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Abstract

This thesis reports investigations into the use of bio-resin to modify wood for the
improvement of physical, mechanical and decay resistance properties. A bio-based resin
system was developed by ozonolysis process from the cashew nut shell liquid (CNSL) a natural,
plant derived, renewable material composed of different phenolic constituents. The
fungitoxicity of the raw CNSL in different forms, solvent extracted (/CNSL) and technical
(tCNSL) were examined by DPPH free radical scavenging assay, agar plate assay and decay
resistance in the EN 113 agar block test. The CNSLs showed insufficient fungitoxicity for
complete inhibition of fungal growth and decay resistance of Scots pine sapwood against
brown rot (Coniophora puteana, Postia placenta) and white rot (Trametes versicolor,
Pleurotus ostreatus). Though tCNSL (cardanol rich) showed lesser antioxidant and antifungal
properties than iCNSL, the tCNSL was used for subsequent work due to its hydrophobicity and
availability.

The CNSL resin was prepared and impregnated as an alcoholic solution into the sapwood of
Scots pine (Pinus sylvestris), Obeche (Triplochiton scleroxylon) and Gmelina (Gmelina arborea)
using vacuum at -0.7 bar for 30 min and cure at 120 °C for 24 hours. This specification of
impregnation was followed throughout the study. The resin modification moderately
improved the physical and moisture related properties i.e. specific gravity, void volume,
dimensional stability and water repellency. The CNSL resin was not leachable from the
modified wood and was stable to hydrolysis as tested according to EN 84 water leaching test
and also a 5 cycle water soak/oven dry test. The viscoelastic properties of the CNSL resin
modified wood were examined by the dynamic mechanical thermal analyser (DMTA) which
revealed the glass transition (Ty) of the modified wood between 60-70 °C due to the relaxation
of the CNSL resin. The storage modulus (E’) which indicate the modulus of elasticity of resin
modified woods measured at room temperature (20-25 °C) did not significantly improve but
among the modified wood species, Scots pine had the best modulus of elasticity.

Oxidative degradation experiments of CNSL resin modified Scots pine sapwood micro-veneers
(100 um thick) were conducted to investigate the effect of the hydroxyl radicals generated by
the Fenton’s reaction on the mass and zero-span tensile strength. A large impact on the
minimum weight losses and improved tensile strength with increased WPG was found in
modified micro-veneers though after a longer duration of exposure a substantial strength loss
(30-40%) occurred. An EN 113 decay resistance test was conducted with the same test fungi
as used in the fungitoxicity test of CNSL. The CNSL resin modification with the limited WPG did
not achieve full decay protection in any of the wood species in valid decay tests. Full protection
threshold WPGs were established by extrapolation of data using regression analysis.
Thresholds varied between the wood and fungal species. The decay resistance was
successfully increased by investigating an alternative approach of treating wood with the bio-
based CNSL resin combined with different antioxidants (AOs). The combined effect of the resin
and antioxidants has improved the reduction of mass losses in comparison with the treatment
with AOs and resin alone. AOs with high free radical scavenging property (propyl gallate,
ferulic acid) showed better combined performance with CNSL resin.

The distribution of the CNSL resin into the modified woods were investigated using light
microscopy and FTIR analysis. The microscopic evidence revealed that the resin largely located
in the lumen either by surface coating or filling and good distribution was found in Scots pine.
The FTIR spectra of resin modified woods showed some changes in different bands which are
mainly attributed to the functional groups of incorporated CNSL resin in wood.
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Chapter 1

Introduction

1.1. Background and need for research

In recent years, there has been increasing concern for the preservation of the environment
and sustainability of resources. Utilization of forest resources is receiving renewed interest as
an alternative to non-renewable resources in material technology. In this sense, wood is
considered as a future oriented material even though it is one of the oldest and most common
structural and building materials. At present, particularly in tropical parts of the world, forests
continue to decline, whilst this is not offset by increase in forest plantations of rapidly growing
species and managed forest in developed countries. The demand for wood products cannot
be met even with the fast growing trees. Fast grown wood, particularly juvenile core wood, is
characterized by low density, inferior mechanical properties and low decay resistance. Lower
than desired durability has been addressed through the use of preservatives, traditionally a
mixture of chemicals toxic to the environment and mankind. Thus the search for
environmentally less aggressive wood treating alternatives has been a central research subject

over the last few years in Europe (Van Acker and Hill, 2003).

Conventional wood preservative use is widespread because of the declining availability of
naturally durable wood and use of plantation timber with high sapwood content. In the past
10 years a major wood preservative, chromated copper arsenate has been removed from
service amid concerns about environmental and health and safety aspects and another
preservative, creosote, is severely restricted in its availability and use. Numerous organic
biocides (dieldrin, lindane, pentachlorophenol, tri-butyl tin oxide) have been withdrawn to
make way for safer alternatives but there have also been concerns regarding the efficacy and
costs of their replacements. Then there are issues regarding end of life cycle disposal, and
treated wood may be classified as a toxic waste as they were initially treated with
environmentally impacting persistent formulations. It is most unlikely that new biocides will
be developed specifically for wood preservation because the market is too small. These
significant changes in the timber preservation sector have resulted in a significant increase in

interest in wood modification (Hill, 2006).



Among the different wood modification technologies, chemical, thermal and impregnation
methods have already been established commercially, although these methods have
advantages and disadvantages when their properties are considered. The first to be developed
commercially were thermally modified woods (ThermoWood, PlatoWood), which add
dimensional stability but do not achieve high decay resistance and may cause undesirable
changes in mechanical properties. Acetylated wood, marketed as Accoya, has shown excellent
dimensional stability and resistance to decay. In addition a number of modified woods based
on the impregnation technology have also been introduced into the market. The
impregnation of wood through the furfurylation process produced ‘Kebony’ and ‘Keywood’ as
commercial products. Using oligosaccharides in combination with melamine resins and other
additives produce the products e.g. ‘Indurite’, ‘Kurawood’ and ‘Lignia’. A new product
originated by impregnation of DMDHEU named ‘Belmadur’ has recently been commercialized

(Hill, 2009; 2011).

Generally, the impregnation modification of wood is one of the passive modification methods
and defined as “any method that results in the filling of the wood substance with an inert
material (impregnant) in order to bring about a desired performance” (Hill, 2006). This
category of modification does not necessarily require changes in the chemical structure of the
wood cell wall. Resin treatment is considered a most useful method among several other
processes of impregnation modification and has been widely studied using a variety of resins
of synthetic origin, including epoxy resins, phenolic resins, melamine resins, urea resins,
polyurethane pre-polymers and unsaturated polyesters (Pittman, 1994). Phenol-
formaldehyde resin-forming systems with low molecular weights are the most successful

thermosetting agents used in resin modification of wood.

Limited work using natural or bio-resin systems has been done to identify these as potential
wood protection agents. Van Acker et al. (1999) evaluated six natural resins using both a pure
culture Basidiomycete test according to EN113 and a natural microflora ENV807 soil bed test.
The use of natural resins is important for a number of reasons including those positives
relating to the use of natural resources / sustainable renewable resources, co-products from
other processes, to negative concerns about the use of synthetic resin systems involving
health, safety and environmental issue, end of life concerns and recycling and chemical

legislation (BRE, 2007).



This study looks at a resin system based on a natural source, renewable and available from
the commercial point of view. Cashew nut shell liquid (CNSL) is a natural renewable product
extracted from the shells of the cashew nut, a delicate and valuable food item and is available
as a by-product from the cashew nut processing industries. It is a caustic, viscous, dark liquid,
and is a natural source of saturated and unsaturated long chain phenols (Andrade et al., 2011).
CNSL is a mixture of different phenolic compounds, anacardic acid, cardol, and cardanol and
2 methyl cardol (Tyman and Kiong, 1977). The CNSL may be extracted in two different ways:
extracted by solvent extraction where the product is called immature or natural (/{CNSL) and
extracted by roasting the nut shell at high temperature, which is a by-product of the cashew
industry called technical (tCNSL). The phenolic nature and unsaturation in the side chain of
CNSL, offers reaction sites both on the aromatic ring and on the side chain, which allows the

synthesis of different resin types (Kumar et al., 2002).

This renewable material has wide applications in the form of brake linings, surface coatings,
paints, and varnishes but the main applications of CNSL are in the polymer industry (Menon
et al., 1995). Compared with conventional phenolic resins, CNSL polymer has improved
flexibility (due to the internal plasticization effect of the long chain) and better processability.
It is also reported that the side chain imparts a hydrophobic nature to the polymer, making it

water repellent and resistant to weathering (Kumar et al., 2002).

From the moisture sorption and decay resistance points of view, impregnation modification
with resins is generally inferior to chemical modification and reaction within the cell wall
because the inside of the cell wall is only coated, while chemical modification can achieve
reaction throughout the cell wall and thus achieve low moisture sorption at modest chemical
add-on (e.g. acetylation with acetic anhydride shows low sorption at 8 weight per cent gain)
while higher amounts of 20 WPG are required for high decay resistance under severe ground
contact exposure (Larsson et al., 2000). Although acetylation has little adverse effect on
mechanical properties, it shows no improvement whereas resin modification can improve a
number of strength properties. Thus impregnation modification with bio-resins may prove
advantageous, if it can be made to give acceptable performance in terms of decay resistance

and reduced cell wall sorption (either in terms of rate or overall end-point).

Fungal decay of wood results from the wetting of the wood to a critical value whereby there
is sufficient water both in the wood lumens and in the cell wall to allow decay to progress.
Other aspects are of importance too and too much water, or other factors which impede

3



oxygen availability and gaseous exchange may impede fungal respiration, growth and limit
decay processes. Fungal hyphae in the cell lumens release enzymes and oxidative free radicals
which break down the wood cell wall polymers to soluble compounds which the fungi can
assimilate. Conventionally, fungal decay can be prevented by the inclusion of toxic compounds
which are released when the fungi colonise the wood cell lumens and these typically contain
copper and co-biocides to deal with copper tolerance and insects, but modern approaches
attempt to reduce reliance on toxicity. The approach which is investigated at in this study
combined a bio-resin modification approach with the inclusion of antioxidants e.g. gallic acid,
propyl gallate, quercetin etc. as these have shown some efficacy and may form a component

of natural decay resistance in heartwoods which show high decay resistance.

1.2. Structure of this thesis
Chapter 1 (this chapter) covers the general introduction, structure of the thesis and the

objectives of this study.

Chapter 2 presents a literature review of the subject matter of this study covering general
information about wood and its structure, problems associated with wood utilization, natural
durability and wood preservation, impregnation modification and its properties and the

importance of bio-resin and cashew nut shell liquid.

Chapter 3 characterizes the antioxidant and antifungal properties of CNSL. Antioxidant activity
was evaluated by the DPPH free radical scavenging assay, while agar plate assay and agar block
tests were used to examine antifungal properties. This chapter provides the preliminary

information regarding the fungitoxic properties of the CNSL against the wood decay fungi.

Chapter 4 reports the physical properties i.e. weight percent gain (WPG), oven dry specific
gravity (SGop), volume change (VC%) and leachability of resin; moisture related properties i.e.
dimensional stability, stability to hydrolysis and water repellent efficiency of CNSL resin
modified wood. This chapter also describes the formulation of the CNSL resin system. A

characterization of these properties of modified wood is addressed.

Chapter 5 describes the viscoelastic properties of the CNSL resin modified wood which is
evaluated by dynamic mechanical thermal analyser (DMTA). This provides the thermo-

mechanical behaviour of modified wood.



Chapter 6 deals with the oxidative degradation of wood modified with CNSL resin. The
oxidative degradation of the modified wood is assessed by the Fenton’s reaction. The effect
of hydroxyl radicals generated by Fenton’s reagent on the mass and tensile strength is

assessed to mimic the initial decay mechanism.

Chapter 7 describes the resistance of CNSL resin modified wood against wood decay fungi

assessed by the EN113 protocol.

Chapter 8 reports on the additive effect of CNSL resin combined with different antioxidant
compounds (free radical scavengers) on the decay resistance properties of wood. This chapter

provides an alternative approach of wood protection.

Chapter 9 examines the distribution of CNSL resin in the impregnated wood by light
microscopy and also provides information about the change of wood cell wall chemical

structure due to resin modification evaluated by FTIR spectroscopy.

Chapter 10 draws together the general discussion of the results from the earlier chapters, final

conclusion and scope of further study.

1.3. Aim and objectives

The overall aim of this study is to investigate the potential of bio-resin developed from CNSL
for modifying the wood properties i.e. physical, thermo-mechanical and decay resistance and
thus produce a high performance material. The specific objectives expected to be achieved at

the end of the study, are:

a) Establish an understanding of processing techniques needed for obtaining bio-resin (CNSL
resin) modified wood.

b) Screening the antioxidant and antifungal properties of CNSL to find out its effectiveness as
a wood protecting agent.

c) Evaluate the physical, moisture related, thermo-mechanical and decay resistance
properties for determining the qualities of CNSL resin modified wood.

d) Assess the oxidative degradation of CNSL resin modified wood by Fenton’s reagents.

e) Investigate the additive effects of CNSL resin in combination of antioxidants to provide

additional preservative properties to the modified wood.



Chapter 2

Review of literature

2.1. Wood as a versatile building material

Wood has been a very important material for the development of mankind since early times
when man discovered fire and started to use tools. Wood can have excellent mechanical
properties; it is recyclable, renewable, it is an energy store, a fibre source and it is
biodegradable. It sequesters carbon and requires little energy to process into a value added
commodity. A number of these attributes make it an economic material of choice for many
purposes and worldwide many people are employed in the forest and related industries.
Further downstream wood and its major structural components: cellulose, hemicellulose and
lignin, can be utilized to produce many beneficial chemicals for industrial purposes, such as
ethanol for biofuel and platform chemicals for synthesis into other materials such as bio

plastics.

When wood is used as a constructional material one of its drawbacks is its response to water:
below fibre saturation point cell wall moisture changes can lead to dimensional changes and
above fibre saturation point decay by fungi. Insects too may be limited by very low moisture
but may be active in relatively dry wood. The heartwood from a number of tree species shows
some resistance to decay, although that from fast growing plantation species is less so,
particularly because it may have a large proportion a lot of susceptible sapwood and less
durable juvenile wood. The common solution to the fungal decay problem is to treat with
preservatives where a hazard assessment dictates necessity to increase decay resistance, and
with appropriate construction techniques and assessment of the extent of wetting likely to be

achieved in service, and with surface protection using paints or stains.

Why is wood such a versatile material? Its success depends partly on its remarkable strength
to weight ratio and workability. As a structural material, wood has high strength per unit
weight and can be easily shaped and fastened. The colour patterns and textures of wood are
often pleasing leading to uses for many decorative purposes. It has good insulating properties
and is warm to the touch. Wood is available in a wide range of colours, textures, densities and

chemical compositions supporting a wide range of significant uses (Hoadley, 1980).



Chemically, wood is composed of mostly carbon, hydrogen, and oxygen which are then
arranged to cellulose, hemicellulose, and lignin; the former two comprise about 70% of the
dry wood weight and are both made up of sugar units, principally glucose with lower amounts
of mannose, xylose arabinose and galactose (Haynes, 2003). So, the wood polymer sugar
molecules potentially present an appetizing food source if they can be released from the
polymer as monomers and dimers. In order to do this they need to circumvent the protective
effect of the lignin complex. In the presence of sufficient oxygen from the air and sufficient
water, wood can be biodegraded. While this may ultimately desirable at the end of life,
especially within a forest ecosystem, the breakdown of wood products in service, or
biodeterioration, is a cause of safety issues and economic losses. Its service life can be severely
limited at sites and situations where the moisture content is constantly suitable for decay and
the wood has little natural decay resistance or preservative induced resistance. Because there
is a worldwide need for large quantities of wood fibre, fast growing, multi-purpose plantations

are necessary; these often produce resources which require improvement.

From the perspective of carbon storage and sequestration forests and forest products are of
immense importance. Growing trees can soak up a great quantity of the greenhouse gas,
carbon dioxide (COy), and lignin, its breakdown products and similar metabolites form long
term carbon storage compounds in forest soils. Where wood is used from the forest, longer
term carbon storage can result, particularly where the material is prevented from decaying by
appropriate usage and preservation (ECCM, 2006). Indeed approximately half of the dry
weight (49%) of wood is carbon and thus a cubic metre of wood of typical density, 500 kg m
comprises approximately 250 kg of carbon. Thus, a single tree of 4 m? can easily be a store of
a tonne of carbon above ground. When accompanying soil carbon and root biomass are

accounted for it is considerably more.

2.2. Structure and formation of wood

Wood (i.e. secondary xylem) has a complex biological structure composed of different cell
types and chemistries, acting together to serve tree life functions of support, transport of
solutes and storage. It is produced by the seed-bearing plants and belonging to the
Spermatophytae. Wood properties are governed by the wood structure, particularly by its
anatomical organization and cell wall ultrastructure. Generally, four orders of structural
variation can be recognised, macroscopic, microscopic, ultrastructure and molecular

(Dinwoodie, 2000). The following section provides a brief summary of the wood structure and
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its formation. In this respect there are a good number of excellent texts which deal with this
subject, which give a detailed description of wood structure (e.g. Stamm, 1964; Hoadley, 1980;
Sjostrom, 1983; Fengel and Wegener, 1989; Zabel and Morrell, 1992; Eaton and Hale, 1993;
Walker, 1994; Desch and Dinwoodie, 1996; Dinwoodie, 2000; Hon and Shiraishi, 2001; Bowyer
et al., 2007).

Wood is classified into soft- and hardwoods; the former produced by gymnosperms (i.e.
conifers) and the latter by angiosperms (i.e. deciduous or broad-leaf trees). Woody trees
comprise many species and altogether ca.30 000 angiosperm and ca. 500 conifer tree species
are currently known, with the majority of the angiosperms growing in tropical regions.
Gymnosperms tree genera include the pines (Pinus), spruces (Picea), and firs (Abies) while
typical temperate / boreal angiosperm genera include birches (Betula), beeches (Fagus), oaks
(Quercus) and poplars (Populus). Hardwood trees lose their leaves during the autumn while
the conifers are normally evergreen except for certain genera like larch (Larix) that lose their

needles during autumn and grow new needles in the spring.

Structurally each tree can be divided into several main parts commonly referred as the crown,
trunk (i.e. stem) and root system; each part in turn composed of different tissues that are
ultimately comprised of individual wood cells. The trunk (Figure 2.1) may be divided into: a)
the bark, which is dead and provides protection from physical, mechanical and biological
damage; b) the phloem which is living and allows for the transport of nutrients and storage
products; c) the vascular cambium, a thin layer of cells which by repeated division produces
phloem cells to the outside and xylem (secondary) to the inside, and d) the secondary xylem
which constitutes the bulk of the woody material. The xylem is normally divided into the
sapwood and heartwood; the former composed of living and dead cells and the latter
comprised of normally entirely dead cells. Finally, pith is normally present at the centre of the
trunk and represents tissues developed during the initial year of tree growth, formed by the

apical meristem.

The xylem is normally organized into concentrically orientated rings which are distinct in
softwoods and ring porous hardwoods. In temperate climates or in climates where there is a
significant seasonal weather, e.g. drought, these are referred to as annual growth rings; each
ring representing one year’s growth. Wood is composed of a variety of different cell types

(softwoods: tracheids and parenchyma; hardwoods: vessels, fibres, tracheids and



parenchyma) having different roles in the living tree (i.e. support, transport, storage) and

which can behave differently in different wood products.

Heartwbod

Figure 2.1: Macroscopic view of the transverse section of Quercus alba trunk presenting outer
bark (ob), inner bark (ib) and vascular cambium (vc), inside the vascular cambium shows the
sapwood, which can be easily differentiated from the darker heartwood. The centre of the
trunk is pith (p), which is hardly visible in the centre of the heartwood (Forest Products
Laboratory, 2010).

Wood is composed of highly ordered axial and radial cell systems (Figures 2.2, 2.3). The axial
system predominates and it is composed of primarily elongated cells orientated in the
longitudinal direction of the trunk. Wood cells are produced in the vascular cambium from
two special mother meristematic cell types known as the fusiform and ray initials; the former
giving rise to all cell types of the axial and the latter the radial cell systems in both hard- and

softwoods.

These cells vary in both size and shape (i.e. cell wall thickness and cell length, see below),
features which are related to their function, with thick-walled, narrow lumen cells providing
mechanical support and strength to the tree and thin-walled wide lumen cells primarily
providing liquid transport and the storage of nutrients. The radial system is orientated
perpendicularly to the tree and is comprised of rays that form horizontal files of cells extending
from the bark to the pith (primary rays) or to specific annual rings (secondary rays). The major
function of the rays is to store and redistribute storage materials (e.g. starch). Rays may

contribute 5-11 % of the total softwood volume and up to 30 % in hardwoods (e.g. Quercus

spp.).
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Figure 2.2: Structure of a typical hardwood, RLS = radial longitudinal section; TLS = tangential
longitudinal section; TS = transverse section (Miller, 2002).

Softwoods are considered to have a much simpler structure than hardwoods and are
composed of minimum number and uniform cell types (normally 3 axial and 2 radial). In
contrast hardwoods are normally comprised of a greater number of axial (5—6 axial and 2
radial) cell types with much greater cell morphology; nevertheless all cell types are derived

from the two meristematic cell types named above.

Softwood xylem is composed of limited number of cells known as tracheids, parenchyma and
epithelial cells with tracheids normally forming between 90-95 % of the total cell volume and
ray parenchyma between 5-10 %. Because of their uniformity (homogeneity) and simplicity,

the structure in softwoods tends to appear similar in appearance.

Hardwoods are more advanced and complex in their general anatomical organization than
softwoods. In addition they have a larger number of different cell types than softwoods
including vessels, fibres (libriform fibres and fibre tracheids), and parenchyma (longitudinal
and ray cells). Vessels represent the main conducting element in hardwoods and the cells
have entirely open or perforated ends, with species with open ends (e.g. Quercus spp.)
considered to be more evolutionarily advanced. Both the size and cellular morphology of the
vessels varies between hardwood species. Vessels appear in transverse sections of wood as
holes, and for this reason hardwoods are known as “porous woods” in contrast to the “non-

porous” softwoods.
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Figure 2.3: Structure of a typical softwood. RLS = radial longitudinal section; TLS = tangential
longitudinal section; TS = transverse section (Miller, 2002).

Pits are one of the most characteristic microstructures that occur in cell walls of both soft- and
hardwoods. They represent canals that allow the flow of liquids both laterally and vertically
through the cell walls and essentially consist of a pore and a membrane. Normally in living
cells and frequently even after death the membrane, of variable permeability, divides the
cells. Pits have a variety of shapes and sizes that together with their location on wood cells
can be used as a diagnostic feature for wood classification. Pits of adjacent cells are normally
always paired thereby forming pit pairs — simple, bordered and half-bordered pit pairs. All pits
have essentially two main components: the pit cavity and pit membrane (Figure 2.4). The pit
membrane involves of primary wall and middle lamella and since the pits occur in pairs the

membrane is composed of two primary walls and middle lamella.

2.3. Wood cell wall chemistry

The cell walls of wood consist of 3 main structural chemical components e.g. cellulose,
hemicelluloses and lignin. The lumen is a void space but the cell wall is a highly regular
structure, which varies between cell types, species, and even in softwoods and hardwoods.
However, generally common features underline the structure. In simplified terms the cellulose
develops a skeletal matrix which is surrounded and covered by the hemicelluloses and lignin.
Generally, cellulose is comprised of glucose units which are ordered into chains with the
smallest building element represented by the elementary fibril bundles of some 36 parallel
aligned cellulose molecules (Ding and Himmel, 2006). Cellulose microfibrils (aggregated

fibrils 5-10 nm in diameter, Brown et al., 1996; Jarvis, 2003) are visible using electron
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microscopy and more recently atomic force microscopy, and may be aggregated further into
macrofibrils and lamellae, the latter organized into a concentric arrangement around the
wood cell wall layers. The hemicelluloses are amorphous and are associated and orientated
around the cellulose while lignin is amorphous and isotropic and encrusts both the
hemicelluloses and cellulose. The chemical composition of wood cell wall layers varies

between different cell types and between soft- and hardwoods.

Figure 2.4: The wood cell wall with the structure of a bordered pit showing different layers of
cell wall e.g. middle lamella (ML), primary wall (P) and the three layers of the secondary walls:
S1, S2, and S3 (Forest Products Laboratory, 2010).

The compound middle lamella region is rich in lignin and contains the highest lignin content
(g/g) in wood cell layers but also contains pectin and cellulose. The primary cell wall contains
high levels of pectin as well as the glycoprotein extensin — thought to hold the cellulose
microfibrils in their criss-cross network- and also the hemicellulose xyloglucan. The layers of
the secondary cell wall (S1, S2, and S3) also vary in their chemical composition with the
concentration of lignin being greater in the S1 layers than S2 and S3, and the total amount of
cellulose and hemicelluloses being greater in the S2 than either S1 or S3 layers. This can only
be recognized as a general trend and exact chemical analyses of the individual wall layers may

vary between species and growth conditions.

The heartwood serves primarily as a support tissue and is present in all trees although the age
at which formation begins varies according to wood species and prevailing environmental
conditions. During heartwood formation secondary metabolites known as extractives are
deposited in the cell lumens and cell walls making the wood less permeable and more durable
(i.e. to wood decay by fungi, bacteria and animals). In certain softwoods and hardwoods like
pines and oaks the heartwood is more easily recognized by its darker colour while in other
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woods like spruces and birches the difference is not readily apparent. The main difference
between the sapwood and heartwood is the death of the parenchyma cells and cessation of
water conduction. In softwoods bordered pits become closed (i.e. aspirated) and encrusted
with extractives and in some hardwoods the vessels become blocked by tyloses. The
mechanisms behind the increase in natural durability of heartwood against wood decay is a
feature of considerable interest as an understanding of the process represents a novel way
for developing environmentally acceptable methods of producing wood of high durability

without the need for wood preservative application.

2.4. Problems associated with the utilization of wood
A variety of problems are commonly associated with the utilisation of wood in service and of
interest in this study are dimensional stability, weathering and decay resistance. Under certain

situations fire resistance is also an issue.

2.4.1. Dimensional stability of wood

Wood in an unstressed state may undergo dimensional changes following variations in its
moisture content and/or temperature between the dry state and fibre saturation point (FSP)
(Dinwoodie, 2000). Wood is a hygroscopic material because the cell wall polymers, especially
hemicellulose, have a number of free available hydroxyl groups (OH). The OH groups of cell
wall polymers attract the atmospheric water of the surrounding air and form hydrogen bonds.
In a given set of environmental condition of temperature and humidity the dry wood can
absorb moisture until it reaches the equilibrium moisture content (EMC), with the surrounding
atmosphere. Such woods, when placed in an atmosphere with constant lower relative
humidity, will lose moisture until the equilibrium is reached. Thus, in any combination of
relative humidity and temperature there is a corresponding EMC where there will be no inner

or outer diffusion of water (Dinwoodie, 2000).

When water is lost from the green wood, there is no change of wood volume until it reaches
the fibre saturation point (FSP). The FSP is the moisture content of the wood cell wall when
there is no free water in the voids but the cell walls are saturated with bound water. The FSP
ranges from 20 to 50% moisture content of the dry weight basis depending on the wood
species and the method of measurement of fibre saturation point (Feist and Tarkow, 1967;
Hill, 2006). Moisture is exists in wood as free water (liquid water or water vapour in cell lumen
and cavities) and as bound water (held by intermolecular attraction within cell walls). The
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moisture losses below FSP where it loses bound water results in shrinkage. Conversely, as
water enters the cell wall structure, the wood will swell. Shrinkage and swelling is a reversible

process in small pieces of stress-free wood (Bowyer et al., 2007).

As wood is anisotropic the dimensional changes in shrinkage and swelling are different in the
three principal planes of wood, i.e. longitudinal, tangential and radial. Apart from the
movement in service the dimensional changes can cause distortion when logs are converted
into planks and dried, dependant on the location within the log (Figure 2.5). With respect to
dimensional stability, the tangential shrinkage is about double of the radial shrinkage, and the
longitudinal shrinkage is negligible for most woods (e.g. Stamm, 1964; Hoadley, 1980; Desch
and Dinwoodie, 1996; Dinwoodie, 2000; Bowyer et al., 2007). Despite this, because in
construction long spans of timber are used movement may be of significance in some

applications.
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Figure 2.5: The characteristic of shrinkage and distortion of flat, square, and round pieces of
wood as affected by direction of growth rings (Forest Products Laboratory, 2010).

Wood is much more permeable to both water vapour and liquid water in the longitudinal
direction than the tangential or radial directions. Due to this anisotropy, the longitudinal flow
paths are very important for the wetting of wood exposed to the atmosphere (Miller and
Boxall, 1984). When water is added to the wood cell wall, its volume increases almost
proportionally to the water volume added (Stamm, 1964). This swelling of wood continues
until the cells reach the FSP, and the water beyond this FSP is free water in the void structure.
As this process is reversible, the wood shrinks due to loss of moisture below the FSP. The
dimensional instability limits wood from various applications where the movement of material

due to changes in moisture content cannot be accepted (Stamm, 1964).
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When water enters into the wood cell wall it causes swelling and it is the hemicellulose rich
areas which are attractive to water and water is initially absorbed by hydrogen bonding onto
the hemicellulose hydroxyl groups. Subsequent further uptake by the wall may result in the
formation of polymolecular water. These events cause the cell wall microfibrils to move apart.
Although the cellulose also has considerable hydroxyl functionality the crystalline portions are
so closely hydrogen bonded together that it is inaccessible to water. Lignin has few free
hydroxyl groups so contributes little to swelling. As stated above the cell wall of wood swells
more in the radial and tangential directions than the longitudinal direction. This is because of

the low winding angle of the microfibrils in the S2 layer.

The dimensional stability of wood is the measure of extent of swelling resulting from the
ultimate uptake of moisture. A variety of terms have been used for describing the degree of
dimensional stability of wood by various treatments. The most common term for denoting this
feature is termed as antishrink efficiency (ASE), can be misleading as it seems to apply on
shrinking and not on swelling although the abbreviation is acceptable because ASE might also

refer to anti-swelling efficiency (Rowell and Banks, 1985).

2.4.2. Weathering of Wood

When wood is subjected to exterior exposure it will be subjected to weathering, the combined
physico-chemical effects, mechanical effects and surface biology. There is an evident need for
enhancing the resistance of wood to weathering (Hon, 1995; 2001). This has moved from a
largely empirical body of accumulated practical knowledge to an increasingly sophisticated

science, employing the most advanced techniques of physics and chemistry.

Generally, weathering is used to define the slow degradation of the surface of wood exposed
to the weather, i.e. the combined environmental effects of light (particularly UV light),
temperature changes, water fluctuations (rain, relative humidity, mechanical erosion (wind,
particles, surfactants, mechanical wear by walking and other human activities) and surface
active biological agents (Feist, 1990). Additionally atmospheric pollution may have a direct
effect or by modifying another agent, such as acid rain. Extractives and applied preservation
systems may also be subject to UV photodegradation and leaching losses. The degradation of
wood exposed to exterior conditions occurs due to the UV component of the solar spectrum.
This degradation is principally limited to the lignin component of wood, and results in a steady
release of polysaccharide rich wood cells, which are then consequently removed from the

wood surface by rain and wind erosion (Hill, 2006) and also by foraging insects, e.g. wasps.
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Photo-oxidation of the lignin reduces its molecular weight and it becomes soluble so that the

middle lamella is destroyed.

The degradation starts instantly after the wood is exposed to sunlight. Initially, the colour
changes and the surface fibres loosen and erode, but the process is quite slow. The weathering
can take more than 100 years to decrease the thickness of a board by 5-6 mm. In addition,
other processes also occur with the slow erosion process. By this time the wood may develop
checks and raised grain. Blue stain fungi can also colonize the surface and discolour the wood.
The boards may produce cup and warp, particularly for decking applications. The other
weathering factors such as growth of fungal stain, splitting, checking, and warping, are
frequently more important than the photo-oxidation alone, but these processes often

perform together to degrade the surface (Feist and Hon, 1984; Feist, 1990; Hon, 2001).

2.4.3. Wood spoilage and decay

There are numerous organisms from different environments that live on or within wood and
use wood either as a home or as a primary food source. A useful definition was that of Hueck
(1965, 1968) where he defined biodeterioration (as distinct to biodegradation) as “any
undesirable change in the properties of a material caused by the vital activities of organisms”.
In the context of wood this encompasses the decay-like activities of fungi, bacteria, insects
and marine borers and spoilage by stain, mould fungi and pit degrading bacteria.
Biodeteriorgens (organisms causing biodeterioration) are very dependent on temperature,
moisture conditions and aeration conditions to grow in wood. Wood decay by fungi is the
major type of damage to wood in use in temperate terrestrial environments whereas termites

may be important in tropical situations.
Fungal decay

Decay essentially is the result of wood digestion by fungi (Zabel and Morrell, 1992). The slow,
progressive digestion of the wood causes a continuum of changes in its appearance,
mechanical, physical and chemical properties. Only limited groups of fungi possess the ability
to digest wood. Various groups of fungi attack the wood cell wall constituents in different ways
and sequences that result in several types of decay. Decay fungi are single-celled or
multicellular filamentous organisms that use wood as food. The fungal spores are spread by
soil, wind, water, insects, or animals. They germinate on moist, susceptible surfaces, and the

hyphae spread throughout the wood. These hyphae secrete enzymes involved either directly
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(hydrolases) or indirectly (oxidative enzyme systems) in the attack of the cell wall components
and cause wood to deteriorate. After serious decay, new spore producing structures or fruiting

bodies may form.

Three main types of fungal decay are recognised. White and brown rots are principally caused
by fungi from the Basidiomycota and soft rot are principally caused by fungi from the
Ascomycota and their asexual counterparts from the Deuteromycota, the fungi imperfecti.
The brown-, white-, and soft-rot fungi have enzymatic systems which include cellulases and
hemicellulases. Some fungi from each of the group can use single electron oxidation systems
for modifying lignin (Eaton and Hale, 1993). The decay fungi require food material
(hemicellulose, cellulose), oxygen (air), the right temperature (10-40 'C but optimally 20-30
‘C), and moisture (above the FSP) to grow. The free water must be present (from rain,
condensation and wet ground contact) for the FSP to be reached for decay. Dry wood will
usually have no more than 20% moisture content, so decay cannot occur (Eriksson et al., 1990;

Zabel and Morrell, 1992; Eaton and Hale, 1993).

2.4.3.1. White rot fungi

White rot is so-called due to the bleaching of the wood which may become apparent with
more advanced white rot decay by some white rot fungi, notably Trametes versicolor. The
bleaching many be from lignin removal and black zone lines may develop where different
individuals or species of fungi interact and compete (Eaton and Hale, 1993). White rot decay
generally occurs on hardwoods but can also be found on softwoods. The degraded woods do
not crack across the grain as seen with brown rot but the wood generally keeps its outward
dimensions but feels very spongy when pressed. As the decay progresses, the strength

properties decrease gradually, although toughness of wood may be lost at an early stage.

The white rot fungi may decompose all of the structural components (cellulose, hemicellulose,
and lignin) of wood, but they are noted in their abilities to degrade and deplete lignin and
aromatics (lbach, 2005) at rates faster than other organisms. A distinction can be made into
white rot fungi which simultaneously degrade all of these components at a similar rate,
simultaneous white rot, for example as caused by Trametes versicolor, and preferential lignin
degradation where delignification is concomitant with a reduction in hemicellulose content, a

so-called selective decay, for example, as caused by Ceriporiopsis subvermispora.

Microscopic examination may reveal cell wall penetration with widening bore holes and

erosion around the bore holes, erosion of the cell wall from hyphae on the wood cell lumens
17



resulting in cell wall thinning and in some instances cell separation caused by middle lamella

delignification during a more lignin selective form of decay.

In simplistic terms the micromorpholgy of simultaneous decay is a cell wall erosion initiating
from troughs formed around the hyphae (Bravery, 1968) and subsequent cell wall thinning
while selective, preferential decay is seen as cell wall separation due to middle lamella
delignification which is also accompanied by the loss of lignin in the secondary cell wall layers.
Some fungi may perform a mixed selective and simultaneous decay within different regions

of the wood.

White rot fungi often may produce considerable amounts of extracellular polysaccharides
which may retain the high molecular weight cell wall degrading enzymes (e.g. cellulases,
hemicellulases, and peroxidases), metabolically expensive enzymes, close to the hyphal
surfaces, while lower molecular weight, mediator driven, and delignification systems may be

more diffusible and may be responsible for wood cell wall delignification.

2.4.3.2. Brown rot fungi

Brown rot decay is so-called because of the darkening which occurs during decay, which is a
result of the removal of the wood polysaccharides and the presence of degraded oxidised
lignin. Subsequent drying and the loss of wood substance, especially the cellulose causes the
wood to shrink and as it has little residual strength cross-grain cracking and longitudinal
cracking occurs. It is weak and easily crumbles between the fingers resulting in a fine powder.
When subjected to mechanical testing it is can be shown to have lost much of its toughness
at very low weight losses (less than 5%) (Armstrong and Savory, 1959; Henningsson, 1967;
Wilcox, 1978; Green et al., 1991; Winandy and Morrell, 1993; Curling et al., 2001) and it is thus

considered a serious form of decay from a structural standpoint.

If examined by light microscopy brown rotted wood may show widened bore hole formation
through the cell walls and loss of bordered pit membranes in softwoods (Wilcox, 1978;
Schwarze, 2007) and cell wall shrinkage, but the use of polarised light may reveal loss of
birefringence due to the removal of the cellulose. When the S2 layer is examined by scanning

electron microscopy a porous structure is revealed, indicating considerable internal damage.

The brown rot fungi decompose the polysaccharides (cellulose and hemicelluloses) from
wood, which then leaves the modified lignin remaining and making the wood browner in

colour (Ibach, 2005). Brown rot fungi largely colonize softwoods, but they can also be found
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on hardwoods, even durable hardwoods. For example the dry rot fungus, Serpula lacrymans
may be found on oak in historic buildings in the UK. The strength properties of decayed wood
decreases quickly in the early stages of decay (Ibach, 2005) where hemicellulose degradation
predominates (Winandy and Morrell, 1993; Curling et al., 2001). The hemicellulose
constituents are degraded initially and this is followed by cellulose degradation. Since the
cellulose microfibrils are enveloped in hemicellulose, this may be a serious stage during fungal
degradation (Green and Highley, 1997). The brown rot fungi first use a small, diffusible low
molecular weight system linked to a Fenton hydroxyl radical system (Chelator mediated
Fenton system) to penetrate into the fine pore structure of the cell wall and depolymerize the
cellulose in the cell wall and then apply endo-cellulases for further decomposition. Some, but
not all, brown rot fungi are also known to produce cellobiohydrolases, typically those from
the Coniophoraceae. Brown rot decay is not localised around hyphae and the brown rot fungi
are not noted to produce large amounts of extracellular polysaccharides to retain their
degradative enzymes. The currently held view of the brown rot decay mechanism in respect
of lignin attack (which has been around since the 1970s), suggests that brown rot fungi do
degrade lignin but do not metabolise it, instead they polymerise it into a recalcitrant lignin-

like structure (Arantes and Goodell, 2014).

2.4.3.3. Soft rot fungi

Soft rot fungi are normally regarded as fungi of the Ascomycota and related asexual fungi of
the Deuteromycota which occur usually in constantly wet wood, but they may also appear on
the surfaces that encounter wet-dry cycling and may dominate at the surfaces of preservative
treated wood. The typical soft rot decay is a shallow softening at the wood surface when wet,
but the undecayed wood underneath is still firm and progressively deeper shows no
microscopic features of decay. If in running water the soft rot inhabited the surfaces are weak
and may be eroded resulting is losses in wood dimensions, and allowing decay to continue.
When dried, decayed surfaces may show fine longitudinal and cross cracking. The wood

decayed by soft rots becomes darker (dull-brown to blue-grey).

When examined by microscopy wood decayed by soft rot fungi may show various decay
features including blue-stain like cell wall penetration, cavity formation in the S2 and S1 layers,
cell wall erosion of various morphologies and general loss of birefringence when examined by
polarised light microscopy which has been likened to a form of brown rot attack (Eaton and

Hale, 1993). Although soft rot is essentially caused by the types of fungi cited above, cavity

19



formation in the S2 layer has also been reported in both brown and white rot fungi, and may
be related to the damper, lower oxygen tension conditions which may occur. Soft rot fungi
typically produce a range of cellulases, hemicellulases (Eaton and Hale 1993) and some soft
rot fungi are reported to be able to degrade lignin, albeit slowly. The soft-rot fungi have a

system to release lignin in wood to then allow the cellulases access to substrate (Ibach, 2005).

2.4.4. Decay mechanisms

Wood cell walls can only be regarded as a solid material down to a certain level, beyond which
they consist of the chemical constituents and a variety of spaces, which give rise to an internal
micropore structure. The early view of breakdown of cell wall polymers by hydrolytic enzymes
alone is inadequate because the pores are regarded as being too small for the enzyme systems
to rapidly move within the wall, so either alternative low molecular weight systems are
involved or a series of surface modifications need to occur in concert to remove the cell wall
components, in a stepwise manner. Cowling and Brown (1969) pointed this out and this has
been a central theme of the understanding of both white and brown rot decay types, ever
since. In the event highly diffusible low molecular weight systems have been shown to operate
with both white and brown rot fungi which, dependant on the decay system operating change

the pore structure and increase subsequent enzyme accessibility.

The review will only address the generality of decay mechanisms because recent genomic
studies (Riley et al., 2014) suggest that there is considerable overlap in the Basidiomycota
decay types, i.e. the white and brown rots. In terms of wood decay the fungi of the
Basidiomycota, the brown and white rots, are the most significant and these have been used

within this work, so that detailed review of soft rot mechanisms is not included here.

2.4.4.1. Decay mechanisms by white rot fungi

White rot fungi usually have a complete cellulase complex and a series of hemicellulases, but
also have various enzymes which are involved in lignin degradation. The hemicellulose
appears to serve as a carbohydrate source (energy and carbon source) for the fungus as lignin
degradation occurs and is depleted (Eriksson et al., 1990). With white rot the mechanisms may
be different with some of the different activities expressed during decay. Simultaneous decay
may occur by cell wall erosion, involving all cell wall polymers, while delignification of the cell

wall and middle lamella may be a more selective form of decay involving hemicellulose and

20



lignin. This attack within sound cell walls, per se, requires low molecular weight degradative

agents rather than enzymes to initiate decay and this is achieved during ligninolytic attack.

Where enzymes have access to the cellulose substrate the white rot fungi express a range of
extracellular enzymes involved in cell wall polysaccharide breakdown including glycoside
hydrolases (GH), carbohydrate esterases (CE) and polysaccharide lyases and cellobiose
deoxygenase (CDH) and lytic polysaccharide monooxygenase (LPMO). Greater diversity is
present in wide genome studies (Hori et al., 2013). In addition carbohydrate binding systems

are also present (CBM) which appear to be present with white- not brown rot fungi.

The most important and best understood group of the cell wall degrading enzymes are the
glycoside hydrolases, which work by a synergistic action to break down cellulose i.e. endo-1,4-
B-glucananses, exo-1,4-B-glucananses and 1,4-B-glucosidases. The endo-1,4-B-glucananses
hydrolyse parts of the chain of cellulose along the length of crystallite, releasing shorter chain
oligosaccharides, while the exo-1,4-B-glucananses generally bind onto non-reducing ends of
the chain and move towards the end and cleaving off cellobiose units. The 1,4-B-glucosidases
can hydrolyse large oligomers and cellobiose to monomers (i.e. glucose), which is taken up by
the fungal hyphae. Oxidative enzymes e.g. cellobiose oxidase, glucose oxidase and cellobiose
dehydrogenase may also be involved, but these are involved in shunt reactions to avoid the
build-up of breakdown products (Eriksson et al., 1990; Eaton and Hale, 1993). The enzymatic
decay mechanism of hemicelluloses is similar to cellulose except that the synergistic action of
a series of enzymes is not necessary because hemicelluloses are non-crystalline. The enzymes
also operate endo- and exo- to the hemicelluloses which are used by fungi (Eriksson et al.,

1990).

Lignin represents a difficult structure to degrade and powerful oxidants have been implicated
(Hammel and Cullen, 2008). Several high oxidation potential class Il peroxidases are expressed
and commonly found in the genomes of white rot fungi (Riley et al. 2014), and comprise Lignin
peroxidase (LiP), Manganese dependant peroxidase (MnP) and in some white rot fungi,
versatile peroxidase (VP), for example in Pleurotus spp. (Martinez, 2002; Boada et al., 2005;
Tsukihara et al., 2008). Laccases (lac) are common but are also present in some brown rot
fungi (Riley et al., 2014) and are not found in all white rot fungi, e.g. Phanerochaete
chrysosporium (Martinez et al., 2004). Laccase in wood decay fungi has been known for a long
time which was mentioned by Bavendamm (1928) and its presence was widely used as an
indicator of white rot. Its role in lignin degradation was thought to have been largely restricted
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to monomer degradation, due to its considerably lower oxidative potential than the
peroxidase lignin degrading enzymes, although more recent work has promoted the role of

laccases in the presence of redox mediators and iron reducing systems.

Although LiP was the first major lignin degrading enzyme to be isolated (simultaneously
published by Glenn et al., 1983; Tien and Kirk, 1983) it turned out that this was not universally
present in white rot fungi (e.g. Pleurotus ostreatus and related species) and a second enzyme,
MnP, discovered slightly later (Glenn and Gold, 1985) and is thought to be more widespread
and possibly of greater importance. However the peroxidases are thought to be responsible

for large scale lignin degradation due to their higher redox potential.

The peroxidases can oxidise phenolic and non-phenolic (Ca—CP cleavage) compounds within
the lignin structure. MnP, oxidises manganese from Mn Il to Mn Il and this later oxidises lignin
phenolics to phenoxy radicals. The phenoxy radicals ultimately initiate depolymerisation
reaction within lignin. This is a low molecular weight diffusible system which can attack the
wood cell wall from within. On the other hand, laccase can also produce phenoxy radicals
similar to MnP (Eriksson et al., 1990; Reid, 1995). Versatile peroxidase is thought to have lower

activity and its role requires further clarification (Hammel and Cullen, 2008).

LiP is oxidised by hydrogen peroxide which then itself oxidises two substrate molecules,
forming cationic substrate free radicals intermediates which spontaneously fragment. Most
of the scissions occur between the Ca—Cp to give benzaldehydes which may be further

oxidised by other reactions to benzoic acid structures (Hammel et al., 1986).

2.4.4.2. Decay mechanisms by brown rot fungi

The polysaccharides are rapidly depolymerised and the degree of depolymerisation (DP) of
cellulose is also reduced while at the same time the weight losses are typically low (Cowling,
1961; Eriksson et al., 1990). The decay starts mainly in the S2 layer of the wood cell wall
leaving the S3 layer of the lumen surface un-decayed (Highley et al., 1985; Eriksson et al.,
1990; Kim et al., 1991; Arantes et al., 2011). The hyphae of brown rot fungi mostly grow in the
wood cell lumens (Kuo et al., 1988) and the degradation is not restricted to the immediate
surface of the hyphae, but the degradative system diffuses away from the hyphal surfaces,
thus indicating that degradative agents have considerable ability for diffusion, and where

possible into the wood cell wall.
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Many studies have not detected cellobiohydrolase activity in brown rot fungi although they
may be present in the Coniophoraceae (Nilsson, 1974; Highley, 1988; Eaton and Hale, 1993;
Schmidhalter and Canevascini, 1993) and other fungi including Fomitopsis palustris (Yoon and
Kim, 2005) and Gloeophyllum trabeum (Cohen et al., 2005). Thus many lack the synergistic
endo- and exo- glucanase for the enzymatic degradation of the crystalline cellulose that white
rot fungi have (Enoki et al., 1990; Backa et al., 1992; Goodell et al., 1997; Hyde and Wood,
1997) and that the enzyme complexes characterised in the brown rot fungi are essentially too
large to penetrate into the wood cell wall to reach and degrade cellulose in sound wood cell
walls (Cowling and Brown, 1969; Goodell et al., 1988; Flournoy et al., 1991) alternative
theories involving low molecular weight systems have been examined. Cowling and Brown
(1969) suggested that the Fenton chemistry is the possible mechanism of the brown rot decay

and this has been followed since.

The brown rot fungi are known to produce extracellular hydrogen peroxide using glyoxal
oxidases and copper radical oxidases and the hydrogen peroxide is believed to participate in
the brown rot decay. Koenigs (1972, 1974a, b) reported that the brown rot fungi produce
extracellular hydrogen peroxide and wood contain iron ions and suggested that the Fenton’s
reaction may involve in the brown rot decay (H202 + Fe*>>Fe*3 + OH™ + "OH). Hydroxyl radicals
are the most powerful oxidising systems of living cells. The hydroxyl radicals produced from
the Fenton’s reaction were thus proposed to cleave long chain molecules of cellulose into
small fragments. It was later demonstrated that molecular oxygen may take part in the
production of superoxide radicals which may be the precursor of hydrogen peroxide in brown
rot decay processes (Enoki et al., 1990; Lu et al., 1994). The hydroxyl radicals were then

thought to be able to diffuse into the wood cell wall and initiate decay.

Questions have been raised about the stability of the hydroxyl radicals themselves, in that
they would need to be stable for long enough for them to diffuse into the wood cell walls as
they have a half-life in the order of around 10° s (Goodell et al., 1997). Thus more stable
radicals would have to be generated which could diffuse into the cell wall and then regenerate
hydroxyl radicals within the lignocellulose/hemicellulose S2 wood cell wall matrix. A simple
system of this has been proposed by Arantes and Goodell (2014) which is summarized in
Figure 2.6 and this involves the production of hydrogen peroxide in the cell lumens and the

generation of hydroxyl radicals inside the wood cell wall.
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Simplified brown-rot decay mechanism
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Figure 2.6. The simplified mechanism for the role and transport of hydroxyl radicals in the
Fenton mediated brown rot decay system as supported by Arantes and Goodell (2014).

This pulls together a series of ideas involving modified hydroxyl radical theories which have
been developed by Goodell, co-workers and others over a number of years. Initial work looked
at the role of siderophores in the sequestration of iron (Jellison et al., 1991) but this has
assumed a more active role where some compounds are released by the fungus which have
potentially more active roles as mediators, including 2,5-dimethoxyhydroquinone (DMHQ),
isolated from G. trabeum by Paszczynski et al. (1999) and subsequently shown to be present
in other brown rot fungi. The brown rot fungi generate a low pH in the lumen by means of
oxalic acid which combines with iron, low molecular weight iron reducing compounds (LMW)
and hydrogen peroxide. All of these diffuse into the cell wall where the DMHQ sequesters Fe3*
from the oxalate Fe complexes and reduces this to Fe?*. The Fe?* participates in the Fenton
reaction inside the wall and generates the hydroxyl radicals causing the resultant effects on
the lignocellulosic complex of glycosidic bond cleavage, lignin demethylation and
depolymerisation. Lignin itself is now thought to be more degraded than was previously

realised but may repolymerise following Fenton hydroxyl radical attack (Goodell et al., 1997).

Thus it is concluded that these decay types involve oxidative free radical generating systems
and enzymes which directly attack the wood cell wall substrates so that an inclusion of an

oxidative system into the theme of this thesis is important.
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2.5. Natural durability of wood

The durability of a wood species to attack by degrading organisms such as termites, powder-
post beetles, marine borers and fungi will determine its natural durability. The ability of a
wood species to resist biodeterioration for a specific period of time is known as “natural
durability” or “natural decay resistance”. This definition only refers to heartwood and excludes
species with no distinction between heartwood and sapwood (Wong et al., 2005). In service,
wood needs to have durability fit for purpose and the risk of wetting determines the level of
durability required (EN 350-1). When the risk of wetting is high and a long service life is
required, high durability wood is required. Inadequate durability could mean early failure and
a short service life. Therefore, natural durability against decay is an important property in
wood. The heartwood of some species e.g. teak (Tectona grandis) and greenheart (Ocotea
rodiaei) can last for decades in regions of high decay hazard, while other species requires quick
conversion and drying after felling if the risks of spoilage and or decay need to be avoided, e.g.

birch (Betula spp.) and pine sapwood (Pinus spp.) (Eaton and Hale, 1993).

Some wood species produce extractive compounds which can protect the wood; these are
considered the principal source of decay resistance for many species. The extractives are
produced when the living ray cells of the inner sapwood zone die and form the non-living
heartwood. As the sapwood dies in wood species, a series of reactions take place in the
parenchyma cells of wood rays and converts the stored starch and sugars into a wide range of
compounds, some of which are toxic and become the constituents of new heartwood.
Generally, the sapwood of all species has low natural durability (Toole, 1970; Eslyn and
Highley, 1976). The heartwood of many species has a distinctive dark colour, while in some
other species it is difficult to differentiate the colour from sapwood. The decay resistance of
wood varies among the species, individual trees, and within the individual trees (Scheffer and

Cowling, 1966).

The climate conditions in combination with particular types of wood degrading organisms
endemic to a specific geographical area interact to influence the natural durability of wood
species. Wood used in tropical conditions generally degrades much quicker than in temperate
regions (Wong et al., 2004). The tropical wood species vary extremely in their resistance to
decay, but only a few of them are resistant against the termites. Generally, the natural
durability of wood species is evaluated by different standard methods of field and laboratory

tests as appropriate to different exposure situations and environments, and these procedures
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rate wood species into durability classes. In ground contact field test results, the durability of
wooden stakes differs between temperate and tropical regions due to temperature and water
availability, producing diverse rates of biodegradation. An example for in-ground durability
classification of wood species against Basidiomycete (white and brown rot) or soft rot decay
(temperate problem) and termite decay combinations (humid tropical problem) is shown in
Table 2.1.

Table 2.1: The service life criteria for evaluating in-ground durability of wood species (test

stakes) in temperate and tropical regions compared with the mass loss criteria of laboratory
durability test (wood blocks).

Natural durability Temperate Tropical Laboratory test Laboratory Laborato
or climate climate mass loss (%)° test rx‘ta(:s;t
Engl Malaysi loss*
decay resistance (England)  (Malaysia) mass loss loss (%)
service service (EN 350-1)*

I 4 5
class life! life? (ASTM)
1. Very durable >25 yr >10 yr 0, or negligible x<0.15 0-10%
2. Durable 15-25yr  5-10yr <5% 0.15<x<0.30 11-24%
3. Moderately durable 10— 15 yr 2-5yr 6-10% 0.30<x<0.60 25-144%
4. Slightly durable 5-10yr <2yr 11-30% 0.60<x<0.90  >44%
5. Not durable <5yr - >30% x>0.90 -

* Average corrected mass loss of test specimens/ average mass loss of reference specimens.
1Eaton and Hale, 1993; 2Wong et al., 2005; 3Findlay, 1985; “EN350-1,1994; SASTM, 1981

The natural durability of wood is mostly dependent on the presence of extractive compounds
in heartwood. The conventional view, held during the last century was that the extractives are
toxic but other mechanisms are now being added to this, including antioxidant activity (Schultz
and Nicholas, 2000) and the polymerisation of molecules with the wood structure.
Furthermore heartwood formation results in the drying of the wood and in some hardwoods
the formation of tyloses in vessels (e.g. white oaks), whilst in softwoods pit aspiration and
encrustations on these occur. Thus heartwood durability is complex and may involve a variety
of different factors i.e. biocidal, antioxidant, and metal chelating mechanisms, moisture
exclusion and cell wall moisture exclusion. Many studies have focused on the isolation of the
wood extractives and its effect on the durability of wood, i.e. flavonoids, quinones, stilbenes
etc. (Schultz et al., 1995; Chang et al., 2000; Ohmura et al., 2000; Wang et al., 2004; Dungani
etal., 2012).

Schultz and Nicholas (2000) reported that the flavonoids can protect heartwood from the

fungal degradation by a dual mechanism — fungicidal and free radical scavenger (antioxidant).
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Gupta and Prakash (2009) reported that flavonoids have natural antioxidant properties and
ability to scavenge of free radicals. Specially, it is well known that the extractives have
excellent free radical scavenging and metal chelating capabilities. As discussed for brown rot
decay, free radical systems may be very important for brown rot decay and antioxidants are

thus important.

Schultz and Nicholas (2000, 2002) proposed an alternative approach to develop new wood
protection methods by studying the natural durability mechanism of heartwoods of some
wood species. The authors suggested that the extractives present in heartwood protect it from
the fungal colonization and degradation due to having fungicidal and possible other non-

biocidal properties (antioxidants/free radical scavenging) which work synergistically.

It is also found that the fungal degradation of wood involves different metals (Eriksson et al.,
1990). The phenolic extractives are able to form complexes with metals (metal chelator), thus
metal chelation could be another means of protecting wood by extractives. Schultz and
Nicholas (2002) further studied the synergistic effect of various organic fungicides, with
different antioxidants in combination to metal chelators using different wood species against
the wood decay fungi. The study gave enhanced decay resistance when compared with the
results of organic fungicides alone and suggested the possible trio-mechanism of heartwood
protection by fungicidal, free radical scavenging and metal chelating activities. Several other
studies have also concentrated on this issue of using synergistic effects to develop new wood

protection strategies (Mabicka et al., 2005; Gao et al., 2007, Stirling et al., 2007).

2.6. Wood preservation and environmental legislation

The sapwood of all wood species is susceptible to the attack of wood destroying organisms
but the heartwood, as discussed above, differs in its resistance to decay depending upon the
wood species. Many heartwoods are durable enough for use in adverse situations without
preservative treatment, but others are no more durable than sapwood. In many cases when
a tree trunk is converted to the sawn product, both sapwood and heartwood are present in
the same piece of timber. So, even if the heartwood is durable, the presence of a substantial
proportion of sapwood may dictate that to meet end-use requirements, the wood will need
preservation if the wood is exposed to a decay risk environment. The European Committee
for Standardisation, (Technical Committee CEN/TC38) has adopted the following definition for

a wood preservative.
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“Wood preservatives are active ingredient(s) or preparations containing active ingredient(s),
in the form in which they are placed on the market, and which are, on the basis of the
properties of their active ingredient(s), intended either to prevent wood-destroying or wood-
disfiguring organisms (fungi, insects and marine borers) from attacking the wood and wood-

based products or to combat an attack of these organisms.”

Wood preservation is a constantly developing technology. This can be demonstrated by the
changes in the active ingredients used. The changes may be introduced by shifting the
availability, efficiency, economics, safety and/or environmental considerations. In many cases,
particularly for the environmental considerations, such changes are demanded through
different legislation. While some compounds such as mercuric chloride, dieldrin, lindane, DDT,
pentachlorophenol and tri-n-butyl tin oxide have long since ceased to be used, mainly because
safer and less environmentally damaging systems were developed, more recently chromated-

copper-arsenate has been withdrawn from use by legislation.

Rising concerns for the environmental acceptability and safety of many biocides was already
important and discussed earlier (Hilditch, 1983). There has for a long time been an increasing
general need to improve wood protection methods that meet a number of criteria including
environment and health, appropriate degrees of protection for specified end-uses and
economic viability. Biocide issues which have vexed the industry also include leaching losses
and uncontrolled emissions and spillage in use (i.e. into watercourses, soil water and river
ecosystems) and end-of life cycle disposal issues. Such concerns have led to the banning of
CCA or have strictly limited its use to specific products or market sectors. There have been
more concerns raised on the use of chromium and arsenic as wood preservatives in places

where there is a high probability of human exposure to treated wood (McNeill, 1990).

The acknowledgement of preservative treated wood as hazardous waste generally leads to
two options for the wood protection technology: reduce the waste generation chemicals or
substitute alternative and safer chemicals for the traditional preservatives of wood. The latter
option leads to the wood maodification, which offers future prospects for the wood
preservation industry. This can be in parallel with other methods of imparting the
performance of wood, including its durability. This alternative method can use non-toxic
materials e.g. bulking agents and/or water repellents that modify the wood chemically and
thus the wood becomes unattractive to wood destroying organisms (Kumar and Morrell,
1993).
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2.7. Wood modification

Conventional wood modification includes three principal strategies i.e. chemical, thermal and
impregnation modification. The first two share a common aim to modify the molecular
structure of the wood cell wall constituents, while impregnation modification may not
necessarily achieve cell wall modification and may only achieve some lumen filling. The
properties of wood can be improved considerably by changing the cell wall hydrophilic
hydroxyl- (OH) groups into more hydrophobic groups (Homan and Jorissen, 2004). Although
the wood modification has been a subject of great deal of study at the academic level for more
than 50 years, it is only recently that there has been major commercial development (Hill,

2006) and in 2011 Accoya, acetylated radiata pine, became available worldwide.

Different definitions of wood modification are reported in old and recent literature. In some
cases, they include a change in the chemical structure of wood cell wall components. Recent
insights have revealed that in many cases it is difficult to obtain these criteria (Hill et al.,
2004b). A wider definition of the wood modification includes a treatment of wood to improve
its properties, but that does not contain a product that has toxic residues. This excludes the
use of biocidal treatments and thus separates the wood preservation from the wood

modification (Van Acker and Hill, 2003).

Hill (2006) defined wood modification as a means of altering the material to ameliorate or
overcome one or more disadvantages of wood. In a more specific term “wood modification
involves the action of a chemical, biological or physical agent upon the material, resulting in a
desired property enhancement during the service life of the modified wood. The modified wood
should itself be non-toxic under service conditions and, furthermore, there should be no release
of any toxic substances during service, or at end of life following disposal or recycling of the
modified wood. If the modification is intended for improved resistance to biological attack,

then the mode of action should be non-biocidal”.

The different wood modification technologies have been acknowledged for a long time, but
no economic or environmental urgency was developed in these technologies in the past.
Recently, there has been growing legislative and environmental pressure for biocide and
preservative use based on traditional biocides which have created new opportunities for wood
modification. At present some processes for modifying wood have been commercialised at

the industrial scale (e.g. Accoya: acetylation, furfurylation, and various heat treatments) and

29



continuous advances in the process development will make these materials more common in

future (Hill, 2009).

The modification of wood has been classified early on by Norimoto and Gril (1993) mainly in
two ways, active and passive modification, by referring to changes occurring at the cell wall
level (Table 2.2). Wood modification involves active modifications which result in a change of
chemical nature of the material, but in the passive modification, the change in properties is

effected without alteration of the chemistry of the material.

Table 2.2: Classification of wood modification methods (Norimoto and Gril, 1993).

Division Type Class
Active Chemical modification Cell wall
Surface
Thermal modification Cell wall
Enzymatic modification Surface
Passive Impregnation modification Cell wall fill
Lumen fill

Wood modification can improve many important properties of the wood including
dimensional stability, permeability, hardness, UV stability and biological durability. To control
the moisture uptake into and loss from wood is a very effective way for protecting wood.
Different wood modification processes have been confirmed at the laboratory and at semi-
industrial scales and continuous advances are going on in the process of development.
Chemical modification of wood has been the subject of many literature reviews, including
acetylation, furfurylation and N-methylol (DMDHEU) (Rowell, 1977, 1983; Banks, 1990;
Takahashi, 1993; Banks and Lawther, 1994; Kumar, 1994; Sasaki and Kawai, 1994; Hon, 1995;
Militz et al., 1997; Suttie, 1997; Birkinshaw 1998). Thermal modification of wood is another
interest in wood modification sector and has been practised for a long time. This is the most
developed modification technology in the commercial sense, with production starting in
Finland in the late 1990s (Hill, 2009). Besides these two well established modification methods
there are some other methods that have been developed including enzymatic modification

and surface modification (Hill, 2006).

2.7.1. Impregnation modification
The impregnation of the wood cell wall with different types of chemicals is a very broad area
that continues to attract interest. Impregnation involves the impregnation of the wood cell

lumens with a monomer solution. This may polymerise only in the lumen or it may also diffuse
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into the cell wall and polymerise there as well. It is however, important to note that an
impregnation of the cell wall with the modifying agent is required in order to bring about
desirable property changes and that furthermore this impregnant should ideally be non-
leachable (Hill, 2009). All such impregnation modification technologies use low molecular
weight monomeric compounds. Examples of these modification methods developed in the
past are the Impreg and Compreg technologies developed at the FPRL Madison WI USA which
use phenol formaldehyde resin impregnation followed by heat or heat combined with

pressure curing to make a modified wood product (Stamm and Seborg, 1941).

This category of modification does not necessarily involve changes to the chemical
composition of the wood cell wall. The principle behind impregnation modification is
explained by Hill (2006) as “to impregnate the cell wall of wood with a chemical, or a
combination of chemicals, that then react so as to form a material that is locked into the cell
wall. For this to occur, it is necessary that during the impregnation phase that the cell wall is
in a swollen state, so as to ensure accessibility to the impregnant”. He also mentioned that
the presence of non-leachable material in the cell wall of wood can affect the physical and

biological properties of wood through different mechanisms (see Hill, 2006).

2.7.2. Properties of resin modified wood

The resin treatment is the most useful method among several other process of impregnation
modification. As with many early research areas in the field of wood modification, Stamm and
co-workers performed much of the work in resin impregnation at the Forest Products
Laboratory in Madison (Stamm and Seborg, 1941). Beside this, several other processes like
dimethylol dihydroxy ethylene urea (DMDHEU), furfuryl alcohol, maleic acid with glycerol,
maleic anhydride with polyglycerol, N-methyl acrylamide, and impregnations using silicon-

containing compounds have been developed as impregnation modification (Hill, 2006).

The preliminary work on resin treated solid wood was directed towards increasing
dimensional stability, which was done by filling the voids of the wood with resin and therefore
stopping the ingress of moisture. Stamm and Seborg, (1936) suggested that the permanency
of resin bonded to the -OH groups of cellulose would give a far more permanent effect that
with other materials such as waxes. Resin can impart decay resistance in two ways; either by
simply blocking the micropores in the wood, making the wood cell wall impervious to water,

or by acting as a toxic chemical barrier that kills the fungi (Hill, 2006).
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The treatment of wood with different resins have been widely studied, including the use of
phenolic resins, urea resins, melamine resins, epoxy resins, polyurethane pre-polymers and
unsaturated polyesters (Pittman, 1994). The principles for enhancing the durability of wood
using in particular waterborne resins impregnated into the wood were described by Rapp and
Peek (1995). Treatment with polymethylmethacrylate achieved the WPGs of ca. 160 and
produced a highly water repellent composite due to the filling of cell lumen, but the
dimensional stability was found to be lower than other modified woods because the polymer
could not penetrate into the cell walls. The modified material (acrylic wood) exhibits good
mechanical properties and can be used in parquet flooring, musical instruments and sports

equipment (Rowell and Konkol, 1987).

Polyethylene glycol (PEG) is a water soluble polymer which is impregnated into wood by
diffusion and can be accelerated by elevating the temperature and PEG solution concentration
(Stamm, 1964). With a WPG of 25-30 achieved, the PEG remains water soluble and it was
leached out after drying. However wood impregnation with PEG can impart very good
dimensional stability, as ASE values increased, and the treatment reduced the occurrence of
checks during drying (Norimoto and Gril, 1993). Wood impregnated with glycols is usually
finished with a surface coating to seal them. This has been used in archaeology for treating
water-logged wood materials, as in the Mary Rose project (Stevenson, 1995). It is also used
for treating the cross-section plaques, table tops, rifle stocks, and the green wood sections of

bowls and other turnings (Rowell and Konkol, 1987).

Wood has been treated with thermosetting and fibre penetrating resin system followed by
curing without compression (Stamm and Seborg, 1962). The phenol formaldehyde (PF) resin
forming systems with low molecular weights are by far the most successful thermosetting
systems for modifying wood properties. The PF resin can enter into the wood cell walls, which
results in an improvement of the heat resistance, electrical insulation properties and decay
resistance. The dimensional stabilization of particleboards and solid wood surfaces treated
with PF results in good mechanical performance and was thought to be worthy for commercial
application (Norimoto and Gril, 1993). The PF resin with a low molecular weight in aqueous
solution has been used to treat veneers for plywood and particleboards which achieved
improved dimensional stability and biological resistance to fungi and termites (Kajita and

Imamura, 1993).
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The melamine resins also were advanced as resin treatments for the improvement of wood
durability and hardness in the application of parquet flooring (Rapp and Peek 1996). Wood
treated with melamine formaldehyde (MF) and melamine urea formaldehyde (MUF) resin
systems showed an impressively improved dimensional stability, and resistance to weathering
and fire (Pittman, 1994). The MF resins had good weather and moisture resistance, were
stable to ultraviolet light and also had excellent fire retardant properties. Conversely, some of
the mechanical properties of wood were diminished due to the rigid and brittle nature of the
cured resin in the wood. This negative effect could be overcome by using blends of resins
(MUF and MF). Generally, the differences in the WPG are evaluated by the resin type which is
impregnated into the wood and indicated the degree of ASE that will be advised to the final
product. These resins have the capability not only to exclude the moisture from wood but also

to interfere with some of the fungal degradation mechanisms.

Many authors have reported on microbial resistance of resin modified wood (Stamm and
Baechler, 1960; Van Acker and Stevens, 1989; Takahashi and Imamura, 1990; Ryu et al., 1991;
Militz, 1993; Rapp and Peek, 1995, 1996; Sailer et al., 1998; Ritschkoff et al., 1999; Van Acker
et al., 1999; Deka and Saikia, 2000; Westin et al., 2004). Stamm and Baechler (1960) reported
the decay resistance of Sitka spruce wood modified by 5 different techniques including PF
resin impregnation and found that weight loss due to decay by Lenzites trabea (=Gloeophyllum
trabeum) became negligible when the ASE reached to 70% or higher, summarized that the
decay resistance of PF impregnated wood increased as a result of the physical blocking of
wood cell wall -OH groups. The effect of the molecular weight of resin on the decay resistance
of PF treated wood has been a subject of many investigations. Furuno et al. (2004), Ryu et al.
(1991) and Takahashi and Immamura (1990) reported that decay resistance is higher with low

molecular weight resin systems than higher molecular weight resins.

Rapp and Peek (1996) investigated the decay resistance by fungi of Scots pine sapwood
treated with methylol-substituted melamine-based resins. Some samples were impregnated
with aqueous solution of resin and after curing, were exposed to Coniophora puteana and
Trametes versicolor. Good fungal protection was achieved with the resin treatment, even after
leaching in accordance to EN84 protocol. Lukowsky and Peek (1998) reported that the decay
resistance of MMF resin-treated Scots pine sapwood was improved when the resin immersion

periods were extended up to 24 hours and over.
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Van Acker et al. (1999) studied the decay resistance of the MMF treated Scots pine and beech
in accordance to EN113 and ENV807 protocols. The study revealed that resin retentions in
excess of 50 kg m~3 were found to be required in order to provide satisfactory protection to
the wood. Westin et al. (2004) reported that Scots pine was resistant after MMF resin
treatment when assessed in laboratory pure basidiomycetes test. The wood specimens were
impregnated with 7.5, 15 and 25% MMF solution by the full cell process with a vacuum of 30
minutes and 4 hour pressure at 8 bars. Maximum weight losses of 4.2% were found when

exposed to Trametes versicolor and a lower 1.6% was found when exposed to Postia placenta.

Work done at a similar time as a European project “Natural resins as a potential wood
protecting agent” evaluated a whole range of resin based on natural compounds and their
usability as wood protection agents by means of a Basidiomycete test (EN113) and a soil bed
test (ENV807). Six resin treatments were tested at three concentrations giving various
treatment levels (Van Acker et al., 1999). The results revealed that none of the resin
treatments had potential to be used under use class 4 conditions, some showed potential as
wood protecting agent for use class 3, including modified tall oil rosin, DMDHEU and MMF.
Resin treatment has been found to improve to a significant degree the resistance to attack of
termites. Deka and Saikia (2000) reported that the thermosetting resin treated wood was

resistant to attack by termites.

2.8. Bio-resin

The idea of wood adhesives from natural and renewable raw materials has been a topic of
significant interest for several decades. The level of interest and development has depended
on demand and economic factors. The use and application of adhesives based on the natural
renewable resources by many industries and the general public is often considered as a new
approach which requires novel technologies and methods for implementation (Dunky et al.
2002). The major thrust to date in bio-adhesives or bio-resins was started by the oil crisis of

the early 1970s, though this interest waned as oil prices stabilized.

However there is a new demand for bio-derived products, including resins, driven by
consumer demand as well as environmental considerations. When considering bio-derived
adhesives, it is necessary to establish the broadness of the definition. If considering the major
component of the adhesive, the bio-derived material may be referred to as non-petroleum
based. The term ‘bio-derived adhesive’ has come to be used in a very well-specified and

narrow sense to only include those compounds of natural, non-mineral or non-petroleum
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based origin, that can be used either in their original (natural) condition or after small
modifications and capable of reproducing the behaviour and performance of the synthetic
resins (BRE, 2007). Such a definition limits the number of materials that can currently be
included to tannins, lignins, carbohydrates, unsaturated oils, liquefied wood and wood
welding by self-adhesion. Other materials have been identified and widely used in the past,

and work continues into adhesives manufactured using proteins, blood and collagen.

2.8.1 Classification of bio-resin

The term ‘natural adhesive’ or ‘bio-resin’ includes material of any polymeric and pre-
polymeric monomer or oligomer derived from the natural sources that will cure to form a
durable bond. Though this class of adhesives also includes animal by-products e.g. blood,

collagen and fish glues, this section will only discuss adhesives derived from plants.

Plant derived adhesives generally separate roughly into one of the four categories outlined
below (Table 2.3). At present only small amounts of tannin and lignin are utilised in the wood
based industries. Tannins are utilized in the southern hemisphere mainly confined to panel
products industries within South Africa, Australia and South America. Lignin (both organosolv
and spent sulphite liquor, SSL, from the pulp and paper mills) has been used as a co-reactant
with the commercial PF to achieve specific properties (Sellers et al., 1994; Wang et al., 2009).
However few examples of true commercial lignin based resins can be found, but use of tannin
and lignin as natural phenolic replacements is increasing. Again very few instances exist of
practical wood glues from triglycerides and polysaccharides. Cashew Nut Shell Liquid (CNSL)
has attracted commercial interest to replace synthetic phenol resin systems (Dunky et al.,
2002; BRE, 2007) and is one of several examples of compounds that have potential as new

resin systems (Table 2.3).

Table 2.3: Potential plant derived compounds for using bio-resin (Dunky et al., 2002).

Categories of bio-resin Types
Tannins Hydrolysable
Condensed
Lignins Spent sulphite liquor (SSL)
Organosolv
Carbohydrates Starch
Cellulose
Hemicellulose
Unsaturated oils Oil seed triglycerides
Cashew nut shell liguid
(CNSL)
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2.8.2. Cashew Nut Shell Liquid (CNSL)

Cashew nut shell liquid (CNSL) is a natural and renewable product obtained from the shells of
cashew nut. With its natural form, the crude CNSL is a mixture of different phenolic
compounds. However, the main constituents are anacardic acid, cardol, cardanol and 2-
methyl cardol (Figure 2.8). Due to its phenolic nature and unsaturation of the side chain, the
CNSL has reaction sites both on the aromatic ring and the side chain. This makes CNSL a
suitable raw material for a wide range of reactions. CNSL can react with active methylenes e.g.
formaldehyde or hexamethylene tetramine through the hydroxyl group (OH) and then
undergo additional polymerization via the unsaturation present in the side chain (Mahanwar
and Kale, 1996). Therefore, different types of resins can be synthesized from CNSL, its isolated
constituents (cardanol), or from chemically modified CNSL. The synthesis and properties of
resins developed from CNSL and different aldehydes, styrenated CNSL-formaldehyde resins,
polyurethanes, acetal resins, acrylic resins, and a variety of resins have been reported

(Mahanwar and Kale, 1996).

CNSL is available naturally in many parts of the world e.g. Brazil, India, Bangladesh, Tanzania,
Kenya, Mozambique, and in the tropical regions of Africa, south-east and far-east Asia. The
cashew (Anacardium occidentale) is a tropical evergreen tree (Figure 2.7a) of Brazilian origin
and the most abundant member of the Anacardiancae family. It is now grown in many other
tropical countries due to Portuguese traders (Tyman and Kiong, 1977). Other parts of the
cashew plant including the cashew apple, cashew nuts and extracted CNSL are also shown in

Figure 2.7 (b-d).

The major constituents of the CNSL have been characterized by Tyman (1975) and Murthy et
al. (1965) using ultraviolet and infrared spectroscopy, mass spectroscopy, H-NMR, and
coupled with appropriate chromatography. The CNSL contains four major components, i.e.
anacardic acid, cardanol, cardol, and 2-methyl cardol (Figure 2.8). Based on the mode of
extraction from the cashew nut shell, CNSL is classified into 2 types e.g. solvent-extracted CNSL
(ICNSL) and technical CNSL (tCNSL) (Table 2.4). Among the CNSL constituents, anacardic acid
possesses antimicrobial, anti-acne, and many other medicinal properties (Kubo et al. 1993).
Cardol is a dihydric component that accounts for CNSL’s vesicant activity and toxicity
(Wasserman and Dawson, 1948). With its polymerizable phenolic group and its side chain,
cardanol has been widely studied for its polymeric properties (in the form of phenol-

formaldehyde resins) (Kumar et al., 2002).
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skin

Figure 2.7: General pictorial information of CNSL, (a) The cashew tree, (b) cashew apple with
nut from end of fruit, (c) cross section of the cashew nut and (d) appearance of the dark brown
coloured cashew nut shell liquid (CNSL). (Sources: Ramanan et al., 2008; Bala Chem, 2011;

Fruitpedia, 2011).
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Figure 2.8: Structure of CNSL (Cashew nut shell liquid) constituents (Kumar et al., 2002).

Table 2.4: Chemical composition of CNSL obtained by different extraction process (Kumar et
al. 2002; Das et al., 2004).

Factors Solvent extracted (/iCNSL) Technical (tCNSL)

Method of extraction  Extraction in Organic solvent  Shell roasting at 180-185 °C

Anacardic acid 60-65 % -
Cardanol 10% 60-65%
Cardol 15-20% 15-20%
2-methyl cardol - trace
Polymeric material trace 10%
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Resins made from this renewable material have wide applications including surface coatings,
paints, varnishes, and brake linings, but the main applications of CNSL are in the polymer
industry (Menon et al., 1995). Compared with conventional phenolic resins, CNSL polymer has
improved flexibility (because of the internal plasticization effect of the long side chain) and
this improves processability. The side chain of CNSL imparts a hydrophobic nature to the
polymer and this makes it water repellent and resistant to weathering (Pillai et al., 1980). The
low “fade” character on friction is a significant property of the CNSL polymer, makes it an
essential additive for most organic brake lining formulations (Wilson, 1975). CNSL based resins
have excellent resistance to the softening action of the mineral oils and high resistance to
acids and alkalis (Knop and Scheib, 1979). The CNSL polymers also have useful features such

as electrical and heat resistance (Anon, 1978) and, as discussed below, biological activity.

2.8.3. Bio-protection of wood by CNSL

As mentioned earlier that among the CNSL constituents, anacardic acid possesses
antimicrobial, anti-acne and many other medicinal properties, while Cardol accounts for CNSL
vesicant (blistering) activity and toxicity, although in rats 5 g /kg is tolerated (Suresh and
Kaleysa, 1990). The CNSL has potential for use as a biocide to protect wood form bio-
deterioration by termites (Lepage and De Lelis, 1980) and fungi. Adetogun et al. (2009)
reported the evaluation of CNSL as an anti-fungal wood preservative, where test blocks of
Triplochiton scleroxylon (Obeche) were vacuum treated with different concentrations of CNSL
in ethanol. Supposedly substantial penetration and absorption of /CNSL was reported and
weight loss was prevented in a laboratory test with the white rot fungi Coriolopsis polyzona,
Pycnoporus sanguineus, Ganoderma lucidum and Lenzites palisoti (=Trametes) at solution
concentrations of 16%, where 12% was inadequate to control C. polyzona. Here it is difficult
to interpret their results as they state that the wood was treatable and was well treated by a
vacuum system but only achieved a retention of 7 kg m™ at a solution strength of 32%. No
WPG data were reported but if a 32% ethanolic solution gave a retention 7 kg m= and the
reported density of Obeche is 380 kg m™ this would equate to a WPG of 1.8, and at half of that

(i.e. 16% pro rata), 0.9 would seem impressive.

Venmalar and Nagaveni (2005) studied copperised CNSL (extracted in hot kerosene) as a wood
preservative to protect rubber wood after dip or vacuum impregnation. Better decay
resistance was found with CNSL combined with copper than with the pure CNSL alone
although again the interpretation of retentions is difficult. Mwalongo et al. (1999) reported
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that the wood of Pinus ponderosa and Populus tremuloides (aspen) were least termite
damaged after 108 days exposure in Tanzania when treated with 40% CNSL with 2% CuCl;

(w/w).

Early studies in Brazil by Lepage and De Lelis (1980) suggested that CNSL painted onto wooden
structures prevented termite attack and subsequently a number of studies have focused on
the potential of the CNSL as an insecticide to protect wood from termite attack in other
locations (Remadevi et al., 2005; Remadevi and Muthukrishnan, 2007; Asogwa et al., 2007).
Unfortunately the above treatment solutions strengths do not concur with the normal
industry standard methods of expressing treatments; different woods have different densities
and permeabilities. Thus treating with certain solution strengths is more or less meaningless
because different amounts of a substance or formulation will end up in the material and little
attention has even been given to visual assessment of depth of penetration. Industrially the
amount of preservative applied is expressed as an uptake, loading or retention, and
penetration depths are also considered (Table 2.5). In lab decay resistance tests small blocks
are treated and full penetration is often assumed with proscribed test species, e.g. Scots pine

sapwood.

Table 2.5: Properties use to evaluate the efficacy of resin (preservative) treatment.

Properties of treatment Remarks

Uptake Assesses the amount of preservative taken up in a given
weight (conditioned or oven dry) or volume of wood

Loading (or retention) Uses the uptake x the solution strength to calculate the
amount of preservative present and can be expressed as
weight/ volume industrially. Researchers often express
this as weight/ weight because they may be working with
woods of different density

Weight per cent gain (WPG) Assesses the dry weight differences between before and
after treatments, expressed as a percentage of increased
dry weight.
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Chapter 3
Screening of antioxidant and antifungal properties of

cashew nut shell liquid (CNSL)

3.1. Introduction

Natural crude cashew nut shell liquid (CNSL) is a mixture of different phenolic compounds i.e.
anacardic acid, cardanol, cardol and 2-methyl cardol (Tyman and Kiong, 1977). The phenolic
components of CNSL have an unsaturated long side chain of 15 carbon atoms which offers
reaction sites on the aromatic ring and also on the side chain. Resins can be thus be

synthesized from CNSL and its isolated constituents (cardanol).

CNSL is produced as a by-product of the cashew nut industry. According to the extraction
method utilized, CNSL can be classified into two types, solvent extracted and natural or
immature (iCNSL) and technical (tCNSL) CNSL. The iCNSL is obtained by extraction in a solvent
and the tCNSL is obtained by a heating process, and is the most widely available CNSL. The
chemical constituents of these two types of CNSL are variable (see Table 2.4 in chapter 2) due
to the decarboxylation of anacardic acid to cardanol by the thermal treatment (Tyman et al.,

1989; Philip et al., 2008; Gandhi et al., 2012).

Among the CNSL constituents, anacardic acid possesses antifungal (Himejima and Kubo, 1991;
Prithiviraj et al., 1997) and antioxidant (Kubo et al., 2006; Trevisan et al., 2006) properties.
Cardol, the other major component, is reported to have other general properties including
antimicrobial and antitumor, larvicidal and molluscicidal (Lomonaco et al., 2009; Pimentel et
al., 2009; Tocco et al., 2009). Some studies also cite the antioxidant, antifungal, antibacterial,
larvicidal and molluscicidal properties of CNSL regardless of its isolated constituents (Casadei
et al., 1984; Evans and Raj, 1988; Souza et al., 1992; Kubo et al., 1993, Weerasena et al., 1993;
Kubo et al., 2006; Khanna et al., , 2009; Andrade et al., 2011; Oliveira et al., 2011). In addition,
in some cases the CNSL was also found effective against fungal wood decay (Venmalar and
Nagaveni, 2005; Adetogun et al., 2009; Adetogun, 2011) and termite attack (Mwalongo et al.,

1999; Asogwa et al., 2007) as a natural preservative.

The major antifungal studies done earlier (Himejima and Kubo, 1991; Prithiviraj et al., 1997)
indicated toxicity against human and plant pathogenic fungi but specific information regarding

wood decay protection are difficult to interpret because the reports only state the solution
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strengths used in specific wood species and no retention data is stated. Furthermore the type
of CNSL is not stated and it is possible that the antifungal and antioxidant properties of the
CNSL may be variable as because the proportion of the chemical constituents are different

between the tCNSL and iCNSL.

It has been stated in the literature review that the natural durability of heartwood may be a
result for not only fungitoxicity (e.g. thujaplicin) but of antioxidant activity (e.g. taxifolin)
(Scheffer and Cowling, 1966) this chapter sets out to explore these activities of both types of
CNSL. Thus, this chapter reports an investigation of antifungal and antioxidant properties of
different types of CNSL (tCNSL and iCNSL). The fungi-toxicity of CNSL was tested by agar plate
assay against brown rot (Coniophora puteana and Postia placenta) and white rot (Trametes
versicolor and Pleurotus ostreatus) fungi. The decay resistance of CNSL treated Scots pine
(Pinus sylvestris) wood was also examined by EN113 protocol. Investigation of the antioxidant
properties of different types CNSL was also done followed by the DPPH free radical scavenging

assay.

3.2. Materials and methods

3.2.1. Chemicals

Cashew nut shell liquid (CNSL) was used in two different types, technical (tCNSL) and solvent
extract or natural (/CNSL) as a condensed liquid. All other chemicals used for the experiment
were of analytical purity grade and purchased from Sigma-Aldrich, UK. Fungal growth media
were supplied by Oxoid, UK and deionised water was used for all experiments. The tCNSL was
supplied by The Biocomposites Centre, UK as “cardanol rich CNSL, Grade 1, batch 423” from
Rishabh Resins and Chemicals, Hyderabad, India in a 200 kg volume and was supplied through
Canopus Trade links Ltd., Chennai. It was shipped by Bibby distribution services to Allport Ltd,

Tilbury. The iCNSL was supplied from Biocomposites stock by Dr. Viacheslav Tverezovskiy.

3.2.2. Fungi

Wood decay fungi were obtained from the Mycology lab of School of Environment, Natural
Resources and Geography of Bangor University, UK. The fungal strains used in this experiment
include two brown rot fungi, Coniophora puteana (Schum.) Karst., strain FPRL 11E and Postia
placenta (M.). Larsen & Lombard, current name =Rhodonia placenta), strain FPRL 280; and

two white rot fungi, Trametes versicolor, (L.) Lloyd., strain CTB 863A and Pleurotus ostreatus
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(Jacq.) P. Kumm., strain FPRL 40C. The cultures of all fungi were maintained on 2% malt extract
agar (2% malt extract, 2% mycological agar) at 22°C and sub-culturing was done at 2 week

intervals.

3.2.3. Antioxidant assay

The antioxidant assay of the both CNSLs was determined by the way of free radical scavenging
activity using 2, 2-diphenyl-1-picrylhydrazyl (DPPH) discoloration method as described by
Scherer and Godoy (2009). Gallic acid and Quercetin were used as standards and/or control
for the CNSL antioxidant assay. Solutions of different concentrations were prepared by
dissolving the test components i.e. CNSLs and standards in methanol (100%). Aliquots of about
0.1 ml of methanolic solutions of the tested CNSLs and standards were each added to 3.9 ml
of the DPPH methanolic solution. The DPPH solution of 0.124 mM was prepared by dissolving
24 mgin 500 ml of methanol. A blank control of 0.1 ml pure methanol added to 3.9 ml of DPPH
solution was used. After 30 min of incubation at ambient temperature, the absorbance was
measured at 517 nm using a Bio-Tek micro-plate spectrophotometer (model PowerWave XS).
The tests were carried out in triplicate. The radical scavenging activity was calculated by the

following formula:
Percentage Inhibition, | (%) = [(A0-A1)/A0] X 100 .....ccoeuererieeeeceeerie et e (3.1)

Where, Ap was the absorbance of the control or blank and A1 was the absorbance of the tested

compound at different concentrations.

The ICso (Inhibitory concentration of the tested compounds, or standards, necessary to reduce
the absorbance of DPPH by 50%) was calculated graphically using a calibration curve by
plotting the extract concentration versus the corresponding radical scavenging activity (Chen
et al., 2013). The antioxidant activity was expressed as the antioxidant activity index (AAl)
(Scherer and Godoy, 2009). The AAl was calculated considering the mass of DPPH and mass of
the tested compound in the reaction which results a constant for each compound. This is
independent of the concentration of the DPPH and sample used. The AAIl was calculated by

the following formula.

Antioxidant Activity Index, AAIl = Final concentration of DPPH (ug/ml)/ICso (ug/ml) .... (3.2)
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3.2.4 Agar plate assay

The agar plate test was conducted using a mycelial diameter growth inhibition technique to
evaluate antifungal activity of different grades of CNSL against the brown- and white rot wood
decay fungi. For the growth study fungi were grown on 2% malt extract agar (MEA) medium
containing tCNSL (technical), iCNSL (solvent extract or natural) and a mixture of both grades
as itCNSL (50: 50). These three types of CNSL were initially dissolved in Industrial Methylated
Spirit (IMS) (100%) to make a geometric series of alcoholic solutions. The alcoholic solution
of CNSL compounds were diluted with autoclaved growth media, MEA to make a final
concentration of 0, 2.5, 5, 10, 20, 40 and 80 pl/ml (CNSL volume to growth medium volume).
The medium was poured into Petri dishes (90 mm diameter) providing a minimum depth of
3-4 mm and left overnight at room temperature for cooling and evaporation of the solvent.
Petri-dishes containing MEA and IMS without CNSL were used for controls. Each fungus was
then centrally inoculated in triplicate into Petri dishes with single 5 mm? plugs taken from the
margins of actively growing cultures. Inoculated plates were incubated in the 22 °Cand 65 £ 5
% relative humidity. The diameters (mm) of the fungal mycelia were measured every day at
right angles across the colonies and were averaged. When fungal mycelia reached the edges
of the control dishes, the antifungal indices were calculated. The antifungal index was

calculated by the following formula:
Antifungal Index, Al (%) = (1-Da/DDb) X 100 ......cceceeuerrerereeeeeierireeie et eeereee e e e rae e enes (3.3)

Where, Da is the diameter growth of fungal mycelia in the experimental dishes (in mm) and

Db is the diameter growth of fungal mycelia in the control dishes (in mm).

3.2.5. Agar block test

Agar block test was carried out in accordance to EN113 protocol (1996) with some
modification in wood block size and the duration of fungal. As this is wood modification study
so the oven dry weight (treated) were known before the exposure to the decay fungi. Thus
direct calculation of mass loss was possible in this study which also differs from the EN113
protocol. Decay resistance imparted by both CNSL (/CNSL and tCNSL) was determined by
exposing the CNSL treated Scots pine (Pinus sylvestris L.) sapwood blocks against two brown
rot (C. puteana and P. placenta) and two white rot (T. versicolor and P. ostreatus) fungi.
Samples of clean, straight grained, defect free sapwood of Scots pine were prepared to

dimensions of 20 x 20 x 5 mm (radial x tangential x longitudinal). This block size was chosen to
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ensure even penetration of the CNSL solution into the blocks. Prepared wood samples were

kept in a climate chamber at 20 °C temperature and 65% relative humidity.

Wood blocks were dried in an oven at 105 °C for 24 hours. Following removal from the oven,
the wood blocks were allowed to equilibrate to ambient temperature by placing them in a
desiccator over silica gel. After cooling, the blocks were weighed in grams to 4 DP to an
accuracy of 0.1 mg. The test specimens were vacuum impregnated with alcoholic solution of
CNSL of different solute content in industrial methylated spirit (IMS) to achieve different level
of weight percent gain (WPG). The wood samples treated with IMS were used as control. The
impregnation was carried out in a vacuum desiccator at a -0.7 bar vacuum for 30 minutes. Air
was admitted into the desiccators and the samples left in the impregnating solution for 2
hours at ambient temperature to allow for uptake of CNSL solution. Following the
impregnation, the excess solution was blotted off and the samples were then left in a fume
cupboard for an hour to allow the IMS to evaporate. The samples were then oven dried at
105 °C for 24 hours and then transferred to desiccators and placed over silica gel to cool. The
samples were then reweighed as detailed above. Weight percent gain (WPG) of CNSL

impregnated wood samples was determined by using the following formula:
WPG (%) = [(W1 = WO0)/WOJ X 100 c.rveeeeeeeereseeeeeeesseeseescesseeseseesessseeesseseeesesseseesseeeseessee e (3.4)

Where, W1 is the oven-dry weight of the CNSL impregnated wood and Wy is the corresponding

oven-dry weight of un-impregnated wood.

Prior to exposure, the samples were reconditioned in climate chamber at 20 °C temp and 65%
RH for 2 weeks until they reached equilibrium moisture content. The treated samples and
their control counterparts were individually bagged and then sterilised by gamma irradiation
(2.5 Mrad) at Synergy Health, Reading (formerly Isotron Ltd.). The fungi were grown on 4%
malt agar in 500 ml squat jars, 60 ml per jar. Jars were autoclaved at 121 °C for 20 minutes for
sterilization, prior to inoculation. After cooling the jars, pellets of fungus were aseptically
transferred from the petri dish cultures. The jars were then transferred to the climate chamber
and left to grow for 2 weeks. Once the fungi had grown to cover the agar, an autoclave
sterilised geotextile polypropylene mesh was placed over the fungus surface and the blocks
were placed on top of this. When resealed the assembled jars were incubated for a further 10
weeks. For each fungus, 6 replicates (n=6) of each treatment were exposed. Additional sets of
sterile controls were also placed in exposure jars, but without fungal inoculation to assess the

operational control losses.
45



After the exposure period the samples were removed from the jars and blocks were wiped to
remove fungal mat. The blocks were then weighed to 4 DP before drying in oven at 105 °C for
24 hours. The samples were then cooled and reweighed to find out the mass loss and post
decay moisture content. The decay resistance of CNSL treated wood against different decay
fungi was determined by the mass loss when compared to the control wood blocks. The effect
of moisture on decay activities of the CNSL treated wood blocks was determined by evaluating
the post decay moisture content of the wood blocks. The percentage of mass loss (ML) due to

decay by fungus was determined by using the following formula:
ML (%) = [(M1 = M2)/M1] X 100 ...oeveuiiieriesiiereeseierete st et ss e v sessss s sssss s sss s esesnasesasens (3.5)

Where, M1 is the oven-dry mass of wood sample prior to decay exposure and M is the oven-

dry mass of the corresponding sample after exposure.

The percent of moisture content (MC) of the wood samples after exposure to decay fungi was

calculated by using the following formula:
MC (%) = [(W2 = W3)/W3] X 100 .eeeeeeeereeeees e s e esceseeeseeeeeeeeeseeseeeeeneeseesseseseesenseeseesnesens (3.6)

Where, W3 is the wet weight of the wood samples after exposure to decay fungi and W3 is the

oven-dry weight of the corresponding samples.
3.2.6. Statistical analysis

The data obtained were analysed by the multifactor analysis of variance (ANOVA) test using
IBM® SPSS® Statistics 20 to determine the statistical difference followed by Tukey’s multiple

comparison. The results with P<0.05 were considered to be significantly different.

3.3. Results

3.3.1. Antioxidant properties

The free radical scavenging effect of both tCNSL and /CNSL were assessed by DPPH assay using
gallic acid and quercetin as standard antioxidants. In all cases antioxidant activity was shown
which increased curvilinearly with increasing concentration (Figure 3.1). The most effective
antioxidants were gallic acid (93.1% at 80 pug/ml) followed by quercetin (72.3% at 80 pg/ml),
although, both tCNSL and iCNSL showed activity of 17.3% and 18.5% respectively but
statistically this was not significantly different (P>0.05). Furthermore, no significant
differences (P>0.05) were found when this was examined for interactions between

concentrations and compounds of CNSL.
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Figure 3.1: Inhibition percentage of DPPH (2, 2-diphenyl-1-picrylhydrazyl) by tCNSL, iCNSL,
gallic acid, and quercetin (n=3, error bar=%SD).

Table 3.1: Antioxidant properties gallic acid and quercetin from the DPPH free radical
scavenging assay.

Compounds ICs0 (pg/ml) AAI? R? value®
Gallic acid 5.39 8.90 0.9917
Quercetin 9.63 5.08 0.9902

2AAl value was calculated by the formula 3.2, ®R? value is the regression coefficient.

The concentrations providing 50% inhibition (ICso) in the DPPH assay were calculated for gallic
acid and quercetin (Table 3.1) which again showed gallic acid was strongest antioxidant. This
was also true for the antioxidant activity index (AAl). All the compounds showed good
regression coefficient value providing the ICso value calculation confidence (Table 3.1). It was
not appropriate to calculate I1Cso for tCNSL and iCNSL as their radical scavenging activity was

too low (Figure 3.1).

The DPPH inhibition index (I %) showed the capacity of the compound to reduce the DPPH
radicals (or not) in a fixed concentration level. In this case, increasing compound concentration
increased the inhibition percentage. The I1Csp shows the compound concentration necessary
to reduce or decrease the initial DPPH concentration by 50%. However, there is a deficiency
in comparing the antioxidant potential of the compounds due to researchers using different
DPPH concentrations as the result will be different. Thus, the AAIl relates the DPPH
concentration used in the assay with ICso of the compound, resulting in a constant data for

each compound (Scherer and Godoy, 2009).
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3.3.2 Agar plate test

The growth rates were assessed by measuring the diameter of the fungal colonies (mm) and
expressing the result as mm per day. The results of growth rate of the brown rot fungi (C.
puteana and P. placenta) and white rot fungi (T. versicolor and P. ostreatus) with the different
types of CNSLs are presented in Tables 3.2 and 3.3. The fungal growth rates decreased with
increasing concentration of all three types of the CNSLs with all of the fungi. Statistically
significant differences (P<0.001) have been found between the CNSL types and the
concentration levels on the growth rate for both brown rot and white rot fungi. Among the
CNSLs, iCNSL provided significantly higher effect on the growth reduction of brown rots (C.

puteana and P. placenta) and white rots (T. versicolor and P. ostreatus) than tCNSL and itCNSL.

For better understanding of the efficacy of the CNSLs, antifungal activity was examined by
determining the antifungal index (Al) according to the formula 3.3. The results of the
antifungal indices of the tCNSL, iCNSL and itCNSL against the brown rot (C. puteana and P.
placenta) and white rot fungi (T. versicolor and P. ostreatus) are presented in the Figure 3.2.
It is evident that the iCNSL had a greater effect on the reduction in fungal growth than tCNSL
or itCNSL and this effect increased with increasing concentration, but declined in magnitude.
This was true for both the brown- and white rot fungi. Pictorial view of growth inhibition of

brown and white rot fungi is presented in Figure 3.3 and 3.4

Table 3.2: Mean fungal growth rate of brown rot fungi on CNSL added malt agar media.

. Growth rate (mm/day) of brown rot fungi
Concentration

of compound C. puteana P. placenta
(ul/ml) tCNSL iCNSL itCNSL tCNSL iCNSL itCNSL
Control 10.8 (0.0)*  10.8 (+0.0) 10.8 (+0.0)* 10.8(x0.0)* 10.8 (+0.0)* 10.8 (+0.0)
2.5 9.2(+0.2)>  8.9(+0.2)> 9.4(+0.1)* 9.8(+¥0.2)° 9.7(x0.1)> 9.7 (x0.1)°
5 9.0 (¥0.3)> 8.7 (+0.1)>* 9.0 (x0.3)°° 9.6 (#0.1)>* 9.3 (x0.4)*  9.5(0.1)
10 8.8 (+0.1)>  8.3(+0.2)  8.8(x0.1) 9.5(+0.3)>  9.0(x0.4) 9.3 (+0.1)
20 8.5(x0.3)¢  8.0(x0.2)¢ 8.4 (+0.3)% 9.2(+0.2)<  8.6(x0.1)% 8.9 (£0.3)«
40 8.3(+0.2)¢  7.8(x0.3)%  83(+0.2)° 8.8(*0.1)% 8.4 (+0.2)%  8.7(+0.2)%
80 8.0 (x0.1)¢ 7.3(20.2)¢  7.7(x0.2)°  8.4(x0.3)°  8.0(+0.4)°  8.3(x0.3)°

Values in parenthesis refer to the SD and n=3. The growth rate among the CNSLs are significantly different
(P<0.001). Number followed by different letters are significantly different at the level of P<0.05 according
to Tukey’s test.
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Table 3.3: Mean fungal growth rate of white rot fungi on CNSL added malt agar media.

Growth rat d f white rot fungi
Concentration rowth rate (mm/day) of white rot fungi

of compound T. versicolor P. ostreatus
(t/mi) tCNSL iCNSL itCNSL tCNSL JCNSL itCNSL
Control 10.8 (+0.0)* 10.7 (¥0.0)* 10.8 (¥0.0)* 9.6 (¥0.0)> 9.6 (+0.0)° 9.6 (x0.0)
2.5 10.3 (¥0.1)>  9.7(¢0.2)°  10.0(¢0.1)° 9.1(¢¥0.1)> 9.0(#0.1)®> 9.0 (z0.2)?
5 10.0 (¥0.1)° 9.2 (#¥0.2) 9.7 (20.2) 8.6 (+0.3)* 8.4 (+0.2)° 8.4 (+0.3)°
10 9.8(x0.1) 8.9 (x0.1)°  9.4(+0.1)° 8.2(x0.2)¢ 7.8(x0.2)¢ 8.1 (0.2)
20 9.6 (x0.1)¢ 8.6 (x0.5¢  8.9(x0.1)¢  7.8(x0.3)% 7.3(x0.1)° 7.7 (x0.2)«
40 9.1 (+0.1)¢ 8.5 (+0.2)« 8.7 (+0.1)¢  7.5(¢0.2)° 7.0(x0.3)°  7.1(+0.2)¢
80 8.8(x0.3)° 8.1(x0.6)  81(+0.1)° 6.8(x0.2)° 6.3(x0.1) 6.7 (x0.1)°

Values in parenthesis refer to SD and n=3. The growth rate among the CNSLs are significantly different
(P<0.001). Number followed by different letters are significantly different at the level of P<0.05 according
to Tukey’s test.
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Figure 3.2: Antifungal activity of three CNSL types, tCNSL, iCNSL and a mixture of both (50: 50)
itCNSL against brown rot fungi (a) C. puteana, (b) P. placenta and white rot fungi (c) T.
versicolor, (d) P. ostreatus (n=3, error bar=SD).
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Figure 3.3: Inhibitory concentrations, from 0 (control) to 80 uL/mL (progressing left to right)
(a) tCNSL, (b) iCNSL and (c) itCNSL against the brown rot fungi Coniophora puteana growing
on 2% MEA media.

0 25ul/ml 5 puL/ml 10 ub/ml 20 pL/ml 40 pL/ml 80 pL/ml

Figure 3.4: Inhibitory concentrations, from 0 (control) to 80 uL/mL (progressing left to right)
(a) tCNSL, (b) iCNSL and (c) itCNSL against the white rot fungi Pleurotus ostreatus growing on
2% MEA media.

Growth inhibition was statistically significantly different (P<0.001) between the CNSL types
and the concentration levels for both brown rot and white rot fungi, but the interaction of
concentrations and CNSL types was insignificant (P>0.05) for the same, which means that the
effect of concentrations on the fungal growth inhibition has no significant interaction between
the CNSL types. The relative effect of the different CNSLs was greatest on P. ostreatus followed

by C. puteana. The least effect was on T. versicolor and P. placenta.
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3.3.3. Agar block test

3.3.3.1. Treatment retentions: WPG

The results obtained by agar plate assay (agar and fungitoxic system) are not necessarily
indicative of the performance of a compound or formulation when tested on wood, so that
more realistic results have been obtained by impregnating wood and agar block test was
performed. The results of the two CNSL treatments of Scots pine are presented in Table 3.4 as
mean weight percent gain (WPG). Treatment of both of the CNSLs with 5, 10, 20 and 40
concentrations resulted in linear increase in WPG in the Scots pine wood blocks. Higher WPGs
were achieved in treatment with /CNSL than tCNSL. Control wood blocks treated with 0% CNSL
concentration (treated in IMS) showed no WPG (when expressed to 2 decimal points).

Table 3.4: Weight percent gain (WPG) of oven dried Scots pine (Pinus sylvestris) wood after
treated with different types of CNSL (n=30).

CNSL Concentration (%) Mean weight percent gain (WPG)
iCNSL tCNSL
Control (IMS) 0.0 (x0.0) 0.0 (+0.0)
5 4.4 (+0.6) 10.0 (+0.6)
10 12.9 (+1.3) 18.6 (+1.0)
20 24.6 (+1.5) 24.2 (+1.9)
40 49.1 (+2.7) 42.4 (3.0)

Values in parenthesis represent the standard deviation of weight percent gain

3.3.3.2. Weight loss in decay test

Data points represent the mean mass loss (ML) against the respective mean weight percent
gain (WPG) of the CNSLs treatment (Figure 3.5). The decay tests gave high weight losses
(>20%) in the control blocks (Figure 3.5) for three of the fungi but P. ostreatus only achieved
6.6%. The treatment with either of the CNSL types reduced the mass loss with the increase of
WPG of Scots pine wood when exposed to the brown rot fungi (C. puteana and P. placenta)
and the white rot fungi (T. versicolor and P. ostreatus). The decay reduction curves for the
white rot fungi did not show the same linearity. With T. versicolor a 2% weight loss, close to
zero value, was achieved with both CNSL types at the highest WPG values. Because the weight
losses for the untreated controls of P. ostreatus were too low conclusions regarding thresholds
are unreliable but very low weight losses were achieved at the highest WPG values.
Statistically significantly difference (P<0.001) has been found between the CNSL types and the

WPG level on the mass losses for all the fungi tested.
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Figure 3.5: Mass loss (ML) of Scots pine (Pinus sylvestris) wood blocks treated with tCNSL and
iCNSL after 10 weeks exposure to brown rot fungi (a) C. puteana , (b) P. placenta and white
rot fungi (c) T. versicolor, (d) P. ostreatus. Control (0% WPG) values are IMS treated wood
blocks (n=6, error bars=+SD).

3.3.3.3. Moisture content in decay test

The post decay moisture content (MC) was determined at the end of decay test to find out
the effect of moisture content on the mass loss of treated wood blocks. The sterile control
sets of CNSLs (tCNSL and /CNSL) treated wood blocks run without fungal inoculation showed
that the moisture content at the end of the exposure of 10 weeks decreased with the increase
of WPG (Figure 3.6). The untreated blocks showed adequate moisture content for decay test.

The tCNSL at the higher WPGs reduced the moisture content more than jCNSL.

The mean moisture contents of the fungus exposed wood blocks (Figure 3.7, a-d) showed
similar behaviour but the moisture contents were higher, particularly for the IMS treated
control blocks, with the difference declining with increasing WPG. The mean final moisture
contents of the control wood treated with IMS (0 WPG) obtained 67.7%, 92.6%, 58.5% and

51.0% for C. puteana, P. placenta, T. versicolor and P. ostreatus respectively.
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Figure 3.6: Reduction of the moisture content of the sterile control tCNSL and /CNSL treated
Scots pine (Pinus sylvestris) wood blocks (n=6, error bars=+SD).

100

100
. —— CNSL
1 —o— tCNSL | b —e—ioNsL |
9 —o—tensL [ %
~ 8- -
-
€ 707 H
] 2
b4 c
H o
8 60 o
o g
2 2
2 %] =
3 ]
S
2 ]
30 1
20 ; ; ; ; ; ; . . 20
70 - 70
c ) d —e— iCNSL
—8- iCNSL —0— tCNSL
—0— tCNSL
< b 60
2 g
S =
o c
£ g 50 %
8 8
£ g
k7 ] k40 g
o °
2 s
30 Fo )
20 ; ; ; . . ; ; ; )
0 10 20 30 4 50 0 10 20 30 ) 50

WPG WPG

Figure 3.7: Reduction of the moisture content of Scots pine (Pinus sylvestris) wood treated
with tCNSL and iCNSL at the end of the decay test exposure to brown rot fungi (a) C. puteana,

(b) P. placenta and white rot fungi (c) T. versicolor, (d) P. ostreatus. Control (0 WPG) values are
IMS treated wood blocks (n=6, error bars=+SD).
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With C. puteana, iCNSL had a greater effect on the final moisture content than tCNSL, different
to the sterile controls, but this wasn’t seen with P. placenta. Statistically significant difference
(P<0.001) on MC has been found between the CNSL types and WPG levels for both the brown
rot fungi. The interaction between CNSL types and WPG level had also significant effect
(P<0.05) on the final moisture content of the treated wood blocks at the end of the decay test.
With the white rot fungi T. versicolor, statistically significant difference (P<0.001) was only

found between the WPG levels but not between CNSL types.

3.4. Discussion

3.4.1. Free radical scavenging activities of CNSL

The tCNSL and iCNSL showed antioxidant properties, though less effective than the standards
gallic acid and quercetin. The antioxidant properties of CNSLs may be due to its phenolic
constituents. Generally, the antioxidant properties of phenols are due to their oxy-reduction
properties which allow them to act as reducing agents, hydrogen donors, single and triple
oxygen eliminators or decomposing peroxides (Osawa 1994; Guerra, 2001). Evans et al. (1996)
also reported that phenolic hydroxyls may have redox properties and act as antioxidants.
Some studies have shown that unsaturation of the long side chain of 15 carbon atoms of CNSL
are associated with the antioxidant activity (Kubo et al., 2006; Rodrigues et al., 2006). The
alkyl and peroxy radicals may be trapped by allyl substituents and thus may provide an
antioxidant function. Some studies have reported that anacardic acid, the major constituent
of iCNSL has a higher antioxidant capacity as compared to cardols and cardanol (Kubo et al.,
2006; Trevisan et al., 2006; Stasiuk and Kozubek, 2010). In the present study, there was no
significant difference between the two types of CNSL. However, Oliveira et al. (2011) reported
that free radical scavenging activity of cardanol was higher than the cardol and anacardic acid,
when they evaluated the antioxidant properties of CNSL obtained by solvent extraction
(ICNSL). Again, Andrade et al. (2011) found antioxidant properties with tCNSL but this was

much less intense than their standard compounds rutin and ascorbic acid.

In most cases, where /CNSL and anacardic acid showed higher antioxidant properties they
were evaluated by the enzyme xanthine oxidase assay (Kubo et al., 2006; Trevisan et al., 2006;
Stasiuk and Kozubek, 2010) rather than the DPPH assay. It is possible that antioxidant
mechanisms for the inhibition of DPPH free radicals may differ from the enzymatic methods

where inhibition was measured on xanthine oxidase rather than scavenging of hydroxyl
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radicals. Kubo et al. (2006) reported that anacardic acid prevents the formation of superoxide
radicals but does not trap reactive oxygen, and other previous studies revealed that the
phenolic lipids present in CNSL are related to the antioxidant properties. This is also revealed
from the present study as similar results were found for the antioxidant properties of

anacardic rich solvent extract /CNSL and cardanol rich technical tCNSL.

3.4.2 Antifungal activities of CNSL

The results of the agar plate assay, as evidenced by the antifungal index (Al), showed that both
types of CNSL reduced the rate of hyphal extension of both the brown and white rot fungi and
are thus assumed to have a fungitoxic effect. The most effective was iCNSL, which consistently

showed significantly greater inhibition than the other CNSLs.

The mixed itCNSL showed better activity than the tCNSL. Thus it is obvious that the iCNSL is
the most effective as an antifungal compound against the wood decay fungi, and this was
expected because the iCNSL has a higher proportion of anacardic acid than the tCNSL. The
antifungal properties of solvent extract CNSL, i.e. iCNSL, was reported by Khanna et al. (2009).
The study concluded that a distinct range of antifungal properties was found for iCNSL on the
growth various moulds (Aspergillus flavus, Aspergillus niger, Aspergillus fumigatus, Curvularia
sp. and Fusarium sp.). The fungitoxic effect was due to triterpenoids, phenolics and volatile oil
constituents isolated from the ethanolic extraction of CNSL rather than from cardanol and
anacardic acid. The antifungal activity of anacardic acid against some fungi was also reported
by Himejima and Kubo (1991), Prithiviraj et al. (1997). Prithiviraj et al. (1997) reported that
anacardic acid was highly inhibitory to spore germination in Colletotrichum capsici, followed
by some other plant pathogenic fungi including Fusarium udam, Fusarium oxysporum,

Alternaria alternata, Alternaria brassicae and Curvularia lunata.

The present study also showed that tCNSL had a growth reduction effect. So, apart from the
anacardic acid the two other major constituents of CNSL, cardanol and cardol have an effect.
Literature reports that cardol is in equal proportions in both iCNSL and tCNSL (Kumar et al.,
2002 and Das et al., 2004). Cardol also demonstrated good larvicidal activity against Artemia
salina, followed by anacardic acid and cardanol, when all of these phenolics isolated from

solvent extracted CNSL (Oliveria et al., 2011).
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It is probable that the antifungal property of the CNSLs is due to bioactive components either
individually or in combination. Phenolics are well-known antifungal compounds present in
plants and the constituents of CNSL (anacardic acid, cardol and cardanol) are rich in phenolics.
The antifungal index data did not show clear difference in the effect of fungitoxicity of CNSLs
on brown rot and white rot fungi. The highest growth inhibition was against P. ostreatus while
the lowest inhibition was with T. versicolor. Growth inhibition of both the brown rot fungi by
all the CNSLs provided similar efficacy. The toxic effect of CNSLs on the brown and white rot

fungi was variable with fungal species used.

3.4.3. Decay resistance of CNSL treated wood

It should be pointed out that the agar block test done in accordance to a modified EN113
protocol (smaller blocks, 10 weeks exposure time) and revealed the CNSLs had a significant
effect on the decay resistance of Scots pine (P. sylvestris) sapwood, but that despite high WPGs
complete protection (where high decay in the untreated controls was not achieved). The iCNSL
was statistically significantly more effective than tCNSL in reducing the mass loss of wood
against brown rot fungi (C. puteana and P. placenta) and it was more effective against P.
placenta than C. puteana. With the white rot fungi both the CNSL types gave equal

performance and there was no significant difference between the two types.

The decay resistance data obtained from the decay test against the P. ostreatus is not usable
because it gave low mass losses in the solvent (IMS) treated controls (Figure 3.5d). Various
reasons may account for this, including the use of a softwood substrate, where this fungus is
naturally found on hardwoods, and it is often the case that hardwoods are more rapidly
decayed than softwoods by white rot fungi (Zabel and Morrell 1992; Eaton and Hale, 1993).
This fungus is used in testing composite board materials; typically those bonded with PF resins
and were thus chosen for this work. In the board test standard (BS 1982, 1990) wetted
vermiculite is added to test jars over agar to wet the blocks up, so this test may have remained
too dry for the fungus; however nearly 60% moisture content was shown here (Figure 3.7)
which should have been adequate for decay. The geo-textile support has been widely and

successfully used in this laboratory over several years but not necessarily with this fungus.

The higher decay resistance properties of iCNSL treated wood may be due to the presence of
anacardic acid in iCNSL is likely to have antifungal properties similar to those previously

reported (Himejima and Kubo, 1991; Prithiviraj et al., 1997; Khanna et al., 2009).
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From the mass loss data (Figure 3.5) it is evident that at some WPG, protection threshold could
be established for each fungus, corresponding to the point where no mass loss occurred.
Eaton and Hale (1993) reported that a mass loss of less than 3% is employed in the EN113
protocol. In the case of brown rot fungi, iCNSL treatment of 49.1% WPG was very close to the
threshold for P. placenta (4.3% ML). But the treatment with tCNSL failed to meet the threshold
level in exposure to both brown rot fungi. On the other hand, the threshold levels were found
by the treatment with tCNSL and iCNSL against both the white rot fungi. The threshold for
tCNSL and /CNSL treatment against T. versicolor was met at 42.4% and 49.1% respectively
(2.2% and 2.1% ML). If there is any confidence in the data for P. ostreatus the decay protection
threshold was lower at 18.6% and 12.9% WPG for tCNSL and iCNSL respectively.

Phenolic compounds present in plant materials are associated with decay resistance (Scheffer
and Cowling 1966; Hart and Hillis 1974). The fungitoxic mechanism of phenolic compounds is
due to the inactivation of fungal enzymes that contain —SH group on their active sites (Cowan,
1999). Juven et al. (1994) also reported that the phenolic compounds permeabilised the
membrane and caused leakage of intracellular constituents. The effect of CNSLs against the
wood decay fungi is thus probably due to the phenolic components, principally anacardic acid,
cardanol and cardol. In this case the interaction with the fungi may be at the level of
interference with the extracellular wood decay enzymes systems. However we have also
provided evidence for some toxicity, i.e. reduction in growth rate, and also some interference

with the free radical decay system of these fungi.

3.4.4. Effect of moisture content on the wood decay resistance

The moisture content of the decayed wood blocks was found to be lowered by increasing
WPG, in line with the reduction in mass loss in the decay test, although it is difficult to separate
cause and effect. The interaction of the water and wood is of major interest for the fungal
decay. Generally, no wood can be colonized and decayed unless it moisture content is 20% or
above or around fibre saturation point (FSP) (Eaton and Hale, 1993). Some studies also showed
that wood decaying fungi of the Basidiomycota are particularly sensitive to low moisture

potential of the wood substrate (Griffin, 1977; Boddy, 1983).

In this study, there was an adequately high moisture content value observed in the sterile
exposed untreated control blocks of around 34% (Figure 3.6) which is a confirmation of

favourable growing condition for the fungi. As the WPG increased the final moisture contents
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of these decrease to values approaching in the worst case close to 23% but this is expressed
in wood with a WPG above 40%, so the actual wood moisture is somewhat higher, i.e.
adequate for decay initiation. At the end of the decay test, the moisture contents of the Scots
pine wood treated with both tCNSL and /CNSL also showed declining values with increasing
WPG. The low uptake of moisture in both tCNSL and /CNSL treated sterile control wood blocks
(Figure 3.6) may be a result of the hydrophobic nature of CNSL. It is assumed that the CNSLs
may have a water repellent activity which lowers the moisture of wood and slows the activity
of decay fungi. Literature evidence reports that CNSL is hydrophobic and this is imparted due
to the presence of the unsaturated side chain. This makes it water repellent and resistant to

weathering (Tyman, 1975; Pillai et al., 1980; Kumar et al., 2002).

3.5. Conclusions

1. Though the CNSLs (tCNSL and iCNSL) have potential antioxidant properties, they were much
less intense than the standard antioxidant compounds gallic acid and quercetin. From the
DPPH free radical scavenging assay it was evident that the DPPH inhibition of /CNSL is no higher
than the tCNSL when considered statistically, although the 1Cso and AAI values of the /CNSL
were higher than the tCNSL.

2. It is seems that the better antioxidant activity of iCNSL is due to the assumed presence of
anacardic acid which is almost absent in tCNSL. Earlier studies claimed the antioxidant
properties of anacardic acid and solvent extracted natural CNSL in which anacardic acid is
profound. This study also revealed that tCNSL (cardanol rich) also has DPPH inhibition
potential. It is also claimed in other studies that cardanol has better antioxidant properties
than anacardic acid and cardol. Irrespective of the chemical composition of CNSL another
factor may responsible for free radical scavenging capability and the unsaturated long side
chain of 15 carbon atoms of CNSL constituents may be the principal reason of imparting

antioxidant activity.

3. The fungal mycelia growth rate and antifungal activity were also assessed by CNSL
inoculated malt agar media assay. This investigation revealed that /CNSL had a significant
effect on the growth reduction of both brown rot (C. puteana and P. placenta) and white rot
fungi (T. versicolor and P. ostreatus). Further, its antifungal effect was significantly higher than
tCNSL against all of the fungi tested. It can be noted that the fungal growth reduction was

significantly improved when both the CNSLs were mixed at 50: 50 ratio (itCNSL) and this
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phenomenon was more significant on the growth of the T. versicolor. The fungal growth rate
was significantly more reduced on white rot fungi than the brown rot fungi, but the inhibition

of fungal growth by the CNSLs was found to vary between the wood decay fungi tested.

4. From the aforesaid results it can be postulated that there might be a correlation between
the free radical scavenging activities and the antifungal properties. The radical scavenging
properties of the tested CNSLs might have direct contribution to their antifungal properties. It
is also thought that the antifungal properties of the CNSLs are due to the bioactive

constituents (e.g. anacardic acid, cardol) present in CNSL.

5.Some improved decay resistance of Scots pine was imparted by the impregnation treatment
with both the CNSLs. The efficacy of the CNSLs was more effective on white rot fungi than the
brown rot fungi on Scots pine. The effect of iCNSL on the reduction of mass loss was better
than tCNSL in exposure to brown rot fungi. The result of this investigation also reflected that
the difference of decay resistance is due the chemical composition of CNSL and the overall

decay resistance capacity of the CNSL is its phenolic constituents.

6. Moisture content at the end of the decay revealed the hydrophobic nature of CNSL might
associated with decay resistance but that it is difficult to separate cause and effect. It may
contribute as an addition to the toxic nature of CNSL. The final moisture contents of the CNSL
treated wood blocks were reduced with increasing WPG against all the decay fungi. This
hydrophobicity of CNSL is explained due the unsaturated long side chain of the CNSL
constituents. This is of great interest for synthesising CNSL based resin and modify wood

properties by impregnation modification and discussed in later chapters.
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Chapter 4
Physical and moisture related properties of

CNSL resin modified wood

4.1 Introduction

Modification of wood properties by impregnation is a method to enhance the physical,
mechanical and decay resistance properties of wood. Unlike the chemical modification, this
type of modification does not necessarily involve chemical changes within wood cell wall. Hill
(2006) described the principle of impregnation modification as chemical or combination of
chemical impregnated into the wood cell wall and reaction so as to form a material that is
locked in the cell wall. Resin treatment has proven to be one of the most useful methods

among several other process of impregnation modification.

Wood treatment with resins has been widely studied going back a long time, using epoxy
resins, phenolic resins, melamine resins, urea resins, polyurethane pre-polymers and
unsaturated polyesters. Most of the resin modification work performed has focused on the
dimensional stabilization and water repellency and/or reduction of the hygroscopicity of wood
(Stamm and Seborg, 1939; Inoue et al., 1993; Pittman, 1994; Rapp and Peek, 1995; Sailer and
Rapp, 1997; Lukowsky et al., 1998; Deka and Saikia, 2000; Lukowsky, 2002; Ohmae et al., 2004;
Ormondroyd, 2007). Much of this has used formaldehyde based phenol, melamine, urea,
melamine-urea, methylolated melamine resin systems. Rapp and Peek (1995) evaluated 30
resin systems including some formaldehyde based system but these gave poor dimensional
stability results. To date phenol formaldehyde resin modified wood has provided the best
dimensional stability to wood when treated with low molecular weight type resin systems
(Furuno et al., 2004). Gabrielli and Kamke (2010) reported that the phenol formaldehyde
enhances dimensional stability and mechanical properties to densified wood by the
viscoelastic thermal compression process. Jinshu et al. (2007) showed the improvement of

wood properties when modified with urea formaldehyde with nano-SiO,.

The use and application of resins based on natural and renewable resources is often thought
of as a new approach that requires novel technologies and methods to implement it (Dunky
et al. 2002). Cashew nut shell liquid (CNSL) is categorised as one of the plant derived sources

for natural or bio based resins alongside tannins, lignins, carbohydrates, unsaturated oils and
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liquefied wood (BRE, 2007). As CNSL major components possess a phenolic nature and an
unsaturated side chain, it offers reaction sites on the aromatic ring and also on the side chain,
which makes it a suitable raw material for variety of reactions (Mahanwar and Kale 1996).
Therefore, different types of resins and polymers have been synthesized from CNSL, its
isolated constituents, principally from cardanol, or from chemically modified CNSL (Swain et
al., 1994; Bhunia et al., 1998; Mohapatra et al., 1998; lkeda et al., 2002; Mythili et al., 2004;
Suresh and Kishanprasad, 2005). The cardanol rich technical CNSL (tCNSL) is preferable for
resin formulation due to its availability and extraction as it is produced as a by-product from

the cashew nut processing industries.

Ozonolysis of unsaturated vegetable oils by reacting ozone with alkene compounds in the
presence of participating co-reactants forms reaction products which are particularly suitable
for use in the formation of resin (Graham and Tyman, 2002; Fitchett et al., 2003). Ozonolysis
of CNSL forms ozonolysis reaction products (ozonides) which can be then be treated under
reducing conditions to form CNSL aldehydes, which are used to form adhesives (Khan et al.,
2002; Fitchett et al., 2003). The reaction scheme for this is shown (Figure 4.1). The aim of this
study was to prepare CNSL resin by the ozonolysis process and impregnate this into wood to
improve the dimensional stability and water repellency and also reduce the hygroscopicity of
wood. The impregnation modification with CNSL resin is expected to improve other physical
properties of wood and thus this is an opportunity to characterize these physical properties

after resin modification.

4.2 Materials and Methods

4.2.1 Wood samples

Three wood species, one softwood and two hardwoods were selected for this study. Samples
from sapwood of Scots pine (Pinus sylvestris L.), Obeche (Triplochiton scleroxylon K. Schum.)
and Gmelina (or Gamar) (Gmelina arborea Roxb.) were prepared to dimensions of 20 x 20 x 5
mm (radial x tangential x longitudinal). All samples used in the experiment were selected with
the grain direction parallel to the tangential surface and free from any defects (e.g. knots,
resin pockets). After sanding to remove loose fibres, the wood samples were stored in a
climate chamber at 20 °C and 65% relative humidity (RH) until they reached equilibrium

moisture content.
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Figure 4.1: Chemical reaction of tCNSL to develop CNSL resin system by ozonolysis
(Tverezovskiy, 2012).

4.2.2 Preparation and properties of CNSL resin

A resin system was synthesized from technical grade CNSL (tCNSL) by the ozonolysis process,
where resin forming aldehydes and other compounds were derived after decomposition of
ozonolysis products (or ozonides). Ozonides were formed by reacting ozone with unsaturated
oil-like compounds in CNSL. Ozonolysis of CNSL comprised reacting together ozone, CNSL and
water as a participating co-reactant in sufficiently low quantities (ratio water to CNSL) to allow
CNSL to act as a solvent. This minimised the formation of unwanted by-products. Water is
used as a participating co-reactant and vehicle for ozonolysis which leads to the formation of
hydro-peroxides. The process used in this study for the formulation of resin from CNSL is
adapted from the processes of Khan et al. (200043, b), Fitchett et al. (2003). The ozonolysis was

carried out with laboratory facilities and supervision of the BioComposites Centre.

250 g of tCNSL was mixed with 50 g deionised water. The mixture was placed in a 700 ml
reactor flask fitted with 4-necked lid equipped with an overhead mechanical stirrer,

thermometer and gas inlet-outlet tubes. Before introducing ozone, the mixture at 50-60 °C
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was stirred at a speed 200 rpm and this was gradually increased up to 250 rpm. Ozone was
bubbled through the mixture at 0.43 g/min (Oxygen flow rate 5 L/min) for 120 minutes from
an ozone generator (Azcozone, Azco Ltd.). The temperature of the reaction mixture was
maintained in a cold water bath at a temperature high enough to reduce the viscosity of the
reaction mixture but low enough to avoid decomposition of ozonides. At the end of the
reaction time the mixture was stirred for further 10 minutes to strip residual ozone. The

principal components of this reaction mixture were peroxides including peroxy hemi-acetals.

Stabilization of the ozonolysis reaction products (ozonides) was performed by heat treatment.
After finishing the ozonolysis reaction, the water bath was removed and the reactor flask was
heated by an electric heater at 100 °C for 30 minutes. The ozonides were stirred vigorously
during heating. This treatment brings thermal decomposition of the principal reaction
products, such as 1-(1-hydroxyalk-1-yl peroxy)-alc-1-ols, and also free hydroxyalkyl-peroxides
and secondary ozonides. Heat treatment also liberated gases like O, and CO; generated from
decomposition reactions. The heat treated product contains a mixture of various aldehydes
and carboxylic acids. The weight of the final products was measured to be 270 g, giving a yield
of 90%. The characteristics of the resin produced are reported in Table 4.1.

Table 4.1: Characteristic of resin obtained from technical cashew nut shell liquid (CNSL) by
ozonolysis reaction process (Tverezovskiy, 2012).

Property CNSL resin
Viscosity 2000 (centipoises)
Molecular weight 100 to 400
Solid content 95%
pH 5.0 -6.0 (acidic)
Density 1.047 (gm cm?)
Solubility Organic solvent

4.2.3. Resin impregnation

The weight and dimensions of the test samples were measured before and after oven drying.
All wood blocks of the three species were dried in an oven at 105 °C for 24 hours. Following
removal from the oven, the wood blocks were allowed to equilibrate to ambient temperature
by placing them in a desiccator over silica gel. After cooling, the blocks were weighed to 0.1
mg. The dimensions of the oven dried wood samples were measured by using digital calliper
to 0.1 mm. The test specimens were vacuum impregnated with alcoholic solutions of CNSL
resin of 0%, 5%, 10%, 20% or 30% solute content in industrial methylated spirit (IMS) to
achieve different amounts of weight percent gain (WPG). The impregnation was carried out in

a vacuum desiccator at a -0.7 bar vacuum for 30 minutes. Air was admitted into the desiccators
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and the samples were left submerged in the impregnating solution for 2 hours at ambient
temperature to allow uptake of the CNSL resin solution. Wood blocks of different species were
impregnated separately. Following the impregnation, the excess solution was blotted off and
the samples were then left in a fume cupboard for an hour to allow the IMS to evaporate. The
samples were then cured at 120 °C for 24 hours in an oven. After curing the samples were

then cooled, weighed and measured as above.

4.2.4. Evaluation of the physical properties of modified wood

The change of wood physical properties as a result of resin modification were assessed by
evaluating the weight percent gain (WPG), oven dry specific gravity (SGop) of wood before and
after resin modification, percentage of void volume of wood before and after resin
modification and percentage volume change (VC). Weight and volume of 10 replicates of each

resin modification from each species were measured to find the above mentioned properties.

Weight percent gain (WPG) of resin modified wood samples was determined by using the
following formula:

WPG (%) = [(W2 = W1)/W1] X 100 vttt eeiseeesiseets et ssssessssssssess sessssssnsssenens (4.2)
Where, W, is the oven dry weight of the resin modified and W1 is the corresponding oven dry

weight of unmodified wood sample.

Volume change (VC) due to the resin modification was determined by using the following
formula:

VC (%) = [(Vmod = Vunmod)/Vunmod] X 100 c..ceeriiireriie sttt er e s sensse e (4.2)
Where, Vmod is the volume of oven dry modified and Vunmod is the corresponding oven dry

unmodified wood samples.

The ratio of theoretical and measured volume change (Vrel) due to the CNSL resin modification
was determined from the following formula:

Vrel = Viheor/Vmeas eeeeeeeeeeeeeeeessesmseesssesmesesoonessssssssesseseesesessssssessesseseessessssssssssses s essmsssssesseeeen (4.3)
Where, Vineor is the theoretical volume increase (weight of CNSL resin in wood/density of the

CNSL resin) and Vimeas is the measured volume increase due to resin modification.

SGop before and after resin modified wood samples were determined by using the following
formula:

SGOD = [(W2/V2)/1 G CM3] ittt et s ettt st sttt et s s s s (4.4)
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Where, W; is the oven dry weight of (resin modified or unmodified) and V; is the
corresponding oven dry volume of (resin modified or unmodified) wood sample.

The percentage of SGop change due to the resin modification was determined by using the
following formula:

SGop change (%) = [(SGopmod - SGobunmod) SGobunmod] X 100 ....cevvvevereererereriee e (4.5)
Where, SGobmod is oven dry specific gravity of resin modified and SGopunmod is the

corresponding oven dry specific gravity of unmodified wood sample.

Void volume before and after resin modified wood samples was determined by using the
following formula:

Void volume (%) = [1-(SGoD /1.50)] X 100 ....ooeveeveierireretretrerrereereereee et ere e (4.6)
Where, SGop is the oven dry specific gravity of (resin modified or unmodified) wood and 1.50

is the constant for the specific gravity of the wood cell wall material (Dinwoodie, 2000).

Percentage of void volume change due to the resin modification was determined by using the
following formula:

Void volume change (%) = [(VVOlmod — VVOlunmod)/VVOlunmod] X 100 ....coevevereererirerenns (4.7)
Where, Vvolmod is the void volume of modified and Vvolunmod is the corresponding void volume

of the unmodified wood sample

4.2.5 Leachability of the resin

The leachability of the CNSL resin from the modified wood specimens of all wood species was
tested according to BS EN 84. 10 cured, oven dried and cooled replicates from each resin
modified wood were weighed to 0.1 mg. Samples from the different variable sets (species x
treatment WPG) were impregnated under vacuum with deionised water separately for 20
minutes and submerged under water for 2 hours. The containers were refilled with water to
a ratio of 5 volumes of water to one volume of wood and the samples were kept immersed
for 14 days in climate chamber at 20 °C and 65% relative humidity (RH). Nine cycles of water
changes were made with cycles 1 and 2 at the end of first and second days and the other 7
cycles in the remaining 12 days at not less than 1 day and not more than 3 days intervals. The
samples were then oven dried. Examination of the data revealed that there were losses from

the control samples so that the data had to be corrected to account for losses from the wood.

The leachability of the impregnated CNSL resin was determined from the following formula:

Leachability (%) = [{(W2 =W3)-CL}/ (W2-W1)] X 100.....cocmreerrrerererrerereeeierereserereeesesereesnesnens (4.8)
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Where, W1 is the oven dry weight of unmodified wood, W is the oven dry weight of modified
wood before the leaching test, W3 is the oven dry weight of modified wood after the leaching
test and CL is the control losses for the individual species based on the average of the control
(IMS treated) leached block.

The WPG of wood before and after leaching was determined from the formula 4.1.

4.2.6. Dimensional stabilization

Dimensional stabilization was determined by the cyclic water soaking and drying method (Hill
et al., 2004a; Hill and Mallon, 1998; Hill and Jones, 1996; Rowell and Ellis, 1978). Following
oven drying, cooling and determination of the weight and dimensions of 5 replicates of each
resin modification, the samples were vacuum impregnated for 30 minutes with deionised
water for the water soak test. All the wood samples were soaked for 5 days at room
temperature. The water soaked weight and volume was determined. Following measurement
the samples were oven dried for 2 days at 105 °C to a constant weight. The samples were then
re-weighed and their dimensions were measured again. This procedure was repeated for a

total of 5 cycles of oven-dry (OD) and water soak (WS).

The volumetric swelling co-efficient of the resin modified wood was determined from the
following formula:

Smod (%) = [(VWSmod — VOmod)/VOdmod] X 100 ....ceeceeveieieiiereecte ettt ee e eesereeeve s (4.9)
Where, Vwsmod is the water saturated volume of the resin modified wood and Vodmod is the

oven dry volume of the resin modified wood.

The volumetric swelling co-efficient of the unmodified wood was determined from the
following formula:

Sunmod (%) = [(VWSunmod — VOdunmod)/VOdunmod] X 100 ....coceeveuieierieececieeetiee e e (4.10)
Where, VWSunmod is the water saturated volume of the unmodified wood and Vodunmod is the

oven dry volume of the unmodified wood.

The anti-swelling efficiency of the resin modified wood was determined from the following
formula:

ASE (%) = [(Sunmod — Smod)/Sunmod] X 100 w...eevveieieierieeiieeseeeeseesssesss s seseseesesssssssessessssenes (4.11)
Where, Sunmod is the volumetric swelling co-efficient of the unmodified wood and Smoq is the

volumetric swelling co-efficient of the resin modified wood.
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The stability to hydrolysis was evaluated by determining the weight loss (WL) after each cycle
of the water soaking and drying. The weight loss was calculated by the following formula.

WL (%) = [(WOodbet — WOdaft)/WOdbef] X 100 c.oerrveeemeeeerees e s sse oo eseseesssseeseeseeesseeeas (4.12)
Where, Wodeet is the oven dry weight before water soaking and Wodar is the oven dry weight

after water soaking of the resin modified wood.

4.2.7. Water absorption and water repellent efficiency
The water absorption of the CNSL resin modified wood samples and its water repellent
efficiency were determined by the cyclic water soaking and drying method as mentioned

earlier (section 4.2.6).

The water absorption (WA) of the resin modified and unmodified wood samples were
determined by the following formula.

WA (%) = [(Ws = Wot)/Wot] X 100 w.ermveerrereeeeereesereeeesessereeesessseeseseseseesesssesessssesesseseessees (4.13)
Where, Wy is the water saturated weight of the (modified or unmodified) wood samples and

W4 is the oven dry weight of (modified or unmodified) wood samples.

The water repellent efficiency (WRE) of the resin modified wood samples was determined by
the following formula:

WRE (%) = [(WAunmod = WAmod)/WAunmod] X 100 .....cvveirieriereeeeersesesress e eesessessesessnens (4.14)
Where, is WAunmod the water absorption of the unmodified (control) wood samples and WAmod

is the water absorption of the resin modified wood samples.

4.2.8. Statistical analysis
The data obtained were analysed by the one way analysis of variance (ANOVA) test using IBM®
SPSS® Statistics 20 to determine the statistical difference followed by Tukey’s multiple

comparison. The results with P<0.05 were considered to be significantly different.

4.3. Results

4.3.1. Characterization of physical properties of CNSL resin modified wood
4.3.1.1. Weight percent gain (WPG)

The results of the mean weight percent gain (WPG) due to CNSL resin modification of Scots
pine, Obeche and Gmelina wood are shown in the Table 4.2. The WPG of the resin modified
wood increased with the increasing concentration of CNSL resin in the treatment solution.

Impregnation modification of all the species with 5, 10, 20 and 30% CNSL resin resulted in
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linear increases in WPG in the wood samples. Control wood blocks of all species treated with
0% resin concentration (i.e. impregnated in IMS) showed no WPG. At all the resin treatment
levels, the WPGs of the Scots pine were at least twice that of Gmelina, and Obeche was
intermediate. The WPGs achieved in different treatment levels showed significant differences
(P<0.05) for all the three wood species. Significantly higher WPGs were achieved in Scots pine
than the other two wood species (Scots pine [highest value =27.9]>0beche [highest value
=15.5]>Gmelina [highest value =9.4]). With the low resin solution concentrations Scots pine

gave 5.5, Obeche 3.9 and Gmelina 2.7 WPG.

Table 4.2: Mean weight percent gain (WPG) of the oven dried samples of the three wood
species due to the CNSL resin impregnation modification.

Wood species Resin Concentration (%) WPG
Pinus sylvestris 0 (Control) 0.0 (0.0)
5 5.5 (0.6)a
10 10.3 (1.1)b
20 16.6 (0.7)c
30 27.9 (1.7)d
Triplochiton sclerexylon 0 (Control) 0.0 (0.0)
5 3.9(0.4)a
10 6.8 (0.7)b
20 9.3 (0.6)c
30 15.5(2.3)d
Gmelina arborea 0 (Control) 0.0 (0.0)
5 2.7 (0.3)a
10 4.4 (0.3)b
20 6.9 (0.6)c
30 9.4 (0.9)d

Values in parenthesis refer to +SD and n=10. WPG achieved were statistically significantly different
(P<0.05) for all of the wood species. Number followed by different letters for each wood species
are significantly different at the level of P<0.05 according to Tukey’s test.

4.3.1.2. Volume change

The percent of volume change (VC) in wood samples of Scots pine, Obeche and Gmelina due
to the CNSL resin modification as determined using the measurement of the external
dimensions of the wood blocks is shown in Figure 4.2. Data points represent the individual
wood samples and best fit line has been drawn through the data points for all of the wood
species (Figure 4.2 a, b and c). There is a clear, positive linear relationship between the VC%
and WPG although the linearity is less good at the higher WPG values for Scots pine and
Obeche.

The mean percent of volume change due to the resin modification is shown in Table 4.3. The

mean VC% increases with the increased WPG. The highest VC% found, at highest treatment
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levels in Scots pine, Obeche and Gmelina, were 7.1%, 5.5% and 5.5% respectively. The change
of volume due to resin modification was no greater than ca. 7.1% even at the highest WPG
level of 28. It was observed from the VC% data that there is little difference in the behaviour
of the samples between the wood species when the VC% values are compared at equivalent

WPG values.

Statistically significant differences (P<0.05) have been found for the effect of WPG on the VC%
for the three wood species (Table 4.3). Higher VC% values were found for Scots pine than the
other two wood species, but this was at higher WPG values. With the other two species the
VC% changes are similar at each resin WPG, and when similar WPG values are compared to
the Scots pine there is little difference in VC%, for example, volume increase of ca. 5% at a

WPG of ca. 10 for all of the tested wood species.

The ratio of theoretical to measured volume increase (Vrel) due to the CNSL resin loading or
WPG is also presented in the Table 4.3. The theoretical volume increase is obtained by dividing
the density of CNSL resin (Table 4.1) by the weight gain of wood due to modification (Formula
4.3). All Vi values increased with increasing WPG. Scots pine showed Vel values greater than
1 throughout, indicating that less resin has gone into the cell wall than expected. The values
for Obeche and Gmelina are lower than 1 at the lower WPG values but approach 1 at the

higher WPG values. This will be more fully discussed later.

Table 4.3: Effect of CNSL resin modification on the percent volume change (VC) and ratio of
theoretical to measured volume (Vrel) of three wood species.

Wood species WPG VC (%) Vel
Pinus sylvestris 5.5 2.2 (0.5)a 1.02
10.3 4.1(0.6)b 1.03
16.6 5.7 (0.8)c 1.19
27.9 7.1(0.5)d 1.50
Triplochiton scleroxylon 3.9 1.8 (0.7)a 0.66
6.8 3.5(0.4)b 0.74
9.3 5.2 (1.3)c 0.78
15.5 5.50.5)c 0.90
Gmelina arborea 2.7 1.7 (0.4)a 0.70
4.4 3.3(0.3)b 0.74
6.9 4.4 (0.3)c 0.96
9.4 5.5(0.4)d 1.03

Values in parenthesis refer to +SD and n=10. The VC% are significantly different (P<0.05) between the
WPGs for all of the wood species. Number followed by different letters for each wood species are
significantly different at the level of P<0.05 according to Tukey’s test.
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Figure 4.2: Relationship between percentage volume change and weight percent gain (WPG)
of (a) Pinus sylvestris, (b) Triplochiton scleroxylon and (c) Gmelina arborea wood blocks due to
the impregnation modification with CNSL resin.
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4.3.1.3. Specific gravity and void volume

The basic and oven dry specific gravities of the sapwood of these species were measured
before modification (Table 4.4) and they are higher in unmodified Scots pine sapwood than
Gmelina but the lowest was in Obeche.

Table 4.4: Basic and oven dry specific gravity of the sapwood of three species used in the
CNSL resin impregnation experiment.

Wood species Specific gravity

Basic Oven dry
Pinus sylvestris 0.39 0.41
Triplochiton sclerexylon 0.33 0.34
Gmelina arborea 0.36 0.37

The basic and oven dry specific gravity was measured by the equation 4.4 where,
oven dry weight for both cases and green volume and oven dry volume was used for
the calculation of basic and oven dry specific gravity respectively.

The effect of CNSL resin modification on the oven dry specific gravity (SGop) of Scots pine,
Obeche and Gmelina (Table 4.5) is as expected, the SGop increases with increasing WPG.
Among the three wood species, Scots pine showed significantly higher SGop. The CNSL resin
loading (WPG) had a significant (P<0.05) effect on the SGop of Scots pine wood, but not on the
SGop of Obeche and Gmelina wood. The percentage increment of SGop of the individual
sample block was also calculated from the SGop of CNSL resin modified wood blocks in
comparison to the SGop of the corresponding unmodified wood blocks. The increment of the
SGopwas achieved ca. 20% due to the CNSL resin impregnation modification. The highest SGop
increment (ca. 20%) was found in Scots pine. Both Obeche and Gmelina showed similar ca.
10% increment of SGop. The effect of CNSL resin loading on the increment of SGop was

significant as it showed a significant difference (P<0.05) for all of the wood species.

The results of the void volume of the CNSL resin modified wood are also shown in Table 4.5.
The void volume of the resin modified wood decreased with the increasing WPG in all three
wood species. The void volume was decreased 72.9% to 68.1% in Scots pine, 78.0% to 75.4%
in Obeche and 75.4% to 73.0% in Gmelina modified wood. The effect of WPG on the
percentage void volume was statistically significant (P<0.05) in Scots pine wood, but not in
Obeche and Gmelina. The percentage reduction of void volume due to the CNSL resin
impregnation modification was also measured from the difference of the void volume of
modified wood blocks and the void volume of the corresponding unmodified wood blocks
(Table 4.5). As expected the reduction of the void volume was greater in Scots pine than the

other two species, however, Gmelina showed greater void volume reduction than Obeche
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with less resin loading. The effect of CNSL resin modification (WPG) on the reduction of the

void volume was also significant (P<0.05) for all three wood species.

Table 4.5: Effect of CNSL resin impregnation modification on the specific gravity and void
volume of the three tested wood species.

Wood species WPG Specific Increment Void Reduction
gravity of specific volume of void
(oven dry) gravity (%) (%) volume (%)
Pinus sylvestris 0.0 0.41 (0.4)a 0.0 (0.0)a 72.9 (2.7)a 0.0(0.1)a

5.5 0.42 (0.4)a 3.2(0.9)b 71.8 (2.5)a 1.2 (0.2)b
10.3 0.44(0.1)ab 6.0 (1.4)c 71.0(2.6)ab 2.3 (0.3)c
16.6 0.45(0.2)ab 11.9(1.3)d 70.4(0.9)b 4.2 (0.5)d
27.9 0.48 (0.4)c 19.4(1.9)e 68.2(1.5)b 7.0(0.7)e
Triplochiton sclerexylon 0.0 0.34 (0.5)a 0.0 (0.0)a 78.0(2.9)a 0.0(0.2)a
3.9 0.35(0.3)a 3.1(1.2)b 76.8 (2.1)a 0.9 (0.4)b
6.8 0.36(.03)a 3.2(0.9)b 75.8 (2.0)a 1.0 (0.2)c
9.3 0.36(0.3)a 5.8 (3.8)c 75.8 (1.8)a 1.7 (0.9)d
15.5 0.37(.03)a 9.2 (1.6)d 75.4 (1.9)a 2.7 (0.5)e
Gmelina arborea 0.0 0.37 (0.5)a 0.0 (0.0)a 75.4 (2.9)a 0.0 (0.5)a
2.7 0.39(0.3)a 1.5(0.5)a 74.1 (1.6)a 0.5(0.2)b
4.4 0.39 (0.4)a 3.4 (1.0)b 74.1(2.3)a 1.1 (0.3)c
6.9 0.40 (0.4)a 7.4(2.1)c 73.6 (2.7)a 2.4 (0.5)d
9.4 0.40 (0.3)a 10.0(1.4)d 73.0(1.7)a 3.2 (0.4)e
Values in parenthesis refer to +SD and n=10. The effect of WPG on specific gravity and void volume

were significantly different (P<0.05). Number followed by different letters for each wood species are
significantly different at the level of P<0.05 according to Tukey’s test.

4.3.2. Leaching

4.3.2.1. Leachability of resin

The results of the leachability of the CNSL resin after the impregnation modification in Scots
pine, Obeche and Gmelina wood is shown in Figure 4.3. The leaching of control wood blocks
of the each species showed losses may be due to the loss of soluble hemicelluloses and wood
extractives. So, the losses of the control wood blocks was accounted as a correction value to
the amount of resin leached out from the treated wood blocks. Though, the “apparent”
leaching of CNSL resin gradually increased with the increase of resin WPG, but close
examination of the raw data shows that the actual losses were similar in some cases to the
losses of the control blocks. Thus it may be concluded that there is minimum losses of resin
and this phenomenon was found for all the three wood species tested.

Between the wood species, higher amounts of CNSL resin was leached out from the Gmelina
modified wood than Obeche and Scots pine (Figure 4.3). At the lowest WPG, leachability of
CNSL resin was 1.9%, 2.5% and 3.5% which only increased to 3.1, 4.2% and 5.3% when WPG

reached to the maximum for Scots pine, Obeche and Gmelina modified wood. The effect of
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WPG on the leachability of CNSL resin from the modified wood blocks were not statistically

significantly different (P>0.05) for the three wood species.

—&— Pinus sylvestris
—O— Triplochiton scleroxylon
—w— Gmelina arborea

Leachability (%)

1 T T T T T
0 5 10 15 20 25 30

WPG (%)

Figure 4.3: Leachability of the CNSL resin from the impregnation modified Pinus sylvestris,
Triplochiton scleroxylon and Gmelina arborea wood (error bars = £SD, n=10).

4.3.2.2. Reduction of weight percent gain (WPG)

The effect of the water leaching test on the WPG of CNSL resin modified wood of Scots pine;
Obeche and Gmelina are presented in Figure 4.4. It is apparent that the leaching caused a
small WPG reduction to the CNSL resin modified wood. It is also evident that the reduction of
the WPG also occurred in the control (IMS treated) wood blocks for all of the wood species
tested. The negative WPG value of the control wood blocks indicated the possible reduction
of the substances from wood due to the water leaching test. After leaching the modified wood
finally exhibited WPGs of 5.2, 8.1, 13.4 and 24.6 for Scots pine; 3.2, 5.5, 8.8 and 16.9 for
Obeche; 2.0, 3.1, 5.6 and 7.7 for Gmelina wood. There is little difference between the amounts

of loss, irrespective of WPG or wood species.

73



WPG

0 —8— WPG before leaching
—O— WPG after leaching

-5 T T T T T T

30

25 A L

15 4 -

WPG

10 A -

0¢ —8— WPG before leaching
—O— WPG after leaching

-5 T T T T T T

30

—8— WPG before leaching
25 A —O— WPG after leaching -

20 A L

15 A -

WPG

-5 T T T T T T
0 5 10 15 20 25 30 35

CNSL resin concentration (%)

Figure 4.4: Mean weight percent gain (WPG) of (a) Pinus sylvestris, (b) Triplochiton scleroxylon
and (c) Gmelina arborea wood treated with various concentrations of CNSL resin before and
after leaching test according to EN 84 protocol (error bars = +SD, n=10).
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4.3.3. Dimensional stability

4.3.3.1. Volume changes due to water soak and oven dry cycle

The effect of successive water soak (WS) and oven dry (OD) cycles on to the volume of CNSL
resin modified wood for Scots pine, Obeche and Gmelina is shown in Figure 4.5. The changes
of volume between the WS and OD cycle were calculated from the water saturated and oven
dry volume of samples of the modified wood at different resin loading (WPG) from the water
soak and dry dimensional stability test. In most instances, unmodified wood blocks did not
survive well as checking and splitting often occurred, but the CNSL resin modified wood blocks
were undegraded. From the Figure 4.5 it is obvious that the OD volumes prior to water soaking
are larger than the subsequent OD volume for all modified woods. Similarly, the initial WS
volumes of the resin modified wood after the 1t oven dry cycle are greater than the following
WS volumes. It is also observed that there are only minor variations in both the WS and OD
volumes between the subsequent cycles.

Much of the data shows a general decrease in water saturated and oven-dry volumes over the
cycles. Another feature worthy of mention is that there were no variations in both the OD

volumes and WS volumes between the cycles.

4.3.3.2. Volumetric swelling co-efficient and anti-swelling efficiency

The results of the volumetric swelling coefficient (S) and anti-swelling efficiency (ASE) of the
CNSL resin modified wood samples of Scots pine, Obeche and Gmelina at WS/OD cycles are
shown in Tables 4.6 and 4.7. The average volumetric swelling co-efficient or anti-swelling
efficiency represents the mean value of 5 WS/OD cycles at each resin loading (WPG) level. The
values at the 0% WPG represent the S% of the unmodified or control samples of the tested
wood species.

Generally, the S% reduced with the increasing WPG in each successive WS/OD cycle (Table
4.6). This tendency of reducing S% was found for all of the wood species. However, there is no
specific trend of S% either increasing or decreasing with each progressive WS/OD cycle for
each WPG level. This phenomenon is also observed for all of the wood species tested. A
statistically significant difference (P<0.05) has been found for the effect of WPG on the $% in

each cycle, as well as on the average $% of the 5 consecutive cycles in all wood species.
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Figure 4.5: Changes in water saturated and oven dry volumes for CNSL resin modified (a) Pinus
sylvestris, (b) Triplochiton scleroxylon and (c) Gmelina arborea wood samples at different
water soak and oven dry cycle (n=5).
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Table 4.6: Volumetric swelling co-efficient, S (%) as determined from the successive WS and
OD cycle of the dimensional stabilization test of CNSL resin modified wood.

Wood WPG Volumetric swelling co-efficient (%)
Species Cycle Average
1 2 3 4 5
Pinus 0.0 14.5 14.8 15.9 15.2 154 15.2 (0.8)a
sylvestris (0.9)a (1.4)a (2.3)a (2.3)a (1.4)a
5.5 11.0 11.2 13.2 13.2 13.2 12.3(2.0)b
(2.9)ab (1.0)a (3.4)a (2.8) ab (1.4)b
11.1 104 12.3 13.2 133 12.1 12.3(0.9)b
(0.3)b (2.2)b (2.0)a (0.5)ab  (0.9)bc
16.5 9.5 11.9 12.6 12.8 12.1 11.8(0.7)b
(0.7)b (1.2)b (1.1)a (0.7)ab  (0.9)bc
28.5 7.6 10.5 12.1 11.6 10.7 10.5(1.2)c
(3.1)b (2.9)b (2.4)a (0.9)b (0.9)c
Triplochiton 0.0 9.9 10.0 10.1 11.5 9.0 10.1(0.3)a
sclerexylon (1.0)a (0.8) a (0.4)a (0.9)a (1.2)a
3.8 8.8 7.9 8.9 8.3 7.7 8.3(0.3)b
(0.7) ab (0.8)b (1.6)b (0.6)b (0.9)a
6.7 7.0 7.1 8.0 8.7 7.7 7.7 (0.5)b
(0.6) ab (0.8)b (0.5)b (0.4)bc  (0.9)ab
9.2 6.2 8.0 7.6 7.7 7.1 7.3(0.7)c
(2.9)ab (1.1)b (0.3)b (0.7)bc (0.6)b
13.9 5.4 7.5 7.1 7.0 6.9 6.8 (0.3)c
(0.7)b (1.1)b (0.4)b (0.8)c (0.3)b
Gmelina 0.0 12.0 13.3 12.7 12.5 12.1 12.5(1.0)a
arborea (0.9)a (2.2)a (0.9)a (3.4)a (0.8)a
2.7 10.7 11.8 10.9 10.3 104 10.8 (1.4)ab
(2.2)ab  (1.8)ab  (1.2)a (1.6)a (1.0)a
4.3 10.2 10.7 10.3 10.6 9.6 10.3(0.7)b
(2.1)ab (0.3)b (0.4)ab (0.8)a (1.6)a
6.5 9.7 9.8 10.5 10.3 9.6 10.0(0.7)bc
(2.4)ab (1.6)b (0.6)bc (1.1)a (1.0)a
9.2 7.5 10.0 9.8 9.8 7.9 9.0 (0.9)c

(2.4)b (2.0)b (0.9) c (2.5)a (1.6)b
Values in parenthesis refer to +SD and n=5. The average $% is of cycle 1 to 5. The effect of WPG on $% is
significantly different (P<0.05) for all of the wood species. Number followed by different letters for each
wood species are significantly different at the level of P<0.05 according to Tukey's test.
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Table 4.7: Anti-swelling efficiency, ASE (%) as determined from the successive WS and OD
cycle of the dimensional stabilization test of CNSL resin modified wood.

Wood Species WPG ASE (%)
Cycle Average
1 2 3 4 5
Pinus sylvestris 5.5 24.5 24.5 17.0 13.3 14.5 18.8 (2.5)a
(3.2)a (3.2)a (3.1)a (1.3)a (2.1)a
11.1 28.2 16.8 16.7 12.5 21.6 19.2 (1.9)a
(2.1)a (2.7)a (3.6)a (2.1)b (2.6)a
16.5 34.2 20.1 20.9 16.3 21.1 22.5(3.6)ab
(4.5)a (3.6)a (2.8)a (2.6)b (2.7)ab
28.5 47.9 28.9 23.5 24.1 30.1 30.9 (2.0)b
(1.6)b (2.9)a (2.1)a (2.3)b (2.8)b
Triplochiton 3.8 10.5 20.6 11.1 28.2 14.7 17.0(0.8)a
sclerexylon (3.2)a (3.9)a (2.4)a (2.3)a (4.4)a
6.7 28.6 28.7 20.1 24.3 14.4 23.2(1.6)b
(2.6)b (3.8)a (2.4)b (1.6)a (1.0)a
9.2 37.3 20.3 24.3 33.4 21.4 27.3(2.0)b
(1.8)bc (4.9)a (1.3)c (2.9)ab (3.2)a
13.9 45.1 24.9 29.4 39.7 23.5 32.5(1.3)c
(3.2)c (2.3)a (1.7)c (3.3)b (1.5)a
Gmelina 2.7 11.1 10.9 14.7 17.4 14.3 13.7 (3.5)a
arborea (4.2)a (3.1)a (2.1)a (2.7)a (3.8)a
4.3 14.8 19.5 19.5 14.8 20.2 17.8 (2.0)ab
(3.8)b (1.0)a (1.2)a (2.8)a (2.6)ab
6.5 19.3 26.1 17.7 17.6 20.9 20.3 (2.2)ab
(2.3)b (5.4)a (1.0)a (2.2)a (0.5)ab
9.2 37.3 25.0 22.9 21.1 35.1 28.3(3.2)b

(4.2)b (2.8)a (3.2)a (2.4)a (2.7)b
Values in parenthesis refer to +SD and n=5. The average ASE is of cycles 1 to 5. ASE are significantly
different (P<0.05) between the resin loadings in particular cases for all of the wood species. Number
followed by different letters for each wood species are significantly different at the level of P<0.05
according to Tukey’s test.

The ASE of the CNSL resin modified wood is also generally increased with the increasing WPG
(Table 4.7) when each successive cycle is examined in isolation but at each WPG the ASE (%)
varied highly between each cycle. In Scots pine the ASE generally declined after the first cycle
while in the other two species the ASE values are variable throughout. The effect of WPG on
the ASE was significantly different (P<0.05) in cycle 1, 4 and 5 for Scots pine; cycle 1, 3 and 4
for Obeche; cycle 1 and 5 for Gmelina. The average ASE of 5 consecutive cycles did show a

significant difference (P<0.05) between the WPGs for the three wood species.
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The unmodified or control wood showed higher $% value for Scots pine (15.2%), Obeche
(10.1%) and Gmelina (12.5%) than the CNSL resin modified wood of the same. Increasing resin
WPG clearly has an important effect in imparting dimensional stability (Figure 4.6 a, S% and b,
ASE %; Table 4.6 and 4.7). The lowest S (6.8%) was found in Obeche wood at 13.9 WPG, while
Gmelina provided 9% volumetric swelling coefficient with at 9.2 WPG. It was much less
effective in Scots pine, only provided 10.5 % swelling coefficient at 28.5 WPG, a resin loading

more than double in Obeche and Gmelina.
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Figure 4.6: Relationship between the WPG and (a) volumetric swelling coefficient (S%) and (b)
anti-swelling efficiency (ASE) for Pinus sylvestris, Triplochiton scleroxylon and Gmelina arborea
modified wood with CNSL resin.

In terms of ASE (%) the highest WPG values achieved were around 30%, although in Scots pine
this was at much higher WPG. At lower WPG values the effect was more or less linear for the
hardwoods but tailed off at higher WPG for the Obeche. The improvement of dimensional

stability in Obeche and Gmelina modified wood were found with low resin loadings (WPG).
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The relationships between the volume change (VC%) and the $% and ASE% however show a
different picture (Figure 4.7 a, b). Though, the S% decreased and the ASE% increased and

showed a close relationship with volume change for all the wood species.
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Figure 4.7: Relationship between the VC (%) and (a) volumetric swelling coefficient (S%) and
(b) anti-swelling efficiency (ASE%) for Pinus sylvestris, Triplochiton scleroxylon and Gmelina
arborea modified wood with CNSL resin.

4.3.4. Stability to hydrolysis

The stability to hydrolysis of CNSL resin modified wood was evaluated by calculating the
percentage of weight losses (WL %) recorded during the cyclic water soaking and oven dry
dimensional stability test. The results of the weight losses at different resin loading (WPG) of

resin modified Scots pine, Obeche and Gmelina wood with the successive WS/OD cycle are

shown in Table 4.8.
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Table 4.8: Weight losses (WL) of CNSL resin modified wood as determined from the successive
WS and OD cycle of the dimensional stabilization test.

Wood WPG Weight losses (%)
Species Cycle Total
1 2 3 4 5
Pinus 0.0 1.5 1.0 0.4 0.1 0.3 3.2(0.3)a
sylvestris (0.2)a (0.2)ab (0.1)a (0.1)a (0.2)a
5.5 1.2 1.0 0.2 0.4 0.4 3.1(0.2)a
(0.3)a (0.1)a (0.1)ab (0.1)ab (0.1)a
11.1 1.0 1.1 0.4 0.4 0.2 3.1(0.5)a
(0.4)a (0.1)a (0.1)b (0.1)b (0.1)a
16.5 1.2 1.0 0.5 0.3 0.3 3.1(0.3)a
(0.4)a (0.1)ab (0.1)b (0.1)b (0.1)a
28.5 1.4 0.7 0.4 0.4 0.3 3.2(0.3)a
(0.2)a (0.2)b (0.1)b (0.1)b (0.1)a
Triplochiton 0.0 1.0 0.9 0.3 0.1 0.1 2.5(0.1)a
sclerexylon (0.5)a (0.4)a (0.1)a (0.1)ab (0.1)a
3.8 1.1 0.8 0.2 0.1 0.3 2.5(0.1)a
(0.5)a (0.1)a (0.1)ab  (0.1)ab (0.1)b
6.7 2.1 0.8 0.3 0.2 0.2 3.5(0.1)a
(0.4)a (0.1)ab  (0.1)ab 0.1)bc (0.1)a
9.2 2.9 0.6 0.3 0.2 0.1 4.1(0.9)a
(0.8)a (0.1)ab  (0.1)ab (0.1)c (0.1)a
13.9 1.0 0.3 0.4 0.3 0.1 2.1(0.1)a
(0.1)a (0.1)b (0.1)b (0.1)c (0.1)a
Gmelina 0.0 2.2 0.8 0.3 0.1 0.0 3.4 (0.5)ab
arborea (0.5)a (0.1)a (0.1)a (0.1)a (0.1)a
2.7 1.0 1.1 0.2 0.1 0.1 2.5(0.8)ab
(0.5)b (0.1)b (0.1)ab  (0.1)ab (0.1)a
4.3 1.0 0.9 0.3 0.1 0.1 2.4 (0.4)ab
(0.5)b (0.1)ab  (0.1)ab  (0.1)ab (0.1)a
6.5 2.7 0.8 0.3 0.2 0.2 4.2 (1.0)b
(0.9)b (0.1)a (0.1)ab (0.1)bc (0.1)a
9.2 2.3 0.6 0.5 0.2 0.1 3.7 (1.4)ab

(1.4)b (0.1)c (0.1)b (0.1)c (0.1)a
Values in parenthesis refer to +SD and n=5. The total WL is sum of cycles 1 to 5. WLs are significantly
different (P<0.05) between the WPGs in particular cases for the wood species. Number followed by
different letters for each wood species are significantly different at the level of P<0.05 according to
Tukey’s test.

In general, the wood blocks of all species modified with CNSL resin showed greatest WL after
the first water soak and oven dry cycle of the test. In most instances, WL of all wood samples
declined with each successive cycle. With Scots pine the total WL losses were similar for each
WPG but in the Obeche the losses increased and then declined while in Gmelina the total
varied. Statistically significant difference (P<0.05) was found in WL between the WPG levels in
some of the cycles. But the total WL was not significantly different (P>0.05) in any of the wood

species.

81



4.3.5. Water absorption and water repellent efficiency

The water absorption and water repellent efficiency of the CNSL resin modified wood blocks
are also evaluated from the water soak and oven dry cycle of dimensional stability test. The
results of the water absorption (WA) and water repellent efficiency (WRE) of Scots pine,
Obeche and Gmelina wood modified with CNSL resin with successive cycles are shown in Table

4.9 and 4.10 respectively.

Table 4.9: Water absorption of the CNSL resin modified wood as determined from the
successive WS and OD cycle of the dimensional stabilization test.

Wood WPG Water absorption (%)
Species Cycle Average
1 2 3 4 5
Pinus 0.0 195.7 200.8 203.6 209.8 206.5 203.3 (25.9)a
sylvestris (24.0)a (25.8)a (26.3)a (27.4)a (26.5)a
5.5 147.0 172.1 179.7 183.8 184.6 173.5(6.9)b
(6.3)b (7.2)b (6.7)ab  (8.3)ab  (7.4)ab
11.1 126.2 154.7 164.7 166.2 170.6 156.5 (11.8)b
(10.9)bc  (10.3)b  (13.4)b  (12.1)b  (13.0)b
16.5 126.4 152.6 159.3 165.9 168.8 154.6 (6.1)b
(10.6)bc  (7.5)b (5.8)b (6.5)b (3.7)b
28.5 108.3 120.9 124.2 131.9 141.7 125.4 (6.9)c
(6.0)c (10.4)c (9.3)c (6.2)c (6.7)c
Triplochiton 0.0 196.0 218.1 217.8 223.5 224.1 215.9 (37.2)a
sclerexylon (36.9)a (36.1)a  (40.7)a (38.4)a  (34.3)a
3.8 161.1 167.0 176.5 183.4 183.6 174.3 (15.6)b
(15.0)a  (16.1)b (17.1)ab (14.7)ab (16.6)ab
6.7 159.9 162.8 174.5 183.2 188.3 173.7 (15.9)b
(16.4)a (15.1)b  (19.6)ab  (9.6)ab (19.1)b
9.2 155.5 155.6 171.6 181.2 182.9 169.4 (19.6)b
(20.7)a (22.8)b (23.2)b (22.0)b (17.6)b
139 104.9 105.6 107.0 116.8 122.2 111.3 (4.5)c
(12.1)b (5.9)c (3.4)c (2.6)c (3.9)c
Gmelina 0.0 179.9 170.7 157.6 149.3 166.4 164.8 (23.7)a
arborea (16.2)a (28.5)a (26.2)a (21.0)a (30.6)a
2.7 175.7 154.8 141.9 145.9 155.9 154.8 (5.0)a
(9.4)a (3.8)b (2.2)b (10.5)a (3.7)a
4.3 172.3 142.1 140.4 1435 154.5 150.5 (5.4)a
(5.1)a (5.2)b (10.3)b (6.7)a (4.0)a
6.5 169.0 141.9 137.6 141.3 151.1 148.2 (13.2)b
(8.0)a (18.0)b (25.5)b (34.7)b (14.8)a
9.2 165.3 126.9 118.0 134.9 138.8 136.8 (12.9)b
(10.4)a (9.0)c (13.9)c (15.7)b (9.7)b

Values in parenthesis refer to £SD and n=5. The average WA is of cycles 1 to 5. WA is significantly different
(P<0.05) between the WPGs in particular cases for all of the wood species. Number followed by different
letters for each wood species are significantly different at the level of P<0.05 according to Tukey’s test.
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Table 4.9 shows that the WA decreases with increasing WPG but increases with each WS/0OD
cycle. The lowest WA was found in Obeche modified wood followed by Scots pine and
Gmelina. The effect of WPG on WA was found significantly different (P<0.05) in most of the

cycles and in average for all of the modified wood except cycle 1 for Gmelina modified wood.

The WRE also increases with increasing WPG. This was found for each successive WS/OD cycle
for all wood species. In Scots pine modified wood the WRE decreased with each cycle at each
WPG, but in Obeche and Gmelina wood there no such trend was observed. Among the species,
Obeche modified wood obtained the highest average water repellent efficiency (48.4 %) at
13.9 WPG. While a 38% WRE was found at 28.5 WPG in Scots pine modified wood (Table 4.10).

The lowest WRE was observed with Gmelina modified wood, 17% at low 9.2 WPG.

Table 4.10: Water repellent efficiency (WRE) of the CNSL resin modified wood as determined
from the successive WS and OD cycle of the dimensional stabilization test.

Wood species WPG WRE (%)
Cycle Average
1 2 3 4 5
Pinus 5.5 24.9 14.3 11.7 12.4 10.6 14.8(3.4)a
sylvestris (3.2)a (3.6)a (3.3)a (3.9)a (3.5)a
11.1 35.5 22.9 19.1 20.8 17.4 23.2(5.7)b
(5.6)b (2.2)b (6.5)ab (5.8)b (6.3)ab
16.5 35.4 24.0 21.8 20.9 18.2 24.1(3.0)b
(5.4)b (1.6)b (2.8)b (3.0)b (1.7)b
28.5 44.7 39.8 39.0 37.2 314 38.4(3.4)c
(3.0)c (2.3)c (4.5c (2.9)c (3.2)c
Triplochiton 3.8 17.8 23.4 18.9 17.9 18.1 19.2(7.2)a
sclerexylon (7.6)a (7.6)a (7.8)a (6.6)a (7.4)a
6.7 18.4 25.4 19.9 18.0 16.0 19.5(7.4)b
(8.3)b (6.9)a (9.0)a (4.3)a (8.5)b
9.2 20.7 28.7 21.2 18.9 18.4 21.6(9.0)b
(10.5)b  (10.4)a  (10.6)a (9.8)a (7.8)b
13.9 465 51.6 50.9 47.7 45.5 48.4(2.1)c
(6.2)c (2.7)b (1.5)b (1.2)b (1.7)c
Gmelina 2.7 2.3 9.3 10.0 2.3 6.3 6.1(3.0)a
arborea (5.2)a (2.2)a (1.4)a (7.0)a (4.4)a
4.3 4.2 16.8 11.0 3.9 7.2 8.6(3.3)a
(2.8)a (3.1)b (6.5)b (4.5)b (5.4)a
6.5 6.1 16.9 12.7 5.4 9.2 10.0(6.4)b
(4.4)a (4.7)b (7.2)b (10.4)b (8.9)a
9.2 8.1 25.7 25.2 9.7 16.6 17.0(4.7)b

(5.7)a (5.6)b (8.8)b (4.7)b (5.8)b
Values in parenthesis refer to +SD and n=5. The average WRE is of cycles 1 to 5. WRE is significantly
different (P<0.05) between the resin loadings in particular cases for all of the wood species. Number
followed by different letters for each wood species are significantly different at the level of P<0.05
according to Tukey’s test.
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The effect of WPG on the WRE was found to be significantly different (P<0.05) in most of the
individual cycles and on average for all of the wood species. The relationship between the
WPG and WA, and WRE of the CNSL resin modified Scots pine, Obeche and Gmelina wood is
shown in Figure 4.8. The increase of WPG causes the decrease of WA and increase of WRE for
all of the wood species. The lower WA and higher WRE were obtained from the Obeche

modified wood followed by Scots pine and Gmelina.
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Figure 4.8: Relationship between the WPG and (a) water absorption (WA), and (b) water
repellent efficiency (WRE) for Pinus sylvestris, Triplochiton scleroxylon and Gmelina arborea
modified wood with CNSL resin.
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4.4. Discussion

4.4.1. Physical properties improvement due to CNSL resin modification
4.4.1.1. Weight percent gain

Weight percent gain (WPG) is commonly used to define the loading of modification of wood
with impregnates and is equivalent to a mass/mass loading (g kg ), whereas commercially a
mass volume loading (kg m™3) is used for conventional wood preservatives. The SG differences
between untreated and treated woods are effectively mass volume loadings. Different levels
of WPG were successfully achieved in all species by varying the solution concentration and
linear relationships were established for concentration and WPG, however the species
behaved quite differently: in that the most permeable species, Scots pine, achieved
significantly higher WPG (ca. 28) in comparison to Obeche (ca. 15) and Gmelina (ca. 10).
Generally, the differences of WPG were anticipated as the wood permeabilities are different.
Although Islam et al. (2012) found a correlation between the WPG and density of wood and
Yap et al. (1990) showed similar, in the current work the high permeability of the softwood,
Scots pine is an overriding factor. Obeche however, of lower density (0.33) did achieve higher
WPG (15.5) than the higher density Gmelina (SGp 0.36, 9.4 WPG). There is however little
indication of the location of the resin inside the wood cells and in the hardwoods there may

be a greater loading within vessels rather than within other cell types (fibres, parenchyma).

4.4.1.2. Volume change

Hill (2006) stated that volume change (VC) or bulking coefficient (BC) is an important indicator
that chemical reaction has occurred inside the cell walls rather than just within the cell lumens.
Thus, wood not only gained weight but also swelled due to modification indicating the
impregnant has penetrated into the cell wall. In this study, CNSL resin impregnation showed
linear relationships between the VC and WPG for the different wood species (Figure 4.2). This
indicates that higher amounts of CNSL resin are located in the wood cell wall with the

increased WPG.

Despite lower permeabilities and lower VCmax values for Obeche and Gmelina (5.5%, both)
than Scots pine (7.1%), at equivalent VC values (e.g. 5.7, 5.5 and 5.5, Table 4.3) the WPG for
Gmelina is considerably lower. This may indicate that much of the resin did not enter the cell
wall, particularly at the higher WPG values in Scots pine. Conversely, this may indicate that
there is better cell wall penetration in Gmelina, but this will be discussed later (section 9.3.5)

in the context of overall distribution where Gmelina showed poor depth of treatment.
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The results of the Ve (theoretical/measured volume) also confirm that a lower proportion of
resin is located in the cell wall as the WPG increased. If the entire resin was located within the
cell wall at every level of modification, a value of one would be found for each Ve and that
did not change with resin loading. Hill and Mallon (1998) mentioned that this method focuses
on the contribution of the volume of the impregnants to the volume increase due to

impregnation modification.

The Vrel values are close to unity at up to 10.3 WPG for Scots pine but increase at higher values.
In Obeche and Gmelina the values increase to close to (Obeche 0.9) or just above (Gmelina
1.03) unity with increasing WPG. The higher than unity values for Ve in Scots pine and possibly
Gmelina show the measured increase of volume is less than the theoretical value of volume
increased and indicates that some of the resin was not located within the wood cell wall but
is also located in the lumen. Furthermore, the lower than unity values of Ve in Obeche and
Gmelina at lower WPGs indicate that the volume change is not due solely to the presence of
resin in the cell wall. If all the resin was located in the cell wall at each level of treatments then
a value of unity would be found for Vrel and that would not change with the WPG (Hill and
Jones, 1996; Hill et al., 2004a).

The ability of CNSL resin molecules to penetrate into the wood cell wall is an important
guestion itself. Hill (2006) mentioned that molecules of diameter 2-4 nm or more are unable
to penetrate the cell wall micropores as this is the maximum diameter of a typical cell wall
micropore. In a study of the penetration of organic liquids, Mantanis et al. (1994) reported
that liquids with molar volume of larger than 100 cm3® mol™? (estimated 0.68 nm molecular
diameter) have limited capability to penetrate into the cell wall of oven dried wood. But it was
not possible to calculate the accurate molecular volume of the CNSL resin as it contains
different functional groups which were roughly estimated to molecular weight 100 — 400
(Table 4.1). So, it can be assumed that some portion of the cell wall micropores were

inaccessible to the resin due to their size.

4.4.1.2. Change of specific gravity and void volume

The impregnation modification with CNSL resin has significantly affected the oven dry specific
gravity (SGop) of wood of Scots pine, Obeche and Gmelina. It is found that the improvement
of SG of ca. 20% was found in Scots pine which is almost double of the improvement in Obeche
and Gmelina (both show 10%). It should be noted that the SGop was increased with the

increase of resin loading or WPG in to the wood. This means that a greater amount of CNSL
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resin was located in the Scots pine wood than the other two wood species. The increase of
SGop of modified wood is also attributed due to the specific gravity of the CNSL resin itself.
This fact is accounted as the lower SGop of Obeche unmodified wood was increased to almost
similar amount of increase of SGop of Gmelina (10%). Hence, the SGop of unmodified Gmelina

wood is higher than the unmodified Obeche wood.

Increasing amounts of CNSL resin after treatment leaves a lower residual void volume. The
greatest void volume reduction was found in Scots pine wood (7%) with lower amounts in
Obeche and Gmelina at ca. 3% reduction. The reduction of the void volume is thus related to
the increase of SGop of wood of the tested wood species. The effect of WPG on the reduction
of void volume due to the modification in Scots pine, Obeche and Gmelina wood is also
significant. The reduction of void volume is an indication of the amount of resin in cell lumen
rather than the micro voids of the cell wall. Cell wall micropores may also be considered as
void space but these will change with swelling and the entry of solvent and resin into the cell

wall.

4.4.2. Leaching of CNSL resin

Hill (2006) mentioned that the effectiveness of impregnation modification relies on stability
to leachingin service. In this study, the EN 84 water leaching test revealed that a small amount
of CNSL resin was leached out from the modified wood blocks (Figure 4.3). The effect of WPG
on the amount of leachable resin was not significantly different indicating that the bulk of
impregnated resin was substantially fixed in the wood. Modified Gmelina showed significantly
higher leaching, followed by Obeche and Scots pine. This may indicate more unfixed CNSL

resin in cell lumen or cell wall micropores of Gmelina modified wood blocks.

Itis also noted that the difference of WPG of modified wood before and after the leaching test
was not significant (Figure 4.4). In almost each case the difference of WPG was found equal at
each resin loading level, at ca. 2%. It was also evident that the WPG was decreased in the
control wood blocks due the leaching which indicate that the leaching of resin was
accompanied with the water soluble fragments of wood. Small variation of WPG was observed
for the three wood species, although the difference in WPG is higher in Gmelina modified
wood. This small weight loss during the water leaching may be the loss of water soluble wood
extractives and wood degradation products, possibly also hemicelluloses rather than resin

components.
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4.4.3. Dimensional stabilization

4.4.3.1. Volume changes due to water soak and oven dry cycle

In this study, cyclic volume changes were observed with exposure of the resin modified woods
to wetting and drying cycles (soaking and oven drying), and there was a general decrease in
amplitude with each cycle. A possible reason for this might be that the OD and WS volume
decrease to losses of CNSL resin caused by hydrolysis of the resin, but Hill (2006) claimed that
if the OD and WS volumes decrease at an equal rate due to loss of the most thermo-labile
component of wood i.e. hemicellulose, but not to loss of the modifying components. It is also
important to note that if the impregnated agent is being lost due to the cyclic test, the OD
volume would typically decrease and WS volume increase. Earlier work of Hill and Jones (1996)
and Hill and Mallon (1998) showed this using anhydride modification, although the reverse
was also found in these studies when succinic anhydride and heptanoic anhydride was used

to modify wood.

Many earlier studies have reported that the first cycle of such tests usually produces
unrepresentative data (Hill and Jones, 1996; Hill and Mallon, 1998; Hill et al., 2004a) and thus
ignored. Rafidah et al. (2006) pointed that when wood samples are measured after solvent
extraction and oven drying, they exhibit volumes higher than the volume measured after
drying from a cell wall water saturated state. As a result a higher WS volume and lower OD
volume are observed in the first cycle, but in this study the volume of modified wood samples
in OD and WS volume after the first cycle has been found consistent with the consecutive
cycles. Despite this it is possible that there might be non-bonded but cell wall bulking agents
remaining after the treatment and these leached out in the first cycle causing a lower OD

volume and higher WS volume (Rowell and Ellis, 1978).

4.4.3.2. Volumetric swelling co-efficient and anti-swelling efficiency

The CNSL resin brought a modest improvement in dimensional stability to the three tested
wood species. As the WPG increases the $% reduces and ASE% increases in all wood species
(Figure 4.6). Among the species a significantly higher dimensional stability was found in
Obeche wood, combined with a lower $% of the control wood blocks. Both the Obeche and
Gmelina wood showed greater dimensional stability with low WPGs than the Scots pine wood.
This is because the control blocks of these woods also showed higher dimensional stability
than the Scots pine controls. Even at the highest WPG (28.5) the Scots pine modified wood did

not provide a better ASE value than the modified hardwoods. This may be because much of
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the resin was polymerised and located in the wood cell lumens rather than in the cell walls,

so did not contribute to the dimensional stability.

The CNSL resin imparted increased dimensional stability of wood due to incorporation of the
resin in the cell wall so far and permanent cell wall swelling (bulking) under the dry condition.
The permanent swelling or bulking was increased with the increase of resin loading or WPG
(Figure 4.2). Many workers have reported that the ASE is strictly correlated to the bulking of
the wood cell wall by chemical add on (Hill and Jones, 1996; Hill and Mallon, 1998; Hill et al.,
20044a; Xiao et al., 2010). Owing to the effect of cell wall bulking the ASE increased with the
increase of WPG. To find out why the CNSL resin modification imparts dimensional stability to
the CNSL modified wood the ASE value was plotted against the VC% (bulking) and this showed

a close relationship (Figure 4.7).

When the average of the five successive cycles is examined a modest dimensional stability of
ca. 30% is found for all wood species, but a higher ASE value was observed in the first cycle
(Table 4.7). Moreover, no steady loss of ASE was found in the cyclic test (Table 4.7). This can
be explained as the loss of ASE was not due to the loss of modifying agents rather a loss of
wood extractives and / or the wood hemicellulose. This is further observed when the results

of the weight loss due to hydrolysis are evaluated in the next section.

It is very difficult to compare the dimensional stabilization data between the different resin
systems reported in the literature as the results do not follow a standard set of procedures
and differences in wood species, dimensions, treatment procedures, loadings and test

methods, often involving only one a cycle dimensional stability test.

A verity of resin system was also applied to improve the dimensional stability of wood. Rapp
and Peek (1995) reported that a maximum of only 20% ASE was achieved when wood was
impregnated with 30 different water based resin system at up to ca 250 kg m™ retention in
Scots pine and beech wood. Most of their resin system showed poor penetration into the
wood blocks and thus poorly imparted dimensional stabilization. In another study Sailer and
Rapp (1997) found methanol etherified melamine formaldehyde resin provided the best ASE
at 25% of four impregnated wood-resin systems tested. However, good dimensional
stabilization was reported when wood was modified with different formaldehyde based resins
including phenol formaldehyde (PF), melamine formaldehyde (MF) and urea formaldehyde

(UF) (Deka and Saikia, 2000). They reported that ca. 70% ASE was achieved with PF and MF,
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and 50% ASE with UF, when the wood of Anthocephalus cadamba was treated by these resin

at 34 WPG. This resin loading gave a volume increase of 9 to 14%.

PF resin was a promising dimensional stable agent in an earlier study (Stamm and Seborg,
1939). Gabrielli and Kanke (2010) and Furuno et al. (2004) also found 70% ASE by modifying
with PF resin, but most of these works were done with a low molecular weight resin system.
Ohmae et al. (2002) also found a greater ASE (74%) with a low molecular weight PF resin at a
30% WPG. The low molecular weight resin system can penetrate the wood cell wall and thus
contributed to the dimensional stability as bulking is related to the ASE. The molecular weight
of CNSL resin is quite large and varies from 100 to 400. This may also reflect on the resin
loading and volume change results, as CNSL resin modified wood in this study achieved low

WPG and VC.

4.4.4. Stability to hydrolysis

Stability to hydrolysis is particularly important when a realistic multi-cycle WS and OD method
is used (Hill, 2006) because leaching of modifying chemical will be evident as the test proceeds.
In this study, the greatest weight loss was found in first WS/OD cycle of the test and thereafter
it was lower for subsequent cycles and in total over all of the cycles loss values of 2.1% to 4.2%
occurred (Table 4.8). This weight loss is not accompanied by the loss of ASE over the successive

cycles which suggests that there was minimal loss of resin from the cell wall.

In some cases of the cyclic test the WPG has a significant effect on the weight loss but when
the total weight loss is examined over the five WS/OD cycles the effect of WPG was
insignificant on weight loss except for Gmelina wood. At 6.5 WPG the weight loss of modified
wood was significantly higher than the control wood blocks in Gmelina wood but weight loss
of modified wood was almost equal to the control wood blocks of Obeche and Scots pine. This
weight loss data is in agreement that found in the EN84 leaching test (section 4.3.2, Figure
4.3), on the first cycle, although it increased when the sum of the five cycles is considered.
Without a full compositional analysis of leachate is not possible to be certain but it is assumed
that the weight losses of the cycles is associated with the wood losses, rather than resin losses.
Once again this could be water soluble fragments of hemicellulose and other wood
extractives. A small portion of sapwood extractives can be leached out as the test specimens

were not solvent extracted before the resin impregnation.
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4.4.5. Water repellency

The water repellency of CNSL resin modified wood was evaluated by measuring the water
absorption (WA, Table 4.9) and water repellent efficiency (WRE, Table 4.10). The water
repellency of wood is improved due to the modification with CNSL resin. The WA was reduced
and WRE was increased with the increase of resin loading or WPG. Resin modified wood blocks
of the three tested species showed significantly lower WA than their matching control wood
blocks. It is apparent that WPG has large influence on the water repellency of modified wood.
In the cyclic test no consistent trend of increasing or decreasing of water repellency was
observed in the subsequent cycles suggesting that the reduction of water repellency of the
resin modified wood was not due to loss of impregnated resin rather than loss of soluble
component of wood materials. Significantly greater water repellency was found in Obeche
modified wood where ca. 50% WRE was achieved with a comparatively lower WPG (13.9) than
Scots pine which only achieved 38.4% at ca. double the WPG (28.5). Among the species
Gmelina showed lowest water repellency since it obtained lowest WPG, but at equivalent
values of WPG it showed lower water repellency (cf. Obeche 6.7 and 9.2 WPG with Gmelina
6.5 and 9.2 WPG).

Yang et al. (2013) suggested that improved water repellency in modified wood is a complex
phenomenon which involves bulking of the cell wall or lumen or cross-linking of the wood
polymers and or hemicellulose degradation. Baysal et al (2004) found chemical bonding
between the cross-linking agents and wood cell wall when modified wood with furfuryl alcohol
catalysed by borates. A similar observation was reported by lJinshu et al. (2007) that
hydrophilic groups of wood cell wall were replaced by functional groups of modifiers namely

urea formaldehyde resin and nano-SiOa.

The decrease of WA and increase of WRE of CNSL resin modified wood can be attributed to
the hydrophobic nature of CNSL resin which impedes water absorption and improves
repellency. The interaction by reaction or blocking of the OH groups available to water in wood
cell wall polymers with the functional groups of the CNSL resin may have been considered to
effectively improve water repellency (Rowell and Banks 1985). From the volume change data
it can be assumed that the lumens are occupied by the hydrophobic side chain of the CNSL
resin and thus, there is little possibility of cross linking of the resin with the water assessable
sites of wood cell wall. In addition the capillaries of the lumens in wood might be blocked by

the CNSL resin and thus water is lost from its main channel.
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4.5. Conclusions
Impregnation modification with CNSL resin has improved the physical and moisture related
properties of Scots pine, Obeche and Gmelina wood, although not in equal amounts relative

to the different WPG achieved.

1. The WPG and VC linearly increased with increased of resin concentration. Significantly
greater WPG occurred in Scots pine wood than Obeche and Gmelina mainly due to
permeability differences. VC also increased to ca. 7% in Scots pine and ca. 5% in Obeche and
Gmelina wood which indicates that some amount of resin penetrated into the wood cell wall
which is a prerequisite of modification to enable dimensional stability of wood. However the
Vrel results reveal that large portion of resin can be located in the cell lumens. There is the
possibility that the greater molecular volume of the CNSL resin components are unable to
penetrate the microvoid networks of the wood cell wall because of their size. The CNSL resin
is composed of long unsaturated side chain, which creates the bulk of the macro void volume

of the wood.

2. The SGop and void volume are largely influenced by the CNSL resin impregnation. SGop is
increased in Scots pine (20 %) double that of the Obeche and Gmelina and thus gave greater
densification. As the specific gravity increased the void volume of the modified wood
decreased due to the resin loading. The reduction of the void volume is in effect the gross
macro void volume of wood that is occupied by the CNSL resin and consequently a greater

void volume reduction was found in Scots pine than Obeche and Gmelina.

3. CNSL resin leachability according to EN84 was minimal. This was further substantiated by
the cyclic soaking and oven drying test where little loss occurred. Performance of the
impregnation modification of wood is largely depends on the non leachability of the
impregnants. The small leaching losses which occurred could be explained as losses of wood
extractives and soluble storage polysaccharide and hemicellulose losses as the control blocks
showed similar losses. Some minor losses could also be explained by unpolymerised resin

components but this was not thought to have occurred.

4. The CNSL resin imparted moderate dimensional stability to the three wood species. The ASE
increased with the increased WPG. Surprisingly and significantly higher dimensional stability
was found in Obeche wood than Scots pine although it had a lower WPG and provided lower
bulking than the Scots pine wood. In addition to the effect of the resin there was a

contribution from the wood itself, where the control blocks of Obeche showed a lower
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volumetric coefficient of swelling. The reduction of the ASE over the successive WS and OD
cyclic test did not provide any specific trend suggested that this reduction is not due to the
loss of resin rather than the loss of wood extractives and or wood hemicellulose. This is not
the loss of dimensional stability of the modified wood as the OD and WS volumes decrease at

an equal rate over the five successive cycles.

5. This is further supported from the results of the hydrolysis test, as found that the weight
loss due to the cyclic test was neither controlled by the cycles (hydrolysis) nor the resin
loading. The CNSL resin provided moderate dimensional stability to wood as the mean ASE
value of five successive cycles was used in this study though the ASE value of the first cycle
was significantly higher for all of the wood species. This is considered in respect of the long
term stability of wood in service; many previous studies have only considered one cycle, which

has subsequently shown to be unrepresentative of the dimensional stability of wood.

6. The water repellency (WRE) of wood is also upgraded due to the CNSL resin modification.
Obeche provided better water repellency than the other two wood species. The WRE was
greatly influenced by the WPG but not by the cycles of water soaking. It can be assumed that
the hydrophobic nature of CNSL resin is chiefly responsible to impart the water repellency in

modified wood.
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Chapter 5
Dynamic mechanical thermal properties of

CNSL resin modified wood

5.1. Introduction

Wood is considered a unique polymeric composite consisting of several polymeric materials
i.e. cellulose, hemicelluloses and lignin. The response to external stress applied to wood is a
consequence of interactions of these wood cell wall polymers (Kelley et al., 1987). Like other
polymeric materials, wood also demonstrates viscoelastic behaviour meaning that it has
elastic and viscous properties. This is why if any external stress is applied to wood it will result
in strain but with the progress of time this strain will extend, which is termed creep. Moreover,
viscoelastic materials also experience relaxation phenomena associated with molecular
mechanisms which change considerably with temperature. The amorphous components of
wood (hemicelluloses and lignin) go through several thermal transitions from the glassy to the
rubbery state which is termed glass transition (7,) (Kelley et al., 1987). These transitions mark

a change in the mechanical and other properties of wood (Backman and Lindberg, 2002).

The dynamic mechanical thermal analysis (DMTA) is an excellent technique to determine the
thermal and mechanical properties of wood which is another way to investigate the
viscoelastic properties of wood. This method is also reported to provide valuable information
regarding the wood polymer relationship, structure and morphology (Manchado and Arroyo,
2000). DMTA has been used by many workers to investigate the viscoelastic properties of
wood, mainly to understand the structure of wood polymers and the effect of moisture on its
properties (Salmen, 1984; Birkinshaw et al., 1986; Kelley et al., 1987; Backman and Lindberg,
2001), but the most popular use of dynamic mechanical analysis is in the viscoelastic study of
adhesives and other polymers, particularly to study the compatibility in polymer blends
(Manson and Sperling, 1976; Wetton, 1993; Nielsen and Landel, 1994; Chen and Gardner,
2008). This method can also be used to investigate the viscoelastic properties of other ligno-

cellulosic materials like bamboo and cane (Obataya and Norimoto, 1999; Liu et al., 2012).

DMTA is also used to understand the adhesion between wood and polymers at the cell wall
level. Significant work has been carried out to obtain information needed in the application of
glues and paints to wood. In most cases changes in Ty are observed which indicate the degree
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of interaction between wood and polymers. Early work by Handa et al. (1980) showed
interactions between wood and polyoxyethylene glycol methacrylate (PEGMA) gave lowered
peaks from 230 to 200 °C and attributed this to the cellulose Ty and interactions in the cell
wall. Backman and Lindberg (2002, 2004) studied the interaction of wood with polyvinyl
acetate glue, polyurethane-alkyd lacquer and polymethylmethacrylate polymer by DMTA and
found that decreases in T, were accompanied by good adhesion at the cell wall level. DMTA
has also been usefully used to study the dynamic mechanical thermal properties of newly
developed extruded nylon-wood composites (Chen and Gardner, 2008), and viscoelastic
properties of tropical wood polymer composites (WPC) made of oxidized sodium

metaperiodate and phenyl hydrazine (Hamdan et al., 2010).

Resin modification can improve the mechanical properties of wood but other forms of
modification i.e. chemical and thermal may have adverse effects on its mechanical properties.
The study of thermo-mechanical properties or the viscoelastic properties of resin modified
wood has not been reported to date. It will be an opportunity to study the thermo-mechanical
properties of CNSL resin modified wood by using DMTA. This chapter will also investigate the
compatibility of CNSL resin with wood polymers as it will provide an insight of interaction or

possible cross-linking of resin with the wood cell wall.

5.2. Concept of DMTA

The DMTA is a technique in which a small sinusoidal stress is applied to the test specimen and
the resulting strain is measured. The load is applied at a constant frequency with the
temperature is increased at a constant rate. The measurement of stress is defined by mainly
two moduli to describe the viscoelastic properties of wood, the storage modulus (E’) and loss
modulus (E”). An important characteristic of DMTA of viscoelastic material is that it can
determine the loss factor (tan 8), the ratio between the loss modulus and storage modulus.
Generally, the viscoelastic materials have a combination of elastic and viscous properties, with
stress and strain out of phase by an angle (6) less than 90° which is termed as loss factor or

tan 6.

The storage modulus is reported over the range of temperatures studied and provides the
material stiffness at different temperatures. The loss modulus is explained as an energy loss
which is transformed to heat on ‘work’ in the material. As mentioned earlier, the viscoelastic

material experiences relaxation phenomena as a function of temperature e.g. glass transition

95



temperature (Ty). Tg and other transitions can be determined from the DMTA based on the
change in mechanical properties. The criteria for identifying Ty is usually either a) the inflexion
point corresponding to a sharp drop in storage modulus or b) peak of the corresponding loss
modulus or c) peak of the loss tangent (tan §) (Nielsen, 1974; Chen and Gardner, 2008), but
Herzog et al, (2005) reported that the T4 value found from storage modulus and from tan &

have significant difference so that in the present study the Ty value found from tan 6 is used.

The tan 6 varies considerably with the change of temperature. Kelley et al. (1987) reported
that the temperature at which the T, occurred is largely subjected to the individual
components of wood, i.e. cellulose, hemicellulose and lignin, the frequency of the oscillation
and also the heating rate also affects the results of DMTA (Chen and Gardner, 2008). The
presence of moisture in wood also affects the glass transition temperature which is widely
studied by several workers (Handa et al., 1980; Back and Salmen, 1982; Kelley et al., 1987; Liu
et al., 2012). In totally dry wood, cellulose, hemicellulose and lignin have Ty temperatures of
200-250 °C, 150-220 °C and 130-205 °C respectively. As the wood becomes wetter the Ty and

other transition peaks are lowered.

5.3. Materials and methods

5.3.1. Wood samples and preparation

Four wood species, one softwood and three hardwoods were selected for this study. Sapwood
samples of Scots pine (Pinus sylvestris L.), Obeche (Triplochiton scleroxylon K. Schum.),
Gmelina (Gmelina arborea Roxb.) and Alstonia (Alstonia scholaris L. R. Br.) were prepared to
dimensions of 4.5 x 2.5 x 46 mm (radial x tangential x longitudinal). The hardwood Alstonia
was introduced in this experiments as it was evident that the other two hardwood species,
Obeche and Gmelina were not sufficiently permeable and did not impregnate well with CNSL
resin (chapter 4). Thus, it was expected that more permeable Alstonia will be treated well and
produce a good WPG values. All samples used in the experiment were selected with straight
grain free from any defects (e.g. knots). After sanding to remove loose fibres, the wood
samples were stored at 20 °C and 65% relative humidity (RH) until they reached equilibrium

moisture content.
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5.3.2. Resin impregnation

The wood specimens were vacuum impregnated as described in chapter 4, section 4.2.3 with
alcoholic solutions of CNSL resin of 0%, 10%, 20% or 30% solute content in industrial
methylated spirit (IMS) to achieve different weight percent gain values (WPG). After the resin

curing the modified wood specimens were stored at 20 °Cand 65% RH for a further two weeks.

5.3.3. Dynamic mechanical thermal analysis of CNSL resin modified wood

The mechanical- thermal properties of CNSL resin modified woods were measured using a
dynamic mechanical thermal analyser, TTDMA from Triton Technology, Grantham, UK. The
storage modulus, loss modulus and loss factor (tan &) were determined under the sinusoidal
load in a three point bending mode with span length of 30 mm. Three frequencies, 0.1, 1 and
10 Hz were used to provide an oscillating force with a heating rate 5 °C/min. Measurements
were conducted at temperatures between -150° to 150° C and data were collected at a
thermal scan of 2 °C/min. The specimens were clamped into the test equipment immediately
after transfer from conditioned storage chamber to avoid moisture changes. The specimens
were cooled rapidly in liquid nitrogen. The oven dry basis moisture content of unmodified and
modified wood specimens were ca. 8-9% and ca. 5-6% respectively of the four wood species.
A minimum of 3 specimens per treatment per species were tested, and the mean value of
storage modulus at room temperature was calculated as well as glass transition temperature

of the modified wood and the glass transition of the untreated wood.

5.3.4. Statistical analysis

The data obtained were analysed using IBM® SPSS® Statistics 20 by the one way analysis of
variance (ANOVA) test to determine the statistical difference followed by Tukey’s multiple
comparison test. The results with P<0.05 were considered to be statistically significantly

different.
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5.4. Results

The impregnation modification gave a range of WPG values for the different wood species
tested, in line with values achieved previously, i.e. 11.4, 16.9 and 21.6 WPG for Scots pine; 7.8,
12.6 and 17.6 WPG for Obeche; 4.6, 6.9 and 10.8 WPG for Gmelina; and 17.4, 31.4 and 42.5
WPG for Alstonia wood respectively. WPG values for Alstonia wood were higher than the
previous maximum of Scots pine. The wood samples of the above mentioned species were
also treated with only alcoholic solution (0%) is used as unmodified or control for the DMTA

measurement.

5.4.1. DMTA measurement on wood modified with CNSL resin

Graphical representation of the dynamic mechanical thermal properties of unmodified and
CNSL resin modified Scots pine, Obeche, Gmelina and Alstonia wood are presented in the

Figure 5.1 (a, b, c,d),5.2(a, b, c,d), 5.3 (a, b, c,d) and 5.4 (a, b, c, d) respectively.

The results of DMTA analysis shows the temperature dependence of storage modulus (£’) and
loss modulus (E”) of the unmodified and modified wood samples when flexed along the

tangential direction at a moisture content of ca. 9% and ca. 6% respectively after conditioning.

Although the results of the DMTA analysis presented in Figures 5.1 to 5.4 only show one
sample run in the DMTA test the other values were in accordance. The mean values per
treatment per wood species have been used to determine the glass transition (Ty) of
unmodified and CNSL resin modified wood and in the storage modulus (E’) of the unmodified
and CNSL resin modified wood at room temperature.

In Scots pine, a substantial decrease of storage modulus (E’) was observed over the entire
temperature range in both the unmodified and CNSL resin modified wood. The E’ decreased
with temperature increase for each of the 3 frequencies applied. In each case of resin
modification, higher E’ values were recorded at 10 Hz, followed by 1 and 0.1 Hz. Irrespective
of frequency, the E” of unmodified wood decreased from 1.2 GPa at -150 °C to 0.6 GPa at 150
°C. A better E’ was found when Scots pine wood was modified with CNSL resin at different
WPGs (Figure 5.1 b, ¢, d). At the highest WPG (21.6) the E’ dropped from 1.4 GPa to 0.6 GPa
over the same temperature range irrespective of frequencies applied, but a sharp loss of E’

was found from 50 to 90 °C temperature range in modified wood.
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Figure 5.1: Dynamic thermo-mechanical properties of Scots pine (Pinus sylvestris) wood (a)
unmodified, (b) 11.4 WPG, (c) 16.9 WPG and (d) 21.6 WPG. The curves represent storage modulus (E’),
loss modulus (E”) and loss factor (tan &) at different temperatures and frequencies.
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Figure 5.2: Dynamic thermo-mechanical properties of Obeche (Triplochiton scleroxylon) wood (a)
unmodified, (b) 7.8 WPG, (c) 12.6 WPG and (d) 17.6 WPG. The curves represent storage modulus (E’),
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loss modulus (E”) and loss factor (tan &) at different temperatures and frequencies.
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Figure 5.3: Dynamic thermo-mechanical properties of Gmelina (Gmelina arborea) wood (a)
unmodified, (b) 4.6 WPG, (c) 6.9 WPG and (d) 10.8 WPG. The curves represent storage modulus (E’),
loss modulus (E”) and loss factor (tan 8) at different temperatures and frequencies.
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Figure 5.4: Dynamic thermo-mechanical properties of Alstonia (Alstonia scholaris) wood (a)
unmodified, (b) 17.4 WPG, (c) 31.4 WPG and (d) 42.5 WPG. The curves represent storage modulus (E’),
loss modulus (E”) and loss factor (tan &) at different temperatures and frequencies.
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The tan & (loss factor) of unmodified Scots pine wood showed three dominant peaks due to
the wood polymer relaxation at each frequency, with the location of these tan & peaks shifting
sometimes due to the frequencies. The h