, Rowell 2005, Evans 2008).  

Much effort has been expended in the search for better methods of modifying wood surfaces 

in preparation for adhesive bonding and the application of coatings (Kamke and Lee 2007). The 

methods employed have mainly involved physical and chemical pre-treatments (Denes et al. 

2005, Hill 2006). A newer surface treatment uses plasma instead of wet chemicals. Plasma 

consists of an activated gaseous discharge that is capable of modifying the surface of materials 

prior to application of adhesives or coatings in a direct, non-toxic way without producing large 

amounts of physical or chemical waste products (Wu 1982, Boenig 1982, Kinloch 1987, Liston 

1994, Chu et al. 2002, Jama and Delobel 2007, Lee et al. 2011). 

The term plasma was first used in 1927 to describe the ñinner region of an electrical 

discharge in which a significant number of the constituent atoms and /or molecules are 

electrically charged or ionizedò (Boenig 1982). More recently plasma has been defined as ñan 

excited gas which consists of atoms, molecules, ions, free electrons and metastable speciesò or 

ñsimply a mixture of electrons, negatively and positively charged particles, and neutral atoms 

and moleculesò (Kinloch 1987, Inagaki 1996).  

Plasmas are capable of rapidly modifying materials and plasma treatment have opened up 

novel ways of modifying wood based materials, including surface functionalization and coating. 

For example, plasma treatment with organic gases can rapidly alter the surface energy of solid 
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wood surfaces without changing bulk properties (Denes and Young 1999, Magalhães and de 

Souza 2002, Odraskova et al. 2008). This technology is claimed to be a very efficient ódryô 

approach that avoids the disadvantages of related wet treatments such as organic solvent 

extraction (Cho et al. 2001, Denes et al. 2005, Blantocas et al. 2006).  

Plasma pre-treatment using inorganic gases can increase the surface permeability of wood, 

performance of coatings and the fracture strength of glued wood (Sakata et al. 1993, Podgorski 

et al. 2000, Lukowsky and Hora 2002, Rehn et al. 2003). Ramos (2001) and Evans et al. (2007) 

found that prolonged exposure to a glow-discharge plasma significantly increased the glue bond 

strength of difficult-to-glue eucalyptus species. Wolkenhauer et al. (2009) showed that plasma 

generated from dielectric barrier discharge increased the surface energy of aged wood. Plasma 

treatments were also effective at increasing the adhesion of varnish to wood and bamboo 

(Setoyama 1996). Yuan et al. (2004) showed that plasma treatment could significantly improve 

the static and dynamic mechanical properties of wood-fibre-polypropylene composites. Based on 

their findings they suggested that increases in surface roughness of plasma-treated wood fibers, 

which they observed using scanning electron microscopy, led to higher interfacial contact and 

mechanical interlocking resulting in an overall improvement in mechanical properties. 

Very few studies have examined the effect of plasma on the structure and physical and 

mechanical properties of wood, despite the interest in using plasma to modify wood (Denes et al. 

2005). More information is available, however, on how plasma can modify the microstructure 

and properties of paper. For example, Sapieha et al. (1988) exposed several kinds of paper to 

plasma, and found that plasma acted like a fine microtome, continuously removing thin layers of 

cellulose. The rate of etching of cellulose could be controlled by changing parameters, such as 

gas pressure and composition, and discharge power. Not surprisingly, it has been shown that 
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chemical changes to cellulose during cold plasma treatment, affects the wettability and the 

adhesion properties of cellulose (Carlsson and Stroem 1991).  

It is clear from studies conducted to date that surface modification of wood by plasma can 

improve surface energy and bond strength of adhesives and coatings (Denes et al. 2005, Evans et 

al. 2007, Avramidis et al. 2011a-b). However, there is little fundamental information on the 

effect of plasma on the microstructure and chemical and physical properties of wood. 

1.2 General hypothesis 

There is some evidence in the literature, mainly from studies of plasma treatment of paper, 

that plasma can etch the wood cell wall. The ability of plasma to etch and roughen the surfaces 

of plastics is well known (Egitto et al. 1990, Oehrlein et al. 2011). Ablation of these materials 

occurs when plasma reduces the molecular weight of their polymeric constituents and they 

become volatile enough to be removed by the vacuum pump employed in plasma devices 

(Boenig 1982). If the substrate consists of a blend or alloy of materials that react differently in 

plasma, differential ablation of these components can create a micro-roughened surface (Kolluri 

2003, Oehrlein et al. 2011). Wood consists of a blend of cellulose, hemicelluloses, and lignin 

(Sjöström 1981). Therefore it is plausible that the same effect could occur when wood is exposed 

to plasma. 

In this thesis I hypothesize that plasma will etch wood surfaces and produce new cell wall 

microstructures because of differential ablation of woodôs polymeric constituents.  

There is some evidence that ionizing rays, predominantly gamma-rays, can alter the 

physical, mechanical and chemical properties of wood (Tabirih et al. 1977, de Lhoneux et al. 

1984). Considering this evidence and the energetic nature of particles in plasma I further 

hypothesize that differential etching of woodôs polymeric components will change the surface 
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chemistry of wood. I also examine factors affecting the etching of wood by plasma and possible 

applications of plasma etching for wood processing (see below). 

1.3 Outline of study 

This thesis consists of eight chapters. Following this introductory chapter, Chapter 2 reviews 

the literature on plasma and plasma treatments including a brief introduction to the different 

types and ways of generating plasma and their effects on materials. Relevant literature on wood 

surface properties and modification, and previous research on the plasma modification of 

lignocellulosics is also reviewed. Chapter 3 examines the effect of glow-discharge plasma on the 

microstructure of wood. This chapter focusses on the differential etching of cell walls and cell 

types found in wood. Chapter 4 examines factors that influence etching of wood cell walls, and 

uses a new technique (surface confocal profilometry) to quantify the etching of wood and model 

wood compounds. Chapter 5 examines changes in surface chemistry of plasma treated wood. 

Chapter 6 tests the ability of plasma alone and in combination with bleaching to remove blue 

stain from wood colonized by staining fungi. Chapter 7 examines whether plasma can improve 

the adhesion and outdoor performance of coatings applied to wood that has been thermally 

modified using hot oil. Finally, Chapter 8 discusses the findings of all experimental chapters, 

draws general conclusions and makes suggestion for further research needed to fully understand 

findings arising from the research described in this thesis. 
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2 Literature review  

2.1 Introduction 

Wood continues to be used for many applications because of its many excellent material 

properties (such as a good strength to weight ratio, attractive appearance etc.), however, it also 

suffers from a number of disadvantages. Woodôs dimensional instability in response to changing 

atmospheric conditions, susceptibility to biological attack and changes in appearance when 

exposed to weathering, place restrictions on its potential end-uses. The origin of woodôs 

properties can be understood with reference to its structure at the macroscopic, microscopic and 

molecular levels (Hill 2006). Therefore the chemistry and physical characteristics of woodôs 

components need to be understood to make sensible property changes to wood. 

There has recently been renewed interest in changing and improving the properties of wood 

using chemical modification. This interest has been stimulated by environmental restrictions on 

the use of wood preservatives such as creosote, pentachlorophenol and chromated copper 

arsenate (Preston 2000). Wood modification is a process that can be used to improve the material 

properties of wood, but ideally it should produce a material that can be disposed of without 

presenting an environmental hazard any greater than that associated with the disposal of the 

unmodified wood (Preston 2000).  

Modification of materials with plasma has become important recently. Plasma treatments 

provide fast and efficient methods for improving the surface properties of materials, as 

mentioned in Chapter 1. There are large numbers of publications on modification of polymers 

with plasma (see reviews by Chu et al. 2002, Oehrlein et al. 2011). 

Plasma has been widely used to modify polymers to improve their wettability, adhesion and 

other surface properties (Inagaki 1996). Plasma modification of wood and other lignocellulosic 
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materials is seen as being important because it can enhance some critical surface properties. 

However, there have been relatively few publications on the modification of wood compared 

with those on the modification of polymers by plasma. Most studies of the plasma modification 

of wood have been confined to the laboratory, and commercial applications of the technology for 

wood processing have not been reported in the public literature. 

This chapter reviews the literature on plasma and plasma treatments including a brief 

introduction to the different types and ways of generating plasma and its effects on materials. 

The review mainly focuses on plasma modification of lignocellulosic materials (wood and 

paper), but relevant papers on woodsô surface properties and modification are also reviewed. 

Some of these papers provide extensive information on plasma processing, whereas others 

describe the process in a more cursory manner. This is due, in part, to the high diversity of 

plasma processes used to modify wood surfaces, and the complexity of the environments in the 

plasma devices. Furthermore, the main focus of the majority of publications is on the 

characteristics of the plasma generated surfaces, rather than the plasma process itself (Denes et 

al. 2005). 
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2.2 Plasma  

2.2.1 Introduction 

When blood is cleared of its various corpuscles there remains a transparent liquid, which 

was named plasma
1
 by the Czech medical scientist, Johannes Purkinje (1787-1869). The Nobel 

Prize winning American chemist Irving Langmuir in 1927 was the first to use the term plasma to 

describe the inner region of an electrical discharge in which a significant number of the atoms 

and /or molecules are electrically charged or ionized. Langmuir was reminded of the circulation 

of red and white corpuscles in the plasma of blood by the way an electrified fluid carries 

electrons and ions (Tonks 1967, Fitzpatrick 2008). 

Recently, more detailed definitions of plasma have appeared in the literature. Kinloch 

(1987) defined plasma as an exited gas, which consists of atoms, molecules, ions, free electrons 

and metastable species or simply a mixture of electrons, negatively and positively charged 

particles, and neutral atoms and molecules. Plasma is also considered to be the fourth state of 

matter because it is more highly activated than solid, liquid or gaseous states (Inagaki 1996). 

In many cases interactions between charged particles and neutral particles are important in 

determining the behavior and usefulness of a plasma. The type of atoms in a plasma, the ratio of 

ionized to neutral particles and the particle energies, all result in a broad spectrum of plasma 

types, characteristics and behaviors. These unique behaviors have resulted in growing number of 

applications for plasma (Eliezer and Eliezer 2001). 

The species in plasma that modify materials are electrons, ions, and radicals. The latter two 

species are generated by collisions between electrons and gas molecules existing in plasma. 

                                                 

1
 From the Greek word which means ñmoldable substanceò or ñjellyò 
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These electrons, ions, and radicals can react with the surface of materials in four ways: (1) 

implantation reactions of atoms; (2) radical generation; (3) polymer-forming reactions; and (4) 

plasma etching. The type of reaction that is initiated depends mainly on the plasma gas, the 

energy level of the plasma and the nature of the polymeric material being modified (Kaplan and 

Rose 2007). Plasma composed of inorganic gases such as argon, helium, hydrogen, nitrogen, and 

oxygen often favors implantation of atoms, radical generation and etching reactions, whereas 

plasma derived from organic gases such as hydrocarbons and alkylsilanes favors to polymer-

forming reactions (Inagaki 1996). 

2.2.1.1 Plasma types 

Plasmas can be classified according to their temperature and pressure. For example, plasma 

can be classified as equilibrium (hot or thermal) or non-equilibrium (cold or non-thermal/low 

temperature) plasma. Equilibrium in this context refers to thermal equilibrium among the species 

present in the plasma. Non-equilibrium plasmas are commonly known as cold plasmas while 

equilibrium plasmas are known as thermal plasmas (Denes 1997). Equilibrium or thermal 

plasmas are those in which the temperature is the same for all the species present in the plasma. 

The energy to ionize and activate the gas comes from thermal heating which can cause the 

plasma to reach temperatures greater than 10,000 ºC. A well known example of a thermal plasma 

in nature is the solar corona (Aschwanden 2004). Such plasmas are mainly used in plasma spray, 

plasma torches, waste destruction and welding applications. On the other hand, non-equilibrium 

(cold) plasmas, do not have a defining temperature. Nevertheless, in these types of plasmas, 

electrons have a very high temperature (as hot as 10,000 °C), which allows them to activate other 

species and produce ionization, excite other species present and cause dissociation of molecules 

(Kaplan and Rose 2007). Because ions, atoms and molecules cannot exchange heat with 
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electrons, these species are almost maintained at room temperature. As a result such plasmas are 

ócoldô (room temperature or sometimes slightly higher), but generally lower than 100 ºC (Rossell 

2007). 

Non-equilibrium plasmas are typically divided into two types: (1) those generated either 

under reduced pressure; (2) those generated in air at normal atmospheric pressure. Under 

reduced pressure, the plasma that is generated is called a glow-discharge plasma, while plasma 

generated in air at normal atmospheric pressure is called a dielectric barrier or corona discharge 

plasma (Boenig 1982, Uehara 1999, Kogelschatz 2003). 

2.2.1.2 Plasma generation 

Plasma can be produced in the laboratory by raising the energy of a gas regardless of the 

nature of the energy source. Plasmas lose energy to their surroundings through collision and 

radiation processes and, consequently, energy must be supplied continuously to the system to 

sustain the discharge (Inagaki 1996). ñThe easiest way to continuously inject energy into a 

system is using electrical energyò and for this reason electrical discharges are commonly used to 

produce most plasmas (Denes and Manolache 2004). Plasma generated by electrical discharge 

can be classified as either cold or hot, as mentioned above. Examples of naturally occurring 

plasmas are lightning, and those created during the phenomenon known as Aurora Borealis or 

Northern Lights (Denes and Manolache 2004). A low temperature plasma generated under 

reduced pressure is a glow-discharge plasma, as mentioned above.  

Three essential requirements are needed to form a glow-discharge plasma (Inagaki 1996). 

These are: (1) energy source for ionization; (2) a vacuum system for maintaining plasma state; 

and (3) a reaction chamber. Electrical energy from a direct or alternating current is usually used 

for ionization of atoms and molecules. Electric power is supplied to atoms and molecules from a 
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pair of electrodes placed in the reaction chamber in capacitative or inductive coupling modes. 

The reaction chamber is usually a bell jar or tubular chamber and is invariably made of glass or 

stainless steel (Inagaki 1996). Different equipment is used to generate plasma in dielectric barrier 

or corona discharge in air or at atmospheric pressure. A typical corona discharge treatment 

apparatus consists of a high frequency generator, a high voltage transformer and a treating 

station assembly (Cramm and Bibee 1982). The high frequency generator converts the available 

electrical energy into a higher frequency suitable for the treatment, while the transformer 

increases the available voltage to a level needed to generate plasma and to perform the electronic 

impedance matching function (Cramm and Bibee 1982, Kinloch 1987). Electrical energy is 

transmitted to atoms and molecules in the air through metal electrodes which may be insulated 

with dielectric materials. Occasionally the term ñcoronaò is used only for discharge between bare 

metal electrodes at atmospheric pressure (Kogelschatz 2003). 

2.2.2 Glow-discharge plasma 

Under reduced pressure, a glow-discharge plasma is generated. Radio frequency (RF) glow-

discharge (RFGD) plasma devices are widely used for the surface modification of polymers 

because they are able to produce a large volume of stable plasma. RF discharges have been 

classified into two types depending on the method of coupling the RF power with the load: (1) 

capacitive coupling and (2) inductive coupling.  Both modes can use internal or external 

electrodes. The external mode uses a discharge tube that is made of glass (quartz or borosilicate 

glass), which makes it possible to reduce contamination of the plasma by impurities from the 

electrodes. Hence, this coupling mode is common in RF plasma devices. In general, the RF 

discharges operate in the 50 kHzï100 MHz range and the pressure during discharge is between 

10
-3

 and 100 torr (Boenig 1982, Chu et al. 2002). 
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Glow-discharge processes that are suitable for surface modification of materials take 

advantage of energetic electrons, ions, free radicals, and vacuum UV radiation present in the 

glow-discharges. These species have energies high enough to break even the most stable 

chemical bonds within substrates (Denes 1997). 

2.2.3 Effects of plasma on the surface of materials  

From the time when Langmuir first defined plasmas much effort has gone into 

understanding the plasma state and also to use plasmas to modify materials. The 

microelectronics industry was one of the fi rst to develop plasma processing technologies. Today 

many other industries such as the biomedical, automotive, textile and lighting industries are 

using plasmas to modify the surface of materials (BMBF 2001). Plasma processing technology 

aims to modify the chemical and physical properties of a surface (Inagaki 1996). Unlike liquid 

cleaners and etchants, which use only molecular chemistry, plasmas employ molecular, atomic, 

free radical and metastable species for chemical effects, and electrons and positive ions for 

kinetic effects (Rawlinson 1999).  

Energetic particles in plasma are able to break covalent chemical bonds in organic materials, 

thus creating free radicals at polymer surfaces. Almost all chemical bonds involved in organic 

structures can be dissociated in plasma, however, higher energies are usually required for the 

dissociation of unsaturated linkages and the formation of multiple free radicals. Accordingly, 

ñinitial or plasma-generated unsaturated bonds will have a better ósurvival rateô under plasma 

conditions, in comparison to single bondsò (Denes 1997). The reactions of radicals formed in 

plasma include chain scission, radical transfer, oxidation and recombination on polymer surfaces 

(Wu 1982). 
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The effect of a plasma on a given material is determined by the chemistry of the reactions 

between the surface and the reactive species present in the plasma. At the low energies typically 

used for plasma treatment, plasma only changes the surface of the material; the effects are 

confined to a region only several molecules deep and the bulk properties of the substrate are 

unaffected. However, plasmas also generate electromagnetic radiation, in the form of vacuum 

UV photons, which can penetrate bulk polymers to depths of 10 to 75 µm depending on their 

wavelength. UV radiation can also cause chain scission and cross-linking (Egitto 1990, 

Rawlinson 1999). 

Surfaces changes resulting from plasma treatment depend on the composition of the 

substrate and the gas used. Gases, or mixtures of gases, used for plasma treatment of polymers 

can include air, nitrogen, argon, oxygen, nitrous oxide, helium, tetrafluoromethane, water vapor, 

carbon dioxide, methane, or ammonia (Finson et al. 1995). Each gas produces a unique plasma 

and specific changes to the surface properties of the material being treated. Substitution of 

molecular moieties at the surface can make polymers either wettable or non-wettable depending 

on the chemistry of the polymer and the source gases. The specific type of substituted atoms or 

groups determines the specific surface potential (Finson et al. 1995). For example, argon plasma 

treatment can induce cross-linking between substrate and polymer, whereas fluorine plasma 

treatment decreases the surface energy of polymers (Liu et al. 2005). Plasma treatment processes 

using different gases are optimized by varying the time, power, pressure and gas flow rate to the 

substrate and the modification of surfaces by plasma has been sub-divided into 3 general types: 

(1) functionalization or activation; (2) coating or deposition and (3) etching or ablation (Fig. 2.1) 

(Rossell 2007). 
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Figure 2.1: Has been removed due to copyright restrictions. It was a schematic diagram of the 

three different responses of a material to plasma; (1) functionalization (2) coating and (3) etching 

(modified after a diagram in Rossell 2007) 

 

2.2.3.1 Plasma functionalization (activation) 

Plasma functionalization involves plasma species that do not react among themselves, but 

rather with the substrate surface at determined positions (Rossell 2007). The name also 

encompasses the process of substituting atoms in the polymerôs molecules with chemical groups 

from the plasma (Kolluri 2003). 

Free electrons and metastable particles in plasma are able to break covalent chemical bonds, 

thus creating free radicals at polymer surfaces (Boenig 1982). When polymers are exposed to 

plasma, they show ESR (electron spin resonance) signals, indicating the formation of radicals. 

Such radicals can be formed in a number of ways, for example with hydrogen abstraction from 

polymer chains by radicals or electrons, and/or C-C bond scission by electron or ion 

bombardment (Inagaki 1996). These free radicals then undergo additional reactions, depending 

on the gases present in the plasma or the subsequent exposure of the radicals to gases in the 

atmosphere. Free radical reactions can create a surface that is very different from that of the 

starting bulk polymer (Boenig 1982, Steinbruchel et al. 1986). 
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Implantation reactions during plasma treatment are one of the most important ways in which 

plasma modifies polymers (Inagaki 1996). The surface energy of the polymer placed in a plasma 

can be increased very rapidly by plasma-induced oxidation, nitration, hydrolyzation, or 

amination. The higher surface energy of the polymer surface increases its wettability
2
 (Kolluri  

2003). For example, gas molecules such as oxygen and nitrogen are activated by plasma; the 

activated oxygen and nitrogen species interact with polymer surfaces, and functional groups 

(hydroxyl, carbonyl, amino and amido) are formed. Such implantation reactions lead to large 

changes in the surface properties of the polymer, for example, hydrophobic polymers can 

become hydrophilic as a result of the reaction of hydroxyl groups. This type of óplasma 

treatmentô is frequently used to improve the adhesive properties of polymers (Inagaki 1996). The 

increase in apparent bonded surface area that results serves to increase the strength of adhesive 

bonds. This process can also be used to substitute groups at the surface of polymers with ones 

that facilitate covalent bonding between the polymer substrate and adhesives (Kolluri 2003). 

2.2.3.2 Plasma deposition (coating) 

When organic gases are used to generate a plasma, polymer-like products are deposited on 

the surface of all substrates in the reaction chamber. This process is called plasma 

polymerization, and the product formed as a result of plasma polymerization is called a plasma 

polymer (Inagaki 1996). The creation and properties of a plasma polymer are strongly dependant 

on the plasma conditions, e.g., the magnitude of the input RF power to maintain the glow-

discharge, the flow rate of the organic gases introduced into the plasma, and the pressure in the 

reaction chamber (Inagaki 1996). Some chemical deposition processes have long been carried 

                                                 

2
 The ability of a liquid to spread over and penetrate the surface 
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out in the gaseous or vapor phases. There are a whole family of related processes differing in 

detail, and collectively referred to as chemical vapor deposition (CVD) techniques (Chapman 

1980). Plasma deposition is essentially an extension and enhancement of some of these 

processes, but a plasma is used to dissociate and activate the reaction gases. The detail of the 

stoichiometry of the modified surfaces or films is somewhat different for the two methods, but 

more importantly (at least in the semiconductor industry) the plasma modification process can be 

accomplished at a lower substrate temperature (Chapman 1980). 

2.2.3.3 Plasma etching (ablation) 

Etching or ablation involves the removal of material from a substrate. The ability of plasma 

to etch and roughen the surfaces of metals and plastics is well known and is used to obtain 

specific patterns at modified surfaces (Egitto et al. 1990). 

Etching reactions at the surface of polymers occur when they are exposed to plasma for 

prolonged periods of time, and the molecular weight of the polymer is reduced (Boenig 1982). 

Plasma species diffuse into the substrate and react with surface molecules. As a result of this 

interaction, mono- and multiple-free radical structures, ions of either polarity or molecular 

fragments with charged functionalities can be generated (Denes 1997). These reactions may 

produce materials that are volatile enough to be removed from the surface of the substrate by the 

vacuum pump employed in plasma devices, as mentioned above (Boenig 1982). The intensity of 

the production of low molecular weight and volatile structures will control the rate of surface 

etching, which competes with the other reactions occurring at the surface such as plasma 

polymerization (Flamm and Herb 1989).  

The etching rate of a polymer largely depends on the plasma treatment conditions (e.g. 

discharge gas, pressure, discharge power, temperature and treatment time) and on the polymerôs 
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chemical and physical properties (Wu 1982). Of these parameters the type of gas (etchant) is the 

most important factor affecting etching. For example, oxygen plasmas are reactive etchants, 

whereas argon plasmas are not as reactive (Hansen et al. 1965, Taylor and Wolf 1980, Olde 

Riekerink 2001, Wohlfart et al. 2010). 

The chemical structure of polymers has a major influence on the rate of plasma etching. 

Many studies have examined the relationship between the chemical composition of polymers and 

their susceptibility to plasma etching. As results of such studies, it has been established that 

aromatic polymers have lower etching rates than aliphatic polymers. Polymers containing little 

(or no) oxygen and no halogen (except fluorine) are very resistant to etching in oxygen plasma. 

Accordingly, polymers containing oxygen functionalities such as ether, carboxylic acid, and 

ester groups are more susceptible to plasma etching than polyolefins, which have no such 

substituents. Fluorine and cyano (-CſN) moieties in polymers enhance etch resistance, due to 

strong bonding in backbone chains, whereas polymers containing chlorine are rapidly eroded in 

an oxygen plasma (Reich and Stivala 1971, Yasuda et al. 1973, Taylor and Wolf 1980, Pederson 

1982, Gokan et al. 1983, Inagaki et al. 2003, Moss et al. 1986, Moss 1987, Fricke et al. 2011). 

Consequently, if the substrate consists of a blend or alloy of materials that react differently in 

plasma, differential etching or ablation of these components can create a micro-roughened 

surface (Fig. 2.2) (Kolluri 2003, Wohlfart et al. 2010). 
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Figure 2.2: Has been removed due to copyright restrictions. It was SEM photomicrographs of 

polyethylene terephthalate (PET) treated with oxygen plasma for: (a) 1 min; (b) 4 min; (c) 10 min; 

and (d) 30 min. Note development of fibrils with increasing treatment time (Wohlfart et al. 2010) 

 

Weight losses due to etching are restricted to the top-most layers of the polymer, and weight 

losses below the surface are much smaller or do not occur at all. Therefore, polymers subjected 

to plasma etching possess similar bulk chemical and physical properties as the parent polymers 

(Inagaki 1996). Chu et al. (2002) wrote that ñthe elemental composition, chemical structure, 

degree of polymerization, and crystallinity of plasma treated substrates are hardly altered and are 

similar to those of the original polymersò. The superficial nature of plasma modification of 

polymers and the fact that no liquids are used has led to the development of plasma processes for 

the dry etching of materials (Chu et al. 2002). 
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Plasma etching is commonly used in the semiconductor industry and has the advantage over 

earlier etching technologies of being solvent-free, thus producing less waste. The complexity of 

integrated circuits (ICs) has greatly increased since the demonstration of the first working 

semiconductor integrated circuit in 1958. Increases in performance of integrated circuits rely on 

increasing the numbers of memory cells per wafer. Hence, the fabrication of device patterns with 

smaller dimensions has become more important. Plasma can etch materials at the micro/nano-

scale (Fig. 2.3), and plasma etching of silicon nitride was one of the first plasma processes to be 

used by industry (Boenig 1982, Flamm and Herb 1989, Sahoo et al. 2009). 

 

Figure 2.3: Has been removed due to copyright restrictions. It was SEM photomicrographs of 

nanopillar  structures (used for solar cell applications), fabricated by etching of silicon nitride film 

using a gas mixture of CF4/O2 at different treatment times: (a) 90 s; (b) 120 s; (c) 150 s; and (d) 180 

s (Sahoo et al. 2009) 
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Plasma etching of polymer surfaces can do the following: (1) alter the adhesion of the 

polymers; (2) change the materialsô mechanical and/or physical properties; (3) change the 

chemical composition of the material or degrade or dissolve low-molecular weight constituents 

that migrate to surfaces; (4) relieve residual surface stresses. Plasma etching has been observed 

in studies of the morphology of surfaces and the internal structure of fibers (Boenig 1982, Egitto 

et al. 1990). 

Plasmas are very effective at removing very thin layers of contaminants from the surface of 

materials (Lee et al. 1999). Hence, lower energy plasmas are commonly used for plasma 

cleaning as opposed to plasma etching. Plasma cleaning involves the removal of impurities and 

contaminants such as hydraulic oils and lubricants from surfaces through the use of plasma 

created from gaseous species (Belkind et al. 1996). Gases such as argon and oxygen, as well as 

mixtures such as air, hydrogen/nitrogen and fluorine-containing gas are used. The pressures of 

the gaseous species are typically below 0.133 Pa (1 torr). The energetic, ionic species react with 

species on the surface of the item to be cleaned, often producing gaseous products which can be 

removed by a vacuum system (Ward 1996, Nickerson 1998). The energetic species also clean the 

surface by colliding with it and óknocking-offô contaminants from the surface. Prolonged or 

higher power plasma cleaning etches surfaces, going beyond the 'cleaning' phase (Finson et al. 

1995, Kaplan and Rose 2007). 

2.3 Wood surface properties and modification 

2.3.1 Introduction  

The boundary region between two adjacent bulk phases is known as an óinterfaceô although, 

when one of the phases is a gas or a vapor, the term ósurfaceô is commonly used (Aveyard and 

Haydon 1973). The chemical and physical properties at the surface or interface with another 
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material are essentially different from those of the bulk of the material (Aveyard and Haydon 

1973). 

The topic of interfacial science is vast, however, there are some crucial areas that are usually 

considered in defining a materialôs surface properties. The properties and reactions at polymer 

surfaces have been sub-divided into three different categories: (1) interactions occurring at the 

polymerôs surface; (2) chemical composition and chemical reactions occurring at the polymer 

surface; and (3) surface morphology (Inagaki 1996). Surface tension, wetting and adsorption are 

probably the most important aspects of surfaces that are relevant to adhesion, dyeability, 

printing, water and oil repellency, etc. (Barnes and Gentle 2005). 

Surface modification of polymers can be used to change surface properties, but any changes 

are shallow in depth (Liston et al. 1994). Surface modification can include one or a series of 

operations including cleaning, removal of loose material, and physical and/or chemical 

modification of a surface to which an adhesive or coating is applied. For example, for adhesive 

bonding, surface modification tries to increase surface polarity, wettability, and create sites for 

adhesive bonding. In most cases, the main reasons for surface treatment prior to bonding are to: 

(1) remove or prevent the later formation of a weak layer at the surface of the substrate; (2) 

maximize the degree of molecular interaction between the adhesive or primer and the substrate; 

(3) optimize the adhesion forces that develop across interfaces and therefore ensure sufficient 

joint strength, initially and during the service life of the bond; and (4) create specific 

microstructures at the surface of the substrate (Ebnesajjad and Ebnesajjad 2006). Normally, 

optimum surface energy and structure is achieved by chemical treatments. The chemical 

composition and the morphology of the surface are altered so that the surface energy of the 

substrate is maximized for adhesion. Chemical treatments also increase the chances that 
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hydrogen, dipole, van der Waals, ionic, and/or covalent bonding can form at the interface 

between the substrate and adhesive. Mechanical abrasion is another simple means of surface 

preparation that generates less waste than chemical treatments. Mechanical abrasion works by 

creating a clean surface and increasing the contact area between the substrate and adhesive. 

During the ordinary gluing of objects, these methods may not be needed since optimal adhesion 

is not always necessary. When a strong adhesive bond is required, the minimum surface 

preparation required is cleaning and removal of dirt and grease from contact surfaces 

(Ebnesajjad and Ebnesajjad 2006). Alternatives to the aforementioned treatments (with similar 

surface changes) include plasma, corona, and flame treatment methods. These methods act in 

similar ways to chemical treatments with less generation of hazardous wastes (Boenig 1982, 

Ebnesajjad and Ebnesajjad 2006). 

2.3.2 Wood surfaces  

Wood is a porous, cellular, and anisotropic substrate. The anisotropic properties of wood 

arise because its cells (fibers) are much longer than they are wide and cellulose chains are 

oriented parallel to the fiber direction. There are also large differences between wood species in 

their chemistry and morphology. Therefore a simple model for wood surfaces is not sensible 

(Frihart 2005). 

The surface properties of wood can be divided into two major groups: physical or chemical. 

Physical properties include morphology, roughness, smoothness, specific surface area and 

permeability. Chemical properties include elemental and molecular, or functional group 

composition. Together these properties determine the thermodynamic characteristics of wood 

surfaces, such as surface free energy and surface acid-base acceptor and donor number 

(Tshabalala 2005). The surface properties of wood play an important role when wood is used or 
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processed into different products such as siding, joinery and wood composites. Thus, for 

example, the quality and durability of a wood coating are determined by the surface properties of 

the wood and the coating. The same is true for wood composites, as the efficiency of stress 

transfer from the glue to the woodôs components is strongly influenced by the surface properties 

of both the wood and adhesive (Tshabalala 2005).  

Woodôs surface physical and chemical properties vary depending on how the surface is 

prepared, and what type of wood is being processed. Initial operations in wood processing, like 

sawing, alter surface quality (smoothness or roughness/fuzziness, burn marks, etc) and control 

orientation of annual rings at the surface. Drying can create defects like staining, checking, case-

hardening, etc, (Kollmann and Côté 1968). Different secondary surface preparation techniques 

like sanding or planing can also create defects at wood surfaces. For example, abrasive planing 

can create crushed and fractured cells at surfaces. Because of their thinner cell walls earlywood 

tracheids in softwoods and vessels in hardwoods are more prone to crushing and this leads to 

rougher surfaces when crushed cells spring back (Stewart and Crist 1982, Murmanis et al. 1986). 

However, even with good surface preparation, the natural microstructure of wood influences 

surface properties. For example, earlywood cells with their thinner walls should be easier to 

bond because their lumens are more accessible to adhesives. The sapwood of a species is 

generally easier to bond than heartwood because it has a lower extractive content than 

heartwood. Juvenile, compression, and tension wood all have different microstructures compared 

to mature wood, which can influence adhesive/coating bonding (River et al. 1991, Frihart 2005). 

The resin ducts in softwoods are especially rich in extractives. Voids in vessel elements, 

tracheids, ray cells and resin canals or fractures created during sanding or planing increase the 

surface area and provide regions where better penetration and interlocking of adhesives can 
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occur (Fig. 2.4) (Frihart 2005). On the other hand, air entrapped in voids can weaken the 

interface between adhesive/coating and the wood surface (Young et al. 1985, Frihart 2005).  

 

 

Figure 2.4: Has been removed due to copyright restrictions. It was a schematic diagram of a 

transverse section of wood showing woodôs complete and cut-through cellular structure with 

voids and fractures in cell walls. Both of these óflow pathsô increase the surface area available 

for bonding of adhesives/coatings (modified after an illustration in Frihart 2005)  

 

The chemical composition of wood affects the surface properties of wood. Cellulose is the 

main chemical component of the wood cell wall, but it may not be the main component at wood 

surfaces. It has been suggested that hemicellulose is the main chemical component of wood that 

hydrogen bonds with water because hemicelluloses are more accessible than cellulose (River et 

al. 1991). However, there are other factors that influence the surface characteristics of wood. 

Variable percentages of lignin, hemicelluloses, cellulose and extractives are present at wood 

surfaces depending on how the wood is cut, ie, transverse, tangential or radial. Cutting may 

expose the middle lamella, which is rich in lignin or the secondary wall which has a lower 

concentration of lignin (Young et al. 1985). The chemical composite of ray cells is different to 

that of longitudinally oriented elements, and variable percentages of ray cells at wood surfaces 

can influence the chemical composition of wood surfaces (Saka 2001). Migration of 

hydrophobic extractives to wood surfaces during drying can result in poor wettability. Acidity or 

reactivity of extractives, molecular reorientation of the surface functional groups, and closure of 
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wood cell micro-pores affect adhesive adsorption into the wood (Denes et al. 2005). Exposure to 

air and light (aging) can cause surface oxidation, and dust and fatty acids can be deposited at 

wood surfaces from the atmosphere (Young et al. 1985).  

Most often, wood has been used because of its pleasant color as well as its warmth, 

hardness, strength and low cost. The color of wood depends on how its chemical components 

interact with light (Hon and Minemura 2001). Wood absorbs and reflects light and these 

interactions produce colors that range from almost white, as in holly (Ilex aquifolium L.), to 

almost black in the heartwood of African ebony (Diospyros crassiflora Hiern.). The color of 

wood conveys feelings of natural gentleness (Hon and Minemura 2001). When light is focused 

on the surface of wood, one component is reflected directly and the other part is absorbed. The 

light that is not absorbed is emitted through scattering, reflection, and transmission. The human 

eye recognizes the unabsorbed light as the woodôs color (Hon and Minemura 2001). Cellulose 

and hemicelluloses do not absorb visible light, and native lignin that is isolated with minimum 

chemical or physical changes is pale yellow. Extractives which make up only a few percent by 

weight of woodôs mass, greatly influence woodôs color, as well as its fragrance, and durability. 

Hence, extractives greatly influence the properties and processing of wood (Fengel and Wegener 

1984, Williams 1999). The color of wood can also change as a result of chemical reactions that 

take place between extractives and enzymes present in freshly cut wood or due to exposure of 

wood to light (Yeo et al. 2003). Exposure of wood surfaces to a combination of solar radiation 

(UV and visible light), moisture and heat, windblown particles, atmospheric pollutants and 

certain microorganisms, influences the color, surface chemistry and roughness of wood (Evans 

2008). These changes are collectively called weathering. They do not affect woodôs strength 

properties, but greatly change the surface properties of wood (Evans 2008).  
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The color of green (freshly felled) wood can be altered by microorganisms that grow on the 

surface of wood. This discoloration is due to the pigmentation of fungal hyphae or the reaction 

of wood to compounds secreted by microorganisms (Hon and Minemura 2001). For example, 

blue stain is caused by fungi that colonize sapwood. These fungi contain melanin and are 

therefore dark brown in color (Schmidt and Czeschlik 2006). The fungi in the wood appear blue 

or grey to the naked eye although they are brown when viewed under the microscope. This 

visible blue/grey discoloration reduces the value of wood for appearance and some structural 

applications (Fig. 2.5). Therefore, depending on its final use, wood is often treated to prevent 

fungal staining and improve its surface properties for different applications.  

 

 

 

 

 

 

Figure 2.5: Discoloration of wood by blue stain fungi: (left) cross section of a stem of 

blue-stained lodgepole pine (Pinus contorta) showing darkening of sapwood (arrowed); 

and (right) a stack of lodepole pine wood containing some blue-stained boards (arrowed) 

 

2.3.3 Modification of wood surfaces 

Chemical modification of wood seeks to improve the properties in which wood is deficient 

without compromising those that give it its appeal (Kiguchi 1996).  

Bulk chemical modification of wood is a very effective means of improving woodôs 

properties such as dimensional stability or durability. In general, such modification is achieved 

under heterogeneous conditions, involving solid-liquid reactions. However, modification of 
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wood is not straight-forward because it is difficult to ensure that the reagent is evenly dispersed 

throughout the wood, and also to remove all of the reagent and by-products at the end of the 

reactions (Hill 2006). The reactions generally require an excess of chemical reagent, and the 

efficiency of the reactions are comparatively low. Furthermore, the reactions usually require high 

temperatures and corrosion resistant reactors. In contrast, if the reaction is confined to the 

surface of the substrate, then accessibility of the reagent to the wood is better and subsequent 

clean-up of the modified wood is more easily accomplished (Kiguchi 1996, Hill 2006).  

Some types of wood modification techniques are cleaner and more easily accomplished. 

However, even wood modified using such techniques may require further modification to 

improve their surface properties. For example, thermal modification reduces the hygroscopicity 

of wood and imparts other desirable characteristics such as increased dimensional stability and 

natural durability (Militz 2008). Exposing wood to high temperatures, however, darkens wood 

and may reduce some mechanical properties particularly toughness, abrasion resistance, and 

cleavage strength, but also (to a lesser extent) modulus of rupture (MOR), shear strength and 

hardness (Militz 2008). Heat treating wood can reduce the surface wettability of wood which 

adversely affects adhesion of paints and coatings (Podgorski et al. 2000, Hakkou et al. 2005).  

These are many properties demanded of wood surfaces depending on how and where they 

are used. These include weathering resistance, hardness, water resistance, water repellency, 

wettability for adhesives or coatings, and so on (Kiguchi 1996). Papers on surface treatments to 

improve adhesion first appeared in the literature in 1939 (Tischer 1939). Since then, surface 

modification of wood has been used to improve the ultraviolet stability of wood, to change the 

surface energy of wood (to reduce wetting by water, and/or improve compatibility with coatings 

or matrix material), and to improve bonding between wood surfaces (Hill 2006).  
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2.3.3.1 Mechanical treatments 

Mechanical treatment of wood prior to gluing or coating removes old or contaminated 

surface layers from wood and increases woodôs surface area, which leads to better adhesion of 

glues or coatings (de Moura and Hernández 2005). Planing and sanding are the most common 

methods for mechanically improving the surface properties of wood (Murmanis et al. 1983, 

Hernández and Cool 2008, Cool and Hernández 2011). Planing of wood exposes fresh surfaces 

and removes contaminants such as extractives that interfere with gluing. Vessel elements, 

tracheids and other cells when cut provide additional surface area and regions for penetration and 

interlocking of adhesives and coatings (Young et al. 1985, Hernández and Cool 2008, Cool and 

Hernández 2011). However, planing may have a negative effect on glue bond strength. For 

example, air may be trapped in freshly exposed cells, which can create voids within glue lines 

thereby reducing glue line strength, as mentioned above. Such entrapped air creates interfacial 

discontinuities, which focus stresses that can cause premature failure of glue laminated wood 

when load is applied (Williams 1999). In contrast, sanding, unlike abrasive planing causes less 

surface damage to wood. Machine sanding, if backed up by a soft roll, felt pad or air bag, allows 

abrasive grits to ride up and over material that cannot be cut or scraped away, thereby avoiding 

compression of cells (Murmanis et al. 1986). Sanding increases the interfacial surface area of 

wood which promotes better glue bond strength (de Moura and Hernández 2005). However, 

sanding with abrasive papers of any grit size does not always guarantee good glue bond strength 

particularly if the abrasive deposits small wood particles or dust at the wood surface, or creates 

weak boundary layers (Murmanis et al. 1983, Murmanis et al. 1986, de Moura and Hernández 

2006). The effectiveness of sanding depends upon the grit (abrasive) size of sandpaper that is 

used to prepare the wood. Belfas et al. (1993) investigated the effect of sanding with a range of 
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abrasive papers from coarse (80 grit) through to very fine (12,000 grit) on the wettability and 

shear strength of regrowth karri (Eucalyptus diversicolor F. Muell.) and jarrah (Eucalyptus 

marginata ex Sm.) wood. They found that sanding with coarser sandpaper (80 grit) gave the 

largest improvement in both wettability and dry and wet shear strength (Belfas et al. 1993).  

The surface structure of wood can be altered more dramatically by incising which is a well-

established technique to mechanically perforate the surface of refractory wood species prior to 

pressure impregnation with wood preservatives (Keith and Chauret 1988). Different perforation 

systems using needles, drills, slit discs, lasers, and water jets have been used, however, visible 

marks on the wood surface and strength losses resulting from incising are considered to be 

disadvantageous for certain wood products (Kass 1975, Keith and Chauret 1988, Winandy and 

Morell 1998). 

Because wood surface preparation is a critical factor in obtaining satisfactory performance 

from coatings and glues, and taking into account the limitation of the chemical and physical pre-

treatments examined to date, there is scope for the development of additional surface treatments. 

2.3.3.2 Biological treatments 

Controlled applications of microbial decomposition are biotechnological methods that can 

be used to modify wood and improve its permeability. These methods mainly employ bacteria, 

enzymes or fungi for treating wood (Mai et al. 2004). 

Bacteria increase the permeability of wood when logs are stored in water for long periods of 

time (Fogarty 1973, Kobayashi et al. 1998). The bacteria degrade woodôs pit membranes. 

Substances encrusting cell lumina and pit chambers are also partly removed. These changes are 

responsible for the improved permeability and drying characteristics of óponded woodô 

(Kobayashi et al. 1998). However, increases in permeability occur slowly and property changes 
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are not always homogeneous, which has restricted the wide-spread commercialization of 

ponding (Lehringer et al. 2009).  

Enzymes have been used for the surface activation of wood particles, to form binderless 

composites (Hill 2006). Enzymatic surface modification can be achieved by oxidative and/or 

hydrolytic systems (Kenealy et al. 2006). Enzyme catalyzed bonding of wood can be achieved 

either by activation of lignin, or by surface activation of wood particles with chemicals or 

enzymes (Kenealy et al. 2006). Felby et al. (1997) studied the free radicals formed in European 

beech (Fagus sylvatica L.) wood during laccase-catalyzed oxidation. ESR spectroscopy 

indicated the presence of at least 2 radical species in the suspension liquid. These radicals were 

phenoxy radicals located in solubilized or colloidal lignin. It was suggested that wood fibers 

were modified by direct laccase oxidation of the surface, as well as by modification processes 

involving colloidal lignin fragments in a cyclic phenol/phenoxy reaction pathway (Felby et al. 

1997). Kharazipour et al. (1997) found that laccase treatment produced a highly oxidized lignin 

surface with a high content of carboxylic groups. From their results, they suggested utilizing the 

bonding strength of enzymatically activated lignin for the production of wood composites. 

Recently Goswami et al. (2008) found that enzymatic modification could plasticize wood cell 

walls. They used a multicomponent enzyme (Cellulose Onozuka R-10 from Trichoderma viride) 

with activity on cellulose and xylan. Treatment of isolated fibers with this enzyme reduced the 

ultimate stress of the fibers. They accounted for this observation by suggesting that modification 

of amorphous cellulose chains at the surface of the microfibrils may have loosened contact 

between cellulose fibrils and the pliant matrix. As a result, cellulose fibrils in enzyme-treated 

wood were able to glide after a critical stress was exceeded, making the modified wood more 
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elastic. They suggested that such behavior from wood veneers would be desirable in composites 

with complicated geometries (Goswami et al. 2008). 

Enzymes such as pectinases, cellulases, and hemicellulases can partially degrade pit 

membranes and increase the permeability of Norway spruce (Picea abies L. Karst.) heartwood 

and sapwood (Militz 1993). Some enzymatic treatment systems have been commercialized and 

additional systems are being developed (Kenealy et al. 2006). However, there are also drawbacks 

to these enzymatic treatments (like ponding). For example, several weeks of incubation is 

needed to increase permeability to the desired level, and localized differences in enzyme activity 

lead to variation in the permeability of the processed material. Furthermore, the introduction of 

enzymes or bacteria into dried wood is difficult because aspirated pits restrict the penetration of 

microbial suspensions or enzymatic solutions into wood (Militz 1993, Lehringer et al. 2009).  

In contrast to isolated enzymes, fungal hyphae are able to transport their specific enzymes 

deep into the wood substrate during colonization (Scheffer 1973). The hyphae largely follow the 

nutrient-rich parenchyma cells and rays, and grow from there into the adjacent tracheids 

primarily through simple or bordered pits or even by creating bore holes in cell walls (Scheffer 

1973, Schwarze et al. 2006, Schmidt and Czeschlik 2006). During the first period of substrate 

colonization, the secreted enzymes alter the chemical structure of the pit membranes and 

selectively degrade them (Schwarze and Landmesser 2000). This function of fungi has been used 

to improve the permeability of both sapwood and heartwood, with almost no negative effects on 

the strength properties of softwoods (Schwarze et al. 2006). However, this application of fungi 

for increasing wood permeability, which is termed ñbioincisingò, hasnôt been scaled up to the 

industrial level, due to inability to control fungal activity and some undesired side effects of 

fungal growth such as surface discoloration (Lehringer et al. 2009). 
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2.3.3.3 Chemical treatments  

Wood is photodegraded when used outdoors because ñlignin strongly absorbs ultraviolet 

light and this leads to radical-induced depolymerization of lignin and celluloseò (Derbyshire and 

Miller  1981, Evans et al. 1996). Clear finishes perform badly on wood during exterior exposure 

due to photodegradation of the underlying wood substrate (Derbyshire and Miller 1981). Hence, 

chemical pretreatments which photostabilize wood surfaces can prolong the life of coatings 

(Evans et al 1992). Chemical modification of wood surfaces has been used to improve the UV 

stability of wood (Evans et al. 1996). For example, treatment of wood surfaces with dilute 

aqueous solutions of hexavalent chromium compounds is effective at restricting the 

photodegradation of wood during natural weathering and enhancing the performance of clear 

coatings and stains. However, as pointed out by Evans et al. (1992) ñchromium trioxide produces 

a brown coloration initially, which slowly changes to green, which some customers donôt likeò. 

Furthermore, health concerns about the use of hexavalent chromium has discouraged commercial 

development of chromium trioxide as a photoprotective pre-treatment underneath clear coatings 

(Evans et al. 1992). 

Kiguchi and Evans (1998) examined grafting of a UV absorber to wood surfaces to improve 

woodôs photostability. They concluded that grafting of a UV absorber to wood was a promising 

means of protecting wood surfaces from photodegradation. They pointed out that the treatment 

was ñas effective as chromium trioxide in restricting losses in veneer mass during weathering 

and superior to chromium trioxide in terms of its effects on tensile strengthò. Furthermore, color 

changes arising from treatment were smaller for grafted wood compared to wood treated with 

chromium trioxide. 
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Changes to the surface wettability of wood can be obtained by chemical modification, for 

example by acetylation, but this is not the primary aim of such modification (Chang and Chang 

2001). 

Wood surfaces can also be modified to improve glue bonding. Many of the adhesive system 

currently in use are derived from non-renewable petrochemical resources, and concerns about 

the decline and increasing cost of these resources are driving research efforts to develop 

adhesives derived from renewable materials. As an alternative, research is also examining ways 

of directly bonding wood surfaces without the use of an adhesive. Chemical modification of 

wood surfaces can be employed to provide active sites to allow for self-bonding directly, or to 

allow for covalent bonding between wood surfaces via an intermediate reagent (Kiguchi 1996). 

Several approaches have been used to chemically modify wood to improve adhesive 

bonding as follows: (1) altering the surface energy of wood to improve compatibility with low-

energy materials such as polyolefins; (2) reaction of the wood surface with a functionalized 

coupling agent to improve compatibility with low energy materials; (3) bonding of reagents to 

wood surfaces in order to thermoplasticize the surface for self-bonding; (4) bonding of reagents 

to wood surfaces to provide the appropriate functionality for bonding sites; and (5) activation of 

the wood surface using chemicals, for example Fentonôs systems, to generate surface free 

radicals (Hill 2006). 

Adhesive bonding to wood can be affected by the presence of extractives at wood surfaces 

(Kiguchi 1996). Extractives create weak boundary layers and hence oily woods, such as teak 

(Tectona grandis L.) are difficult to bond unless extractives are removed from the surfaces to be 

bonded. Treatment of wood with a mixture of ethanol and benzene can remove extractives and 

improve surface wettability (Kiguchi 1996). Sodium hydroxide treatment also improves the 
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wetting properties of wood, and increases glue-bond strength (Young et al. 1985). Aqueous 

alkaline solutions reduce surface tension, remove extractives, and increase the ability of 

adhesives to dissolve extractives at wood surfaces. For example, Yoshimoto et al. (1972) 

observed that sodium hydroxide in four different concentrations (1, 0.5, 0.25 and 0.125 %) 

dissolved and removed pit membranes especially tori without modifying cell walls and pit 

borders when applied to two conifer species, sugi (Cryptomeria japonica D. Don) and kuromatso 

(Pinus thunbergii Parl.). 

Fungal stains can be removed by bleaching the surface of wood to restore the value of blue-

stained wood for appearance-grade markets (Ross et al. 1998). For example, a solution of 

alkaline peroxide (3%) removed blue stain from the surface of ponderosa pine (Pinus ponderosa 

Laws.). The most effective treatment involved treating samples at 60 ºC for one hour (Lee et al. 

1995). This technique was reasonably efficient at removing the blue stain and restoring the 

woodôs original color, but because samples were dipped in a hot solution the treatment cannot be 

classified as a surface treatment. More recently, Evans et al. (2007) screened a range of 

bleaching agents to determine the most effective ones at removing blue stain from lodgepole 

pine (Pinus contorta Dougl. ex Loud.), and they also optimized treatment parameters for one of 

the treatments. They found a sodium hypochlorite treatment was the best one at removing blue 

stain. This treatment was most effective when the solution was sprayed on the wood surface at 

room temperature (20 °C) at a high concentration of 10.5 % (Evans et al. 2007).  

2.3.3.4 High energy treatments 

Many different technologies have been developed to modify wood, but in the past there was 

less economic or environmental reasons to commercialize such technologies. Today growing 

environmental and legislative pressure has made wood modification technologies more 
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commercially attractive. For example, several processes for modifying wood have been 

commercialized in Europe in the past ten years. Continued advances in process development and 

environmental legislation may see the commercialization of these technologies in other parts of 

the world (BMBF 2001, Hill 2006). 

High energy radiation can produce significant changes in the molecular structure of 

polymers and wood (Mater 1957). Some attempts were made in the past to use high energy 

radiation (e.g. gamma rays) to modify the properties of wood, for example hygroscopicity. High 

doses of ionizing radiation rapidly alter the properties of wood and paper because the radiation 

depolymerizes cellulose and reduces its crystallinity, which makes the cellulose water soluble 

(Mater 1957, de Lhoneux et al. 1984). It was shown that exposure to gamma radiation affected 

hemicelluloses more than cellulose in wood. In comparison lignin was even less affected (Seifert 

1964). These changes do not occur at low levels of radiation (Aoki et al 1977). Lignin in wood 

may also be degraded and partially solubilized by high-energy radiation (Seifert 1964, Skvortsov 

1990). Hachihama et al. (1960) exposed Japanese red pine (Pinus densiflora Sieb. & Zucc.) to 

high doses of gamma irradiation and reported that such treatment significantly decreased the 

holocellulose contents of irradiated wood and made the lignin extractable with ethanol and 

dioxane. However, their measurement of the native lignin (Braunsô lignin) content showed only 

small changes between irradiated and non-irradiated samples. Based on their observations they 

suggested that changes in the behavior of lignin in irradiated wood were caused mainly by 

carbohydrate degradation and the cleavage of lignin/carbohydrate linkages (Hachihama et al. 

1960). Smith and Mixer (1959) concluded that aromatic compounds (lignin and other 

extractives) in redwood (Sequoia sempervirens (D. Don) End.) protected the cellulose and 

hemicellulose from deleterious effects of radiation. Accordingly, Flachowsky et al. (1990) 
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reported significant degradation of hemicellulose and cellulose and less degradation of lignin as 

a result of exposure of spruce wood (Picea sp.) to various doses of gamma rays. 

Gamma radiation also alters the microstructure of wood. For example, Antoine et al. (1971) 

found that irradiation of Norway spruce (Picea abies (L) Karst) with gamma rays in air with 

doses of up to 655 Mrad caused longitudinal and transverse micro-cracks to develop in cell 

walls. As a result the irradiated wood became more friable. Bamber and Sangster (1977) 

observed that gamma radiation reduced the thickness of tracheid walls in hoop pine (Araucaria 

cunninghamii D. Don) and a Mexican pine (Pinus pseudostrobus Lindl.). The torus and margo in 

the bordered pits of tracheids and the walls of parenchyma cells were destroyed by radiation 

(Bamber and Sangster 1977). They observed that the form of tracheids was not lost upon 

irradiation and suggested that the resistance of lignin to gamma radiation was responsible for this 

observation. 

Changes to woodôs microstructure as a result of irradiation are accompanied by losses in the 

mechanical properties of wood. For example, Aoki et al. (1977) found that gamma radiation 

decreased the tensile, bending and compressive strengths of hinoki (Chamacyparis obtusa 

Endl.). Antoine et al (1971) found some differences in the chemical composition of irradiated 

and untreated samples suggesting that cellulose and lignin were degraded by gamma radiation. 

They suggested that an increase in carboxyl groups in gamma radiated wood was responsible for 

the lower pH of irradiated surfaces. Tabirih et al. (1977) studied anatomical changes in white oak 

(Quercus alba L.) wood upon exposure to gamma radiation. They observed that exposure to 

gamma radiation reduced cell wall thickness. Decreases in cell wall thickness were related to 

radiation dose and they noted that at high doses of radiation the earlywood was heavily 

degraded. Chemical analyses of irradiated wood samples indicated that decreases in cell wall 
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thickness were related to cellulose degradation (Tabirih et al. 1977). These changes were 

accompanied by an increase in extractives content, while the holocellulose content of the wood 

decreased, as expected. The lignin content (percentage) of the irradiated wood appeared to 

remain constant (Tabirih et al. 1977). 

de Lhoneux et al. (1984) studied the effect of gamma radiation on the ultrastructure of 

Douglas-fir (Pseudotsuga menziesii (Mirb) Franco) (heartwood) and yellow-poplar 

(Liriodendron tulipifera L.). They found that gamma irradiation degraded cell walls, particularly 

those areas that were rich in cellulose. Accordingly, in both species, the middle lamella was 

more resistant to degradation than the secondary wall. They also noted that the S3 layer in the 

secondary wall of Douglas-fir and the warty layer in yellow-poplar were more resistant to 

degradation than the other secondary wall layers. More recently Khan et al. (2006) studied the 

effect of UV and gamma radiation on the surface properties of plywood coated with an epoxy 

acrylate. They found that a UV radiation pretreatment increased the pendulum hardness, 

adhesion strength, surface hardness and percent gloss of the coated plywood. The physical 

properties of the coating on plywood decreased when high levels of gamma radiation were used 

as a pretreatment. Unfortunately the authors didnôt provide any explanation for their findings. 

2.4 Plasma modification of wood 

2.4.1 Introduction 

Cold plasma processes are an attractive way of modifying wood. Firstly, they are simple dry 

procedures that allow the implantation of a wide range of functional groups onto surfaces, as 

mentioned above. They permit the creation of specific surface characteristics via the control of 

treatment parameters, such as gas flow rate, pressure, power, and treatment time. Finally, 



37 

 

modifications resulting from cold plasma treatment are confined to the outermost layers of 

substrates, leaving the bulk properties of the material intact (Denes and Young 1999). 

The surface modification of wood and the introduction of specific groups onto the surface of 

lignocellulosics (e.g. fibers, powder, wood wafers) is traditionally achieved using an excess of 

liquid reagent. Following modification, the removal of unreacted compounds adds extra time and 

increases the cost of the procedures. These problems can be eliminated using cold plasma 

techniques. For example, clear coatings can be deposited directly on wood surfaces using an RF-

plasma (Denes and Young 1999, Denes et al. 2005). 

2.4.2 Plasma modification and wood composites 

Increasing concern for the environment has given impetus to research on the substitution of 

synthetic fibers, in composites with wood fibers (Nayak 1999, Lee et al. 2011). However, the 

addition of wood fibers to polymers often does not produce the desired property improvements 

because of incompatibility between the hydrophilic wood fibers and the hydrophobic matrix 

(polymer), and also weak interfacial adhesion between fibers and the matrix (Lee et al. 2011). 

Poor dispersion of wood fiber in the polymer matrices due to strong fibre-fibre interactions 

resulting from strong intermolecular hydrogen bonding also prevents natural fiber reinforced 

composites from achieving desired properties (Kazayawoko et al. 1999). Various methods have 

been used to overcome these problems including electrical discharge modification of fibers prior 

to mixing them with polymers (Bledzki et al. 1998). For example, the effect of corona plasma 

treatment of wood and polymer surfaces on the tensile properties of a wood-polymer composite 

was investigated by Dong et al. (1993). They found that the treatment increased the strength 

properties of the composite and improved the ductility of composites containing 15 to 30% of 

modified fiber. Belgacem
 
et al. (1994) examined the effect of corona treatment on the 
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mechanical properties of cellulose-fiber/polypropylene composites. The cellulose fibers and 

polypropylene were modified with plasma for different periods of time. The tensile properties of 

composites made from combinations of treated or untreated cellulose fibers and polypropylene 

were subsequently measured. Belgacem
 
et al. (1994) found that plasma treatment of the cellulose 

fibers alone, or both the fibers and the polypropylene improved the properties of the composites. 

They also found a positive effect of treatment time on the properties of the composites.  

Yuan et al. (2004) used argon and air-plasma treatments to modify the surface of wood 

fibers and improve their compatibility with polypropylene. The tensile strength, and tensile and 

storage moduli of the composite sheets increased to some extent after plasma treatment. 

Scanning electron microscopy of fracture surfaces of tested composites suggested that plasma 

treatment improved interfacial bonding between wood fibers and polypropylene (Fig. 2.6). X-ray 

photoelectron spectroscopy (XPS) showed that plasma treatment increased the oxygen/carbon 

ratios of wood fibers (Yuan et al. 2004). 

 

Figure 2.6: Has been removed due to copyright restrictions. It was SEM photomicrographs of the fracture 

surface of air-plasma treated wood-fibre- polypropylene composites (treatment time 30 s): (a) overall fracture 

surface; (b) magnified view of the identified area (Yuan et al. 2004) 

 

Zanini et al. (2005) evaluated the effects of cold argon plasma modification on the type and 

amount of radicals formed on Kraft and chemithermomechanical pulp fibers. Interestingly, they 
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found that phenoxy radicals generated in lignin on plasma treated fibers formed intermonomeric 

bonds and rebuilt the ligninôs original structure (which was destroyed by pulping). These results 

suggest that plasma treatment could be used for the auto-adhesion of wood. Mahlberg et al. 

(1999) used atomic force microscopy (AFM) to examine the effect of oxygen plasma treatment 

on the surface morphology of polypropylene, Kraft pulp, filter paper and wood. They observed 

the formation of nodular structures on both polypropylene and lignocellulosics surfaces after 

plasma treatment. The diameter of the nodules increased with treatment time. The overall 

roughness of the surfaces, however, decreased with treatment time. These phenomena were most 

apparent for treated polypropylene surfaces. They suggested that such features were probably 

caused by different physical and chemical processes (e.g., etching, sublimation of new 

constituents formed, and/or rearrangement of the chemically altered surface) (Mahlberg et al. 

1999). Adhesion between polypropylene and lignocellulosic materials was slightly improved by 

the plasma treatment (Mahlberg et al. 1999). Gassan and Gutowski (2000) used corona discharge 

treatment to improve the mechanical properties of jute-fibre/epoxy composites. They found that 

exposure of single jute fibers to plasma significantly increased surface free energy due to an 

increase in the fibersô surface polarity. The effect of corona treatment increased with increasing 

corona energy and resulted in an improvement (15%) in storage modulus of fibers. Gassan and 

Gutowski (2000), however, reported that corona treatment did not affect the modulus of 

elasticity of the fibers and changes in mechanical properties were subtle when jute yarns were 

exposed to the corona plasma. 

Plasma treatments can also modify the surface chemistry and energy of paper. It is assumed 

that changes are confined to the outermost layers, without the paperôs bulk properties being 

affected. Various plasmas including those formed from oxygen, nitrogen, inert gases (e.g. 
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argon), fluorinated hydrocarbons, organic silicon compounds and their mixtures can modify the 

surface properties of paper (Tan et al. 2001, Navarro et al. 2003, Vaswani et al. 2005). 

The effect of a dielectric-barrier discharge treatment on the properties of bleached chemical 

and unbleached mechanical pulp fibers was investigated by Vander Wielen et al. (2005). 

Changes at fiber surfaces were investigated by AFM, inverse gas chromatography (IGC), contact 

angle evaluation, determination of water retention value and zero-span tensile strength tests. 

These techniques revealed that at low plasma energy levels the plasma treatment increased the 

surface energy, carboxylic acid content, roughness and the coefficient of friction of the fibers. 

The increased surface energy of paper at low levels of plasma energy was thought to be due to 

increased oxidation, as suggested by increases in surface acids and cleaning of fiber surfaces 

(suggested by AFM images). At higher plasma energy levels, however, the fibers became 

smoother and surface energy of fibers was similar to that of untreated fibers. These results were 

explained by greater degradation/removal of polysaccharides, in accord with decreases in zero-

span tensile strength of treated paper.  

Tan et al. (2001) demonstrated that plasma-assisted deposition of hexamethyldisilazane 

(HMDS) was an efficient method for making paper surfaces hydrophobic, while still maintaining 

its porous structure. The coating of HMDS was resistant to strong bases and acids, as well as to 

indoor ultraviolet light. 

Recently there has been interest in plasma modification of paper to improve printability. 

Schuman et al. (2005) studied the effect of plasma treatment on the printing and barrier 

properties of dispersion-coated (containing wax) paperboard. Good printability was noted after 

the paperboard was plasma treated and the barrier properties of the paperboard were preserved. 

Pykonen and Lahti (2008) examined offset print quality of nitrogen/helium plasma-treated 
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papers. Pigment coated and surface-sized papers were treated with plasma, and the effects of the 

treatment on the surface energy, surface chemistry and morphology of the papers were 

evaluated. Plasma treatment increased the surface energy of the paper as expected, and the O/C 

ratio of the paper increased. SEM images revealed that high energy plasma treatment could 

change the structure of the paper. An evaluation of the printing properties of the plasma treated 

paper revealed that the treatment influenced both ink and water absorption properties and caused 

ink to set faster.  

2.4.3 Plasma treatment of solid wood 

Plasmas have been used for a long time to alter the surface chemistry (surface oxidation) 

and physical properties of polymers, as mentioned above. Many excellent reviews are available 

on this subject (Liston et al. 1994, Inagaki 1996, Chu et al. 2002, Oehrlein et al. 2011). However, 

the attention given to plasma modification of lignocellulosics (wood and paper) has been quite 

one-sided. Most of the studies conducted to-date have focused on the plasma modification of 

cellulose and its derivatives. Relatively few studies have examined the effects of plasma on the 

chemical and physical properties of solid wood. Hence, there is a lack of information on the 

properties of plasma-modified wood surfaces (Chen and Zavarin 1990, Wolkenhauer et al. 

2007). Nevertheless, it is clear from the studies conducted to-date that plasma treatments can 

increase the surface energy of wood and alter the bond strength of adhesives and coatings (Denes 

et al. 2005). 

2.4.3.1 Effect on chemical properties 

Furuno et al. (1990) first treated hinoki and buna (Fagus crenata Blume.) wood with corona 

plasma. They followed the formation of aldehyde groups in the plasma treated samples using 
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reduction with NaBH4 solution and Schiffôs staining method in combination with infrared 

spectroscopy. Lipska-Quinn (1994) examined the chemical changes at the surface of white fir 

(Abies concolor (Gordon) Lindley ex Hildebrand) treated with air, CO2 or NH3 plasmas. Plasma 

treated samples were extracted with 10% aqueous NaOH solution and were examined using X-

ray photoelectron spectroscopy (XPS). XPS revealed that plasma treatment caused the formation 

of carbonyl, carboxyl and NH3
+

 or R-(C=O)-NH2 (for ammonia plasma) at wood surfaces. 

Plasmas formed from air or carbon dioxide oxidized the wood surface causing an increase in the 

O/C ratios of treated surfaces. Treatment with ammonia plasma had the opposite effect (Lipska-

Quinn 1994). 

Sakata et al. (1993) found that corona plasma treated wood had increased affinity for 

Schiffôs reagent. This observation suggested that the treatment increased the aldehyde content at 

the wood surface, in accord with the findings of Furuno et al. (1990). They isolated 

hemicellulose, lignin and alcohol benzene extractives from modified wood and tested their 

aldehyde content. The level of aldehydes in cellulose, hemicellulose and lignin was only slightly 

higher than that in unmodified wood. On the other hand, the aldehyde level of the alcoholic-

benzene extracts increased significantly. Therefore they concluded that corona plasma treatment 

mainly altered the chemical composition of extractives at the surface of wood. Recently 

Avramidis et al. (2009) analyzed plasma treated beech, oak, spruce and Oregon pine [Douglas-fir 

(Pseudotsuga menzeiesii (Mirb) Franco)] and measured changes in the physical and chemical 

properties of treated surfaces. XPS was used to analyze the chemical composition of plasma 

treated and untreated beech. As expected, they found a higher total surface energy for plasma 

treated surfaces. XPS revealed a higher O/C ratio for plasma treated beech due to an increase in 

C-O and O-C=C groups, which accounted for the higher surface polarity of plasma treated wood.  
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2.4.3.2 Effects of plasma on wood structure and physical properties 

A few studies have examined the effects of plasma treatments on the structure and physical 

properties of wood. Chen and Zavarin (1990) showed that a radio frequency plasma could 

increase the permeability of Douglas-fir wood. Improvements to the permeability of the treated 

wood appeared to be due to destruction of aspirated pits. Chen and Zavarin (1990) noted that cell 

walls of tracheids were damaged by plasma treatments. Lipska-Quinn (1994) used scanning 

electron microscopy to examine the effect of plasma treatment on the morphology of white fir. 

After air plasma treatment, wood cells became distorted (swollen) and pits were degraded. These 

findings accord with those of Chen and Zavarin (1990). Furuno et al. (1990) examined changes 

in the morphology of hinoki and buna wood after corona discharge treatment. They found that 

tracheid walls in hinoki and vessels walls in buna appeared to be brittle and fragile after 

treatment. Damaged cell walls were easily degraded when treated wood was soaked in water. 

Enlargement of bordered and cross-field pits also occurred during treatment. 

Uehara et al. (1993) found that corona discharge plasma treatment caused degradation of 

Japanese beech (F. crenata) wood meal. Degraded cell walls peeled off when treated wood meal 

was washed in water, an observation which accords with that of Furuno et al. (1990). 

Ramos (2001) found that prolonged (high energy) water-vapor plasma treatments could 

increase glue bond strength of high density eucalypts. The treatments also caused permanent 

losses in weight of thin sections and removed (etched) vestures from inter-vessel pits. These 

findings partly accord with those of Setoyama (1996) who observed that plasma reduced the 

weight of wood and cellulose samples. 
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2.4.4 Processing of solid wood with plasma 

Plasma treatments, e.g. low pressure plasma, corona or dielectric barrier discharge plasmas, 

have been used for a long time to improve wettability, printability and adhesive properties of 

polymers. Not surprisingly there has been interest in examining whether plasma treatments can 

have the same beneficial effects on the properties and processing of wood (Wolkenhauer et al. 

2007). 

2.4.4.1 Glue bonding 

Removal of surface contaminants generally increases glue bond strength because it allows 

the adhesive to interlock with the substrate surface rather than with a weak boundary layer 

(Kolluri 2003). Increasing the surface energy of a material above the surface tension of the 

adhesive makes it possible for the adhesive to wet the entire surface of the polymer substrate 

(Ebnesajjad and Ebnesajjad 2006). Plasmas can remove surface contaminants and increase the 

surface energy of materials, and these effects are thought to be responsible, in part, for their 

positive effects on the adhesive properties of polymers (Kolluri 2003). Another factor that 

contributes to improved adhesion of plasma modified surfaces is an increase in surface area of 

the polymer as a result of ablation and micro-roughening (Schultz and Nardin 1999). The 

increase in the apparent surface area of contact serves to increase the strength of adhesive bonds 

(Schultz and Nardin 1999). Finally, modification of the surface chemistry of a material can 

facilitate covalent bonding between the adhesive and substrate, further enhancing adhesion 

(Kolluri  2003). 

There have been very few studies that have looked at the ability of plasma to improve the 

gluing properties of wood, despite the use of plasma treatment to improve the adhesion of 

polymers. More studies have looked at the effect of plasma on the surface wettability of wood, 
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and have assumed that improved wettability will increase the adhesive strength of glues and 

coatings to wood (Chen and Zavarin 1990, Podgorski et al. 2000, Custódio et al. 2009). 

Sakata et al. (1993) used a corona discharge plasma treatment to modify the properties of various 

resinous wood species. The treatment was able to reduce the contact angle of urea formaldehyde 

(UF) resin droplets on wood veneers, as expected. A UF and poly-vinyl acetate emulsion at a 

ratio of 1:2 was used to glue plasma treated samples. Tensile strength perpendicular to the 

surface of the joint increased rapidly as a result of a mild corona plasma treatment. Uehara and 

Jodai (1987) were also able to improve the wettability of wood using a corona discharge 

treatment, in accord with finding of Sakata et al. (1993). They also found that their treatment 

increased the strength of wood joints glued with a UF resin. 

Rehn and Viöl  (2003) showed that plasma treatment could improve the fracture strength of 

glued pine (Pinus sp.) wood by 68%. Untreated wood mainly (65%) failed at the interface 

between glue and wood. In contrast, following plasma treatment, more failure occurred in the 

wood, indicating better adhesive bonding.  

Ramos (2001) and Evans et al. (2007) examined the effect of plasma treatment on glue-bond 

strength of the following four difficult-to-glue eucalyptus species: blackbutt (Eucalyptus 

pilularis Smith); Gympie messmate (E. cloeziana F. Muell); rose gum (E. grandis W. Hill ex 

Maiden) and spotted gum (Corymbia maculata Hook. formerly E. maculata). Prolonged plasma 

treatment at high energy levels improved both the dry and wet shear strength of glue bonds in all 

four species. 

Rehn et al. (2003) also examined the effect of plasma treatment on glue bond strength of 

robinia (Robina pseudoacacia L.), oak (Quercus sp) and teak (Tectona grandis L.) wood. 

Samples were plasma treated, coated with lacquer and pressed together. The lacquer was used as 

http://refworks.scholarsportal.info/Refworks/~0~
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the glue. The wood samples were soaked in water for 2 days before fracture strength tests. Their 

results showed that plasma treatment increased the fracture strength of glued robinia and oak 

wood, but it had little effect on the glue bond strength of teak. 

More recently, Huang et al. (2011) examined the effect of atmospheric plasma treatment on 

the wettability and glue bond strength of poplar (Populus sp.) veneers. They exposed air-dried, 

oven-dried and over oven-dried poplar veneers to plasma and measured the contact angle of 

glycerin and UF resin droplets on treated surfaces. As expected, they found that plasma 

treatment reduced the contact angle of glue droplets on all treated surfaces, however, their 

treatment only improved the glue bond (shear) strength of the over oven-dried samples. The 

authors did not provide any explanation for this observation. 

Avramidis et al. (2011a) examined the effect of atmospheric plasma on the curing of poly 

vinyl acetate (PVAc) used to glue maple (Acer pseudoplanatus L.), oak (Quercus sp.), European 

beech and teak veneers. They measured the time-dependent shear bond strength of the glued 

samples. They found a significant improvement in curing and adhesion properties of PVAc for 

plasma treated samples. They ascribed this finding to the faster water penetration from the glue 

into the wood. In related research, Avramidis et al. (2011b) exposed wax treated European beech 

to plasma and measured the surface wettability and adhesion of PVAc to the treated wood. As 

expected, they found an increase in wettability and adhesion strength of PVAc as a result of 

plasma treatment. Nevertheless, Avramidis and coworkers did not come to a firm conclusion 

based on their observations and they indicated that ñfurther studies are needed to confirm the 

increased adhesion of adhesives and paints after plasma treatment, and other testing methods are 

necessary in order to obtain comparable and quantitative resultsò (Avramidis et al. 2011b).  
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2.4.4.2 Coating 

Wood is often finished with various protective and decorative/protective coatings (Bulian 

and Graystone 2009). As pointed out by Frihart (2005) ódespite the apparent simplicity of this, 

there are great difficulties in obtaining uniform adsorption, strong adhesion and long-lasting 

performance from coatings on woodò. The performance of coatings on wood can be improved by 

roughening wood surfaces, making them more permeable and removing extractives that interfere 

with the bonding of the coating or its penetration into the wood (Bulian and Graystone 2009). 

Various chemical or biological pre-treatments have been used to change the surface properties of 

wood and improve coating performance. Not surprisingly, there has been interest in using 

plasma treatments to do the same (Denes et al. 2005). For example, Podgorski et al. (2000) 

examined the outdoor-performance of a solvent-based (alkyd resin) and a water-based coating 

(acrylic resin) on plasma treated Scots pine (Pinus sylvestris L.) and lauan (Shorea sp.). Some 

samples of lauan wood had been heat-treated at 230°C for 60 minutes prior to plasma treatment. 

The adhesion tests, however, did not suggest improvement in the coatingsô resistance to 

weathering, even though the plasma treatments increased the ability of the coatings to wet wood 

surfaces.  

Plasma treatments have been used to cure or directly deposit surface coatings on wood. For 

example, Matsui et al. (1992) treated Japanese cedar (Cryptomeria japonica D. Don) wood with 

tetrafluoromethane (CF4) plasma and was able to generate oil- and water-repellent wood surfaces 

without changing the appearance and tactile properties of the wood. XPS of the plasma treated 

surfaces indicated the presence of fluorine-containing functional groups including CF, CF2, and 

CF3, in addition to newly added oxygen atoms. 
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Denes and Young (1999) coated wood with polydimethylsiloxane (PDMSO) which 

contained various UV stabilizers, absorbers or reflectors. An oxygen plasma was then used to 

polymerize the coating. Coated samples were exposed to accelerated weathering. The plasma-

cured coatings performed well during accelerated weathering and the coating significantly 

improved the weathering resistance of the wood. In related research, Denes et al. (1999) coated 

southern yellow pine (Pinus palustris Mill .) using hexamethyldisiloxane (HMDSO)-RF plasma 

treatments. X-ray photoelectron spectroscopy and attenuated total reflectance Fourier transform 

infrared (ATR-FTIR) spectroscopy revealed the presence of macromolecular layers of Si bonded 

to plasma treated wood surfaces. Molecular fragmentation analysis of the coating indicated that 

it was highly cross-linked. Denes et al. (1999) stressed that short treatment times were sufficient 

to coat the wood and that the RF power had a significant effect both on the plasma induced 

surface chemistry and on the properties of the resulting coatings. Wood surfaces coated with Si 

exhibited very high contact angles of about 120ę following plasma treatments. The cross-linked 

nature of the coatings and the complete coating of wood surfaces explained the hydrophobicity 

of the plasma modified wood. 

Podgorski et al. (2001) optimized plasma conditions (e.g. gas flow, power, treatment time) 

for the deposition of polymers derived from fluorine and silicone (in gaseous and liquid phase) at 

the surface of Scots pine. They suggested that both fluorine and silicone, particularly when 

present in liquids, were suitable monomers for plasma-coating of wood. Their evaluation of 

plasma treated surfaces, however, was only based on contact angle measurement and no 

additional techniques were used to evaluate the properties of the coated surfaces.  

Bente et al. (2004) employed dielectric barrier discharges using ethane, methane and 

silane/N2 for plasma modification of Norway spruce wood. All of these treatments made the 
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wood hydrophobic especially the silane treatment. Atomic force microscopy showed that plasma 

treatment made wood surfaces rougher and this was thought to contribute to the increased 

hydrophobicity of modified surfaces.  

Magalhães and de Souza (2002) coated Caribbean pine (Pinus caribaea Morelet var. 

hondurensis) wood with materials generated from ethylene, acetylene, vinyl acetate, or butane-1 

plasmas. The properties of the coated wood varied depending on the parent gas used to generate 

the plasma. The ethylene and acetylene plasmas generated highly hydrophobic surfaces, but the 

most hydrophobic surfaces (Ϲ = 140ę) were obtained using a butane-1 plasma. Lukowsky and 

Hora (2002) compared the ability of different plasma treatments to improve the performance of 

exterior coatings on Scots pine sapwood. They claimed that plasma treatments increased the wet 

adhesion of coatings, which was thought to be related to the increased surface energy of treated 

wood. However, they did not provide any explanation for their findings, and the reliability of the 

adhesion test used in their research seems questionable. 

The effect of a dielectric barrier discharge plasma on the surface properties of sawn, planed 

or polished pine wood (Pinus sp.) has also been investigated (Rehn and Viöl  2003). An 

atmospheric air plasma was more effective at increasing the wettability of wood surfaces than 

helium, nitrogen, or argon plasmas. Plasma treatment for only 1 to 20 seconds could make wood 

surfaces hydrophilic, or increase surface absorption 22 fold. Rehn and Viöl  (2003) also showed 

that plasma treatment in methane or acetylene could make wood surfaces hydrophobic. For 

example, after plasma treatment for 1 minute in an Ar:CH4=80:20 gas mixture at atmospheric 

pressure, the absorption of water by wood was 32 times lower than that of the untreated control. 

Blanchard et al. (2009) treated sugar maple (Acer saccharum Marsh.) with plasma derived 

from different gases (N2, H2, O2, and Ar) or their mixtures. They found that treatments improved 

http://refworks.scholarsportal.info/Refworks/~0~
http://refworks.scholarsportal.info/Refworks/~0~
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the adhesion of a waterborne UV-curable polyurethane/polyacrylate resin to the treated sugar 

maple wood. Improvements in adhesion were explained by changes in surface energy (lower 

contact angle) and increases in penetration depth of coatings on plasma treated surfaces. 

More recently, Pabelina et al. (2011) used plasma treatment to deposit flame retardants on 

wood. They applied solutions of boric acid, phosphoric acid and ñcommercially-available flame 

retardant (CFR)ò to plywood using different methods including direct application (spraying), 

vacuum vapor deposition and cold plasma deposition. They evaluated the efficiency of these 

application techniques using thermogravimetric analysis (TGA) of the treated plywoods. They 

found that samples treated by vacuum vapor deposition were the most thermally stable. 

However, the phosphoric acid plasma treated samples had the best thermal stability and flame 

retardant properties. Pabelina et al. (2011) did not provide any information on the type of wood 

used in this test and they suggested that additional experimentation was needed to confirm their 

findings and explore whether the treatments could be used by industry. 

2.5 Overview 

It is clear from this review that modification of wood by plasma can improve surface energy 

and bond strength of adhesives and coatings. However, little information is available on the 

effect of plasma on the structure and chemical and physical properties of wood (Denes et al. 

2005, Mertens et al. 2006, Wolkenhauer et al. 2007). 

Plasma etching has been used extensively to modify the mechanical and physical properties 

of polymers and change their wettability and adhesion properties (Egitto et al. 1996). Ablation of 

polymers occurs when plasma reduces the molecular weight of their chemical constituents and 

they become volatile enough to be removed by the vacuum pump employed in plasma devices 

(Boenig 1982). If the substrate consists of a blend or alloy of materials that react differently in 
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plasma, differential ablation of these components can create a microroughened surface (Kolluri 

2003). Wood consists of a blend of cellulose, hemicelluloses, and lignin (Sjöström 1981). 

Therefore it is plausible that the same effect could be produced at the surface of wood, as 

suggested in Chapter 1.  

Evidence of plasma etching of wood can be found in a few studies (Chen and Zavarin 1990, 

Lipska-Quinn 1994, Setoyama 1996, Ramos 2001, Evans et al. 2007). The relevant observations 

include distortion of cell walls, creation pulpy cell wall layers and removal (etching) of vestures 

from inter-vessel pits. However, the existing knowledge on the ability of plasma to etch wood 

and its constituents is very limited. 

This review has identified a number of important gaps in our knowledge of the plasma 

etching of wood. This thesis seeks to enlarge our knowledge of the plasma etching of wood and 

close the most important knowledge gaps in the experimental Chapters that follow: 

Chapter 3; here I hypothesize that there will be differential etching of wood cell walls because 

of variation in the susceptibility of their polymeric constituents to degradation by plasma. 

Chapter 4; here I use confocal profilometry to accurately quantify plasma etching of wood cell 

walls and further examine how the etching of wood is affected by treatment time (plasma energy) 

and woodôs chemical composition. 

Chapter 5; here I hypothesize that chemical changes will be more pronounced in the 

holocellulose (cellulose and hemicellulose) component of wood than lignin and examine chemical 

changes at wood surfaces that occur as a result of plasma treatment.  

Chapter 6; here I hypothesize that plasma will etch and remove the chitin from hyphae of fungi 

in blue-stained lodgepole pine and plasma treatment will increase the ability of hypochlorite bleach 

to remove blue stain from blue-stained wood. 
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Chapter 7; here I hypothesize that plasma will be able to break down and etch away vegetable 

oil deposited at the surface of blue-stained wood that has been thermally modified using hot oil and 

examine changes in wood properties such as wettability and the adhesion and performance of 

coatings. 
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3 Effects of plasma etching on the microstructure of wood
3
 

3.1 Introduction 

Plasmas created from organic gases have been used to create hydrophobic wood surfaces 

(Matsui et al. 1992, Denes and Young 1999, Podgorski et al. 2001, Magalhães and de Souza 

2002, Bente et al. 2004, Avramidis et al. 2009). Conversely, plasmas created from inorganic 

gases have been used to increase the surface energy of wood to make it easier to glue (Uehara 

and Jodai 1987, Chen and Zavarin 1990, Sakata et al. 1993, Mahlberg et al. 1999, Podgorski et 

al. 2000, Ramos 2001, Rehn and Viöl 2003, Mertens et al. 2006). Plasma is also able to etch 

materials, but there has been relatively little research on the etching of wood by plasma. The 

etching of wood by plasma was first noted by Chen (1989) and subsequent research has shown 

that plasma can remove membranes and vestures from bordered pits in softwoods and 

hardwoods, respectively, enlarge bordered and cross-field pits and create a ópulpy layerô on 

tracheid walls (Chen and Zavarin 1990, Furuno et al. 1990, Lipska Quinn 1994, Ramos 2001). 

Etching of materials by plasma occurs because electrons and other reactive species within 

the plasma have sufficient energy to break even the most stable chemical bonds (Denes et al. 

2005). Hence, prolonged exposure to plasma can reduce the molecular weight of a polymer until 

it volatilizes from the surface of the substrate (Boenig 1982). The etching of polymers by plasma 

is strongly dependent on the chemical composition of the material as well as the energy of the 

plasma (Kolluri 2003). For example, aromatic polymers are more resistant to plasma etching 

                                                 

3
Parts of this chapter have been published and the original publication is available at www.springerlink.com. 

Jamali, A. and Evans, P.D. Etching of wood surfaces by glow discharge plasma. Wood Science and Technology. 

Volume 45, Issue 1 (2011), pages 169-182. 
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than aliphatic polymers (Pederson 1982; Egitto et al. 1990). Hence, if a material consists of a 

blend of polymers that react differently in plasma, then differential etching of the polymer can 

occur (Kolluri 2003). Wood is a blend of aromatic (lignin) and aliphatic polymers (cellulose and 

hemicelluloses), and it is reasonable to assume that differential etching of wood will occur when 

it is exposed to plasma. 

In this Chapter, I hypothesize that there will  be differential etching of wood cell walls 

because of variation in the susceptibility of their polymeric constituents to degradation by 

plasma. To test this hypothesis, wood was exposed for different periods of time to a glow-

discharge plasma generated from water vapor. Both scanning electron microscopy (SEM) and 

light microscopy were used to examine the etching of different cell types and wall layers in 

wood exposed to plasma. 
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3.2 Materials and methods 

3.2.1 Wood samples and specimen preparation 

Straight grained samples of different dimensions, but free of macroscopic defects such as 

knots were obtained from different softwood and hardwood species in the wood collection of the 

Forest Science Center at the University of British Columbia (Table 3.1). 

 

Table 3.1: Wood species treated with glow-discharge plasma and examined using scanning electron 

microscopy or light microscopy 

 

 

Two different types of specimens measuring 5 x 5 x 5 mm
3
 and 10 x 10 x 10 mm

3
 for 

scanning electron and light microscopy, respectively, were cut from the wood samples using a 

RYOBI® BS 902 band saw and razor blades. These wood samples were generally cut from the 

sapwood rather than from the heartwood of the selected species. Sapwood was preferred, 

because anatomical features in sapwood are not obscured by extractives and also because 

sapwood is from the outer more mature part of the tree, and hence the risk of inadvertent 

Type Species  Scientific name Family 

Softwood Redwood Sequoia sempervirens (D. Don) End. Taxodiaceae 

 Actinostrobus Actinostrobus arenarius (Gardner) Cupressaceae 

  Yellow cedar Chamaecyparis nootkatensis (D. Don) Spach Cupressaceae 

Radiata pine Pinus radiata D. Don Pinaceae 

 Hoop pine Araucaria cunninghamii Aiton ex D. Don Araucariaceae 

Hardwood Hybrid poplar  Populus sp. Salicaceae 

Rose gum Eucalyptus grandis W. Hill ex Maiden Myrtaceae 

http://en.wikipedia.org/wiki/Salicaceae
http://en.wikipedia.org/wiki/Myrtaceae
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inclusion of juvenile wood in the samples is reduced (Heady 1997). Specimens were vacuum (80 

kPa) impregnated with distilled water and left to soak in water for 3 days.  

Small water-saturated blocks (5 x 5 x 5 mm
3
) were clamped in a small vice located beneath 

the stage of a low power binocular microscope, with the face to be cut (radial longitudinal, 

tangential longitudinal or transverse) protruding from the jaws of the vice.  

Each specimen was viewed at x 10 magnification and a sharp single-edged razor blade 

(Stainless Steel Injector Blades, type 71990) was used to manually slice thin (20 to 30 µm) 

sections from the radial longitudinal, tangential longitudinal or transverse faces of specimens 

until clean, undamaged surfaces were obtained.  For radial longitudinal (RLS) and tangential 

longitudinal surfaces (TLS) the cut was always made parallel to the longitudinal axis of the 

wood, since, as pointed out by Heady (1997) ócutting at an angle across tracheids or fibers 

caused chaffing of the cut edgeô. The final surface was prepared by slicing only one thin section 

off the exposed surface using a new blade or a portion of the blade that was not previously used, 

in order to minimize distortion caused by the blade (previously observed by Heady and Evans 

2000). Specimens were then conditioned at 20 Ñ 1ęC and 65 Ñ 5% r.h. for 3 days. These 

specimens were used for scanning electron microscopy. 

Small blocks (10 x 10 x 10 mm
3
) were used to cut thin slices (25 µm thick) for light 

microscopy using a microtome (Spencer Lens Co. Buffalo, USA) (Fig. 3.1). One block from the 

species of interest was clamped firmly in the fixed sample holder of the microtome with the 

required face (radial longitudinal, tangential longitudinal or transverse) facing uppermost. A 

disposable stainless steel blade (Type S35, Feather Safety Razor Co., Japan) in a blade-holder 

was used to cut thin slices (~25 µm) from the surface of the block. During cutting the blade was 

oriented at an angle of ~30º to the specimen. A drop of distilled water was placed on the cutting 
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surface prior to each cut and a small clean paint brush was used to support the sections when 

they were being cut and to prevent them from folding or disintegrating (Fig. 3.1). Each section 

was removed from the brush by dipping the end of the brush containing the section in a small 

Petri dish (55 x 17 mm (dia x h)) containing distilled water. Several sections were obtained from 

each surface of interest, but only the higher quality ones (free of folds or crumbling) were 

transferred from the Petri dish into another dish and air dried. These sections were plasma treated 

and examined using light microscopy (see below). 

 

 

 

 

 

 

Figure 3.1: Sliding microtome and the blade used to cut thin slices from specimens: (a) the blade 

holder and sample holder with a fixed sample (dotted arrow indicates direction of sectioning); 

and (b) close-up of a specimen being sectioned 

3.2.2 Plasma treatments 

Wood specimens were modified in a plasma reactor that was designed to treat silicon wafers 

and clean atomic force microscopy tips to produce high energy surfaces (Fig. 3.2). One specimen 

was placed in the glass chamber of the plasma reactor at a time, and a vacuum of 19.998 +/- 1.33 

Pa was drawn using a rotary oil vacuum pump. The pressure in the chamber was monitored 

using a differential pressure gauge (MKS Baratron). A metering valve was opened to allow 

water vapor from a small glass reservoir into the chamber and the vacuum (19.998 +/- 1.33 Pa) 

was redrawn (Fig. 3.2). A high voltage radio frequency signal (1 kV at 125 kHz) produced from  




























































































































































































































































































































































































