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Summary

The purpose of this study was to assess the decay resistance of wood modified
with a variety of chemicals and to attempt to further understand the mechanism by which
chemical modification protects wood from decay. Corsican pine (Pinus nigra) sapwood
was modified with three cyclic anhydrides; succinic anhydride, alkenyl succinic
anhydride (a derivative of succinic anhydnide with a 16-18 carbon alkenyl chain) and
phthalic anhydride, and with two more widely studied modifying chemicals; acetic
anhydride and butyl isocyanate. All reactions were carried out using pyridine as solvent
and catalyst.

Modified wood was tested against decay fungi in a pure culture test against
basidiomycete fungi (Coniophora puteana, Gloeophyllum trabeum, Trametes versicolor
and Pycnoporus sanguineus) under different moisture content regimes, an unsterile soil
soft rot test, a fungal cellar test and a field trial. Butyl isocyanate proved the most
effective modifying chemical at protecting wood from decay, followed by acetic
anhydride and then alkenyl succinic anhydride. Uneven distribution of the modifying
chemical in wood was evident using each of these three chemicals, particularly in the
case of acetic anhydride. Despite its apparent ability to control decay by basidiomycete
fungi, alkenyl succinic anhydride was unable to completely protect wood from soft rot
fungi. Phthalic and succinic anhydride modifications both proved susceptible to
hydrolysis and leaching, and neither were effective as wood protection chemicals.

Phthalic anhydride modified wood performed well in the pure culture test, apparently
through biocidal action, but was susceptible to decay in unsterile conditions.

The approach made in this study to understanding the mechanism of protection
was to analyse physical properties of the modified wood cell wall. This involved the
measurement of adsorption isotherms, volumetric swell due to water soak, and cell wall
pore size (using the solute exclusion technique). Neither the moisture content of
modified wood nor its cell wall moisture content (measured as the fibre saturation point
from the adsorption analysis) provided a good explanation of decay resistance. In several
cases, the relationship between volumetric swell (due to water soak) and weight loss (to a

given fungus in pure culture) was found to be consistent between modification types.
From this it is concluded that the extent by which water swells modified wood is
important to decay resistance. A reduction in cell wall pore volume was measured using
the solute exclusion technique, though no further conclusions could be drawn from this
test.

It 1s proposed that the mechanism of resistance to decay by basidiomycete fungi
involves the blocking of cell wall pores, which restricts the access of degradative agents
released by decay fungi. The amount by which wood swells is important in this theory
since this will determine by how much transient pores in modified wood can open, and
whether enough space is created to bypass this blocking effect. The possibility of the role
of site substitution in decay resistance is not discounted, and may contribute to decay
resistance, particularly against white rot fungi. Pore blocking is not thought to be the

mechanism of protection against soft rot fungi. In this case the substitution and shielding
of decay susceptible sites are thought to be more important.
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List of abbreviations

Anti-swell efficiency
Brunauer-Emmet-Teller sorption theory
Copper - chromium - arsenic

Degree of polymerisation

Limit degree of polymerisation
Equilibrium moisture content

Fibre saturation point

Relative vapour pressure

Equilibrium constant of the dissolved water (in the Hailwood - Horrobin
model)

Equilibrium constant of the hydrates (in the Hailwood - Horrobin model)
Lignin peroxidase

Total moisture content (in the Hailwood - Horrobin model)

Moisture content

Water of solution (in the Hailwood - Horrobin model)

Water of hydration (in the Hailwood - Horrobin model)

Moisture content corresponding to complete polymer hydration (in the
Hailwood - Horrobin model)

Manganese dependent peroxidase

Nicotinamide adenine dinucleotide (reduced form)

Coefficient of determination

Relative humidity

Void volume introduced into wood due to modification (free volume)
Volume occupied by the modifying chemical

Weight percent gain
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Chapter 1. Introduction

Many of the most widely available timber species are highly susceptible to
biodeterioration by fungi, bacteria, insects and marine borers. In the majority of
applications, certainly in the UK, the most destructive degraders are the decay fungi. For
many applications biocidal chemical preservatives are applied to the wood to increase its
service life, the best known of these being creosote and the copper containing water based
preservatives such as CCA. Biocides are not the only means of preventing wood decay,
and with increasing legislation restricting the use of toxic chemicals more attention 1s
being turned to non-biocidal methods of protecting wood.

Non-biocidal methods of wood preservation rely on the inhibition of the
degrading organism by removing or restricting access to one or more of the various
factors required by that organism for growth. The main factors required by wood decay
fungi are listed below, along with some examples of non-biocidal protection that are used
or have been attempted:

Substrate (a carbon and energy source, i.e. wood). Needs to be accessible to and

digestible by the fungi and its enzymes or other degradative agents.
Other nutrients. Apart from the carbon source mentioned above, decay fungi require

other nutrients such as nitrogen, thiamine and various metals, all available in the wood in
much smaller quantities. Baechler (1959) suggested protecting wood by the removal or
inactivation of these. His work involved the destruction of thiamine using heat treatment
in alkaline conditions, This was moderately successful although Highley (1970)
attributed the success to other changes brought about by the treatment. Baechler (1959)
also attempted to complex trace metals found in wood using chelating agents, achieving

protection against brown and white rot fungi. Suttie, Orsler and Wood (1996) showed



that decay by the brown rot fungus Coniophora puteana (Schum.: Fr.) Karst. could be

inhibited when particular iron chelators were impregnated into wood to prevent the

utilisation of iron by the fungus.

Water. Required by decay fungi for several reasons (Zabel and Morrell, 1992);

1. As areactant in the hydrolytic degradation of wood polymers.
2. As a diffusion medium for extracellular degradative agents.

3. As a major constituent of fungal hyphae.

4. To swell the wood cell wall, allowing increased access of extracellular

degradative agents to cell wall polymers.

Fungal decay can be prevented by drying wood to moisture contents below those
required for decay, though the ease with which it can then be rewetted can cause
problems in service. For certain end uses, water repellents and end sealers can be applied

to the wood to slow or stop the uptake of water.

Oxygen. Decay fungi require oxygen for respiration and for oxidative degradation of
wood polymers. This is particularly important when considering the moisture content of

the wood, as the wetter wood gets the less oxygen is available to decay fungi. Storing
logs in water ("ponding") is used to prevent decay, though in this case wood may still be
susceptible to bacterial attack and possibly also to soft rot.

Other factors. Other factors important to fungal growth include temperature and pH:
Wood decay fungi will only grow within certain ranges of both of these, though both
would be extremely difficult to regulate with regard to protecting wood in service. High

pH in wood-cement composites is thought to be a major factor that contributes to their

enhanced decay resistance (Goodell, Daniel, Liu, Mott and Frank, 1997a).



One of the most widely studied non-biocidal methods of protection is chemical
modification. Chemical modification of wood is defined as a chemical reaction between
some reactive part of a wood component and a chemical reagent, with or without catalyst,
to form a covalent bond between the two (Rowell, 1975). Among the most commonly
tested types of modifying chemical are the anhydrides, particularly acetic anhydride.
Wood modification with acetic anhydride has been found by many workers to impart both

dimensional stability and resistance to biodeterioration.

Although chemical modification can be used in conjunction with biocides (e.g.
work by Dunningham and Parker, 1992; Codd, 1997) or to introduce biocidal functional
groups onto the wood (Chen, Rowell and Ellis, 1990; Chen, 1992a, b), its mode of action
1s not considered biocidal. The means by which chemical modification does protect
wood are not fully understood, but most authors cite the two main proposals made by
Stamm and Baechler (1960);

(1) “Insufficient water can be taken up to support decay.”

(2) “Susceptible hydroxyl groups are removed or blocked so that decay enzymes
cannot dissolve the wood components.”

In terms of the factors required for decay listed above, these proposals refer to

denying the fungus water (1) and/or utilisable substrate (2). These effects will be

discussed in more detail later.

The ability of chemical modification to increase the resistance of wood to fungal
degradation has been widely studied. Although a large number of tests have been
conducted, comparisons between studies are difficult to make because of the wide range
of modification reaction conditions used, different biological test methods, and the

variety of test fungi. The purpose of the present study was twofold:



Firstly, the study was intended to assess the performance of structurally different
modifications against decay fungi in pure culture and in unsterile conditions. Most
particular in this part of the study was to assess the performance of three cyclic
anhydrides; succinic, phthalic and in particular alkenyl succinic (16 - 18 carbon alkenyl
chain) anhydride, and compare these with the more widely studied acetic anhydride and
butyl isocyanate. Alkenyl succinic anhydride has been found to aftford good decay
resistance to wood when used in conjunction with low levels of copper (Codd, 1997). A
more thorough investigation on the properties of wood modified with this chemical
without copper, particularly its resistance to a range of decay fungi in different
conditions, was required.

Secondly. the main part of the study involved the analysis of decay resistance
imparted to wood by the varying structures of these modifying chemicals in order to try
and better establish the mechanism by which modified wood is protected from decay. For
this purpose, further tests were carried out to determine properties considered important
In decay resistance; hygroscopicity, swelling and cell wall pore size. A greater
understanding of the mechanisms of protection involved could lead to the use of more
appropriate modifying chemicals, or to the development of more effective systems of

reaction that could increase the commercial viability of chemical modification as a means

of conferring biological resistance to wood.

In chapter 2 a literature survey has been conducted on wood structure, the
interaction of wood and water, fungal decay, and on the protection of wood through
chemical modification.

Chapter 3 describes the modification procedure and experiments to determine the

extent and permanence of reaction.



Chapters 4 and 5 describe tests of the physical properties of wood, undertaken
with a view to understanding how changes in these properties could be responsible for
improving decay resistance. These include a sorption study, measurements of volumetric
swell due to water soak, and the measurement of cell wall pore size.

Chapters 6, 7 and 8 describe the decay tests;, a pure culture test against
basidiomycete fungi under different moisture content regimes (chapter 6), an unsterile
soil soft rot test (chapter 7), and a fungal cellar test and field trial (chapter 8).

The relevant results from each of these chapters are brought together and

discussed 1n chapter 9.



Chapter 2. Literature survey

2.1 The composition of wood

The structure and chemical composition of wood has been widely studied and
reviewed, for example by Fengel and Wegener (1984).

In softwoods, 90-95% of the wood tissue 1s made up of longitudinally aligned
tracheids. These are long, thin, hollow cells, the central lumen being used for transport of

water and minerals up the living tree. The wall thickness and lumen size of these vary

with the stage of the growing season at which they were formed; earlywood tracheids
having thinner cell walls and larger lumina and latewood tracheids having smaller lumina
with thicker cell walls. The remainder of the wood substance is mostly made up of radial
or axial parenchyma. These-are small brick shaped cells responsible for radial transport
and storage of nutrients and various biochemical processes in the sapwood of the tree.
Hardwood tissue is more heterogeneous in its structure, the majority being made up of
fibres (needle like cells with thick walls and small lumina) and vessels (very large

lumina, very thin walls). Some hardwoods also contain large quantities of axially aligned
parenchyma.

The cell walls themselves are constructed of layers that vary in composition and
structure. These are known as the primary and secondary layers, the secondary layer
itself usually consisting of three further layers, the S;, S, and S; layers. The primary layer
1s the outer layer, inside 1t being the Sy, then the S,, with the S; layer at the lumen surface.
The thickest of these, and therefore the one that dominates wood properties, is the S,
layer. Between cells there 1s a layer known as the middle lamella. This holds the wood

cells together.



2.1.1 Chemical composition

The tissue in these layers is made up of cellulose, hemicelluloses and lignin. The
relative quantities of these in the cell wall layers of spruce (Picea abies (L.) Karst.)
tracheids was calculated by Fengel (1969, 1970a), and is shown in table 2.1. Fengel
found the cell wall composition of spruce earlywood and latewood tracheids to be very

similar, and only the data calculated for latewood has been included in table 2.1.

Table 2.1 Relative composition of the cell wall layers of spruce tracheids
(Source: Fengel 1969, 1970a)

Wall layer
S | 36 [ 346 | 308

*CML = Compound middle lamella = Primary layer + middle lamella

The chemical structures of cellulose, hemicelluloses and lignin, and the way they

are arranged in the cell wall are of great importance to the way in which fungi decay

wood.

Cellulose 1s an unbranched homopolysaccharide composed of B-D glucose

(although technically the repeating unit is the cellobiose dimer) joined by 1-4 glycosidic
linkages. Cellulose in wood 1s thought to have an average degree of polymerisation (DP)
of at least 9000 -~ 10000 (Goring and Timell, 1962).

In wood pulps approximately 60 - 70% of cellulose is in crystalline form (Fengel
and Wegener, 1984). Chains of cellulose are held in sheets by inter and intra molecular
hydrogen bonds, and these sheets pack together (held through van der Waals forces) to
form crystalline cellulose. Crystallographic studies on cellulose from several sources has

shown that natural cellulose is not comprised of a single crystalline form but is a



composite of two natural forms, 1o and 1B. The 1f form is dominant in the higher plants
and is the more stable of the two forms, while the 1a is more susceptible to hydrolytic
treatments (Atalla and VanderHart, 1989).

It was first thought that the primary structure of crystalline cellulose was the
microfibril; a long thin filament of 10-30nm in diameter. With improvements 1n
microscopic techniques there is increasing evidence for thinner units (known as
elementary fibrils) with a diameter of 2-4nm which aggregate to make up the larger
microfibrils, possibly in conjunction with para- or non-crystalline material such as
hemicelluloses (Fengel and Wegener, 1984). This is further discussed in section 2.1.2.
Para-crystalline and amorphous cellulose is thought to be found on the surface of the
crystalline cellulose fibrils. Such a transition from crystalline to non-crystalline material

would explain difficulties in measuring the cross section of these elements.

Structure along the length of the crystallite is also in some dispute. When subject
to dilute acid, microfibrils are hydrolysed to crystallites of fairly uniform length which are
resistant to further hydrolysis. The length of these crystallites is source dependent and the
assoclated degree of polymerisation is known as the limiting degree of polymerisation
(DP) (reported as being approximately 140 for spruce wood; Fengel and Wegener,

1984). This suggests areas of higher reactivity along the microfibril which are subject to
hydrolysis, an early explanation of which was that cellulose chains passed through
crystalline and amorphous regions along a microfibril. Using diffraction contrast
transmission electron microscopy of cellulose from the alga Valonia macrophysa Kutz,
Chanzy (1990) showed that such amorphous regtons did not exist.

A popular explanation for areas of increased reactivity along a microfibril is that

dislocations along the microfibril cause areas of stress in the region of the dislocation



which make that particular region of the microfibril more susceptible to hydrolysis. Such
dislocations are thought to be due to individual cellulose chain ends within the microfibril
which disrupt the regular crystalline pattern. This model has not been substantiated. For
this to hold, cellulose chains would need to be of non uniform length (O'Sullivan, 1997),
and in order to explain the reasonably uniform size of the crystallites, dislocations would
have to occur at regular intervals along the microfibril. An alternative model could

involve the inevitable stresses that would be built up over the length of the microfibril
due to the twisting or curvature in the cell wall. This would cause straining of the bonds
between and within cellulose chains and could cause the microfibril to be more
susceptible to acid hydrolysis. If and when the microfibril is hydrolysed and broken, a
relaxation of the twisting stresses could then cause the microfibril to become less
reactive. The length at which the crystalline cellulose in the microfibril becomes immune

to acid hydrolysis (the reactivity drops below that required) would be the DP;.

Differences in curvature, crystallinity, or polymorph (lat v. 1B) of the cellulose in the

microfibril could all theoretically affect DPy, and could therefore account for the source

dependence of DP;.

The hemicelluloses are mixed polymers of various sugar units with a degree of

polymerisation varying between 100 and 400. The component monosaccharides are
glucose, xylose, mannose, galactose, arabinose, rhamnose and fucose, and the uronic
acids of glucose and galactose (Eaton and Hale, 1993). The structure of hemicelluloses

differs between softwoods and hardwoods.

The most common of the hemicelluloses in softwood are the

galactoglucomannans. These consist of a backbone built up of mannose and glucose

monomers, some of which are acetylated at the C2 or C3 position, joined by B 1-4



slycosidic linkages. Galactose residues are attached onto this backbone chain at various
points by o 1-6 linkages. The ratio of galactose : glucose : mannose is approximately
1:1:3, though there is a form of galactoglucomannan with a lower galactose content (ratio
approximately 0.1:1:4) usually known as glucomannan (Walker, 1993).

In hardwoods the most common hemicellulose 1s  O-acetyl-4-O-
methylglucuronoxylan. This consists of a backbone of B 1-4 linked xylopyranose units,
40-70% of which are acetylated at the C2 or C3 position. 4-O-methylglucuronic acid is
linked at regular intervals along the backbone, the ratio of xylose to glucuronic acid units
being about 10:1 (Walker, 1993).

Unlike cellulose, hemicelluloses are branched and generally unable to form
crystalline material. This makes them more soluble and more susceptible to hydrolysis.
It has been suggested that the more linear hemicellulosic polymers such as mannan and to
some extent xylan fit more readily around the crystalline cellulose microfibril, while the
other hemicelluloses, along with minor amounts of non-crystalline cellulose, are found 1n
the amorphous regions of the cell wall (Walker, 1993).

Lignin makes up about 30% of softwood tissue and about 20% of hardwood. It 1s
synthesised in the cell wall after the holocellulose has been deposited and is considered to
be the matenal that, along with the hemicelluloses, binds the cellulose microfibrils
together and causes the cell wall to become rigid (Reid, 1995). Lignin is formed through
the polymerisation of three phenolic precursors which differ from each other in the
number of methoxyl groups they contain. Softwood lignin contains mostly guaiacyl
(monomethoxy) units while hardwoods contain roughly equal amounts of guaiacyl and

syringyl (dimethoxy) units. Both contain small quantities of p-hydroxyphenyl (no

10



H H H

OCH; H3;CO OCH3
OH OH OH

a. b. C.
Figure 2.1 Lignin precursors

a. p-Coumaryl alcohol b. Coniferyl alcohol c. Sinapyl alcohol

Reaction between these monomers can form various inter-unit bonds which cause
lignin to be a complex amorphous polymer; there is no repeating pattern. Figure 2.2
shows a theoretical diagram of softwood lignin showing the common linkages. The most
common inter-unit link is the B-O-4 linkage, i.c. a bond between the middle carbon on the
propyl side chain of one monomer to the phenolic oxygen on the next (Reid 1995).
In addition to those bonds within the lignin shown in figure 2.2 there is evidence

of the existence of bonds between lignin and hemicelluloses. These are known as lignin-

carbohydrate complexes (LCC’s) (Fengel and Wegener, 1984).
Non-structural constituents of wood are present in varying quantities. These are

the extractives and ash. Extractives are particularly important when considering natural
durability of wood, though they are of little relevance to this work. Inorganic ash includes

metal ions such as manganese and iron which are required by decay fungi as described

later.
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Figure 2.2 Model of softwood lignin (Source: Reid 1995)

2.1.2 Internal cell wall structure

The way in which cellulose, hemicellulose and lignin aggregate in the wood cell
wall 1s not fully understood, and several models have been proposed.

The alignment of microfibrils making up the wood cell wall varies from layer to
layer. The microfibrillar angle is lowest (i.e. microfibrils are closest to being aligned
along the axis of the tracheid) in the thickest, S; layer. As this is the structurally most
dominant of the layers it is this that structural models tend to be based on.

Two of the most well known models for the structure of the wood cell wall are
those of Fengel (1970b) and Kerr and Goring (1975).

Figure 2.3a shows the model proposed by Fengel (1970b). This model attempts to
explain the various thicknesses of cellulose crystals that have been measured in wood by

showing the aggregation of elementary fibrils into larger units, all surrounded by
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Figure 2.3 Models of the ultrastructural organisation of the wood cell wall

a. Fengel (1970b) b. Kerr and Goring (19735)

hemicelluloses and lignin. Figure 2.3b shows the Kerr and Goring (1975) model

developed on the evidence of electron microscopy of permanganate stained transverse
sections of softwood tracheids. Here elementary fibrils are joined together at their radial
faces to form a system of concentric, interrupted lamellae 3.5nm thick within the cell wall,
with some of the hemicellulose directly associated with the cellulose and the rest with the
lignin matrix. This is also in agreement with results of Stone, Scallan and Ahlgren (1971)

who, from measurements of shrinkage at various stages of delignification, concluded that

lignin and cellulose are arranged in concentric layers.

2.2 Water in wood

The presence of water in wood greatly affects many wood properties and is an
essential prerequisite for wood decay. As mentioned earlier, one proposed mechanism of

wood protection by chemical modification is through the reduction of wood moisture
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content. The distribution of water in wood and the requirements of water by wood decay

fungi must both be considered.

2.2.1 The fibre saturation point

Prior to a discussion of the role of water in decay it is necessary to clarify a

definition for the fibre saturation point (FSP).

Definitions and methods of measuring FSP are discussed in detail by Skaar (1983)

and Siau (1996). The common definition of FSP is that it is the moisture content at

which wood cell walls are fully saturated while there is no free water in the large
permanent voids (i.e. the lumina and pit apertures).

FSP has been measured or estimated using various methods. Recording the heat
of wetting (on the basis that adsorbed water will be more closely bound to the wood and
will liberate energy as it wets the wood), change in properties (such as strength or
electrical resistance) and by recording the point at which shrinkage starts have all led to
an estimation of FSP to be 25-30% for many softwoods (Skaar, 1988). Stone and Scallan
(1967) measured the FSP of Black spruce (Picea mariana (Mill.) B.S.P.) using a polymer
exclusion technique and they and Griffin (1977) used discontinuities in the desorption

isotherm to estimate FSP (also on P. mariana), both obtaining measures of approximately
40%. Siau (1996) argues that these figures are not consistent with shrinkage data and are
probably due to the very thin microtome sections or pulp samples used, leading to higher
swelling and FSP values than in solid wood due to the lack of mechanical constraint. The
existence of small permanent voids could also affect measurements using these methods.
It is conceded in all the literature that FSP is a largely theoretical point. The
presence of solutes in parenchyma lead to osmotic pressures that can cause it to have

higher moisture contents and some free water before other cells have adsorbed water to
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FSP. Additionally, at moisture contents approaching FSP (and corresponding relative
humidities) some condensation in the smaller permanent capillaries is inevitable (Siau,
1996). Despite this, FSP is still a useful concept, and 1s considered to be about 27-30%

by most workers for the majority of softwoods.

2.2.2 Water sorption and sorption isotherms
The mechanism by which water attaches to sites in the wood cell wall in response

to changes in temperature or relative humidity is known as sorption. When wood is

exposed to constant temperature and relative humidity it will reach a moisture content in
equilibrium with these conditions. If relative humidity is then increased or decreased,

wood will adsorb or desorb water until a new equilibrium moisture content (e.m.c.) is

reached.

Sorption can be represented graphically as an isotherm by measuring e.m.c.’s at
increasing (adsorption) or decreasing (desorption) relative humidities at constant
temperatures. It 1s necessary to distinguish between adsorption and desorption in such
states because e.m.c. at a given relative humidity will differ, depending on whether

adsorption or desorption is being measured; the wood adsorption isotherm is lower than

the desorption isotherm. This effect is known as hysteresis. Theories of the causes of

hysteresis are reviewed elsewhere (Martins 1992).

The water sorption isotherm for wood has a sigmoid shape and is known as a type

2 1sotherm. This is from a classification in which Urquhart (1960; cited by Skaar, 1988)

described five types of isotherm. Types 1, 2 and 3 are depicted in figure 2.4. The

relevance to wood of type 1 and type 3 isotherms to wood is discussed later,
There are several methods that have been used for fitting isotherms to

experimental data for relative humidity and e.m.c. Those that have been used for wood
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Figure 2.4 Type 1, 2 and 3 adsorption isotherms calculated from data for unmodified
Corsican pine (Pinus nigra Schneid) (from chapter 4)
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