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Chapter 9

Nanotechnology and wood
science

Antonios N. Papadopoulosa and George Z. Kyzasb
aLaboratory of Wood Chemistry and Technology, Eastern Macedonia and Thrace Institute of

Technology, Kavala, Greece; bHephaestus Advanced Laboratory, Department of Chemistry,

International Hellenic University, Kavala, Greece

1. Introduction

Wood, a versatile material, has been used for centuries for many reasons, due
to its fibrous nature. It varies in color and density and is considered a primary
raw material in building due to its high strength in combination with low
weight and some durability. It is therefore a raw material that can be used in
indoor applications and, if treated efficiently, in outdoor application as well.
However, wood has two main disadvantages which restrict its wider use,
namely, susceptibility to biodegradability by microorganisms and dimensional
instability when subjected to varied moisture content. Most wood species
deteriorate rapidly under biological factors; the most important biological
decay is caused by fungi. On the other hand, when wood is subjected to
fluctuating moisture, dimensional and conformational instability occur. These
drawbacks are mainly due to the nature of the cell wall main polymers, and in
particular due to their high abundance of hydroxyl groups (OH) [1e3]. This is
solved so far, either by using imported tropical woods or by using conventional
biocides which are usually based in the use of toxic chemicals. In addition, the
disposal of the treated wood has caused many restrictions which have to be
taken into consideration upon the utilization of conventional chemical
treatments. However, both these options are nowadays under political and
consumer pressure, and the seeking of alternatives has become an imperative
need [1]. This need led to attention to nonbiocide treatments, such as modi-
fication of wood with nontoxic chemicals. By applying chemical modification,
mainly acetylated and furfurylated wood, low-durability species can be easily
transformed to new wood products with improved properties, this approach
therefore can be considered as the ultimate solution to the problem [3,4].
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Another option to overcome this problem, perhaps more attractive, is to
investigate the potentials that nanotechnology may offer. It is well established
that the wood cell wall shows porosity of molecular scale dimensions, this is
caused by the partial filling of spaces between the cellulose microfibrils mainly
by polyoses and lignin [5,6]. The small-sized nanoparticles can effectively and
deeply penetrate into the wood, alter its surface chemistry, improve its prop-
erties resulting in a hyper-performance product.

So, this chapter briefly reviews the research milestones in the area of wood
chemical modification, focusing on acetylated and furfurylated wood which
have been scaled up and exploits the solutions that nanotechnology can offer to
wood protection, as an alternative green innovative approach.

2. Chemical modification

The main target of applying chemical modification onto wood is to alter the
molecular structure of the main cell wall polymers, by converting the
hydrophilic OH� groups into hydrophobic groups. By this way, the cell wall of
wood is in a permanently swollen situation and attracts no or very little
moisture [7,8]. At the same time, the chemically modified wood is not
recognized by the degrading fungi, since the lower moisture content does not
promote decay. Various technologies in the area of wood modification have
been developed, mainly in laboratory and semi-industrial scale since there was
no economic or environmental urgency to scale up these technologies.
Recently, due to environmental and legislative issues on the use of biocides,
new avenues for the chemical modification have been created. Wood modifi-
cation technologies may be categorized, related to the mode of action of the
chemical as follows [1,3]:

l Filling the lumen with a chemical, usually resin. This decreases the
sorption of water vapor but the sorption behavior over a longer period of
time is not reduced.

l Bulking the cell wall and the cell lumen with a chemical. This reduces the
swelling of wood and has a beneficial effect on the long-term sorption
behavior.

l Modifying treatments. The chemistry of the main cell wall components is
changed and covalent bonds are formed by converting the hydrophilic
OH-groups into hydrophobic groups. This results to new wood products
with enhanced properties.

Chemical modification involves the linking of a chemical to the main wood
cell wall polymers, especially the hydroxyl groups via a covalent bond [7],
without leaving toxic residues within the wood. Chemical modification of
wood has been extensively reviewed elsewhere [1,3,8e10].
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The remaining of the chapter focuses on the most prominent processes that
have been scaled up today to industrial level, namely, acetylation and
furfurylation.

2.1 Acetylation

A great amount of research in this area involves the reaction of acetic anhy-
dride with wood. Anhydrides react with the hydroxyl groups of the wood cell
wall polymers via a nucleophillic reaction pathway [11,12]. Great attention of
the researchers has been attracted the reaction of hydroxyl groups with acetic
anhydride, a process known as acetylation. The chemical reaction is depicted
in Fig. 9.1. The wood hydroxyl groups are replaced by the acetyl groups of the
acetic anhydride, and the wood remains in swollen condition due to the
bulking action of the acetyl groups within the cell walls. Acetylation is a
single-site reaction which means that one acetyl group is added per reacted
hydroxyl group with no further polymerization. Wood acetate and acetic acid
as by-products are produced.

The first attempt of acetylation has been recorded in 1865, when Schut-
zenberger acetylated cellulose. Fuchs [13] and Horn [14] in the late 1920s
were the first researchers who acetylated wood flour. Whole wood is first
acetylated by Stamm and Tarkow [15], using pyridine as a catalyst. Since then,
a lot of laboratories worldwide have tried to acetylate wood with a variety of
ways [16]. The first attempt, however, to commercialize the process of acet-
ylation failed in the United States (1961), Russia (1977), and Japan (1984). In
semi-industrial level, the first successful scaled-up acetylation was performed
at Stichting Hout Research (SHR, The Netherlands), by Prof. Militz and
coworkers [17]. Nowadays, acetylated wood is scaled-up in the Netherlands,
under the commercial name Accoya, which utilizes radiate pine (Pinus radi-
ata) and alder wood (Alnus sp.) with a 20% acetyl weight gain. Accoya wood
undergoes a nontoxic acetylation process which modifies wood for permanent.

WOOD - 0H   + O

O

O

CH3

CH3
WOOD -- O CH3

O

 + 
OH

O

CH3

              wood               + acetic anhydride                     acetylated wood                    + acetic acid

FIGURE 9.1 Reaction of wood with acetic anhydride [20].
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2.1.1 Water vapor sorption of acetylated wood

Many studies have investigated the sorption of water vapor of acetylated wood
and the overall stabilization was well documented [18,19]. A study by Papa-
dopoulos and Hill examined the effect of molecular size of substituent group
on sorption of water vapor, as wood was modified with a series of anhydride
molecules of different size which at the same time produced similar levels of
cell wall bulking at different levels of hydroxyl substitution [20,21]. The
sorption data were analyzed by applying the HailwoodeHorrobin sorption
model, which enables the separation of the total sorption into monomolecular
and polymolecular sorption. They found that the reduction in all types of
sorption is mainly a bulking effect and is not determined by the number of
hydroxyl groups which have been substituted (Fig. 9.2).

2.1.2 Durability of acetylated wood

Resistance against fungi. The durability of acetylated wood against fungi and
other organisms has been extensive, and a weight gain of c. 20% is required to
achieve full protection [22]. The protection threshold levels for acetylated pine
were determined by Beckers et al. [23]. They found that a weight gain of 18%
was required against the brown-rot fungi Coniophora puteana and a value over
20% against the white-rot fungi Postia placenta. A value of 20% is reported to
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FIGURE 9.2 Adsorption isotherms for pine wood: control (-); acetic 15.8% WPG (C);

propionic 15.3% WPG (:); butyric 16% WPG (;); valeric 15.5% WPG ('); hexanoic 15.7%

WPG (D) [20].
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prevent attack by brown, white, and soft-rot fungi, in ground contact stake tests
[24]. Suttie et al. [25] reported that the bulking effect is the only factor that
determines protection from decay. Hill and Papadopoulos [26] reaffirmed this
conclusion when they presented a comprehensive assessment of the effec-
tiveness of linear chain anhydrides against the brown-rot fungi C. puteana.
This conclusion is further reaffirmed when pine samples are exposed to soft-
rot decay [27], as depicted in Fig. 9.3.

Resistance against marine wood borers and termites. Few studies have
been published so far that focused on the protection against invertebrates [28]
including marine wood borers. Papadopoulos et al. [29] used a rapid laboratory
test developed by Borges et al. [30] and assessed if the modification of pine
wood with a series of anhydrides confers resistance to the crustacean wood
borer Limnoria. The results revealed that modification resulted in a reduction
in the number of fecal pellets produced and that the type of anhydride
employed had little effect on feeding.

A recent study has demonstrated that modified pine wood with a series of
anhydrides afforded significant protection in feeding above 16% weight gain
against the subterranean termites Reticulitermes flavipes [31].

2.2 Furfurylation

Stamm [32] has initiated research work relating to chemical modification with
furfuryl alcohol, known as furfurylation. Furfurylation involves impregnation
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anhydrides [27]. Copyright (2010) Elsevier.
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of wood with a mixture of furfuryl alcohol and catalysts, subsequent heating
which in turns causes polymerization [33]. The final product looks like more
those of a polymer-filled cell wall rather than a reacted cell wall [34].

The Norwegian company Kebony AS applies the technology and produces
two distinct furfurylated wood products, namely (1) Kebony Clear, a hard
furfurylated wood with typical weight gain of 35% and (2) Kebony Character,
a light furfurylated wood with typical weight gain of 20%.

2.2.1 Properties of furfurylated wood

An excellent review on properties of furfurylated wood was recently per-
formed by Mantanis [34]. According to his findings:

l Furfurylated wood exhibits very good dimensional stability and resistance
to weathering.

l Furfurylated wood has comparable resistance against microorganisms with
the wood treated with conventional toxic biocides. Furfurylated wood is
resistant to marine borers.

l Furfurylated wood is a green product known with the trade name “Swan”
in the Scandinavian market.

3. Nanomaterials

At this point, it is mandatory to explain why nanotechnology and especially
nanomaterials are so necessary in the above-proposed technology (wood
protection). Nanomaterials are a special topic of recent research and are a
milestone of nanoscience and nanotechnology. Nanoscale materials are a
series of substances/compounds, in which at least one dimension has smaller
size than 100 nm. Nanomaterials have a broad area of development which
day-by-day is rapidly growing. Their impact to commercial applications is
huge with respective to academia and education. A high percentage of nano-
materials exist naturally, but the great interest is for the type of nanomaterials
which can be synthesized. These are called “engineered nanomaterials (ENs).”
These nanomaterials are formed at the molecular (nanometer) level in order to
present the positive of the small/tiny size and innovative properties. Those
properties are not generally observed in their common/bulk counterparts/
nanoparticles. The big bang was very crucial for the nanomaterials science,
given that many theories refer the existence of nanostructures after falls of
early meteorites, and until now they are under examination with new
nanoforms. All above clearly indicate that the “world” of nanomaterials is
explosively growing in various sections.

At this point, it is mandatory to give a brief definition of nanomaterials. So,
nanoscale materials are a series of substances/compounds, in which at least
one dimension has smaller size than 100 nm. One nm is equal to 10�6 mm,

204 Advanced Low-Cost Separation Techniques in Interface Science



meaning 105 times smaller than a possible size of a human hair (obviously
measuring the diameter). Another question which must be replied is why
nanomaterials have such big interest. The answer is not difficult. Since at this
scale interesting optical, attractive, electrical, and some other different prop-
erties rise. These innovative properties have the potential for extraordinary
effects in various gadgets, especially in biomedicine, biochemistry, or other
relatively similar fields.

Another crucial question is where nanomaterials can be found or how they
are “born”? A high percentage of nanomaterials exist naturally, but the great
interest is for the type of nanomaterials which can be synthesized (ENs). This
type of materials is extensively used in many processes producing even
commercial products. They can be found in such things as sunscreens, cos-
metics, sporting goods, stain-resistant clothing, tires, electronics. They also
exist in everyday things and especially products of medicine and biomedicine
(for example, drug deliver, imaging, or even diagnosis purposes).

ENs are formed at the molecular (nanometer) level in order to present the
positive of the small/tiny size and innovative properties. Those properties are
not generally observed in their common/bulk counterparts/nanoparticles. Two
major explanations can be given to answer why these materials at nanoscale
have different properties. These materials showed high (or better increasing)
relative surface area and some new types of quantum effects. Also, it is
noteworthy that their conventional forms present much lower surface area to
volume ratio than the new forms (EN). The latter causes higher chemical
reactivity, influencing also their strength. Going to nanoscale, the importance
of quantum effects is great especially regarding the determination of materials
properties and characteristics; this confirms some new optical, electrical, and
magnetic behaviors. Nanomaterials are already used for commercial purposes
in industry. The available commercial products of nowadays belong to a broad
technologic area, including stain-resistant and wrinkle-free textiles, cosmetics,
sunscreens, electronics, paints, and varnishes. Nanocoatings and nano-
composites are finding uses in diverse consumer products, such as windows,
sports equipment, bicycles, and automobiles [35]. There are novel
UV-blocking coatings on glass bottles which protect beverages from damage
by sunlight, and longer-lasting tennis balls using butyl-rubber/nanoclay
composites [36]. Nanoscale titanium dioxide, for instance, is finding appli-
cations in cosmetics, sun-block creams, and self-cleaning windows, and
nanoscale silica is being used as filler in a range of products, including cos-
metics and dental fillings [36].

Historical points. The big bang was very crucial for the nanomaterials
science given that many theories refer the existence of nanostructures after
falls of early meteorites. After that start, the nature physically created some
other nanostructure-like formations such as seashells, skeletons, etc. However,
the scientific/technological story and official start of nanomaterials can be
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pinned much later. Michael Faraday has synthesized colloidal gold particles
synthesized in 1857. In 1930s, nanostructured catalysts were also investigated.
During 1940s, the market of the United States and Germany were filled after
manufacturing with precipitated and fumed silica nanoparticles as substitutes
for ultrafine carbon black for rubber reinforcements. Then, from 1960 to
1970s, some metallic-like nanopowders used to produce magnetic recording
tapes were also developed. In 1976, Granqvist and Buhrman published a work
reporting a new term, the popular inert gas evaporation technique according to
which nanocrystals were synthesized for the first time.

Nowadays, the engineering of nanophase or generally nanotechnology is
rapidly developing, investigating more and more structural and functional
materials (inorganic and organic). Therefore, there is possibility to change/
modify or even treat some important electric, magnetic, mechanical, catalytic,
optical, and electronic functions. The synthesis of materials in nanophase or
the so-called cluster-assembled materials is based on the separated small
clusters formation. Then, these are fused into a material (majorly in bulk
form).

4. Nanotechnology and wood

Nanotechnology, an attractive science, seems to have a remarkable potential to
create products of a new generation with enhanced properties [37]. The term
nano is usually referred to materials whose dimensions are less than 100 nm.
Nanomaterials have a high surfaceevolume ratio that enables them to show
greater activities in surface-related phenomena compared with bulky systems
with identical mass [38,39].

The change in material properties is primarily due to the large interfacial
area that is developed per unit of volume, since the level of added particles is
reduced to nanometers. Nanomaterials enhance the properties of the original
material, show great compatibility with the traditional materials, and cause
limited alteration of their original features [40,41].

Nanotechnology is being developed for a variety of applications, from
medical uses to material behavior improvement, like wood and wood products.
Studies on the application of nanotechnology in wood science are mainly
focused on dimensional stability and resistance to attack by microorganisms.
The main advantage of applying nanotechnology to wood is the unique ability
of the compounds to penetrate deeply in wood substrate [41,42]. It is well
established that the wood cell wall shows porosity of molecular scale
dimensions, this is caused by the partial filling of spaces between the cellulose
microfibrils mainly by polyoses and lignin [5,6,43]. The small size nano-
particles can effectively and deeply penetrate into the wood, alter its surface
chemistry, improve its properties resulting in a hyper-performance product. In
addition, complete penetration and uniform distribution can be achieved, if the
size of the nanoparticles will be smaller than the diameter of the wood pits [6].
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Currently, nanomaterials are applied to wood and are performed with three
different and distinctive ways, namely, (1) the direct impregnation of nano-
sized materials in to wood (nanosized metals), (2) with controlled release of
nanomaterials embedded in a nanocarrier (polymeric nanocarriers), and (3)
coating treatments [44]. These, are reviewed herein.

4.1 Nanosized metals

Nanosized metals can be basically synthesized using mainly two chemical
approaches, namely (1) solution-based synthesis (sol-gel, sonochemical,
solvothermal) and (2) vapor-based synthesis (combustion, chemical vapor
deposition) [44e48]. It is well documented that the method of synthesis
determines the physicochemical characteristics of the nanosized metals [46].
Their main unique characteristics are high surface to volume ratio, uniform
size distribution of the particles, and good stability [37,43,49].

Their use in wood has the objective to improve its physical and mechanical
properties and its durability against microorganisms, since it is generally
acceptable that nanosized metals interact with the bacterial elements, leading
gradually to the cell death [40,42,49] or even to the disruption of the enzyme
function [41,47]. A common practice is to disperse the nanosized metals in an
organic polymer resin, in order to form a nanocomposite. A key factor in this
process is the proper dispersion of nanoparticles in order to obtain maximum
improvements in wood properties. It is important to examine how well the
metals will interact with the wood substrate into which they are embedded,
since big differences can lead to phase separation and final material failure.
Accumulation of the nanosized materials due to the high surface energy that
they possess, on the other hand, can result to the formation of microcomposites
in the wood substrate that may behave as a weak zone for potential stresses,
especially at higher loadings [50]. Nanosized materials such as metal nano-
particles (copper, silver, gold) and metal oxides (zinc oxide, aluminum oxide)
are nowadays widely used to confer wood protection.

As far as copper is concerned, while traditional alkaline copper pre-
servatives are solubilized in aqueous solution, nanocopper compounds are
initially dispersed in water, and the suspension is used to treat wood. Fix-
ation of nanocopper compounds primarily occurs through deposition on cell
wall layers and in pits [51,52]. It was reported that in some cases, fungi may
be not able to recognize copper nanoparticles. Once nanoparticles enter
fungal cell wall, they form a reactive oxygen species with the fungus cell. In
addition, nanoparticles may also undergo dissolution and thereby interfere
with homeostatic processes within the fungal cell [48,49]. Akhtari and
Nicholas found that nanocopper formulation can reduce the weight loss of
wood due to termite attack from 46.8% to 0.2% [53]. Treating wood with
nano copper oxide in presence of polystyrene improved dimensional
stability [54].
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The interest in silver nanoparticles for different types of applications has
grown worldwide. This type of nanoparticle has also gained popularity in
improving wood properties and has been the subject of numerous studies. The
possibility of improving the hygroscopicity of wood by applying a nanosilver
compound was studied by Mantanis and Papadopoulos [55]. The application of
the compound reduced the total sorption of water vapor to a great extent.
Similar results were also reported elsewhere [56,57]. Silver nanoparticles
applied to improve durability in a series of tropical series [57]. In all cases, the
treated woods were classified as highly resistant for white decay fungi, as
opposed to untreated wood, whose weight losses were more than 20%.

Zinc-based nanocompounds have also applied to wood to improve its
resistance against mold and decay fungi and the subterranean termites [58]. It
was found that the mass loss was significantly inhibited by the zinc-based
preparations. In another study, lime wood treated with zinc-based nano-
compounds had about 56% higher resistance against the white-rot fungus
Trametes versicolor and 40% higher resistance against the brown-rot fungus
C. puteana [59,60].

Both Mantanis et al. [58] and Kartal et al. [61], in their comprehensive
studies, applied nanozinc and nanocopper to examine termite and mold
resistance. The results revealed that nanozinc is more effective in terms of
termite mortality, inhibition of termite feeding, and decay by the white-rot
fungus (Figs. 9.4 and 9.5). Nanozinc seems to be the most appropriate metal
for wood protection [62,63]. Bak and Nemeth [64] studied the efficacy of five
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FIGURE 9.4 Mass loss (%) following termite resistance for leached and unleached pine wood:

(A) nanozinc oxide; (B) nanozinc oxide plus binder A; (C) nanozinc oxide plus binder B;

(D) nanozinc borate; (E) nanozinc borate plus binder A; (F) nanocopper oxide; (G) nanocopper

oxide plus binder A; (H) nanocopper oxide plus binder B [58]. Copyright (2014) Elsevier.
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different nanoparticles, namely (zinc-oxide, zinc-borate, copper borate, silver,
copper) against fungi. They found that the most effective nanoparticle treat-
ments were those containing borate. However, only the zinc-oxide, silver, and
copper nanoparticles showed resistance to leaching, and therefore they
concluded that only the zinc-oxide provided effective protection after
leaching.

Titanium dioxide (TiO2 or titania), another nanomaterial, is a photocatalyst
which is activated by ultraviolet light [65]. Furthermore, titania nanoparticles
are used for surface treatment which allows a thin water film to be formed on
treated substrates [41,42,66], this reduces the water availability and prevents
the biological growth.

4.2 Polymeric nanocarriers

Polymeric nanocarriers are also present in the wood preservation industry in
improving the impregnation of wood with preservatives; however, they
received by far less attention by the research studies. Encapsulation of the
active ingredient into polymeric nanocarriers can be conducted through several
techniques such as nanoprecipitation [67]. Fig. 9.6 depicts various types of
polymeric nanocarriers that may be used for active ingredient delivery [44,67]:
(a, b) Polymeric nanoparticles where active ingredients are conjugated to or
are encapsulated in polymers. (c) Polymersomes composed of hydro-
philicehydrophobic block copolymers, arranged in a lipophilic bilayer
vesicular system and with a hydrophilic inner core.
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FIGURE 9.5 Mass loss (%) following decay test for leached pine wood: (A) nanozinc oxide;

(B) nanozinc oxide plus binder A; (C) nanozinc oxide plus binder B; (D) nanozinc borate;

(E) nanozinc borate plus binder A; (F) nanocopper oxide; (G) nanocopper oxide plus binder A;

(H) nanocopper oxide plus binder B [58]. Copyright (2014) Elsevier.
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The incorporation of organic biocides into polymeric nanoparticles and the
subsequent introduction of the nanoparticles into wood may be advantageous.
Conventional biocides, even those with low solubility, can be easily dispersed
in a solid polymeric nanoparticle that can be in turn suspended in water and
then can be applied into wood with conventional water-borne treatments. With
this way, biocides with particular low solubility that so far had limited portion
in the market may be now found a place in wood preservation industry. In this
case, the polymer wood substrate will act as a storage reservoir, which will
control the release rate of the biocide and at the same time it will protect the
unreleased biocide from exposure to the environment. This may cause pro-
tection of the material for a long term [68].

Fungicides, such as tebuconazole and chlorothalonil, were incorporated
into polymeric nanoparticles with a great success [69]. Polyvinylpyridine and
polyvinylpyridine-co-styrene were employed as the polymer matrix. Wood
treated with biocide-containing nanoparticles showed great resistance against
the white-rot fungi Gloeophyllum trabeum.

Nanotubules are other potential nanocarriers that can be a promising
material for use as a carrier for biocides due to their hollow structure and high
contact surface area. Carbon nanotubules are one of the best-known nano-
tubules, which offer several advantages that include high carrying capacity,
high biocompatibility, and high surface area to volume ratio.

4.3 Coating treatments

Nanotechnology offers further improvements or even new performance
properties that can be achieved in wood coatings. Fillers, such as silicate-based
minerals, are commonly used in coatings in order to increase hardness and
stiffness of a polymer matrix or to minimize cost. Their application in wood,
when they are micron size, has two main disadvantages: reduces flexibility of
the material and decreases the transparency of the coating system [50].

Polymersome 
Polymeric nanoparticles

NanospheresNanocapsules

(A) (B) (C)

FIGURE 9.6 Types of polymeric nanocarriers. Polymeric nanoparticles: (A) nanocapsules and

(B) nanospheres; (C) polymersome.
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Polymeric coatings filled with nanoparticles such as spheres or tubes
improve wood properties. Nanosized materials such as metal nanoparticles are
widely used to achieve these improvements. Nanomaterials are usually added
to the coating formulations by two different ways, either through solution
blending (physical approach) or in situ (chemical approach) [44,50]. Solution
blending means addition to the polymer in an appropriate solvent and then
application of forces for dispersion. The nano-based coating is then applied on
wood surface by spraying, brushing, or dipping [55,70]. In situ addition
involves the addition of the nanomaterials directly to the monomers, dispersing
them, and polymerizing the mixture. The applied nanomaterials are in situ
synthesized on wood surface by chemical reactions like solegel deposition
and hydrothermal methods. The chemical approach seems to be beneficial
since small molecules can much more easily diffuse between nanoparticles
and therefore ease their separation.

A popular coating material is the development of hydrophobic surfaces on
wood; in this case the nanomaterials act as water repellents and dimensional
stabilizers. For, example, beech wood treated with zinc-oxide nanoparticles
provided substantial water resistance and dimensional stability [71].

Another promising nanoparticle is nanosilica. An advantage of this nano-
particle is that it can be easily modified, to further improve compatibility with
the polymer. Nanosilica is found to reduce water absorption and to improve
UV absorption characteristics [72]. This behavior is more pronounced when
nanoclays are used [73]. Nanoclays are silicates which have platelet structure
and high aspect ratio, a combination that produces a path for molecules that
has to track a longer route through the coating. As a result, the water
absorption of the material is reduced and the UVabsorption characteristics are
improved. Nanoclay is also used in intumescent coatings. These are protective
coatings that are used to prolong the time that wood can remain load-bearing
during exposure to fire [50].

Nanocellulose is another nanofiller which may has the shape of fibers or
rodlike crystals. The elongated structure of nanocellulose offers a good
potential for stress transfer and can provide high reinforcement of binders.
Semicrystalline nanofibrillated cellulose is produced through mechanical
shearing, while nanocellulose crystals are made by acid hydrolysis which
removes the amorphous regions [74].

Furthermore, nano-based coatings with strong bacterial properties, such as
silver, zinc-oxide, copper, and titanium dioxide nanoparticles, also can provide
decay resistance to wood and wood products and therefore reduce the mi-
crobial activity. When these types of materials are considered for use in
coatings, the slow and controlled release of the active ingredient is of great
importance due to its prolonged positive effect and its lesser environmental
impact [50].
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5. Conclusions

This chapter briefly reviewed the research milestones in the area of wood
chemical modification, focusing on acetylated and furfurylated wood which
have been scaled up and exploited the solutions that nanotechnology can offer
to wood protection, as an alternative green innovative approach. It is well
established that the wood cell wall shows porosity of molecular scale
dimensions due to the partial filling of spaces between the cellulose microfi-
brils mainly by polyoses and lignin. The small-sized nanoparticles can
effectively and deeply penetrate into the wood, alter its surface chemistry,
improve its properties resulting in a hyper-performance product. In addition,
complete penetration and uniform distribution can be achieved if the size of
the nanoparticles will be smaller than the diameter of the wood pits. Currently,
nanomaterials are applied to wood, and it is performed in three different and
distinctive ways, namely, the direct impregnation of nanosized materials in to
wood (nanosized metals), with controlled release of nanomaterials embedded
in a nanocarrier (polymeric nanocarriers), and coating treatments. The change
in material properties is primarily due to the large interfacial area that is
developed per unit of volume, since the level of added particles is reduced to
nanometers. Nanomaterials enhance the properties of the original material,
shows great compatibility with the traditional materials and cause limited
alteration of their original features. Their use in wood has the objective to
improve its physical properties, mainly its hygroscopicity and its resistance
against mold, decay fungi, marine borers, and subterranean termites.
Furthermore, increased UV protection may also be achieved.
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