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Abstract

Acetylation is an environmental friendly method to modify wood properties and protect it against
biological attack. Many researches have been done in this field. However, no concern was paid for mode of
protection in acetylated wood. This research had been aimed to study mode of action in acetylated wood by
investigating on weight and MOE loss, chemical alteration in cell wall due to microbial attack, IR-
spectroscopy, microcalorimetry, determination of fungal biomass by using ergosterol assay and FDA
hydrolysis and enzyme assays. Beech and Scots pine wood samples were acetylated by using acetic
anhydride at temperature 80-120°C for 180min. Acetylated wood samples were tested under soil bed test
condition, filed and basidiomycete trials. Results showed that the losses of weight and MOE decreased at
increasing weight gains. Soil bed test revealed that the acetylation of beech wood at above 8% and pine
wood at above 10% inhibits soil microorganisms in attacking wood and their activities reached to nil at
higher weight gains. A test with the white rot fungus (7. versicolor) showed that the weight loss decreased
at raising weight gains. Weight gains of above 10% inhibited fungal decay in beech wood and it reached to
zero at higher weight gains. Microscopical studies of wood from soil bed samples, field trials and
basidiomycete (white- and brown-rot) tests showed that fungi could colonize acetylated and non-acetylated
wood. However, measurements of fungal biomass by using ergosterol assays in those woods and
fluorescein diacetate in white rot tests showed a rapid colonization of fungal hyphae at early stages of
incubation and decreased amount of fungal biomass at raising weight gains. Results showed that fungal
colonization is influenced by the acetylation. Biological activities were measured in wood by using
microcalorimetry. The reduction of thermal powers and measured amounts of energy production in
acetylated wood revealed that activities of microorganisms were influenced by the acetylation and their
activities decreased at increased degree of the acetylation. Microscopy of field trial samples showed that
the acetylation of wood was affected the growth of soil microorganisms and protected wood against soil
microorganisms during a long period of exposure (350 weeks) to soil. Different types of decay in field
samples showed successional activities of soft- and white-rot fungi and also bacteria. Soil bed test showed a
synergism between soil fungi and bacteria in wood. It was revealed that bacteria followed hyphal traces in
cells and associated with fungi in wood degradation. Chemical analyses of acetylated wood in soil bed
samples showed a significant effect of the acetylation on removal of cell wall components. The analyses
showed a reduction in removal of cell wall components at increased weight gains. Results revealed that
removal of the cell wall components reduced considerably in beech wood at weight gains above 8% and in
Scots pine samples at above 10%. Study on patterns and phenology of white- and brown-rot decay on
acetylated wood showed no difference of decay patterns between acetylated and non-acetylated wood,

however decay patterns appear more later in acetylated wood.

Keywords- acetylation, beech, Scots pine, mass and MOEgy, loss, soil bed test, field test, basidiomycete,
soft rot, bacterial degradation, white rot, brown rot, Trametes versicolor, Poria placenta, light microscopy,

SEM, chemical analysis, IR spectroscopy, ergosterol assay, FDA analysis.
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Chapter 1- Introduction

Chapter 1
Research background

1.1. Introduction

Since last decade main concern was focused on the traditional wood preservatives that are presently
used to improve durability of wood. Numbers of scientific research reports have been revealed that typical
preservatives that contain toxic chemical bases; for example arsenic, zinc, copper, chromium or oil base
chemicals; e.g. creosote, etc. are problematic for the environment. Reports indicate that creosote is
carcinogenic (Karlehagen, 1990), arsenic leaches out of the treated wood and pollutes soils and waters
(Bergholm, 1990; Garcia & Rowland, 2001; Solo-Gabriele ef al., 1998, 1999, 2000, 2002; Townsend et al.,
2001a,b&c, 2001; Hauserman, 2002a,b&c; DeWitt, 2002a&b; Gainesville Sun Newspaper, 2002a&b).
Disposing the waste CCA treated wood in fire furnace also is not a right solution due to high ash content
remaining after furnacing (Solo-Gabriele et al., 2002; Cooper, 1990). Chromium is also toxic and produces
dermal inhalation diseases (Chen et al., 200). It leaches out due to rainfall (Solo-Gabriele et al., 2002). Due
to high pressure (public, media and law) against using toxic based preservatives, the use of these
preservatives are being subjected to decrease because of their environmental impacts or some of them (for
example CCA) are going to be banned in Europe (Germany and The Netherlands) and USA (Schert, 2002;
EPA report, 2002) and Canada (PMRA report, 2002).

Considerable improvements have been made in formulation and fixation of traditional preservatives to
prevent their leaching into environment, soil or water. However, there is still no real solution.

Wood modification is new approach to preserve wood from biological and climatological damages with
environmental friendly chemicals. In wood modification the basic chemistry of cell wall polymers is altered
which can change important properties of wood including durability, dimensional stability, hardness and
UV-stability. Controlling the moisture content in wood is a very effective way to protect it from physical
damages or some biological attack, especially fungal attack.

1.2. Chemical wood modification

Most of the researches in the field of chemical modification of wood were conducted for improving
either its dimensional stability or its biological resistance (Matsuda, 1996). Wood is made up primarily of
cellulose, hemicellulose and lignin. Originally, chemical modification of wood was a chemical reaction
between some reactive parts of wood components and a simple chemical reagent to form a covalent bond
between both wood and chemical (Rowell, 1975; Larsson, 1998). Hydroxyl groups in the wood polymers
(i.e. cellulose, hemicellulose and lignin) are the most reactive sites in wood. They are also responsible for
the dimensional instability through their hydrogen bonding with water. Chemical modification of wood by
reaction of the hydroxyl groups in wood with a chemical reagent is substituting the hydroxyl groups with a
stable, covalently bonded, less hydrophilic group, which leads to an increased dimensional stability
(Larsson, 1998).

In order to chemical modification of wood, many chemicals capable of forming covalent bonds have
been studied. The created bond between the wood polymers and the reagent is of great importance to make
a permanent modification in wood. The major important types of covalent bonds formed by chemical
modification of wood are ethers, esters and acetals (Matsuda, 1996; Larsson, 1998). Studies on chemical
modification have been extensively reviewed over the last decades (e.g. Dreher et al., 1964; Rowell, 1975;
Rowell, 1982; Rowell et al., 1994) and are more recently, this area has been reviewed by several authors
(Kumar, 1994; Beckers & Militz, 1994; Militz & Beckers, 1994a; Beckers et al., 1995; Matsuda, 1996;
Militz et al., 1997; Beckers et al., 1998; Rowell et al., 1998; Larsson, 1998; Larsson, 1999 a&b; Gomez-
Bueso et al., 1999 a&b; Hill et al., 2000; Chang et al., 2000; Pan & Sano, 2000; Rosenqvist, 2001; Sander
& Koch, 2001; Li et al., 2001).

Chemical modification of wood improves its properties by altering the basic molecular structure of cell
wall components. It implies the combination of two very different expertise, wood chemistry and wood
anatomy. Thus, chemical modification of wood is very complex and requires a multidisciplinary approach.
In many chemical modification of wood, reactions of hydroxyl groups play main leading role. In this case
wood reacts as an alcohol. Many chemicals have been used to modify wood. The main reaction types are:
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1.2.1. Etherification

Etherification of wood can be conducted by reacting wood with alkyl halides, acrylonitrile (AN),
epoxides, P-propionolactone (acid conditions) and dimethyl sulfate (Matsuda, 1996). During the
etherification the hydrogen within the hydroxyl group of a cell wall polymer is substituted by an alkyl
group (fig. 1-1).

Wood—OH + R—X ——» Wood—O—R + H—X
Fig. 1-1. Etherification of wood

The formation of an ether bond can be the result of an alkylation or epoxidation of the wood.
a. Alkylation

In the reaction of alkyl chlorides with wood, hydrochloric acid is formed as a by-product. Because of
this, a great deal of wood degradation takes place during the reaction (Rowell & Banks, 1982). The
simplest ether is formed during methylation of wood. This can be achieved by reaction with methylchloride
(fig. 1-2).

Wood—OH + H3C—Cl ————» Wood—O—CH; + H—CI
Fig. 1-2. Etherification of wood using methylchloride

Another methylation has been achieved by a treatment of wood with dimethyl sulfate or methyliodide
Militz et al.,, 1997). Methylated wood though is mechanically impaired because of severe reaction
conditions (Kumar, 1994) and the by-product formed. This alkylation of wood gives a high initial
antishrink efficiency (ASE) but the effects of the alkylation are lost over time (Militz et al., 1997). In case
of reaction of wood with an alkyl chloride in pyridine, the ASE is not caused by the formation of an ether
bond with holocellulose or lignin but by the formation of alkyl pyridnium chloride polymers which have
the effect of bulking, but are easily leached out (Rowell & Banks, 1982).

b. Epoxidation

Another category of ether bond forming reactions is those between wood and alkylene oxides (fig. 1-3).
R
Wood—OH + R 0o R ——> Wood—O
OH

Fig. 1-3. Reaction of wood with an epoxide

The reaction of wood with epoxides is an example of a polymerizing addition. The used chemical reacts
initially with a wood cell wall hydroxyl group and subsequently polymerizes by addition to the new formed
hydroxyl group which arises from the epoxide. Several epoxides have been used the past decades for wood
modification purposes. They include ethylene oxide (EO), propylene oxide (PO) and butylenes oxide (BO)
(Norimoto et al., 1992; Militz et al., 1997; Rowell & Ellis, 1984; Akitsu et al., 1993) and epichlorohydrin
(EpCl) (Matsuda, 1993; Goethals & Stevens, 1994). The stability of the treated product and the effects
generated vary with the reactant and method of treatment. Epoxidation takes place at elevated temperature
and pressure. Usually the reaction is catalyzed under mildly basis conditions. In most experiments
triethylamine (TEA) is used as a catalyst (figs. 1-4 & 1-5).

N/

Wood—OH + o e Wood—Ov\
OH

Fig. 1-4. Reaction of wood with ethylene oxide (EO)
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OH

Wood—OH + W\/CI _ = Wood—O\)\/m
(¢}

Fig. 1-5. Reaction of wood with epichlorohydrin (EpCl)

c. Benzylation

Benzylation has been carried out with wood meal to convert wood to thermoplastic materials. Different
parameters were used for obtaining benzylated woods with different degrees of substitution. Results
showed that pretreatment of the wood with NaOH as a swelling agent and water as a solving agent, as well
as varying reaction temperatures, had critical effects on the benzylation reaction. The reaction proceeds by
the following mechanism (Matsuda, 1996; Hiraoka ef al., 1997) (fig.1-6 ).

Wood—OH + NaOH —  Wood—0O"Na" 4 H,0

Wood—ONa + CIHZC—@H WoodOCHz@ + NacCl

Fig. 1-6. Benzylation of wood with benzylchloride

d. Allylation

In this case, wood meal is pretreated with a NaOH aqueous solution and reacted with allyl chloride or
allyl bromide (fig 1-7). It was found that allyl bromide gave better results than allyl chloride (Matsuda,
1996).

NaOH
Wood—OH + H;C=—=CH—CH;~X — Wood—O—CH,~CH=CH, 4 NaX

Fig. 1-7. Allylation of wood with an allyl halogen

e. Cyanoethylation

Reaction of wood with acrylonitrile (AN) produces cyanoethylated wood (Matsuda, 1996). In this case,
before any reaction, wood is pretreated with NaOH aqueous solution and the degree of reaction is generally
low (fig. 1-8).

NaOH
Wood—OH =+ H,C=—CH—CN — Wood——O0—CH,~CH,~CN

Fig. 1-8. Cyanoethylation of wood with ethylene cyanide

f. Acetals

A half acetal is formed by adding a carbonyl group of a modifying agent (aldehyde or kenton) to an
alcohol (hydroxyl group of the wood cell wall polymers). This half acetal can further react with a second
hydroxyl group of the cell wall polymers (cross-linking) and an acetal bond is formed (fig. 1-9). Several
acids have been used as catalysts as well as sulfur dioxide (SO,) (Akitsu et. al., 1993).

One of the aldehydes, which is used and reported most frequently in literatures, is formaldehyde. This
treatment was first reported by Tarkow and Stamm at 1953 (Matsuda, 1996). Akitsu et. al. (1993) used
sulfurdioxide as catalyst. Yano & Minato (1993) and Yasuda & Minato (1994) treated wood samples using
formaldehyde and SO, at 120°C for 24 hours (fig. 1-10).
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OH
R".
Wood—OH <+ —3‘=O ,_.\“\ O—Wood
7 = F %
R oH o R, 0—Wood
;( + Wood—OH /’/< + Hy,0
R O—Wood R O—Wood
Fig. 1-9. Acetalation of wood
ot O—Wood
2 Wood—OH + H2C0 ————H,C_ + H,0
1200C O—Wood

Fig. 1-10. Reaction of wood with formaldehyde

Besides formaldehyde other cross-linking chemicals have also been used. They include glyoxal,
glutaraldehyde and dimethylol dihydroxyethylene urea (DMDHEU). Treatment with these reagents was
carried out with SO,, being an excellent catalyst for acetalation, by Yasuda & Minato (1994) and Yusuf et.
al. (1994, 1995). Reactions were carried out at 120°C for 24 hours. The concentration used from 5 to 25%
in water for glyoxal and glutaraldehyde. Other catalysts which have been used with DMDHEU are
aluminum chloride, citric and tartaric acid. Treatments were carried out with aqueous solutions of 10-95%
at temperatures of 80-175°C (Militz, 1993).

g. Aminals

As a special case of ether formation, the reaction between wood and N-hydroxymethylacrylamide
(NHMA) could be mentioned (Goethals & Stevens, 1994) (fig. 1-11).

cH H,0
Wood—OH + HO™ Ny J\/ ZACI/H Wood—0~ Ny J\/ 2+ T2

1000C

Fig. 1-11. Reaction of wood with N-hydroxymethylacrylamide (NHMA)

1.2.2. Esterfication

Esters are formed by reaction of wood with carboxylic acids or acid anhydrides (fig. 1-12).. Ester bonds
are liable to acid or base attack, which leads to hydrolysis.

i i
Wood—OH + R)LR' —_— Wood—O0O R + HR
I i
Wood—OH + X)kR — >  Wood—oO R 4+ HX

Fig. 1-12. Esterification of wood; R: Alkyl group or proton (H) , X: Halogen
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a. Carboxylic acids

During the reaction between wood and carboxylic acids water is produced as a by-product (fig. 1-13).

o) (0]

. A

Wood—OH + R OH — >  Wood—O H,0

Fig. 1-13. Reaction of wood with carboxylic acid

Acetylation with acetic acid as well as acetylation with trifluoroacetic acid, halogen-substituted
carboxylic acids and malonic acid, succinic acid, glutaric acid, adipic acid and sebatic acid has been tried.
Beech sawdust has been treated with these latter ones using benzene as a solvent for a reaction of 18-24
hours at room temperature (Militz et al., 1997).

b. Anhydrides

During the esterification of wood with anhydrides the acid within the anhydride is produced as the by-
product if an alkylic anhydride is used. A new hydroxyl group is formed when esterification is performed
with a cyclic anhydride. This new hydroxyl group can cross-link with another hydroxyl group of cell wall
polymers in a possible acetalation reaction (fig. 1-14).

[ I ﬁ
)\OJ\R' e Wood—O/\R + R'/\O

Wood—OH + R H

Fig. 1-14. Esterification of wood using alkylic anhydride

Fig. 1-15. Reaction of wood with maleic anhydride including a succeeding acetalation reaction

An advantage of acetylation with anhydrides is that for most of them no catalyst is required. Several
anhydrides have been examined such as propionic and butyric anhydride (Goldstein et al., 1961; Stamm &
Tarkow, 1947; Hill & Jones, 1996), phthalic anhydride (Popper and Bariska, 1975), maleic anhydride
(Matsuda, 1992), glutaric and 1,2-cyclohexanedicarboxylic anhydride (Goethals & Stevens, 1994). Most
studies though of all chemical modification treatments for wood have been acetylation using acetic
anhydride. During the reaction of the wood with the anhydride, hydroxyl groups of holocellulose and lignin
are substituted by less hydrophilic acetyl groups. Acetic acid is produced as by-product. Dozens of authors
have reported their results on acetylation of fibers, chips, veneers and solid wood. Several catalysts and
solvents have been used such as xylene (Goldstein et al., 1961), trifluoroacetic acid (Arni et al., 1961),
dimethylformamide and urea-ammonium sulfate (Clermont & Bender, 1957). Like many other anhydrides,
esterification with acetic anhydride proceeds well, even in the absence of catalysts (Rowell et al., 1986).
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c. Dicarboxylic acid anhydrides

When dicarboxylic anhydrides are reacted with wood, esterified wood bearing carboxyl groups are
obtained (Matsuda, 1996). Reaction is shown below (fig. 1-16).

O
N ﬁ
Wood—OH + R 0O ——> Wood—O—ﬁ—R—C—OH
o)
O

Fig. 1-16. Reaction of wood with a dicarboxylic anhydride

The early work was done with phthalic anhydride (PA) (Matsuda, 1996). Efficient reaction producing a
series of carboxyl group-bearing esterified wood obtained by addition reaction of wood meal with maleic
anhydride (MA), phthalic anhydride (PA) and succinic anhydride (SA). The reaction proceeds at room
temperature in NV, N-dimethylformamid (DMF) and dimethylsulfoxide (DMSO).

d. Oligoesterification

The carboxyl groups introduced into wood by above reaction (fig 1-16) are also reactive with epoxy
groups. Epoxide-adducted esterified woods were obtained by reaction of the carboxyl group-bearing
esterified wood meal with epoxides as shown in fig. 1-17 (Matsuda, 1996).

(@)
Wood—O—|C—R—|C!—OH+ A—HC—CH, —>

0 0

O—O0

Wood—O—C—R—

]
o

Fig. 1-17. Epoxide-adducted esterified wood produced by a reaction between
carboxyl group-bearing esterified wood with an epoxide

—O0—CH,-CH—A

OH

(o}

SO
Wood—OH <+ X—R O 4+ y H,C=—C—R"-HC—CH, —>
T

o}
R
_ o} R'——C=——CH,
Wood%O—C—R—Cl,—O—CHZ—CH OH
_ O| .

HaC CHj
R= .—CH=CH—. , { R= H-, CHy ; Riz .—H,C—CH,—. ,.——C—0—CH,—.
\/ |
0 o]

Fig. 1-18. Production of oligoester

In this case, phenylglycidyl ether (PGE), allylglycidyl ether (AGE) and glycidyl methacrylate (GMA)
were used as the epoxides. When the epoxide-adducted esterified wood meals were further allowed to react
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with the anhydride and the epoxide at high temperatures, alternatively adding esterification reactions
occurred, to produce oligoesterified wood. Polymerizable oligoester chains have been introduced into wood
meal with the anhydrides and the epoxides such as AGE or GMA as follows (fig 1-18) (Matsuda, 1996).

0 o}
cl
Wood.__ M + N/ TEA
0 OH 9] 1000C
0 0
Wood w
o o/\/\u
OH

Fig. 1-19. Epoxidation of wood with epichlorohyrdin treated with anhydride

Reaction of some anhydrates with wood yields unstable ester bonds or create a new hydroxyl group
when cyclic anhydrides are used. These later ones have the advantage that no by-product is formed. An
additional epoxidation reaction eliminates the hyrdphylic carboxyl groups produced by the esterification.
This oligoesterified wood has successfully been produced using phthalic or maleic anhyrdride in
combination with epichlorohydrin (Matsuda, 1993) and glutaric anhydrides with epichlorohydrin (Goethals
& Stevens, 1994). These oligoesterifications were carried out in a solution of dimethylformamide at 100°C
for 4 hours using triethylamine (TEA) as a catalyst (fig. 1-19 & 1-20). Samples can be treated in a one step
or two steps reaction.

Wood ‘ ~

~o TEA 0
100°C o
HO o /_( ‘
‘o d OH ©

Fig. 1-20. Epoxidation of wood with epichlorohydrin which had been esterified
with 1,2-cyclohexane dicarboxylic anhydride (Goethals et al., 1996)

1.2.3. Urethanes

Another class of reactive chemicals, which has been studied extensively, is the isocyanates. In the
reaction of wood hydroxyl groups with isocyanate a urethane bond (nitrogen-containing ester) is formed
(fig. 1-21). Unlike mono-isocyanates, a reaction of wood with di- and poly-isocyanates can result in
polymerization or self-polymerization/bulking.

Wood—OH + R—N—C—0 ——> WOOd_OT

o

NH—R

Fig. 1-21. Reaction of wood with a mono-isocyanate

Methyl-, ethyl-, n-propyl-, n-butyl-, phenyl-p-tolyl-, isocyanate and 1,6-diisocyanate hexane and tolene-
2,4-diisocyantes all have been used to modify wood cell wall polymers (Militz et al., 1997). A frequently
used isocyanate in fiber technology is 4,4-diphenylmethane diisocyanate (MDI). Isocyanates swell wood
and react with it at 100°C to 120 °C without a catalyst or with a mild alkaline catalyst such as triethylamine
(TEA). The resulting urethane bond is very stable to acid and base hydrolysis. There are no by-products
generated from the chemical reaction of isocyanate with dry wood.
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1.2.4. Oxidation

Chen & Rowell (1989) and Goethals & Stevens (1994) used sodium periodate and periodic acid for
oxidation of solid wood. Wood treatment with aqueous solutions (1-3%) of these chemicals at 25 °C for 24
hours resulted in limited oxidation of the cell wall polymers (fig. 1-22). This was shown by infrared
spectroscopy in both research experiments.

10,-
—_— + HaC—OH

Ry OCH 5 Rs o

HO o

Fig. 1-22. Oxidation of wood cell wall; Top: Holocellulose; Bottom: Lignin;
R; and R;: Holocellulose unit; R3: Lignin side chain; Ry: H, OCHj; or lignin
unit

1.2.5. Silylation

The natural durability of silicate containing wood species such as Dicorynia guyanensis (Angelique) has
led to experiments with chemical reactions of wood with organic silicon compounds such as chlorosilanes
and alkoxysilanes.

Among the variety of treatments described various chemicals and formulations based on silicon
compounds have been used. These treatments can be divided into the following systems :

. Inorganic silicates

. Sol-gel mechanism

. Micro-emulsion technology
a. Inorganic silicates

Chlorosilane treatment of various wood species was firstly reported by Owens et al. (1980) Wood
blocks (20 x 20 x 10 mm) of red pine sapwood, Douglas fir sapwood and Douglas fir heartwood were
treated by immersing them for 60 seconds in SiCl, at room temperature and then cured at 104°C /fig. 1-23).

Chlorosilanes react very fast with wood components but the main disadvantages of this reaction are the
formation of hydrochloric acid as a by-product, causing wood degradation, and the chemicals themselves
being very moisture sensitive (Stevens, 1985). Propyltrimethoxysilane has been used by Goethals &
Stevens (1994) at concentration of 1-25%. Curing was done at 100°C for 48 hours. Rubberwood has been
treated with y-methylacryloxypropyltrimethoxysilane by Rozman and coworkers who used a 50% solution
in methanol and curing for 5 hours at 110-115"C (Militz et al.; 1997).

Water glasses are potassium or sodium silicates or solutions thereof. A typical water glass is composed
of 2 — 4 mol silicate and 1 mol alkali oxide (Rompp,1995).

! Detailed information is given by Mai & Militz (2002).
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Wood treatment with water glasses has been most extensively studied by Furuno’s group
(Furuno,1992). They have treated different veneers of hinoki (Chamaecyparis obtuse), kaba (Betula
maximowicziana) and buna (Fagus crenala) in a two step process (Furuno ef al.,1991). In the first step, the
wood samples were impregnated with sodium water glass solutions (Na,OnSiO,, n=2.06-2.31) in
concentrations between 5 and 80% using either vacuum-impregnation or diffusion penetration at
atmospheric pressure (little differences in the up-take were observed related to the impregnation technique).
In the second step, the specimens were infiltrated with metals salt solutions such as aluminium sulphate or
calcium chloride in order to precipitate the silicate within the wood structure by replacing sodium ions in
water glass. The wood specimens were then dried at 60°C for 24h and finally under vacuum on
phosphorous pentoxide for 24 h.
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Fig. 1-23. Silylation of wood with an alkylsilane
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Fig. 1-24. Reaction of wood with an alkoxysilane (according to Goethals et al., 1996)

b. Sol-gel mechanism

Wood modification applying the sol-gel process of silicon alkoxides has been reported by several
research groups. The application of the sol-gel process was most intensively studied by Saka et al. (2001
a&b). Their impregnation technique was aimed to use the bound water in the cell wall in order to direct the
sol-gel process to the cell wall and to achieve a deposition of the silicate therein (Saka et al., 1992). A
commercial application of gels based TEOS for the treatment of wood is described in the patent literature
(Bottcher et al., 2000).

A variation of the sol-gel process, which applies tetraalkoxy silanes and produces inorganic glasses
consisting of pure polymeric SiO; is the use of organo-silanes (fig. 1-24). These are bifunctional molecules
which contain three silicon-functional alkoxy groups, mainly methoxy and ethoxy groups, and an organo-
functional group, which increases e.g. the hydrophobicity of the gel or forms a covalent bond with the cell
wall polymers. Organo-silicons have a great variety of applications such as adhesion promoters, surface
modifiers, cross-linking agents etc. The application of organo-functional silanes was mainly studied by
Saka’s group (Miyafuji & Saka, 2001; Saka & Tanno, 1996; Saka & Yakake, 1993).

¢. Micro-emulsion technology

Coatings and primers based on the micro-emulsion technology have been developed for surface
treatment of wood and masonry. The system consists of different silicon polymers in form of so called
micro-emulsion in water with a particle size from 10 to 80 um (Gerhardinger ef al., 1996; Hager, 1995). In
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comparison to “macro”-emulsions of oil phase in water which require an emulsifier the micro-emulsion
technology applies an additional co-emulsifier that interferes with the quasi-crystalline monomolecular
surfactant film. In doing so a particle size of a few ten nanometres is obtained while that of “macro”-
emulsions amounts to 1000 um and more. Because of their minor size the micro-emulsions are able to
penetrate into the voids of wood which cannot be reached by conventional emulsions. The micro-emulsion
typically consists of an agent to be emulsified (silane, siloxane or polysiloxane), an emulsifier (silane,
siloxane) and a co-emulsifier (functional polysiloxane). Both emulsifier and co-emulsifier in the micro-
emulsion technology are active ingredients at the same time and lose their ability to emulsify after drying.
When poured into water the micro-emulsions are activated since hydrolysis and condensation occurs.
Therefore, dilution should take place directly before the application due to a growing particle size. The
application of SMK micro-emulsions on wood caused high water repellency (reduction of water uptake up
to 70% after two years of natural exposure) and prevented micro-cracks (fiber separation) due to
weathering (Hager, 1995).

1.3. Acetylation of wood

Chemical modification of wood by acetylation with acetic anhydride is considered worldwide to be one
of the most promising ways of enhancing wood properties taking into account both technical and economic
aspects.

Acetylation involves a chemical reaction between hydroxyl groups in wood polymers, mainly the
hydroxyl groups in lignin, hemicellulose and amorphous parts of cellulose. The reaction results in the
formation of covalently bonded groups in wood and formation of acetic acid as a byproduct (fig. 1-25).
Acetic anhydride also reacts with water forming acetic acid (fig. 1-26).
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Figure 1-25. Acetylation of wood with acetic anhydride
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Figure 1-26. Reaction of acetic anhydride with water

1.3.1. Acetylation processes

The earliest studies on the acetylation of solid wood were done by Stamm et al. (1947), Tarkow et al.
(1950) and Goldstein (1961). The reaction with acetic anhydride can be conducted in a liquid or vapor
phase. They acetylated 3mm thickness veneers with acetic anhydride in liquid and vapor phases using
pyridine helps open up the cell wall structure and act as a catalyst. The liquid phase acetylation was
performed under reflux condition, while in the vapor phase treatment the wood veneers were placed in the
saturated vapor phase above the acetylation mixture. Acetylation at 90°C gave in both cases, acetyl content
of 21% and the reaction time varied between 6 to 12 hours, depending on the wood species treated. The
uptake of acetic anhydride was about 24 times as high for liquid phase treatment as vapor phase treatment
(Larsson, 1998).

Most chemical modifications of wood are done with the addition of catalyst. The requirement of such
catalyst completely depends on the used chemical and chemical bond aimed for. Many catalysts have used
in acetylation procedures, such as zinc chloride, dimethyl formamide, magnesium perchlorate and sodium
acetate reviewed by Rowell (1975). The vapor phase reaction could be carried out without a catalyst to

10



Chapter 1- Introduction

attain weight gain 20% in 2 hours at 130 °C with white pine cross section (3 mm in thickness). Addition of
15% dimethyl formamide (DMF) gave an acetyl content of 25% under the same condition.

Goldstein et al. (1961) acetylated wood without a catalyst. They used a mixture of acetic anhydride and
xylene without any catalyst at 100-130°C under vacuum/pressure (Matsuda, 1996; Larsson, 1998). It was
found that the use of extensive amount of acetic anhydride could be avoided by adding just the needed
amount to the solvent. Byproduct acetic acid and excess acetic anhydride were removed from the wood by
vapor drying with the solvent, followed by evaporation in a final vacuum step. This process was carried out
in a pilot plant. But it was abandoned due to high recovery costs for the solvent.

Other chemicals also have been used instead of acetic anhydride, e.g. gaseous keten by Karlson and
Shvalbe (ref. Larsson, 1998). The ketene gas was produced by pyrolysis of diketen and reacted it with
wood at 55-60°C for 6 to 8 hours. The obtained weight gain was 19-22% and there was no byproduct. But it
was avoided to use due to difficulties in its handling and toxicity, instability and lower dimensional
improvement (Larsson, 1998).

A simplified procedure for acetylation is described by Rowell et al. (1985, 1986a&b). The wood
particles were impregnated by dipping in acetic anhydride for a short period of time and then drained before
going to a preheated reactor. After the completed reaction, unconsummated acetic anhydride and formed
acetic acid are removed by means of evacuation. The removed anhydride can then be concentrated and
recirculated to the impregnation. A research by Nilsson et al. (1988) on fungal resistance of particle boards
made of acetylated chips in various procedures showed that acetylation with a limited amount of liquid
acetic anhydride without any catalyst or organic co-solvent was preferred. According to the simplified
procedure, Rowell et al. (1990) suggested that the impregnation solution in which the wood particles are
dipped can contain up to 30% acetic acid, with a maximum reaction rate at a concentration of 10-20% of
acetic acid. In this procedure the uptake of acetic anhydride can be decreased from the 130-135% obtained
after dipping and draining to about 60% for oven dried wood without any negative effects.

The newest process of acetylation, which is patented by Militz & Beckers (1994b), is described as
following steps: (a) providing the solid wood in a treatment container, (b) impregnating the material with
cold or warm acetic anhydride as acetylating medium, (c) leaving the impregnated wood in the acetic
anhydride for further reaction, (d) draining the solid wood from excessive acetic anhydride, (e) applying a
vacuum to remove non-reacted acetic anhydride and formed acetic acid, and (f) post-treating the acetylated
solid wood with steam or water to remove remaining acetic anhydride and the byproduct acetic acid.

The newest research conducted by Hill et al. (2000) showed a use of the hypernucleophile 4-
dimethylamino pyridine was found to be the most effective catalyst at a concentration of only 1% of the
catalyst in acetic anhydride. The weight percent gain of 20% was realized compared with 7% for the
uncatalysed reaction after 30 minutes system at 100°C. Larsson ef al. (1999) suggested using microwave
heating during the treatment instead of catalyst.

1.3.2. Properties of the acetylated wood

Influence of the acetylation on wood properties depends on the method that is used. Uptake of acetic
anhydride, reaction time, reaction temperature, initial moisture content, possible residual acetic acid in the
wood and catalyst type and amount will influence chemical, physical and mechanical properties in
acetylated wood. The effects of acetylation on wood properties are discussed below.

a. Dimensional stability

It is now very well known that the acetylation improves dimensional stability in solid wood and other
lignocellulosic composites. Hydrophobicity and antishrink efficiency (ASE) of wood caused by the
acetylation is due to chemical blocking of hydroxyl groups.

Tarkow et al. (1950) reported an improvement in dimensional stability of about 70% for maple and
balsa wood acetylated to a WPG 20% and Spruce acetylated wood to WPG 26% (Larsson, 1998).

Popper and Bariska (1975) reported a 75% of improvement in dimensional stability of fir wood due to
the acetylation after 8 hours of soaking/drying procedure. They believed that the dimensional stability of
acetylated wood could be attributed to the chemical blocking of the polar alcoholic and phenolic hydroxyl
groups of the wood.

11
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Acetylated flakeboards modified with a mixture of acetic anhydride and xylene (50/50) showed '/¢-'/; of
thickness swelling of control boards after either immersion in water for periods of up to 10 days or
exposure to 90% relative humidity for periods of up to 20 days (Youngquist et al., 1986).

Rowell and Rowell (1989) acetylated Scandinavian Spruce chips and reported a maximum reduction in
equilibrium moisture content (EMC) is achieved at about WPG 20%. Rowell et al. (1991) also reported a
reduction about 50% in EMC of acetylated fiberboards compared with control at same relative humidities.

Feist et al. (1991) modified aspen wood with acetic anhydride, methacrylate and a mixture of both to
compare moisture sorption with untreated wood. They reported that the rate of moisture sorption of aspen
acetylated to WPG 18% was greatly reduced in liquid water. But methacrylated wood reduced slightly the
rate of swelling in liquid water.

Rowell et al. (1993) tested acetylated Southern Yellow Pine wood under various pH, temperature and
moisture conditions and reported that at 24°C, acetylated wood was more stable at pH 6 than pH 2, 4 or 8.
At 50°C and 75°C, acetylated wood was more stable at pH 4 than other pH values.

Hill and Jones (1995) performed a water soak/oven-dry cycling tests on modified Corsican pine wood
with acetic, propionic and butyric anhydrides at a variety of WPGs. The results showed a higher
dimensional stability in acetylated wood compared to others.

Ramsden et al. (1995) modified Scots pine wood chips with a mixture of acetic anhydride and xylene.
They reported that the acetylation improved significantly the hydrophobicity and dimensional stability of
the wood. An ASE of about 80% is achieved by due to the acetylation (Beckers & Militz, 1994; Militz et
al., 1997).

Acetylated bagasse fiber and fiberboards made from acetylated fiber at WPG about 17% had an EMC of
about '/ that of controls at all relative humidities tested. Acetylation with WPGs <24% reduced EMC in
wood of about >30% in changing relative humidity between 30-80% and 25°C (Yano et al., 1993).

Fiberboards made from acetylated fiber were more dimensionally stable than the boards made from
steam-treated fiber at all specific gravity levels tested (Rowell ef al., 1995).

Chow et al. (1996) reported a reduction of water sorption and thickness swelling in hardboards made
from acetylated fibers. Also linear expansion in the dimensional stability test (from 30% to 90% relative
humidity) was significantly reduced by the acetylation. Rowell (1996) reported a maximum reduction in
EMC is achieved at about 20% due to the acetylation.

Gomez-Bueso et al. (1999 a&b) reported that the acetylation of fiber in composite products made from
lignocellulosic fibers with different sources showed that regardless of the source of lignocellulosic
materials, acetylation has a very positive impact on the performance of fiber composite products. For
example, the thickness swelling for softwood fiberboard in water reduced by approximately 90%.

Acetylated flakeboards produced from Gmelina arborea and Picea sitchensis were much more
dimensionally stable than untreated boards (Fuwape & Oyagade, 2000).

b. Biological resistance

The effectiveness of chemical modification in enhancing biological resistance has been assumed to be
mostly due to cross-linking, bulking, or a combination of both for dimensional stabilization. Hydroxyl
groups in cell wall polymers are not only the water adsorption sites but also the biological enzymatic
reaction sites. Wood rotting fungi and termites have a very specific enzyme system capable of degrading
wood polymers into digestible units. Therefore, if the substance for these systems is chemically changed,
this enzymatic action cannot take place (Takahashi, 1996).

b.1. Soft rot decay and Bacterial decay

Nilsson et al. (1988) tested acetylated particleboards in soil and different fungal cellars and reported that
at a WPG of about 15%, no microorganisms’ attack was observed after 12 month.

Rowell et al. (1989) made acetylated veneer-faced particleboards and tested them in standard soil by
exposing to two fungi, Tyromyces palustris and Trametes versicolor. Results showed an excellent fungal
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resistance to both fungi in an 8-week soil block test. Also during 150 days bending creep test, the totally
acetylated boards showed no strength or weight loss during exposure to 7. palustris.

A study on lignin biodegradation with Phanerochaete chrysosporium showed less alteration of lignin
occurs after acetylation of lignin DHP (dehydropolymers of coniferyl alcohol) (Kern ef al., 1989).

Beckers and Militz (1994) reported that a WPG of 10% was sufficient to prevent a soft rot attack on
acetylated beech, pine and poplar, while a WPG of more than 20% was required to prevent acetylated pine
from attack by brown rot fungi.

Larsson et al. (1997) tested acetylated wood in ground contact and reported that acetylation has a major
impact on fungal resistance of wood. The resistance of acetylated wood at WPG of about 20% is in the
same range as that of wood with higher retention of preservatives (copper-chromium based).

Larsson et al. (2000) reported that exposure of mini-stakes to three different unsterile soils in the
laboratory showed that decay was significantly reduced at acetyl content of 15.1%. An acetyl content of
18.5% prevented most attack by brown, white rot and soft rot fungi. Acetyl levels above 20.9% were
required to eliminate attack by tunneling bacteria. Also results showed that acetylation of wood gives only a
minor protection against marine borers, although the degree of attack is lowered by increased acetyl
content.

b.2. White and brown rot decay

Goldstein et al. (1961) determined the resistance of acetylated Southern yellow pine to wood destroying
fungi in a 3-month laboratory test and concluded that a 17% of WPG was sufficient to void attack.

Peterson and Thomas (1978) tested white and brown rot fungi and reported that the acetylation of wood
has a high effect on decay at WPG of about 15% or more.

Rowell et al. (1988) compared aspen flakeboards made from acetylated (WPG 18%) and non-acetylated
flakes bonded with isocyanate and phenol formaldehyde adhesives subjected to bending creep test under
progressive brown rot fungal attack with Tyromyces palustris and measured deflection of the boards.
Results showed lesser loss of deflection in acetylated boards due to decay after 100 days. Also it was
indicated that the weight loss was 1% and 0% for isocyanate and phenol formaldehyde bonded acetylated
boards respectively.

Takahashi et al. (1989) reported that enhancement of decay resistance by acetylation varies with used
fungi and wood species. For example, for a brown rot fungus (Tyromyces palustris), the recorded weight
loss was nil at WPG 20% and for a white rot fungus (Coriolus versicolor) is also the same at WPGs 12-
15% at perishable hardwoods.

Militz (1991) tested durability of acetylated beech wood against three types of brown rot fungi and
reported no decay in treated wood.

Acetylation of pine sapwood to a WPG of 10.7% already prevented fungal attack. For poplar a WPG of
14.4% and for beech a WPG of 12.8% was required to achieve the same (Beckers et al., 1995).

Takahashi (1996) revealed that brown rot fungi were more resistant to acetylation than white rot and
soft rot fungi. About 20% of WPG is required to eliminate decay by Tyromyces palustris (brown rot) in any
wood species. On the other hand, Coriolus versicolor (white rot) failed to attack acetylated Japanese cedar
even at 6% of WPG, although 20% WPG was necessary to suppress its decay in Japanese beech and
albizzia (tropical fast growing hardwood). The well known brown rot fungus Serpula lacryman was also
less prevented by acetylation than C. versicolor. T. palustris was still the most aggressive fungi between
brown and white rot fungi, based on the results of a soil burial test with acetylated wood.

Assessment of modified Scots pine wood with straight chain alkyl anhydrides demonstrates an
improvement of wood to biological attack (Suttie et al., 1997).

A research by Okino et al. (1998) showed acetylated pine and eucalyptus flakeboards are in a high
resistance class against white rot and brown rot fungi.

Another research by Ohkoshi et al. (1999) indicated that the decay by brown rot fungus became
inhibited by acetylation at a WPG of more than 10% and mass loss due to decay became zero at a WPG of
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about 20%. The weight loss due to white rot fungus decreased slowly with the increase in WPG, reaching
zero at a WPG of about 12%.

Ibach et al. (2000) tested bioresistance of different acetylated wood against termites, brown rot and
white rot fungi. Results showed acetylation was effective against brown rot fungus (Tyromyces palustris)
and the white rot fungus (Coriolus versicolor).

b.3. Termites

Acetylation improved resistance to decay at WPG 6-20% and subterranean termites at WPG 13-18%
(Kumar, 1994).

An increased resistance to termites for acetylated wood as compared with unmodified wood was
reported by Hadi et al. (1995).

A research by Ibach et al. (2000) showed resistance of different acetylated wood against subterranean
termites (Coptotermes gestroi) and dry wood termites (Cryptotermes cynocephalus) in laboratory testing.

Different researches on wood composites showed the positive effect of acetylation on their
bioresistance. For example, finished and unfinished acetylated fiberboards (WPG 15%) were tested and
results showed less mildew growth after outdoor weathering when compared to untreated boards (Feist et
al., 1991).

Rowell et al. (1997) tested acetylated composites in-ground stakes world-widely and reported that after
three years of testing, acetylation of wood provides excellent protection against fungal attack and
minimizes swelling.

Westin (1998) tested resistance of acetylated wood fiber composites against biological decay in a
worldwide field test where 30cm long fiberboard stakes were half buried in soil. Results indicated that after
three years of testing, most of the control stakes had failed due to heavy decay, while most of the acetylated
composite stakes were perfectly sound and shown no sign of decay.

Westin (1998) also investigated high performance composites from modified wood fibers, which were
prepared with two methods, acetylation and Kraft lignin, and compared them for their resistance to wood
decaying microorganisms (fungi, bacteria and insects). Results showed a very high biological decay
resistance against them.

c. Weathering & UV resistance

Wood exposed to accelerated weathering will be rapidly changed in its color, and surface becomes
rough and checks and cracks appear. Water in combination with UV light has a great impact on the
weathering and surface degradation of wood. The UV radiation causes photochemical degradation mainly
in lignin polymers in cell walls. As lignin is degraded by UV radiation, water washes away degradation
products and subsequently losses surface cellulose fibers, which cause wood to be deteriorated (Feist et al.,
1991).

Plackett et al. (1992) reported an improvement in color stability and weather resistance in acetylated
Radiate Pine veneers when exposed to accelerated weathering for 3000 hours. Also acetylated Radiate Pine
wood veneers showed only a slightly lighter color as compared with unmodified controls when exposed to
natural weathering for 28 weeks (Dunningham et al., 1992).

Acetylated wood color was assessed by exposing to UV light during 56 day of exposure. Change in
color and reduction of reflectance signaled an interaction of acetylated wood with electromagnetic energy.
Acetylated wood exhibited a color stabilization effect better than non-acetylated wood after the initial 28
days of irradiation. Its stabilization effect steadily diminished and discoloration started (Hon, 1995).

Evans et al. (2000) studied the effect of natural weathering on acetylated Scots Pine veneers (WPGs 5,
10, 15 and 20%). Veneers were acetylated to low WPGs (5 and 10%) showed a greater loss in mass and
tensile strength due to increased delignification and depolymerisation of cellulose than similarly exposed
untreated controls. But acetylation to WPG 20% restricted the loss of veneer mass and holocellulose during
exposure.

14



Chapter 1- Introduction

Sander and Koch (2001) investigated UV-absorption of acetylated and hydrothermally modified
Norway spruce wood and observed a less UV-absorption in acetylated wood due to superficial leaching of
lignin during acetylation.

Weathering and UV resistance are also experienced with acetylated wood composites. Finished and
unfinished fiberboards were prepared from untreated and acetylated (WPG 15%) aspen fibers and exposed
to accelerated outdoor weathering and was found in both acetylated fiberboards, less mildew growth after
outdoor weathering compared with untreated boards (Feist et al., 1991).

Researches also showed that acetylated fiberboards were smoother than untreated ones. Also a 50%
reduction in erosion for acetylated aspen fiberboards compared with unmodified boards was reported after
700 hours of accelerated weathering. It is believed that the reduction in weathering effects in acetylated
aspen may be a result of modification in both lignin and hemicelluloses (Plackett ez al., 1996).

d. Mechanical properties

Dreher et al. (1964) found in acetylated Ponderosa pine, Red oak and Sugar maple that dimensional
stability, specific gravity, compression strength perpendicular to the grain, ball hardness, and fiber stress at
proportional limit and work to proportional limit are higher than the same parameters in non-acetylated
woods. But MOE, MOR and shear strength parallel to grain are less than those in non-acetylated woods.

Dhamodaran (1995) acetylated Rubberwood to WPGs 18-22% and studied the mechanical properties,
dimensional stability and biological resistance. He found an increase about 85-88% antishrink efficiency.
But modulus of rupture (MOR) decreases slightly as the WPG increases. MOR of treated rubber wood is
slightly less than the untreated wood, but the difference is not large enough to affect the utilization value.
However, maximum compressive strength (MCS) is not at all affected by acetylation.

Ramsden er al. (1997) acetylated Scots pine wood blocks for different periods of time by acetic
anhydride in xylene and tested tensile modulus, hydrophobicity and dimensional stability. Observation
showed that the acetylation process significantly reduces tensile modulus of wood compared to its untreated
state.

Larsson (1998) studied influence of acetylation on selected wood properties in Scandinavian pine and
Spruce wood to predict the behavior of acetylated wood when it is used in different applications. Results
showed only minor differences in both bending strength and modulus of elasticity for acetylated wood
when compared with unmodified wood. Briell’s hardness also was found to increase and tendency of wood
to deform under a cycle relative humidity condition was greatly reduced due to acetylation. Acetylated
wood also showed strong adhesive bonds with conventional wood adhesives. When laminated wood was
tested under wet conditions, the bond strength was higher in acetylated laminated wood than unmodified.

The effect of acetylation on wood composites was also studied and reported by different authors. For
example, Rowell et al. (1989) prepared particle boards from Sraya acetylated wood particles (WPGs 15-
17%) and compared their dimensional stability and mechanical properties (moduli of elasticity and rupture
and screw holding). Results showed a slight reduced modulus of elasticity and rupture in acetylated boards.
Internal bond strength was reduced by about 30% in acetylated boards. But screw-holding capacity was the
same with non-acetylated particleboards.

Rowell et al. (1995) made low-density fiberboards from acetylated aspen fibers and observed a low
modulus value in lower densities compared with untreated ones. Also Rowell ef al. (1991) reported that
fiberboards made from acetylated bagasse fibers (WPG 17%) had EMCs '/5 of controls at all relative
humidities and also internal bond strength was higher in acetylated fiberboards, while their moduli of
rupture and elasticity were slightly lower than non-acetylated.

The effect of acetylation on mechanical and physical properties of dry-process hardboards made from
aspen and Southern pine was investigated by Chow et al. (1996). Test results indicated that MOR and MOE
of acetylated hardboards were decreased due to acetylation. Also tensile stress parallel to face and internal
bond was lower than untreated boards.

Westin (1998) investigated high performance composites from modified wood fibers. He used two
modification methods, acetylation and Kraft lignin, and reported maintaining of mechanical properties
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(internal bonding strength, IBS) during and after cyclic climate aging (85%). Also he reported that
composites based on acetylated wood fibers are truly high performance.

It is reported that there are reductions in the MOE and MOR values of acetylated flakeboards compared
with untreated boards produced from Gmelina arborea and Picea sitchensis. They are maybe due to the
acetylated flakes being rendered more brittle (Fuwape & Oyagade, 2000).

e. Acoustic properties

One of the crucial characteristics of wood in making musical instruments is its acoustic property. Main
factors affecting the acoustic properties of wood are grain angle, temperature, moisture content, density and
extractives. As wood is a hygroscopic material, the dimensions of wood products change when the ambient
humidity changes. This affects the tone quality of wooden musical instruments. Because, when moisture
content increases, the acoustic properties of wood such as specific dynamic Young’s modulus (E’/g) and
internal friction (Q"), are reduced or dulled. The absorption of water molecules between the wood cell wall
polymers acts as a plasticizer to loosen the cell wall microstructure. The decrease in cohesive forces in the
cell wall also enhances the deformation of wooden parts under stress. Stress possibly occurs due to forces
in the strings of guitars and violins and the pin block in a piano. So stabilizing the dimensional and acoustic
properties of wooden musical instrument by delaying the absorption of moisture in wood is of great
importance (Yano et al., 1993; Chang et al., 2000).

Yano et al. (1993) studied the acoustic properties of acetylated Sitka spruce wood and reported that
acetylation reduces slightly sound velocity (about 5%) and sound absorption in wood. But it increases
acoustic and dimensional stability of wood by reducing moisture absorption in cell walls.

1.4. Other types of wood modification

There other types of wood modification that have not established based on chemical methods. They are
categorized based on the methods, which are used. The most important types of wood modification are
thermal wood modification and enzymatic wood modification,

1.4.1. Thermal wood modification

Wood is placed in a kiln and gradually heated up to between 180°C to 280°C, irreversibly altering its
molecular structure and mineralizing the cellulose, to produce a kind of instant “fossilized wood” which still
remain workable. Polysaccharides inside the wood break up to a form, which rot fungi can not use. Heat
treatment lasts 24-72 hours with cooling and final stabilizing. The temperature of a batch of wood is raised
gradually in a drying kiln and then lowered slowly during the cooling phase, to keep the wood from
splitting. Industrially heat-treated wood is called “fossilized wood”, “baked wood”, “thermo wood”,
“retified wood” and “cooked wood”. Different processes in thermal wood modification have been
introduced by industries by now, which are as follow:

b. PLATO-Process (PLATO BV, The Netherlands)

The PLATO-process patented by Ruyter (1989). Recently Tjeerdsma et al. (1998 a&b; 2000) and
Boonstra et al. (1998) have used this process to treat wood thermally. This thermal treatment (which is
called “PLATO- process” in SHR, The Netherlands) is the use of different steps of treatment and
combining successively a hydrothermolysis step with a dry curing® step. The impact of hydrothermolysis in
the PLATO-treatment results in the occurrence of many chemical transformations. The presence of
abundant moisture in the woody cell wall during the hydrothermolysis provokes increased reactivity of cell
wall components under comparable low temperature. In order to reach a selective degree of
depolymerisation of the hemicelluloses during the hydrothermolysis, relative mild conditions can be
applied and unwanted side reactions, which can influence the mechanical properties negatively, can be
minimized. The PLATO-process consists of two stages with an intermediate drying operation. In the first
step (hydrothermolysis) of the process, green or air dried wood, is treated at temperatures typically between

2 a) Process of heating or otherwise treating a rubber or plastic compound to convert it from a thermoplastic or fluid
material into the solid, relatively heat-sensitive state desired in the commercial product. When heating is employed, the
process is called vulcanization. b) The final drying stage where the paint reaches maximum strength (refer to: Babylon
online dictionary; http://www.babylon.com/). In thermal wood treatment, it refers to the stage where wood has lost its
moisture content and is going to reach its highest strength and stability.
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160°C-190°C under increased pressure. A conventional wood drying process is used to dry the treated wood
to low moisture content (ca. 10%). In the second step (curing), the dry intermediate product is heated to
temperature typically between 170°C-190°C (Militz & Tjeerdsma, 2002).

c. Retification process (NOW New Option Wood, France)

The “retification” process of wood was developed by “Ecole des Mines” of Sain Etienne within last ten
years. It consists of a thermal treatment of dry wood (MC about 12%) between 200°C and 260°C with an
atmosphere poor in oxygen (less than 2% oxygen) in presence of nitrogen. The treatment process starts
under temperature between 200 and 260°C for short period of time with lack of air. The duration of
treatment depends on the size of wood material; for example for a 1cm thickness, the treatment duration
lasts about 5 hours; 30min at 280°C, 1h at 250°C and 2h at 230°C and approximately 9h for a material with
27mm thickness (Militz, 2002; Yvan, 1982; Dirol & Guyonnet, 1993; Troya & Navarrete, 1994; Bourgois
et al., 1989; Bourgois et al., 1990; Vernois, 2002).

d. Le Bois perdure (BCI-MBS, France)

Instead starting from dry wood in retification, the process starts from fresh wood. The first step is rapid
drying process and heating up to 230°C under steam atomosphere (Militz, 2002; Vernois, 2002).

e. VIT process (Thermowood, Finland)

This process is licensed to Finnish Thermowood Association. The Thermowood is based on heating
wood at high temperature (180-250°C) by using a water vapor as shielding gas. While heating wood at
temperatures over 200°C, wood undergoes a large number of chemical changes, like degradation of wood
hemicelluloses. VIT method differs from other methods that use nitrogen as shielding gas and some
processes are done under pressure. This process has been divided into three main phases:

Phase 1- Temperature increase and high temperature kilning- Kiln temperature is raised at a rapid speed
using heat and steam to level of around 100°C. Thereafter the temperature is increased steadily to 130°C
during which the high temperature drying takes place and the moisture content in the wood reduces to
nearly zero.

Phase 2- Intensive heat treatment- On the high temperature kiln drying has taken place the temperature
inside the kiln is increased to level between 185-230°C, once the target level has been reached the
temperature remains constant for 2-3 hours depending on the end use application.

Phase 3- Cooling and moisture conditioning- The final stage is to lower the temperature down using
water spray system then once the temperature has reached 80-90°C remoisturising and conditioning takes
place to bring the wood moisture content to a useable level over 4%. When raising or decreasing the
temperature a special adjustment system is used in order to prevent surface and inside cracking. The wood’s
internal temperature regulates the temperature rise in the kiln. The difference between kiln and wood
temperature is depending on the dimensions of the wood specimens (Mayes & Oksanen, 2002).

If the process starts from green wood, the wood can be dried in a very rapid steam drying process.
Rapid drying is possible because any care for the color changes is not necessary and also resins will
anyway flow from the wood in heat treatment process (Militz, 2002; Jimsa & Viitaniemi, 2000; Syrjdnen &
Oy, 2000).

f. OHT-process (oil-heat treatment, Menz Holz, Germany)

Heat treatment usually takes place in an inert gas atmosphere at temperatures between 180°C and
260°C. The boiling points of many natural oils and resins are higher than the temperature required for the
heat treatment of wood. This opens up the opinion of the thermal treatment of wood in hot bath.
Improvements in various wood characteristics can be expected from the application of oil-heat treatment as
compared with heat treatment in a gaseous atmosphere, due to the behavior of oils in conjunction with
effect of heat.

Principally, this process is performed in a closed vessel. After loading the process vessel with wood, hot
oil is pumped from the stock vessel into the process vessel where the hot oil is kept at high temperatures
circulating around the wood. Before unloading the process vessel the hot oil is pumped back into the stock
vessel.
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For different degrees of upgrading, different temperatures are used. To obtain maximum durability and
minimum oil consumption the process is operated at 220°C. To obtain maximum durability and maximum
strength temperatures between 180°C and 200°C are used plus a controlled oil uptake.

It proved to be necessary to keep the desired process temperature (for example 220°C) for 2-4 hours in
the middle of the wooden pieces to be treated. Additional time for heating up and cooling down is
necessary, depending on the dimension of the wood. Typical process duration for a whole treatment cycle
(including heating up and cooling down) for logs with cross sections of 100mmx100mm and 4m length is
18 hours.

The heating medium is crude vegetable oil. For example rapeseed (canola), linseed oil, sunflower oil,
soybean oil, tall oil or even its derivatives. The serves for fast and equal transfer of heat to the wood,
providing the same heat conditions all over the whole vessel and also a perfect separation of oxygen from
wood. Natural oils lend themselves to the oil-heat improvement of wood from an environment point of
view and because of their physical point of view and chemical properties. As renewable raw materials, they
are CO, neutral. Between other types of oils that were used, linseed oil proved to be unproblematic though
the smell that develops during the heat treatment may be a drawback. The smoke point and the tendency to
polymerization are also important for the drying of the oil in the wood and for the stability of the respective
oil batch. The ability of the oil in the wood to withstand heating to a minimum temperature of 230 °C is a
prerequisite. The consistency and color of the oil change during heat treatment. The oil becomes thicker
because volatile components evaporate, the products arising from decomposition of the wood accumulates
in the oil and its composition. This obviously leads to improve setting of the oils (Rap & Sailer, 2000;
Thévenon, 2002).

Thermal wood modification has different effects on wood properties; such as increase in its dimensional
stability (Yildiz, 2002; Bengtsson et al., 2002; Vernois, 2000; Sailer et al., 2000; Rap & Sailer, 2000;
Mayes & Oksanen, 2002; Boonstra et al., 1998; Militz & Tjeerdsma, 2000) considerable increase in
bioresistance against fungi (Welzbacher & Rapp, 2002; Matsuka et al., 2002; Viitanen et al., 1994;
Kamdem et al., 1999; Tjeerdsma et al., 1998; Tjeerdsma et al., 2000; Mayes & Oksanen, 2002; Rap &
Sailer, 2000; Sailer et al., 2000; Militz & Tjeerdsma, 2000; Boonstra et al., 1998; Viitanen et al., 1994;
Dirol & Guyonnet, 1993) and some times slight reduction in mechanical properties (Bengtsson et al.,
2002; Sailer et al., 2000; Kamdem ef al., 1999 & 2002; Militz, 2002; Jimsa & Viitaniemi, 2000; Syrjinen &
Oy, 2000; Militz & Tjeerdsma, 2000).

1.4.2. Enzymatic wood modification

Because of the growing utilization of renewable raw materials, the technical use of lignocellulosic fibers
from wood and other annual plant materials is becoming increasingly important. For example as a technical
problem, the synthetic adhesives used in manufacturing fiberboards cause both emission and waste
problems. Alternatively, enzyme systems naturally responsible for biosynthesis and coupling of wood cells
can be used.

Wood composites, especially fiberboards, are used to produce both furniture and indoor installations.
Fiberboard is made by triturating wood into single fibers and then adding synthetic adhesive and pressing
the fibers together at approximately 200°C. The synthetic adhesives used in this production are typically
based on the substances formaldehyde, urea, phenol and melamine. As the use of formaldehyde is
particularly problematic, only a very low amount of this substance may be released subsequent to
production. The use of synthetic adhesives also means that possible fiberboard waste may not be burnt, but
most be disposed of as special waste.

Consequently, new methods are needed for coupling and bonding wood fibers. For a number of years,
experiments have been conducted with new adhesives based on waste material from the paper industry, etc.
But developments in biotechnology have given the industries the possibility of using the same enzyme
system as nature uses to create and couple cells and cell walls in wood. This is an interested way to produce
a product that is more environment-friendly than fiberboards made with synthetic adhesives. At least, the
first advantage of using enzymes rather than synthetic adhesives to bond the boards is that they pose no
emission or waste problem, etc.

Wood consists of three main components, cellulose, hemicelluloses and lignin. Much of lignin content
is found in the outer layer of the cell walls, where it couples the individual cells and stiffens the cell wall. In
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this purpose, use of enzyme those catalyses the coupling of lignin between cell walls to couple single fibers
to a board. This enzyme is called laccase. Laccase acts to aerate or oxidize lignin. Aerating removes
electrons, creating single electrons called radicals. Since electrons preferably occur in pairs, the radicals
will try to pair up, thus creating chemical bonds (gluing) between the individual fibers. Using laccase for
oxidation causes stable radicals to form in the lignin contained in the fibers cell walls (Felby et al., 1997;
Unbehaun et al., 2000).

Laccase is recently known to use for oxidation of phenolic compounds in wood. During the reaction,
phenoxy radicals are formed in lignin components while oxygen is reduced to water. The reaction
mechanism can be described by a parallel mechanism of direct oxidation of lignin on the fiber surface and a
phenol/phenoxy cyclic mediator process of dissolved phenolic compounds in the suspension liquid.

1.5. Aims of this thesis

Concerning the above review on literatures, there are still unknowns about the acetylation. This research
has been conducted to answer some questions about the biological degradation of the acetylated wood.

- Could acetylated wood be influenced by soil microorganisms over a long period efficacy?

Acetylated wood has not been tested over longer period of time in real field and soil beds to find out the
changes of mass and dynamic modulus of elasticity (MOEqy,). According to a time course study, any
changes in mass and MOEqy, in acetylated wood were studied during a standard soil bed test and the results
are discussed in chapter 2.

- Does acetylation protect wood from chemical alterations due to biological attack?

Any biological attack in wood is followed by chemical alterations. No investigation was carried out so
far about the chemical alteration in the acetylated wood. Based on a time course study, chemical analyses
were carried out on the soil bed tested acetylated wood and the results are presented and discussed in
chapter 2.

- How do microorganisms attack acetylated wood? And where are their attacking points in cell walls?
Is there any difference between microbial attacks in acetylated wood with non-acetylated?

Microorganisms, fungi and bacteria belong to important biological attacking factors of wood.
Monitoring of microbial attack in acetylated wood was one of the interests to help gathering more
knowledge about their activities in acetylated wood. Different microscopical techniques, light and scanning
electron microscopy, were used to evaluate different types of biological attack in soil exposed acetylated
wood and fungal trials. Chapters 2, 3 and 4 discuss the microbial attack in soil exposed acetylated wood,
real field and fungal trials respectively with different acetylated woods.

- Could using biological indicators demonstrate the microbial metabolic activities in acetylated wood?

Biological activities occur with some metabolic sequences. Concerning this fact that wood is attacked
by parasite microorganisms and is used as a carbon source material, heat is released due to their
metabolisms. Heat production and released energy were measured by microcalorimetry to evaluate soil
microorganisms and fungal activities in acetylated wood to find out any differences in their metabolic
activities. The obtained results about their bioactivities are discussed in chapters 2 and 5.

- What is the difference between fungal colonization and biomass in acetylated and non-acetylated
wood?

There are different techniques to measure fungal biomass in wood. For this purpose a fungal bio-
indicator, ergosterol and fluorescein diacetate, have been used to measure fungal biomass in the acetylated
wood. Ergosterol was used for soil fungi and white rot fungus Trametes versicolor. The results are
explained in chapters 2 and 5 respectively. Fluorescein diacetate was used just for white rot fungus and the
obtained results are presented in chapter 5.

- Could enzymatic activities relate to microbial attack in acetylated wood?

In chapter 5 enzymatic activities are investigated by measuring cellulases, endoglucanases, xylanase,
laccase and manganese peroxidase.
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