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Abstract
Wood is often combined with other materials such as thermoplastics, adhesives
and coatings. In general, combinations of wood and polymers especially in
outdoor exposure have poor long-term durability. This behaviour can be related
to an insufficient wood-polymer adhesion due to the low intrinsic compatibility
between the wood substance and the polymers used. Another source for woodpolymer de-bonding is the high hygroscopicity of wood and great difference in
hygro-thermal properties between the components.
The basic conceptual idea related to this work is to reduce the hygrosensitivity of
wood by applying different wood modification methods, in particular, acetylation,
furfurylation and heat treatment. The effects of such chemical modifications of
wood, also accompanied with ageing effects, on its adhesion properties with
commonly used synthetic polymers are, however, not well understood. In this
context, the over-all purpose of this thesis is to achieve a better understanding of
wood-polymer adhesion and interfacial forces which also may guide us to tailor
the interaction between modified wood and e.g. thermoplastics and adhesives.
The main focus of this thesis is therefore to apply contact angle analysis based on
the Chang-Qin-Chen (CQC) Lewis acid-base model in order to estimate the work
of adhesion (Wa) between the wood, modified wood and certain polymers.
Contact angle measurements on wood samples were performed based on the
Wilhelm plate principle. Related to this, an effort was also made to characterize
the studied modified wood surfaces according to morphology and chemical
composition. The methods that have been used are low vacuum scanning
electron microscopy (LV-SEM), X-ray photoelectron spectroscopy (XPS) and
time-of-flight secondary ion mass spectrometry (ToF-SIMS).
Results show that so-called interaction parameters can be successfully estimated
for prediction of Wa between wood and polymers using the applied CQC model.
Furthermore, such wetting analysis was successfully related to spectroscopic
findings of the chemical composition of the wood samples surface. Ageing
effects, i.e. the time after preparation of the wood surface, play a central role for
the surface characteristics. In most cases, ageing resulted in a significant decrease
of Wa between wood and water and a moderate decrease between wood and
thermoplastics. The surface characteristics of acetylated wood were, however,
more stable over time compared to unmodified, furfurylated and heat treated
wood. The predicted Wa with the adhesives for heat treated and acetylated wood
was increased due to ageing. Future work is planned to involve studies in order to
relate such predicted adhesion properties with the actual performance of various
wood-polymer systems.
Keywords: Wettability, contact angle, work of adhesion, Lewis acid-base, modified wood,
acetylation, heat treatment, furfurylation, surface chemical composition, Wilhelmy
method, XPS, ESCA, ToF-SIMS
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Sammanfattning
Trä kombineras oftast med andra material som till exempel termoplaster, limmer
och olika ytbehandlingssystem. Generellt sett så har sådana kombinationer av trä
och polymerer bristfällig beständighet, i synnerhet vid utomhusexponering. Detta
beteende kan relateras till en otillräcklig trä-polymer-adhesion på grund av en låg
kompatibilitet mellan träsubstansen och polymeren i fråga. En annan orsak till
delaminering mellan trä och polymer är träets höga hygroskopicitet och den stora
skillnaden i hygrotermiska egenskaper mellan komponenterna.
En grundidé i detta arbete för att minska hygroskopiciteten hos trämaterialet är
att tillämpa följande tre trämodifieringsmetoder: acetylering, furfurylering och
värmebehandling. Effekterna av dessa kemiska modifieringar och effekter av
åldring av trä gällande adhesionsegenskaperna för en kombination med olika
polymerer är relativt okända. Det övergripande syftet med denna avhandling är
att uppnå en bättre förståelse av adhesion mellan trämaterialet och polymerer.
Denna kunskap skulle kunna leda till bättre formulerade lim- och
ytbehandlingssystem, samt bindemedel i kompositer, för modifierat trä.
Huvuddelen av denna avhandling är därför inriktad på att tillämpa
kontaktvinkelanalys baserad på Chang-Qin-Cheng (CQC) Lewis syra-bas modell
för att bestämma adhesionsarbetet (Wa) mellan trä, modifierat trä och vissa
polymerer. Kontaktvinkelmätningar har utförts på ytor av modifierat trämaterial
enligt Wilhelmy metoden. Relaterat till detta har ytorna även studerats med
avseende på morfologi och kemisk sammansättning. Metoderna som använts för
detta är LV-SEM (lågvakuum-svepelektronmikroskop), XPS (fotoelektronspektroskopi) och ToF-SIMS (time-of-flight secondary ion mass spectrometry).
Resultaten visar att så kallade interaktionsparametrar kan bestämmas för
prediktion av adhesionsarbetet mellan trä och polymer utifrån CQC-modellen.
Dessutom var denna kontakvinkelanalys, eller vätningsanalys, framgångsrikt
relaterad till resultaten från de spektroskopiska studierna om träytornas kemiska
sammansättning. Åldringseffekter, d.v.s. tiden mellan provberedning och testning
påverkar ytegenskaperna betydligt. I de flesta fall resulterade åldringen i en
signifikant minskning av adhesionsarbetet mellan trä och vatten, samt en måttlig
minskning mellan trä och termoplast. Ytegenskaperna för acetylerat trä var mer
stabila över tiden jämfört med omodifierat, furfurylerat och värmebehandlat trä.
För värmebehandlat och acetylerat trä orsakar åldringen en ökning av det
predikterade adhesionsarbetet med limmerna. Fortsatt arbete är tänkt att relatera
modellerade adhesionsegenskaper med faktiska beteenden hos olika trä-polymer
system.
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1. Introduction
1.1 General context of the thesis
In contrast to most other building and structural materials, wood is a renewable
resource available in vast quantities. The wood products industry is also of great
importance for the Swedish economy and labour market. Basically, wood has
many extraordinary properties and features such as high strength to weight ratio,
easiness to shape, unique aesthetic and tactile values, and in general low
production cost. The large inherent heterogeneity and variability, however,
imposes certain challenges for prediction of the behaviour of wood in its use as
an engineering material.
To be utilized properly and to enhance its performance, wood is often combined
with other materials such as adhesives, coatings, preservatives and binders in
composites. For example, glued-laminated timber (or gluelam) has been used
approximately for a century in constructions with enhanced properties compared
with solid wood. Other structural wood-based materials are engineered wood
products (EWP), where wood is used in a fractionated form as e.g. veneers,
strands or chips. A rather new group of wood-based building materials, mainly
for outdoor use, is wood plastic composites (WPCs), which in principal are
composites of wood particles and thermoplastics, with a dry weight percent of
the wood component typically in the range of 50–60% (Klyosov 2007). Figure 1
shows an example of a WPC product for infrastructure use in Sweden.

Figure 1. Example of extruded wood plastic composite (WPC) profile used as a
cable channel cover along the railway outside of Uppsala, Sweden. The WPC
profile is manufactured by Ofk Plast in Karlskoga.
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Today, WPCs are characterized as a building material which has its main markets
in the US (Clemons 2002). The European WPC market is steadily increasing as
well (Anonymous 2003a). In general, WPC products are marketed as a low
maintenance building material with a high ability to resist fungal decay.
Combinations of wood and polymers in outdoor exposure, however, often have
poor long-term durability. A major cause can be related to an unsufficient woodpolymer adhesion affected especially by an intrinsic low compatibility between
the wood substance and the polymers used. Adhesion losses are further more
caused by hygroscopicity of wood and the differences in hygro-thermal
properties between the components. These circumstances are very critical for the
long-term performance of for example WPCs, gluelam, and EWPs. For example,
commercial WPCs have shown to lack in their long-term durability, and failures
have led to class action law suits (Morris and Cooper 1998). Moisture sorption in
WPCs was also demonstrated to easily create wood-polymer interfacial cracks
(Segerholm 2007, Segerholm et al. 2007). In this aspect, adhesion properties and
so-called interfacial molecular forces, or wetting phenomena, between the wood
material and the polymer-based materials are of fundamental importance.
One of the basic ideas in the context of this work is to reduce the
hygrosensitivity of wood by applying different modification methods, in
particular acetylation, furfurylation and heat treatment (see e.g. Stamm 1964,
Rowell 1983, and Hill 2007). The effects of various chemical modifications of
wood on its adhesion properties with commonly used synthetic polymers are,
however, not well understood. Segerholm (2007) reported a possible indication
of increased wood-polymer adhesion in acetylated wood-cellulose ester
composites.
The over-all objective of this thesis is to add some insight about wood-polymer
adhesion phenomena especially related to various wood modifications concepts.

1.2 Background

Wood surfaces – morphology and chemical composition
Wood can be seen as a cellular biopolymer composite with great variability in
structure and properties (see e.g. Kollmann and Côté 1968, Hon and Shiraishi
1991, Rowell 2005). A great variation exists between softwoods (gymnosperms)
and hardwoods (angiosperms), the latter having the most complex cellular
structure. This thesis comprises so-called clear softwood specimens excluding e.g.
juvenile and reaction wood.
Softwood consists of essentially two different cell types: tracheids (90–95%) and
ray cells (5–10%). The main constituents of the tracheid cell wall consist of the
natural polymers and substances cellulose, hemicelluloses, lignin and extractives.
In general, softwood species contain about 40–50% cellulose, 25–35% lignin and
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20–30% hemicelluloses (Sjöström 1993). Somewhat simplified, the cell wall
substance can be pictured as a reinforced composite where the cellulose chains
are gathered into bundles with a high length/diameter ratio, representing the
reinforcement, embedded in a matrix of lignin and hemicelluloses. Furthermore,
the wood cell wall is composed of different layers where the outer layer is the
primary wall followed by the secondary wall with its three layers: S1, S2 and S3.
The cells are in principal held together by an intercellular interphase called the
middle lamella.
Cellulose, hemicelluloses and lignin are more or less hydrophilic in their nature.
Lignin, however, is considered as less hydrophilic compared to the cellulose and
hemicelluloses (Winandy and Rowell 2005). Lignin is also the main constituent of
the middle lamella (Saka 1991).
The wood extractives, as a group, are normally represented in quite low
concentrations, even though it may vary among different trees as well as within
the same tree. Typical average values of the extractives content for the different
softwood species used in the study are for Scots pine (Pinus sylvestris L.), Norway
spruce (Picea abies Karst) and radiata pine (Pinus radiata) 3.5%, 1.7% and 1.8%
respectively (Sjöström 1993). Even though the extractives represent a minor
fraction of the wood constituents, they comprise a large number of individual
substances, both lipophilic and hydrophilic in character (Sjöström 1993).
Following groups of compounds are the main part of the extractives: terpenoids,
triglycerides (fats), fatty acids, waxes, steroids, phenolic constituents, sugars and
inorganic compounds.
Lipophilic extractives can be considered as the non-polar constituents that have
most impact on the surface inactivation processes due to migration to a wood
surface after its preparation. This group of extractives is named collectively as
“wood resin”, and comprises terpenoids, fats, fatty acids, steryl esters, sterols and
waxes. Examples of chemical structures of these typical softwood extractives are
described elsewhere (Sjöström 1993).
Indeed, the surface chemistry and wetting properties of technical wood surfaces
are directly dependent on the wood surface morphology resulting from the wood
machining process used as surface formation method, and also vary greatly
between e.g. the cross section and radial or tangential sections (Tokareva et al.
2007). For example, Zavarin (1984) states that the chemical composition of a
machined wood surface may be significantly different from that of the bulk of
the wood, and that wood surfaces in general are covered with polar and nonpolar extractives. He also points out that the conditions and methods of wood
surface formation can strongly influence its chemical composition. For instance,
if the mobile extractives are excluded, cross sections have a chemical
composition similar to that of the bulk wood, whereas tangential and radial
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sections deviate significantly, presumably due to more exposed middle lamella
with their high content of lignin.
The effects of ageing of a wood surface, i.e. in this thesis representing the ageing
time after its preparation by e.g. milling, grinding etc, on the wood surface
characteristics are also of vital importance for prediction of the performance of
various wood-polymer systems. Such ageing of the wood material is mainly
related to surface inactivation caused by the migration of extractives from the
bulk to the surface and changes in the chemistry due to oxidation of the
extractives at the surface (Zavarin 1984, Back 1991, Nussbaum 1999).
Reorientation effects of the functional groups of the wood extractives at the
wood surface may also play a central role for wood surface ageing effects
(Andrade et al. 1985, Gardner et al. 1995, Wålinder and Ström 2001). Changes in
the surface chemical composition due to ageing effects for unmodified as well as
modified wood material have been reported by Nguyen and Johns (1979), Hse
and Kuo (1988), Nussbaum (1999) and Nuopponen et al. (2003).

Wood modification
As mentioned above, the conceptual idea in this work is to reduce the
hygrosensitivity of wood by applying different wood modification methods. One
proposal related to this concept is to utilize residuals from the production of
modified wood as a wood component in WPCs to increase their moisture
resistance and long-term durability.
The market, especially in Europe, for new durable products of modified solid
wood has increased substantially during the last few years (see e.g. Hill 2007).
This increased interest depends partly on the restricted use of toxic preservatives
due to an increased environmental concern. Another motive is a reduced need
for maintenance. Three wood modification concepts, which recently have been
commercialized are acetylation, furfurylation and heat treatment (see e.g. Hill et
al. 2007).
Acetylation of wood is a so-called single site reaction where one acetyl group is
replacing the hydrogen in one hydroxyl group in the wood cell wall (Rowell
1983). The wood acetylation process involves impregnation of wood with acetic
anhydride which is then reacted at elevated temperature. The resulting modified
wood material exhibits decreased equilibrium moisture content (EMC), increased
dimensional stability, maintained strength, and superior resistance to biological
degradation (Larsson Brelid 1998). The idea of acetylation dates back to 1928
(Rowell 1983) and later on pioneering work was performed by Stamm and
Tarkow in the 1940s (Stamm and Tarkow 1947, Tarkow et al. 1946). See also the
extensive work on acetylation of wood by Larsson Brelid (1998) and Rowell et al.
(1986).
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The research concerning furfurylation was also pioneered by Stamm and coworkers in the early 1950s, see e.g. Goldstein (1955), Goldstein and Dreher
(1960). Further developments of a commercial wood furfurylation process and
characterization of resulting properties is described by Lande et al. (2004). The
wood furfurylation process involves pressure impregnation of wood with furfuryl
alcohol, which is polymerized and reacted within the cell wall at elevated
temperatures. The resulting material demonstrates high dimensional stability,
improved mechanical behaviour, except for impact resistance, and improved
resistance to fungal decay (Lande et al. 2004).
Heat treatment of wood can be dated back to Tiemann in 1915 (Hill 2007), who
discovered that heat treated wood showed reduced moisture sorption with
relative low reductions in strength. The reduced moisture sorption of heat treated
wood can be related to thermal degradation of the hemicelluloses (Stamm 1964),
which are the most hygroscopic constituents in the wood. Great achievements
have been made recently in Europe regarding mainly four types of heat treatment
concepts: ThermoWood, Oil heat treatment, Plato Wood and Retification. These
four methods are similar in that solid wood is subjected to a temperature of
around 200 °C for several hours in a low oxygen atmosphere (Rapp 2001).

Adhesion theory and wetting parameters
Several adhesion mechanisms or theories have been proposed and applied in the
adhesion science and technology field (Schultz and Nardin 1999, Peterson 2005).
This work involves the wetting (or adsorption) theory, which by far is the most
applied concept for evaluation of theoretical secondary (non-covalent) bonding,
for example hydrogen bonding, i.e. interfacial forces relevant mainly for adhesion
and gluing technology. Wetting phenomena can be defined as “macroscopic
manifestations of molecular interactions between liquids and solids in direct
contact at the interface between them” (Berg 1993, p.76). Surface free energy,
contact angles and work of adhesion are some parameters that define the
wettability of materials.
The surface free energy per unit area (or surface tension) γi of the substance i is
defined as half the work of cohesion Wc, i.e.

1
2

γ i = Wc .

(1)

Figure 2 illustrates an equilibrium state of a drop of liquid surrounded by a gas at
a solid surface. This is the fundamental basis for the Young’s equation and is
expressed as:

γ LG cos θ = γ SG − γ SL

(2)
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where θ is the liquid-solid-air contact angle, γLG and γSG are the surface free
energies of the liquid (L) and the solid (S), respectively, exposed to a gas (G), and
γSL is the solid-liquid interfacial free energy.

γLG

γSG

Gas

θ Liquid

γSL

Solid

Figure 2. Equilibrium state of a drop of liquid surrounded by a gas on a solid
surface.
Dupré defined the work of adhesion (Wa) between a solid and a liquid as the
work required to separate unit area of the solid-liquid interface, i.e.

Wa = γ S + γ L − γ SL

(3)

where γS and γL are the surface free energies (or surface tensions) of the solid and
liquid surfaces in vacuum, and γSL is the solid-liquid free energy. Wa is also
equivalent to the negative free energy change of adhesion, ΔGa, i.e., Wa=-ΔGa.
Assuming that γL ≈ γLG and γS ≈ γSG, a combination of equation (2) and (3) leads
to the Young-Dupré equation, expressed as:

Wa = γ L (1 + cosθ )

(4)

Work of adhesion describes how intermolecular forces contribute to adhesion
between condensed phases. According to Fowkes (1983), the total work of
adhesion in interfacial interaction between solids and liquids can be expressed as
the sum of the Lifshitz-van der Waals (LW) and the Lewis acid-base (AB)
interactions:

Wa = WaLW + WaAB

(5)

and similarly

γ i = γ iLW + γ iAB .

(6)

van Oss et al. (1987) and Good (1993) suggested that the acid-base interactions
comprise two different and independently variable properties expressed in the
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electron-acceptor (γ+) and the electron-donor (γ–) surface free energy parameters.
These developments lead to the van Oss-Chaudhury-Good (vOCG) model,
which also forms the principles for the semi-empirical acid-base approach
developed by Chang and co-workers (Chang and Chen 1989, Qin and Chang
1995), here referred to as the Chang-Qin-Chen (CQC) model.
The acid-base part of the work of adhesion in eq. 5 is for the CQC model
described as:

− WaAB = Pi A PjB + Pi B PjA

(7)

where PijA and PijB are an acid (A) and a base (B) parameter, respectively, for
substances i an j. It should be noted that the CQC model is similar to the vOCG
model, but allows both attractive and repulsive acid-base contributions to the
work of adhesion.
Positive value(s) of the acidic and/or basic parameter describe the acidic
character of the surface, and negative value(s) the basic character. The surface is
called ‘acidic’ if both parameters are positive, and ‘basic’ if both are negative, and
hence, if they are of opposite sign, the surface is bipolar. Further descriptions of
the vOCG and CQC models can be found in Paper II.

Wetting and surface composition studies on wood
Wood surface characteristics have been studied extensively over the years, and
aspects of contact angle measurements on wood and wood wetting phenomena
have been reported and reviewed by e.g. Gray (1962), Liptákova and Kúdela
(1994), and Wålinder and Ström (2001).
Most studies of the surface chemical properties of lignocellulosic materials have
been carried out on mechanical pulps by using electron spectroscopy for
chemical analysis (ESCA), also called X-ray photoelectron spectroscopy (XPS)
(Dorris and Gray 1978, Ström and Carlsson 1992). XPS can provide information
about the surface chemical composition down to a depth of 5-10 nm. The level
of chemical/molecular information that can obtained with XPS/ESCA is limited
to identification and quantification of functional groups in the molecules present,
as determined from energy shifts (chemical shifts) in the C 1s binding energies of
photoelectrons emitted from the surface. Another method that has recently been
used on pulp and paper is time-of-flight secondary ion mass spectrometry (ToFSIMS) (Kangas and Kleen 2004, Faradim and Holmbom 2005, Kangas et al.
2007). Since it is a mass spectrometric technique, ToF-SIMS can provide detailed
chemical information via identification of intact molecular ions or characteristic
molecular fragments that are emitted from the surface. The technique is highly
surface sensitive (information depth 1-2 nm) and it has good imaging capability
(lateral resolution down to ~0.1 µm scale). However, without extensive reference
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measurements on suitable standards, quantification of ToF-SIMS results is
difficult, and the method is therefore in most cases used for obtaining qualitative
or semi-quantitative information about surface composition. The complementary
analytical capabilities of XPS/ESCA and ToF-SIMS mean that the two
techniques in combination are especially useful for obtaining detailed information
about the chemical (molecular) composition of wood and other organic surfaces.
To obtain a more complete picture, the chemical information obtained with
XPS/ESCA, needs to be complemented by microstructural information, as
obtained by e.g. low vacuum scanning electron microscopy (LV-SEM).
Several studies have also been carried out on solid wood. Gardner et al. (1991)
studied the dynamic wettability and the surface chemical composition using XPS
on yellow poplar and red oak. Sinn et al. (2001) investigated how the surface
chemical properties varied between microtomed and sanded samples of different
wood species. Gindl et al. (2004) used XPS to study the effect of surface ageing
on wettability, surface chemistry and adhesion properties of Norway spruce and
beech. ToF-SIMS was used by Imai et al. (2005) to study extractives in wood
tissue, and by Tokareva et al. (2007) to evaluate different sample preparation
techniques. A study carried out by Freire et al. (2006) regarding the topochemistry
of a controlled heterogeneous esterification of cellulose fibres with fatty acids
included XPS, ToF-SIMS and contact angle measurements. The study concluded
that the treatment of the fibre surface with fatty acids decreased the fibres surface
energy which could enhance the adhesion to a non-polar polymeric matrix.
In addition, Beecher and Frihart (2006) made an ESCA study on acetylated
wood. The surface composition of acetylated flax fibres was studied by
Zafeiropoulos et al (2003) using XPS, ToF-SIMS and ATR-FTIR. Gérardin et al.
(2007) made a study of the surface characteristics of heat treated pine and beech
using contact angle measurements according to the Wilhelmy technique as well as
XPS measurements.

1.3 Objectives
The objectives of this thesis are to:
1) Apply the wetting theory and contact angle analysis based on the Lewis acidbase concept to predict work of adhesion between different modified wood and
some selected thermoplastics and adhesives as well as between wood and water.
Three different types of modified wood will be studied: acetylated, heat treated
and furfurylated wood.
2) Study how such interactions may change with ageing of the wood surface.
3) Combine the results from the wetting analysis with a study using state-of-theart spectroscopic methods to examine the surface chemical composition of
modified wood and effects of ageing.
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2. Materials and methods
2.1 Materials

Preparation of wood surfaces
In Paper I, wood veneer specimens with dimensions of approximately
15x5x0.1 mm3 were prepared from solid wood boards using an oriented strand
board (OSB) mill. In Papers II and III, wood veneer specimens with mainly
radial sections and dimensions of approximately 10x5x0.5 mm3 were prepared
from solid wood blocks using a wood chisel.
Four basic types of wood samples were prepared in all three investigations (Paper
I–III), reference samples of unmodified wood, and three kinds of modified wood
samples, i.e. 1) unmodified Scots pine sapwood, 2) acetylated Scots pine
sapwood, 3) heat treated Norway spruce, and 4) furfurylated radiata pine. Figures
3a and 3b show examples of low vacuum scanning electron microscopy (LVSEM) micrographs of prepared wood samples surfaces included in this study.

Studied wood modifications
Three different types of modified wood have been included in this study:
acetylated, heat treated and furfurylated wood.
Acetylated Scots pine sapwood was produced by A-Cell Acetyl Cellulosics AB in
their pilot plant according to a simplified procedure without use of any catalyst or
co-solvent in the reaction (Rowell et al. 1986, Larsson Brelid 1998). The
acetylation level of wood material used in this study was 18-23 %, expressed as
wood acetyl content.
Heat treated Norway spruce wood was prepared according to the ThermoWood
D (Anonymous 2003b) procedure by Stora Enso. This process has a peak
temperature of 212 °C.
Furfurylated radiata pine was prepared according to Lande et al. (2004) in an
industrial pilot plant of Kebony (previous: Wood polymer Technologies) ASA.
The weight percent gain (WPG) was approximately ~30%.

Ageing of the wood surfaces
The term ageing in this thesis refers to the ageing time of the wood surface in a
normal indoor climate after its preparation by e.g. milling, grinding etc. In Paper
I, the veneers produced by the OSB milling process were kept in a normal indoor
climate for about 6 month before the wetting measurements. In Paper II and III,
the wood chisel prepared veneers were tested as absolutely fresh samples and as
one-month aged samples.
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Unmodified Scots pine: OSB (left), wood chisel (right)

Heat treated Norway spruce: OSB (left), wood chisel (right)

Figure 3a. Micrographs of studied unmodified Scots pine and heat treated
Norway spruce wood surfaces.

Thermoplastics
The thermoplastics included in this study are polyethylene (PE), polyvinyl
chloride (PVC), polymethyl methacrylate (PMMA), polystyrene (PS) and Nylon 6.
No wetting or spectroscopic measurements have been performed within this
work on these thermoplastics; instead literature contact angle values have been
used for modelling.
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Furfurylated radiata pine: OSB (left), wood chisel (right)

Acetylated Scots pine: OSB (left), wood chisel (right)

Figure 3b. Micrographs of studied furfurylated radiata pine and acetylated wood
surfaces.

Adhesives
The adhesives included in this study are a phenol resorcinol formaldehyde (PRF),
an emulsion polymer isocyanate (EPI), and a one-component polyurethane
(PUR) adhesive. Contact angles on these adhesives were measured according to
the sessile drop method (Fibro DAT 1122 from Fibro system AB). In the sessile
drop technique, a drop of liquid is placed on a surface and the contact angle is
measured directly from the shape of the liquid drop. This is done by a CCD
camera that captures pictures of the drop and the surface. The height and
diameter of the drop is measured and the contact angle between the liquid and
the solid is calculated. A so-called differential method, described elsewhere
(Nussbaum 1999), were used for the determination of the contact angles. The
probe liquids that were used were water, formamide and diiodomethane.

11

2.2 Methods

The Wilhelmy method
The wettability studies and contact angle measurements on the wood samples in
Papers I and II are both done according to the Wilhelmy method. Figure 4 shows
the tensiometer used (Sigma 70 from RSV Instruments) for the Wilhelmy
experiments and a sample being tested in a beaker with probe liquid.

Figure 4. Tensiometer and wood veneer being tested in a beaker containing a
probe liquid.
Figure 5 shows a schematic sketch of the Wilhelmy method for studying the
wettability of a wood veneer.
The force F required to partially submerge a smooth plate in a liquid is given
(Wilhelmy 1863) as:

F = Pγ cos θ − ρAhg

(8)

where P is the wetted perimeter of the plate, γ is the surface tension of the liquid,
θ is the liquid-solid-air contact angle, ρ is the liquid density, A is the crosssectional area of the plate, h is the depth of immersion, and g is the gravitational
constant (see also e.g. Wålinder and Johansson 2001, Wålinder and Ström 2001).
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Figure 5. A Wilhelmy test cycle and corresponding plot (Wålinder and Gardner
2002a)
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Figure 5 also shows the advancing and receding process in a typical Wilhelmy test
cycle. The intercepts, for the advancing and receding curves are given by

FA = Pγ cos θ A

(9)

and

FR = Pγ cos θ R + F f

(10)

where θA and θR are the advancing and receding contact angles, respectively. Ff is
the final force, i.e. the amount of sorbed liquid during the test cycle. The sorption
effect is an important item when contact angles analysis is performed on porous
materials as wood, but will not be further discussed in this thesis. The contact
angles estimated in this work are all advancing contact angles, taken from the
position where the linear regression of the first part of the advancing curve
intercepts with the y-axis. See Paper I, as well as Wålinder and Johansson (2001),
Wålinder and Ström (2001) and Wålinder and Gardner (2002a) for a more
thorough explanation and discussion around the procedures of the contact angle
estimation.

Prediction of interaction parameters and work of adhesion
Contact angle analysis according to the CQC model was used to estimate socalled interaction parameters, or simply the work of adhesion (Wa), between
wood and certain thermoplastics and adhesives and also between wood and
water. To be able to estimate such solid-solid work of adhesion by eq. (5) it is
first necessary to determine the acid-base surface free energy components PSA
and PSB of the investigated solids. Therefore eq. (7) was rearranged into:

−

A
WaAB
A
B PL
=
+
⋅
P
P
S
S
PLB
PLB

(11)

where (S) represent the solid and (L) the liquid. Hence, the intercept and slope of
a plot − WaAB / PLB versus PLA / PLB correspond to PSA and PSB , respectively. In
other words, the measurement of finite contact angles on the solid material of
interest for a series of three or more probe liquids with known PLA and PLB
parameters, where at least one liquid need to be completely non-polar (i.e. both
PLA and PLB equals zero) enables the determination of the PSA and PSB
parameters of the solid. Based on published contact angle data for different
probe liquids on solid surfaces, Chang and co-workers determined surface free
energy parameters in the form of PLA and PLB parameters of some probe liquids
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by a best least squares fit to their model. In Paper II their obtained PLA and PLB
parameters for a series probe liquids (Chang and Qin 2000) are presented.
Finally, it is important to note that in this work the probe liquid diiodomethane
was considered to be completely non-polar when used in the CQC model.

XPS
Electron spectroscopy for chemical analysis (ESCA) or X-ray photoelectron
spectroscopy (XPS) is an analytical method within the group of electron
spectroscopy (Ratner and Castner 1997). Hereinafter the term XPS will be used.
For the basic XPS experiment, the electromagnetic radiation source which is
used to irradiate the surface of interest is in the X-ray energy range. The atoms
within the surface emit electrons (photoelectrons), when irradiated, from the
core-level. These emitted electrons are then separated according to energy and
counted. The origins of the atomic and molecular environment are related to the
energy of the photoelectrons. The intensity or concentrations of the emitted
electrons are related to the number of specific emitting atom in the surface.
XPS is based on the photoelectric effect which can be simply stated (Ratner and
Castner 1997) as:

E B = hν − KE

(12)

where EB is the binding energy of the electron in the atom, hν is the energy of the
X-ray source, and KE is the kinetic energy of the emitted electron that is
measured in the XPS spectrometer.
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Figure 6. Survey or wide spectrum of a fresh acetylated wood veneer sample.
Discrete lines in the XPS survey spectrum indicate the different elements
comprising the surface. The predominant elements on the surfaces of the
different wood samples are oxygen and carbon as shown in Figure 6.
To perform quantitative analysis about the chemistry of the elements on the
surface, so called high-resolution spectra were measured. Figure 7 shows
examples of high resolution spectra for the investigated wood surfaces.
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Unmodified, fresh
C2
C1
C3
C4

Acetylated, fresh

Figure 7. XPS high resolution spectra for fresh wood surfaces, unmodified and
acetylated samples.
The high resolution carbon spectra shows chemical shifts in the carbon signal
due to different functional groups between carbon and oxygen. The different
class or peaks of the C1s peak are: class of carbon atom that corresponds to
carbon atoms bonded only to carbon or hydrogen (C1), class corresponding to
carbon atoms bonded to a single oxygen (C2), class of carbon bonded to a
carbonyl or two noncarbonyl oxygen (C3) and class of carbon atoms bonded to a
carbonyl and a noncarbonyl oxygen (C4). For a more detailed description of the
chemical shifts see Paper III.
XPS provides information about the surface chemical composition down to a
depth of 5-10 nm.
The XPS measurements were carried out at YKI the Institute for Surface
Chemistry, Stockholm, Sweden, using a Kratos AXIS HS X-ray photoelectron
spectrometer (Kratos Analytical, Manchester, UK). The samples were analyzed in
the fixed analyzer transmission (FAT) mode using a monochromatic Al KαX-ray
source operated at 300 W (15 kV/20 mA) for high resolution carbon spectra, and
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a non-monochromatic Mg Kα X-ray source operated at 180 W (12 kV/15 mA)
for survey (also called wide) spectra and detail spectra. Each wood sample was
analysed in 2-3 positions (one location on each of 2-3 different sample pieces).
A more descriptive presentation of the specific experimental setup is found in
Paper III.

ToF-SIMS
In secondary ion mass spectrometry (SIMS), bombardment of a surface with
high-energy primary particles results in emitted secondary particles, which can be
atoms, molecules, fragments of molecules or cluster ions (Vickerman and Swift
1997). Most secondary particles are neutral but it is the secondary ions that are
analysed and give the positive and negative ion spectra.
The basic components of a time-of-flight (ToF)-SIMS instrument are: the
primary particle source, the mass spectrometer an ion optical system (Vickerman
and Swift 1997). A detector is also needed.
In the ToF analyser the secondary ions are accelerated so that all ions receive the
same kinetic energy. In a field-free space the ions will drift freely before reaching
the detector. The lighter masses travel faster than the heavier masses, and thereby
the lighter masses reach the detector first. The flight time of the ions (t) is
defined by equation 13

⎛ m ⎞
t = L⎜
⎟
⎝ 2 zV ⎠

1/ 2

(13)

where t is the measured flight time, m is the mass, z is the charge, V is the
acceleration potential, and L is the length of the flight path. The mass- to-charge
ratio for the ions generates the ToF-SIMS mass spectrum (or mass-to-charge
ratio) from the flight time spectrum, both positive and negative mass spectra.
The technique is highly surface sensitive (information depth 1-2 nm) and it has
good imaging capability (lateral resolution down to ~0.1 μm).
The ToF-SIMS analyses were made on a ToF-SIMS IV instrument (IONTOF
GmbH, Münster, Germany). Mass spectra of positive and negative secondary
ions were acquired from randomly selected areas of 500 x 500 µm2 on each
sample. At least two samples from each group were analysed. 25 keV Bi3+
primary ions at an average beam current of 0.11 pA were used in all cases. The
ion gun settings used typically produced a mass resolution M ΔM-1 between
3000-5000 (depending on surface topography) and a beam diameter (lateral
resolution) of 4-5 µm. Low energy electron flooding was used for charge
compensation. All analyses were made under so-called static SIMS conditions, i.e.
the primary ion dose was kept well below that where significant damage starts to

18

occur on the surface. In addition to spectra providing molecular identification,
ion images showing the lateral distribution of selected secondary ions signals
within the analysed area, were obtained.
Identification of the molecules or molecule fragments represented in the
measured mass spectra was done on the basis of: (i) comparison with theoretical
values for the absolute mass and isotope pattern of the corresponding
molecule/molecule fragment, and (ii) comparison with published reference
spectra from the pure compound, as measured by ToF-SIMS or other mass
spectrometric methods (e.g., LC-MS or ESI-MS). Relative intensities for the
identified peaks were calculated by normalization against the total ion intensity in
the corresponding spectrum (see Paper III).
This normalization does not yield absolute quantities of the different substances.
The relative intensities measured for the different samples were instead used here
for comparing trends between the differently treated sample groups and between
fresh and aged samples of the different modifications.

3. Results and discussion
Micromorphology of the investigated wood veneers
Figures 3a and 3b shows micrographs of unmodified pine, Heat treated spruce,
furfurylated radiata pine and acetylated pine. As can be seen, the surface
micromorphology of the OSB mill (disk flaker) produced veneers (the wood
material investigated in Paper 1) are distinctly different from the veneers being
cut with a wood chisel (the wood material investigated in Paper II). It is
noticeable that the milling process produces a very irregular wood substrate with
many crushed and demolished wood cells. In contrast, the radially cut wood
samples using a wood chisel are more well-defined, and obviously the fracture
surface is mostly created through the middle lamella indicating that this type of
wood surface has a higher lignin content than that of the bulk wood (Zavarin
1983).
Certainly, the surface chemical composition of such lignin rich wood surfaces,
will also be inherently different compared with a wood surface representing the
bulk wood substance (e.g. a cross section), in particular, with regard to the wood
modification methods included in this study. That is, the main wood components
which are being modified by e.g. the acetylation method are lignin and
hemicelluloses (Rowell 2005). This means that a lignin rich wood surface, as
prepared in Papers II and III, will presumably be of a higher modification level
than that of the bulk of the wood and that of the OSB mill produced samples
prepared in Paper I, which involved a much higher cutting energy than for the
wood chisel produced samples in Paper II and III.
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As can be seen in Figures 3a and 3b, it is important to note that the surfaces
from the OSB-milling process as well as the wood chisel cut surface contain
radial ray parenchyma cells.
Furthermore, the more irregular and crushed wood structure as shown for the
wood samples investigated in Paper I, also undoubtedly promotes more capillary
action compared with the samples investigated in Papers II and III. As can be
seen, the heat treated samples are in this case the most demolished wood surface.
These morphological features are important to remember when comparing the
wood surface characteristics analyzed in Paper I with those estimated in Papers II
and III. It should also be remembered that different wood species were used in
the applied wood modifications, which means that direct comparisons of the
wetting properties between the unmodified and modified wood samples, (and
between the different modifications themselves) should be made with caution.

Contact angle measurements
Table 1 shows the contact angles measured by the Wilhelmy method for water
on the fresh and one-month aged wood samples (Paper II).
Table 1. Apparent contact angles θ (advancing) for water on unmodified and
different modified wood samples (Paper II). Standard deviations are given in
parentheses.
θ (degrees)
Wood Sample

Water

Unmodified
Fresh
Aged

68.6 (6.2)
86.5 (2.7)

Heat treated
Fresh
Aged

66.7 (3.8)
83.0 (3.4)

Furfurylated
Fresh
Aged

56.7 (4.2)
72.8 (10.6)

Acetylated
Fresh
Aged

82.6 (2.1)
81.2 (2.6)
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The highest contact angles, i.e. the highest hydrophobicity, were found on the
unmodified aged wood samples (Paper I and Paper II). Except for acetylated
wood, the general trend is that the contact angles increase due to the ageing
process. For unmodified wood, the migration of extractives to the wood surface,
as well as reorientation of functional groups at the wood-extractives-air interface
is a probable explanation for the significant increase of the hydrophobicity due to
ageing (Gardner et al. 1995, Wålinder and Ström 2001). This is probably the case
even for heat treated and furfurylated wood.
Somewhat unexpected, the contact angles on the fresh and aged furfurylated
wood were lower than those of the unmodified wood. Presumably, this may be
attributed to the presence of hygroscopic buffering salt agents used in the
furfurylation process. The comparably low contact angles on fresh heat treated
wood could be a consequence of the sample preparation technique, as discussed
above, resulting in a lignin rich surface. Such surfaces will apparently not have
the same modification level due to the heat treatment process as a more
hemicelluloses rich surface.
For fresh samples, as shown in Table 1, it is obvious that the acetylated wood is
the most hydrophobic material.
In addition, it was clearly shown that the contact angles on the OSB mill
produced samples of modified wood (Paper I) was significantly lower than for
the corresponding aged wood chisel produced samples (Paper II). A probable
explanation for this is related to the different surface morphology, of these two
types of samples as shown in Figure 3 and discussed above. More detailed
information about the contact angle results are presented in Papers I and II.

Prediction of interaction parameters and work of adhesion
The estimated contact angles on the wood samples were analyzed according to
the CQC model, see eq. 11, in order to determine so-called Lewis acid-base
interaction parameters for these samples (PSA and PSB). Figure 8 shows an
example plot of − WaAB / PLB versus PLA / PLB for the fresh acetylated samples
(Paper II).
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Figure 8. A plot of − WaAB / PLB versus PLA / PLB for determination of the acid
( PSA ) and base ( PSB ) interaction parameters of fresh acetylated wood samples
(Paper II).
Accordingly, Figure 9 shows the resulting acid-base interaction parameters for
the fresh and aged unmodified and modified wood samples. As can be seen the
surfaces have a ‘basic’ monopolar character which increases for the aged samples.
This appearance conflicts with earlier studies, where the migration of extractives
and the following oxidation process of the extractives give a more bipolar
character to the wood surfaces (Gardner et al. 1999, Wålinder and Gardner
2002b).
In Paper I, the aged heat treated and furfurylated samples, showed bipolar
character for the interaction parameters, which were not the case in Paper II
where they have a ‘basic’ monopolar character. The acetylated sample had a more
or less ‘basic’ monopolar character in both studies. However, the dominant
polarity for all samples is ‘basic’. In the same way, interaction parameters were
determined for some selected thermoplastics based on contact angle values from
literature (Papers I and II); and also for some selected adhesives based on contact
angle values measured with the sessile drop method (Paper II).
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Figure 9. Interaction parameters for fresh and aged modified wood surfaces.
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The wood-thermoplastic and wood-adhesive work of adhesion (Wa) were then
estimated (see the procedure in Papers I and II). Figure 10 presents the Wa for
the fresh and aged unmodified and modified wood veneers with water and the
different thermoplastics (Paper II). One can see that the acetylated samples, fresh
and aged, have higher values for work of adhesion in the interaction with most of
the thermoplastic compared with the interaction with water, except for PE. The
Wa with water have decreased for the aged unmodified, heat treated and
furfurylated wood samples. The highest decrease is shown for the aged
unmodified wood. The wood-water Wa for aged acetylated wood is apparently
similar to that of fresh acetylated sample. It is also evident from Figure 10 that
the predicted wood-thermoplastic interactions in all cases are superior for the
system involving Nylon 6.
The predicted values of wood-adhesive Wa for fresh and aged wood veneers are
shown in Figure 11, and derived in the same way as for the wood-thermoplastic
case (Paper II).
Apparently, one can see that the overall predicted values for wood-adhesive Wa
are considerably higher than those of the wood-thermoplastic Wa. This is also the
case for the aged samples. It can also be seen from Figure 11 that for fresh wood
samples, the unmodified wood shows the strongest interaction with all three
adhesive systems compared with the wood-adhesive interaction predicted for the
modified wood. These differences are, however, not apparent for the aged
samples, where the predicted wood-adhesive interactions involving the aged heat
treated and acetylated wood even increase significantly due to the ageing
procedure. This somewhat unexpected result implies that ageing of heat treated
and acetylated wood could increase their adhesion performance with these three
selected adhesive systems. A favourable change in the chemical surface
composition due to ageing, i.e. oxidation of functional groups at the wood
surface, is a probable explanation for this behaviour (see Papers II and III).
Corresponding predicted LW and AB components for the wood-thermoplastics
Wa on the one hand, and for the wood-adhesive Wa on the other, were also
calculated (Paper II). It is clearly demonstrated that the LW component for the
wood-thermoplastic interactions dominate over the AB component. In contrast
to this, the AB component for the wood-adhesive interactions, contribute to a
higher degree to the total work of adhesion, i.e. the AB components are in this
case dramatically higher than for the thermoplastics case. These results are
presented in more detail in Paper II.
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Figure 10. Predicted work of adhesion (Wa) between fresh and aged wood
samples and thermoplastics.
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Figure 11. Predicted work of adhesion (Wa) between fresh and aged wood
samples and the adhesives.
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XPS and ToF-SIMS measurements
Table 2 shows relative surface composition in atomic % for fresh and aged
samples, as shown in this table mainly carbon and oxygen were detected on the
surfaces for all samples in the XPS measurements (Paper III). Sodium at low
levels was detected on the furfurylated samples only. This is logical since the
furfurylation treating liquid contains salts as buffering agents.
Table 2. Relative surface composition in atomic % for fresh and aged samples.
Min and max values given for the 2-3 positions analysed (Paper III).
Sample

Atom %

Atomic ratio

C

O

N

Na

O/C

Unmodified
Fresh
Aged

61.5-64.4
66.3-67.3

35.1-38.2
32.3-33.2

0.3-0.5
0.4-0.5

-

0.54-0.62
0.48-0.50

Heat treated
Fresh
Aged

63.8-63.9
65.9-66.1

35.9-36.2
33.5-33.9

0.2
0.2-0.4

-

0.56-0.57
0.51

Furfurylated
Fresh
Aged

62.7-63.3
64.1-68.8

36.6-37.1
30.8-35.5

0.2

0.2
0.2

0.58-0.59
0.45-0.55

Acetylated
Fresh
Aged

63.0-65.0
64.7-66.8

34.7-36.6
33.0-35.2

0.4
0.2

-

0.53-0.58
0.49-0.54

Figure 7 shows an example of two high resolution spectra for fresh samples of
unmodified and acetylated samples respectively. For detailed information about
the different chemical shifts see Paper III. Table 3 presents the chemical shifts
and O/C ratios of the different wood samples. The results show that most
carbon present in the surface layer is in the form of carbon with one bond to
oxygen (C2) for all samples. Of the total carbon signal 42-64% is due to C2carbon. Between 22-44% of the total carbon signal is from C1-carbon In
addition, 7-13% of C3-carbon and 1-15% of C4-carbon are also present.
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Table 3. Chemical shifts in high resolution carbon spectra for fresh and aged
samples. The shifts are due to carbons in different functional groups with
oxygen. Values are from curve fitting of the different carbon peaks with the total
amount of carbon = 100%. Min and max values are given for the 2-3 positions
analysed.
Sample

Atomic ratio
O/C

C1s tot=100%
C1

C2

C3

C4

Unmodified
Fresh
Aged

0.54-0.62
0.48-0.50

22-28
31-36

59-64
50-56

11-12
10

2
3-4

Heat treated
Fresh
Aged

0.56-0.57
0.51

27-30
32-33

56-60
53-55

11-12
12-13

1
2

Furfurylated
Fresh
Aged

0.58-0.59
0.45-0.55

29
30-44

56
42-56

12-13
11-12

2-3
2

Acetylated
Fresh
Aged

0.53-0.58
0.49-0.54

29
32-37

47-48
42-46

8-9
7-8

15
13-15

C1:
C2:
C3:
C4:

C-C, C=C, C-H
C-O, C-O-C
C=O, O-C-O
O-C=O, C(=O)OH

at about

285.0 eV
286.7 eV
288.1 eV
289.3 eV

The atomic ratios O/C were between 0.53-0.62 for freshly cut samples and
between 0.45-0.55 for aged samples, while the amount of C1-carbon were
between 22-30 % for freshly cut samples and between 30-40% for aged samples.
For the present samples, it is reasonable to assume that the C1-carbon represents
non-polar, hydrophobic molecules and also lignin. When comparing mean values
of the O/C ratio and the amount of C1-carbon for each sample, there is a trend
on the outermost (<10 nm) surface towards more hydrophobic material after
ageing. This observation is in line with previous suggestions that during ageing,
(predominantly non-polar) extractives molecules migrate to the surface of the
material (Gardner et al. 1995). The observed variations between different samples
may be an effect of differences in the surface composition for the area where the
pieces were cut out from the wood.
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The more hydrophobic character of the aged surfaces can be correlated with the
contact angle measurements from the work done in Paper II, see Table 1. The
exception is for acetylated samples, which showed a high water contact angle
before and after the ageing. The results for unmodified samples are in good
agreement with earlier reported results (Gardner et al. 1991, Gindl et al. 2004).
Table 2 also shows that the percentage of carbon increases with time and the
oxygen percentage decreases simultaneously, also pointing to a greater
hydrophobicity.
Figure 12 shows examples of positive and negative ToF-SIMS spectra,
respectively, for the differently prepared fresh samples (Paper III). The spectra
are shown in two panels, one representing the mass range 9-220 u (left), and the
other 200-650 u (right).
In general, all spectra were dominated by organic peaks of the types CxHy and
CxHyOz. Identification of some of these signals is discussed below. Most spectra
also show relatively weak signals from metals like potassium (K) at 39 u and
calcium (Ca) at 40 u. Signals from sodium (Na) at 23 u were also detected on all
samples, but were stronger for the furfurylated samples; this was also detected in
the XPS measurement as mentioned earlier (See Table 2).
Assignments for different identified peaks in positive and negative ion spectra of
the various surfaces are presented in Table 4 and 5, respectively. Lignin, cellulose
and different extractives in pulp fibers have previously been studied by Kleen et
al. (2003) and Kangas and Kleen (2004), and the peak assignments in the
following discussion are largely based on those works. The spectra from the fresh
samples are discussed and comparisons with the corresponding aged samples
from each group are made.
In the positive spectra, some characteristic fragment ions from hemicellulose
(xylan, at 115 u and mannan at 127 u) and from lignin (at 137 and 151 u) were
detected. The negative spectra showed clear signals at 71, 87, 113 and 221 u,
which can be assigned to cellulose. Figure 13 shows an example of positive and
negative ion images from heat treated Norway spruce, these images in Figure 13
indicate, after taking surface topography into consideration, that the signals from
these wood components were homogeneously distributed over the analysis areas.
In the mass range below 200 u, the positive spectra from the acetylated sample
differ from those of the other samples, by the presence of a strong peak at 43 u
(CH3CO+, acetyl).
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Positive

Negative

Figure 12. Positive and negative ToF-SIMS spectra of the different wood
modified samples.
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Table 4. Assignments for selected peaks in positive secondary ion mass spectra.
Measured mass
22.99
38.97
39.97
43.02
115.05
127.05
137.07
139.05/169.06
151.04
331.10
383.33
397.39
411.44
425.47
429.19

Assignment
Na+
K+
Ca+
CH3CO+ (acetyl)
Xylan, hemicellulose fragment
Mannan, cellulose and hemicellulose fragment
Characteristic guaiacyl lignin fragment
Fragment of acetylated glucoside*
Characteristic guaiacyl lignin fragment
Tetraacetylated glucoside*
Campesterol, (M-OH)+
Sitosterol, (M-OH)+
Steroid, Steryl ester
Steryl ester
Steryl ester/sterol

* tentative assignment

Table 5. Assignments for selected peaks in negative secondary ion mass spectra.
Measured Mass

45.00
59.01
71.01
87.01
113.03
221.05
255.21
281.22
339.3
367.3

Assignment
Carboxyl, COOHAcetate, CH3COOCellulose fragment, C3H3O2Cellulose fragment, C3H3O3Cellulose fragmen,t C5H5O3Cellulose fragment, C11H9O5Palmitic acid, C16H31O2-, C16 fragment from larger molecule
Oleic acid, C18H33O2-, C18 fragment from larger molecule
C22 fatty acid (behenic acid)
C24 fatty acid (tetracosanoic acid)
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Positive

Negative

Figure 13. Positive and negative ion images from heat treated samples.
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All samples except the furfurylated ones show more or less clear positive ion
signals from extractives in the mass range 383 to 429 u. These can be assigned to
different types of sterols and steryl esters (Kangas and Kleen 2004, Kangas
2007). The relative intensities signals from these extractives are clearly stronger
for the heat treated samples than for the other three groups. For the furfurylated
samples, clear signals are observed from diethyl hexyl pthalate contamination
(positive fragment ions at 149 and 279 u, and the sodium cationized M+Na ion
at 413 u). In the negative ion spectra (masses above 200 u), all samples except the
furfurylated ones show clear signals from the fatty acids oleic acid (C18:1 at 281
u) and palmitic acid (C16:0 at 255 u). For the high temperature treated samples
strong signals are also observed at 339 u (tentatively assignment behenic acid
(C22:0) and at 367 u (tentative assignment tetracosanoic or lignoceric acid,
C24:0). In addition a series of clear peaks with separation ΔM=14 (corresponding
to -CH2-) is detected between 487 and 529 u). The ion images in Figure 13 show
that the latter peaks are inhomogeneously distributed and co-localized with the
other fatty acids, which indicates that also these peaks are due to fatty acids.
The ToF-SIMS results from the fresh samples thus provide some insight into the
molecular composition of the differently treated samples. For the acetylated
samples, signals from acetylated polysaccharide species could be detected.
Extractives, most notably sterols and steryl esters were identified on most of the
surfaces, in agreement with earlier studies on pulp (Kangas et al. 2007). For the
heat treated samples, the signals from extractives were more prominent than in
the other samples, indicating that the heat treatment affects the spatial
distribution of extractives in the wood. This is also observed in the ion images in
Figure 14 which show that the extractives have become inhomogeneously
distributed on these surfaces. This effect can also be seen as a clearly visible light
spot in these images which probably can be related to extractives in exposed ray
parenchyma cells.
A semi-quantitative comparison between the fresh and aged samples of each
group showed that the relative signal intensities for the different substances
varied considerably. This is a commonly encountered observation in ToF-SIMS
analyses, where signals intensities may be strongly influenced by e.g. surface
topography and the presence of spurious surface contamination (such as the
phthalate contamination observed on the furfurylated samples). The highly
heterogenic nature of the wood surface is also a source to the variations. Due to
the variations in signal intensities, we will not attempt to draw any firm
conclusions from the ToF-SIMS analyses about changes occurring at the surfaces
during ageing.

33

4. Conclusions
Based on the the wetting analysis, i.e. contact angle analysis by the Chang-QinChen (CQC) Lewis acid-base model, the following conclusions can be drawn:
•

The Chang-Qin-Chen (CQC) Lewis acid-base model seems promising to
use for prediction of wood-polymer-water interaction parameters. A
wider spectrum of acid-base probes would, however, benefit the model
further.

•

The morphology of the studied surfaces has a great impact on the
wetting result.

•

The results demonstrate that aged unmodified wood is more
hydrophobic than aged modified wood.

•

The results show that the acetylated wood material is most stable over
time and also gives the most promising values for work of adhesion for
interaction with different thermoplastics in a moist environment. This
seems to be the situation also in the adhesive case.

•

The general trend is that the work of adhesion between wood and the
adhesives is considerably higher than between wood and the
thermoplastics.
Based on the spectroscopic investigation, the following conclusions can be
drawn:
•

The combination of XPS and ToF-SIMS measurements seems to be a
successful strategy to obtain information of the surface composition of
different wood surfaces and how it changes during ageing, both
quantitatively and qualitatively.

•

The XPS results showed that the hydrophobization process is due to
migration of hydrocarbon rich species (presumably extractives) to the
surface, and these changes could be fairly well quantified. The XPS
results also agreed well with the corresponding wetting results.

•

From the ToF-SIMS spectra several specific hydrophobic substances
could be identified, thus providing complementary information to that
obtained from the XPS results.

•

In order to obtain better conditions for making a semi-quantitative
analysis of the results of the ToF-SIMS measurements a more accurate
sample preparation process is required.
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5. Ongoing and future work
Wettability, morphological and spectroscopic studies have also been performed
on laser ablated unmodified wood. The main objectives are to study if changes of
wettability, surface chemistry, permeability and morphology are recorded
attributed to the laser ablation process. In a first preliminary analysis on can see a
rather different morphology for the laser ablated surface as shown in Figure 14.

Figure 14. LV-SEM micrographs of the surface morphology of UV laser ablated
unmodified wood sample. The lower part is the ablated surface.
The micrograph shows that the entire middle lamella is removed by the laser
ablation process. The cell lumens are exposed creating a rather ordered structure.
These wood surfaces have obviously an entirely different structure and origin
than the wood surfaces studied in Papers I–III.
Further analysis will also be performed of the liquid sorption data which were
recorded during the contact angle measurements in Paper I–II. Such an analysis
may add valuable information regarding the liquid sorption behaviour of the
modified wood studied in Paper I–III.
Future work may also involve studies in order to relate the predicted adhesion
properties obtained in Paper I–III with the actual performance of various woodpolymer systems, e.g. micromorphology and micromechanics of relevant woodpolymer combinations.
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