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Abstract This chapter presents an overview of different physical, chemical and
biological methods used to improve the mechanical and thermal properties of wood
and wood plastic composites. The physical methods addressed contemplate plasma,
corona, ultraviolet (UV) radiation, ultrasound, heat treatments, fibre beating and
electron radiation. The chemical methods discussed in this work were alkali, ben-
zyl, acetyl, acryl, silane, permanganate, among others. Biological treatments, such
as enzyme and fungal treatment were also reviewed. Methods used to impregnation
and chemical modification of wood using sustainable reagents were also presented.
The furfurylation of wood, the impregnation and polymerization of lactic acid
directly in wood structure and the usage of citric acid are also discussed as natural
compounds that can be used to promote wood chemical modification. The usage of
coupling agents or compatibilizers from renewable and non-renewable sources and
their impact on the thermo-mechanical properties of the wood-plastic composites
will be discussed. Moreover, the chemistry and the mechanism of compatibility
between the wood and polymer matrix will be properly evaluated.
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1 Introduction

The growing interest in wood-plastic composites for several industrial applications
may be explained due to the potential of these composites to replace synthetic fibers
reinforced plastics. Wood fibers can be obtained with low cost, when compared to
glass fibers, and also comes from a renewable source which contributes to improve
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composite sustainability. The main advantages and disadvantages of wood-plastic
composites are summarised in Table 1.

The influence of chemical and physical treatments on mechanical and thermal
properties of wood and its composites with thermoplastic polymers will be the
bases for the further discussions done in this work.

2 Interfacial Adhesion in Wood-Plastic Composites

The performance of a wood-plastic composite is intrinsically associated with the
interfacial adhesion between polymer and fiber. Higher interfacial adhesion results
in composites with higher mechanical properties since the strength can be trans-
ferred from the matrix to the reinforcement fibers. On the other hand, composites
with higher thermal properties can be also obtained when the interfacial bounding is
achieved, because the fibers are covered by the matrix and probably will initiate a
thermal degradation in a higher temperature range, when compared with composites
without interfacial adhesion. Thus, interfacial bonding between polymer matrix and
wood fiber plays a vital role, determining the mechanical and thermal properties of
wood-plastic composites (Pickering et al. 2016; Elamin et al. 2020). However,
wood-plastic composites normally present weak interfacial bonding due to the
limited interactions that occurs between hydrophilic wood fibers and hydrophobic
polymer matrix. As a result, the mechanical and thermal performance of the
composite material is reduced. When fiber and matrix are put into intimate contact,

Table 1 Main advantages and disadvantages of wood-plastic composites

Advantages Disadvantages

Wood comes from renewable source Lower durability than inorganic fiber
composites

During growth wood remove CO2 from the
environment and return O2

Greater variability of properties due to wood
heterogeneity

Low density, high specific strength and
stiffness

High moisture absorption

Wood fibers have lower cost than inorganic
fibers

Lower impact strength when compared to
synthetic fibers

Low hazard manufacturing process Lower processing temperatures

Less abrasive damage during processing
when compared to inorganic fibers

Lower interfacial adhesion with several
polymers

Wood is biodegradable Wood need to be previous treated to avoid
fungi attack and UV degradation

Low emission of toxic fumes during
incineration at end of life
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the wettability can be improved, and bonding can be obtained. However, insuffi-
cient fiber wetting can generate interfacial defects, such as voids and gaps between
filler and matrix, which can act as stress concentrators. To avoid poor wettability
chemical and physical treatments are used. These treatments are responsible to
improve the compatibility between fiber and matrix and also cause an improvement
in tensile and flexural composite properties (Mohit and Arul Mozhi Selvan 2018;
Rezaee Niaraki and Krause 2020).

According to Matthews and Rawlings (1999), interfacial bonding can be pro-
moted by means of inter-diffusion bonding, chemical bonding, electrostatic bonding
and mechanical interlocking. When the wood fiber surface is rough the mechanical
interlocking may be favoured. The fiber roughness contributes to generate sites to
polymer deposition, as can be seen in Fig. 1. As a consequence of mechanical
interlocking, the interfacial shear strength increases.

The attraction between opposite charges is responsible to create electrostatic
bonding. This type of bonding is not so common in wood-plastic composites.
However, when metallic interfaces are involved the electrostatic bonding has a
significant influence. The mechanism that involves chemical bonding is associated
with chemical groups presented in the matrix and in the fiber surface that may react
to form chemical bonds, in this case the interfacial strength is deeply associated
with the type and density of the bonds formed (Pickering et al. 2016). Generally, to
promote chemical bonding in wood-plastic composites coupling agents are used.
This type of chemical agent is normally composed by a carbonic chain that may
interact with the polymer matrix and a polar group that may form chemical bonds
with the hydroxyl groups presented in the wood surface. As previous reported
(Poletto et al. 2011, 2014; Liu et al. 2016; Quiles-Carrillo et al. 2018), coupling
agents acts as bridges between filler and matrix.

Fig. 1 Surface morphology
of a rough wood fiber
(Reproduced with permission
(Pickering et al. 2016))
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When the atoms and molecules presented on matrix and fiber interact at the
interface the inter-diffusion bonding occurs. The entanglements involved the
polymer chains at the interface is the main mechanism observed for polymer
composites. The number of chains per unit area, the degree of entanglement and
length of chains are the main factors that influence the inter-diffusion bonding in
polymeric interfaces (Pickering et al. 2016). The type of bonding formed is mainly
associated with the materials used in composite development. In some occasions,
several types of bonding can occurs at the interface at the same time (Pickering
et al. 2016).

2.1 Wood Physical Treatments to Improve Interfacial
Bonding in Composites

The physical methods used to treat wood and other cellulosic and lignocellulosic
fibers may include plasma, corona, ultraviolet (UV) radiation, ultrasound, heat
treatments, fibre beating and electron radiation. Plasma and corona treatments are
similar in some aspects. During plasma treatment gas is continuously supplied to a
vacuum chamber to maintain the pressure and gas composition adopted for fiber
modification (Pickering et al. 2016; Mantia and Morreale 2011; Koohestani et al.
2019). On the other hand, corona treatment also uses plasma, but generated by the
application of a high voltage to sharp electrode tips separated by quartz at low
temperature and atmospheric pressure (Pickering et al. 2016; Koohestani et al.
2019). The corona treatment is normally adopted to species that contain oxygen in
its structure, such as wood and others natural fibers. Both treatments increase the
fiber surface roughness which contribute to mechanical interlocking between fiber
and matrix and improves the interfacial adhesion. However, plasma treatment
commonly generates hydrophobicity at fiber surface, while corona treatment
increases surface polarity due the formation of carboxyl and hydroxyl groups at
fiber surface. As previously discussed, both methods presented some similarities,
but one point should be highlighted. While plasma treatment increases the fiber
hydrophobic character the corona treatment acts in the opposite way and reduces
the material hydrophobicity.

Several studies used corona, plasma and both treatments to change the properties
of natural fibers (Liu et al. 2010; Acda et al. 2012; Podgorski et al. 2000; Fazeli
et al. 2019; de Almeida Mesquita et al. 2017; Islam et al. 2017; Ragoubi et al.
2010). Dong et al. (1993), used corona treatment to modify a hardwood fiber and
after prepared a composite with linear low-density polyethylene (LLDPE). The
authors observed that the treatment affect the fiber polarity but reduces the com-
posite strength probably due to the poor adhesion at polymer/fiber interface. When
the LLDPE was treated by corona discharge, the authors observed that the com-
patibility between filler and matrix improved and the mechanical properties
increased. Islam et al. (2017) combined plasma and corona treatments by means of
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atmospheric pressure corona-based weakly ionized plasma to modify the surface of
pine wood. Figure 2 shows the principle of corona discharge system.

The authors observed that treated wood contain on their surface nano and
micro-nodules of plasma-polymerized acetylene which can interact with polymer
matrix and improve the fiber matrix adhesion in composite materials. According to
the authors corona-based plasma method has potential to become cost-effective
when compared with others commercially plasma systems. Cademartori et al.
(2017) also used atmospheric pressure cold plasma to deposit a fluorocarbon film
on the surface of white spruce and Brazilian cedar wood. The authors observed that
fluorocarbon deposition increases the wood roughness and also creates a
hydrophobic surface for both wood species evaluated. Liu et al. (2010) used air
plasma to treated wood/polyethylene composites. The results showed that the polar
groups, such as hydroxyl, carbonyl and carboxyl, formed at the composites surface
improved the composite adhesion. The shear bonding strength test showed that the
adhesion properties of the composites studied improved effectively after plasma
treatment.

The UV radiation generally promotes the depolymerization of some wood
components, such as lignin and in minor extension the extractives may also be
affected by UV light. Todaro et al. (2015) observed that UV treatment causes
irreversible changes in chemical composition and morphological aspects of Turkey
oak wood after 4000 min exposed to UV-C irradiation. However, in short time of
exposition to UV treatment wood presented the formation of carbonyl groups at the
surface, probably associated with lignin depolymerization. Poletto (2017) also
observed that UV-B irradiation causes severe lignin degradation after exposure
Eucalyptus grandis and Dipteryx odorata wood species to 6000 min of UV
treatment.

When wood is exposed to heat treatment, the fibers are heated to temperatures
close to promote fiber degradation (Pickering et al. 2016; Tomak et al. 2018).
During treatment chemical, physical and mechanical wood properties can be

Fig. 2 Corona discharge system (Reproduced with permission (Ragoubi et al. 2010))
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affected. As a result, fiber morphology and strength, cellulose crystallinity and
depolymerisation of wood components can occurs. The effect of heat treatment,
also occurs for corona, plasma and UV treatments, is based on temperature, time
and type of the gases used during the treatment (Koohestani et al. 2019;
Venkatachalam et al. 2016). Yin et al. (2011) submitted spruce wood to steam
treatment at 140, 160 and 180 °C during a total time of 120 min. The authors
observed a decrease of indentation modulus and hardness of wood with the tem-
perature increases which is associated with the hemicelluloses degradation.
Hosseinihashemi et al. (2016) used saturated steam to treat beech wood at 120, 150
and 180 °C during 30 or 120 min. After the thermal treatment, wood was used in
the development of polypropylene composites. The composites produced with
treated wood at temperature of 180 °C for 120 min presented the lowest water
absorption. Aydemir et al. (2015) observed that exposing wood to 212 °C for 8 h,
was capable to improve the thermal stability and crystallinity of pine and maple
wood species. The authors also observed that flexural modulus of elasticity
increased by 101 and 82% with the addition of 30 wt% of heat-treated pine and
20 wt% of heat treat maple in wood-nylon 6 composites.

Electron radiation basically consists in treating the sample with a radiation beam
forming radicals in the sample. Based on the irradiation dose, two major reaction
are possible: degradation and crosslinking (Huber et al. 2010). Which reaction is
dominant depends on several factors: type of material (type of polymer and/or type
of fiber), additives, temperature, pressure, dose, dose rate, morphology, crystallinity
and the surface/volume ratio (Huber et al. 2010). Huber et al. (2010) observed that
electron radiation can improve interfacial bonding due to the formation of
crosslinking between polypropylene and the radicals formed at the ramie fiber
surface. Takinami et al. (2010) also verified a similar behavior when gelatin/
piassava composites were treated by electron beam radiation.

Fiber beating is a mechanical treatment used in defibrillation and consequently
increases the fiber surface area. The treatment causes generally three main effects on
fibers (Ahmad et al. 2019; Chen et al. 2012). The first is internal fibrillation that
increases the flexibility of fibers by the breakdown of fiber walls into separate
lamellae (Ahmad et al. 2019). The second is external fibrillation described as the
creation and/or exposure of fibrils on the surface of the fibers (Ahmad et al. 2019).
The last one is the generation of fines from fibers when they are no longer (Ahmad
et al. 2019). Beg and Pickering (Beg and Pickering 2008) verified that fiber beating
causes a 10% increase in strength of Kraft fiber reinforced polypropylene com-
posites due the fiber defibrillation and increase of surface area, which can result an
improve of mechanical interlocking.
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2.2 Wood Chemical Treatments to Improve Interfacial
Bonding in Composites

The chemical methods adopted to modify the properties of wood and others natural
fiber includes alkali, benzyl, acetyl, acryl, silane, permanganate, isocyanate, per-
oxide, zirconate, titanat, acrylonitrile, etherification and epoxi treatments. The usage
of maleated anhydride grafted coupling agents is also very common.

The chemical compounds used to provide the chemical fiber modification nor-
mally acts improving the surface and mechanical characteristics of natural fibers.
Some of them can significantly improve the mechanical properties of lignocellu-
losic fibers just with the removal of impurities and changing the fiber crystalline
structure. The most common treatments are alkali (mercerization), silane, acetyl and
graft polymerization. These most popular chemical treatments will be briefly
commented in this section.

The alkali treatment consists in the removal of oils, wax, pectin and other
extractives from the fiber surface together with certain amounts of hemicelluloses
and lignin using sodium hydroxide. The alkaline treatment increases surface fiber
roughness and area, which contribute to improve the interfacial adhesion, but
exposes the cellulose fibers and can also affect the cellulose crystallinity. Several
studies related improvements in mechanical properties of composites when alkali
treated fibers were used (Saiful Islam et al. 2012; Amroune et al. 2015; Essabir et al.
2015; Gwon et al. 2010; Jiang et al. 2018). The increase in composite thermal
stability was also reported in the literature (Rosa et al. 2009; Saini et al. 2009).

Silane treatment has been extensively used to promote interfacial bonding in
natural fiber composite material (Xie et al. 2010a; Goriparthi et al. 2012; Liu et al.
2019). The silane molecule has bifunctional groups in its structure which generates
the possibility of react with the hydroxyl groups presented in the fiber surface
forming hydrogen bonds and also interact with the polymer chains of the matrix
phase. The reaction with wood fibers involves hydrolysis of alkoxy groups on
silane with water to form silanol groups that can after react with the hydroxyl
groups on the wood fiber surface, as can be seen in Fig. 3.

Fig. 3 Schematic representation of reaction of silane and wood fiber (Reproduced with
permission (Pickering et al. 2016))
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Reddy and Simon (2010) performed a surface wood functionalization using
bi-functional organo-silane 7-octenyldimethylchlorosilane and mono-functional
organo-silane n-octyldimethylchlorosilane. The modified wood fiber with
organo-silane were used as reinforcement in polypropylene composites. The
authors observed that vinyl functionality in wood promotes good fiber coverage
with polypropylene after in situ polymerization.

The acetylation treatment is used to increase the hydrophobicity at the wood
fiber surface (Tserki et al. 2005; Hung et al. 2016). The esterification reaction
occurs by the reaction of acetyl groups with hydroxyl groups on the wood fiber
surface, as shown in Fig. 4.

According to the literature (Tserki et al. 2005; Bledzki et al. 2008; Ali et al.
2016) the composites developed with treated fibers presented an improvement in
interfacial bonding which results in composites with better mechanical properties
when compared with composites prepared with non-treated fibers. In addition,
composite thermal stability and resistance to fungal attack also increases (Tserki
et al. 2005; Bledzki et al. 2008; Ali et al. 2016), probably due to the better fiber
coating by the polymer matrix.

Freire et al. (2008) filled low-density polyethylene with unmodified and fatty
acid (hexonic, dodecanoic, octadecanoic and docosanoic acids) esterified cellulose.
The authors observed that the chemical modification proposed to cellulose fibers
improved the interfacial bonding with polymer matrix. As result, the composite
mechanical properties increased and water absorption decreased. The authors
concluded that the composite performance was affected by the degree of substitu-
tion and fatty acid chain length. Similar behaviour was also observed by Fernandes
et al. (2011) in composites based on acylated cellulose fibers and poly(ethylene
sebacate). Crépy et al. (2011) obtained cellulose esters by linking aliphatic acid
chlorides from C8 to C18 onto cellulose. The esterification reactions are presented
in Fig. 5. The tensile behaviour of the chemical modified cellulose showed that as
the carbonic chain length increased the strain at break tends to drop whereas no
clear evolution of the yield stress as observed.

Fig. 4 Reaction of acetic anhydride with hydroxyl groups of wood fiber (Reproduced with
permission (Pickering et al. 2016))
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Maleated coupling agents are widely used to improve composite properties.
Maleic anhydride is commonly grafted to the polymer, who is used as composite
matrix, ensuring the compatibility between the polymer matrix and coupling agent.
The most commonly maleated coupling agent is polypropylene grafted with maleic
anhydride (MAPP). This coupling agent acts as a bridge between filler and matrix.
MAPP can react with the hydroxyl groups at the wood fiber surface forming
hydrogen or covalent bond. On the other hand, the PP chains from the matrix may
form entanglements with the polymer chains from the MAPP which result in higher
interfacial bonding. A representation of the interactions between MAPP and wood
fibers in a polymer composite is illustrated in Fig. 6.

Fig. 5 Esterification of cellulose using aliphatic acid chlorides (Reproduced with permission
(Crépy et al. 2011))

Fig. 6 Interfacial bonding in wood polymer composite using MAPP as coupling agent.
(Reproduced with permission (Belgacem et al. 2020))
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The use of MAPP could be regarded the most successful method to improve
interfacial bonding in composite materials when compared with others chemical
and physical methods (Pickering et al. 2016). According some studies (Bera et al.
2010) it is possible to obtain almost twice more composite strength using MAPP
than silane treatment.

2.3 Others Wood Treatments Used to Improve Interfacial
Bonding in Composites

Several others wood treatments, including physical, chemical and biological
approaches have been used. Most of them still remain in a small scale, while others
are already been used in industrial scale. In this section a brief overview of others
wood treatments will be explored.

Biological treatments, such as enzyme treatment, are increasing due to their
environmental friendliness. The treatment consists in using enzymes for selectively
removing hydrophilic components to reduce the hydrophilicity of cellulose fibers.
The microorganisms and bacteria are used to degrade the main linkages between
lignin and cellulose or lignin and hemicelluloses (Zadeh et al. 2020). However,
some drawbacks of using biological treatments, such as incubation time and overall
efficiency require improvement to make this process an alternative to others
chemical and physic methods (Vasco-Correa et al. 2016).

Fungal treatment is used to remove noncellulosic components, such as lignin,
wax or pectin from the lignocellulosic fiber surface (Ferreira et al. 2019). Gulati and
Sain (2006) observed that after fungi (Ophiostoma ulmi) treatment the unsaturated
polyester resin composites reinforced with treated hemp fibers presented an increase
of 22% in flexural strength when compared to the composites obtained with
untreated fibers. The addition of bacterial cellulose onto lignocellulosic fiber surface
is another method that can be used to improve the interfacial adhesion in com-
posites based on natural fibers and polymers (Ferreira et al. 2019).

Xie et al. (2010b) used glutaraldehyde and 1,3-dimethylol-
4,5-dihydroxyethyleneurea to chemically modify wood particles. The treated
wood was used as reinforcement in polypropylene composites. The composites
treated with glutaraldehyde and 1,3-dimethylol-4,5-dihydroxyethyleneurea pre-
sented a reduction in water uptake and dimensional swelling of 39% and 46%,
respectively. Treatments of wood flour also improved the tensile strength of the
composites. Ou et al. (2014) also used glutaraldehyde and 1,3-dimethylol-4,
5-dihydroxyethyleneurea to chemically modify wood flour. The authors verified
that composites developed with glutaraldehyde treated wood decreased melt vis-
cosity, moduli, and shear stress, while no modifying effects of using
1,3-dimethylol-4,5-dihydroxyethyleneurea were observed.

Spiridon et al. (2012) developed polypropylene composites reinforced by
toluene diisocyanate modified wood. Spruce wood was modified with toluene
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2,4-diisocyanate (TDI). The addition of 15 wt% of treated wood causes an increase
of 19% in composite tensile strength. The wood chemical modification was
observed by the formation of a urethane bond between wood hydroxyl groups and
phenyl isocyanate, evidenced by FTIR analysis, according to the reaction:

Wood� OHþR� N ¼ C ¼ O ! Wood� O� Cð¼ OÞ � NH� R

Islam et al. (2014) impregnated wood with acrylonitrile monomer solution
thought vacuum-pressure method. The wood polymer composites developed with
modified wood showed an increase of 23% in compressive modulus compared to
the composites reinforced by raw wood, followed by a reduction in water
absorption due the better interfacial bonding.

Xu et al. (2014) prepared wood flour/chitosan/poly(vinyl chloride) composites
using a three step modification process. Firstly, a vacuum-pressure treatment of
sodium montmorillonite was done, followed by inner intercalation replacement of
organically modified montmorillonite, and finally surface grafting of glycidyl
methacrylate. The results reveal that flexural and tensile strengths were increased by
11 and 12%, respectively, while water absorption rate was decreased by approxi-
mately 62%, due the better in interfacial compatibility between polymer and matrix.

Kord et al. (2020) used ionic liquids to improve interfacial adhesion in wood/
high density polyethylene composites. Wood flour was pretreated with two ionic
liquids, named 1-(3-trimethoxysilylpropyl)-3-methylimidazolium chloride and 1-
(3-trimethoxysilylpropyl)-3-methylimidazolium thiocyanate. The results indicate
strong interfacial adhesion between filler and matrix after wood pretreatment.
A remarkable increase in composite thermal stability was observed when the ionic
liquids were used. The temperature associated with 10% of weight loss has an
increase at almost 30 °C, when compared to the composite without the addition of
ionic liquids.

3 Wood Impregnation and Chemical Modification Using
Sustainable Reagents

The environmental impact associated with the wood modification is the driving
force to the development of green modified wood (Dong et al. 2020). The usage of
renewable agents to promote wood impregnation and chemical modification has
been explored in research and industrial fields. Natural products, biological-based
chemical materials and biomass-derived compounds are generally used as renew-
able agents (Dong et al. 2020; Colmenares et al. 2016). To develop a sustainable
wood modification process three main aspects should be observed: use of renewable
modifying agents, environmentally friendly processes and nontoxic and
biodegradable resultant products (Dong et al. 2020). In this context, this section
contemplates some friendly process used to wood modification.
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The furfurylation of wood is a process that uses furfuryl alcohol (FA) solutions
with the addition of a catalyst at elevated temperature to promote the polymer-
ization of FA (Dong et al. 2020; Mantanis 2017). The hydrolysis of pentosan-rich
biomass, such as agricultural residues and wood results in the formation of furfural
and after chemical conversion process FA is obtained (Gong et al. 2017). Some
studies reveal that lignin present in wood could form covalent bonds with poly
(furfuryl alcohol) (PFA) (Gong et al. 2017; Nordstierna et al. 2008). Barsberg and
Thygesen (2017) observed that condensation of FA with lignin formed a
lignin-PFA copolymer localized especially in the lignin rich areas of the wood cell
wall. However, furfurylated wood could be degraded by oxidative and enzymatic
degradation (Gong et al. 2017). In addition, the formation of a stiff cross-linked
PFA in wood structure promotes the embrittlement of wood, resulting in a decrease
in its impact strength and modulus of rupture (Gong et al. 2017; Xie et al. 2013).
Dong et al. (2015) used nano-SiO2 mixed with FA water solution to impregnate
poplar wood. The results indicated that the nanoparticles can improve the modulus
of rupture of furfurylated wood.

The furfurylation is an attractive method to chemically modify wood trough a
sustainable process. The drawback is the embrittlement of wood caused by fur-
furylation. However, controlling the polymerization of FA in the wood structure
combined with the use of reinforcements, such as nanoparticles could be an
effective and environmental friendly method to chemical modified wood (Gong
et al. 2017).

In general, the impregnation of wood with natural compounds extracted from
lignocellulosic materials has become a more attractive method to wood modifica-
tion (Gong et al. 2017; Broda 2020). Compounds present in wood, such as, oils,
extractives, resins and waxes can act as wood modifiers. The water repellence of
wood and also better interactions with hydrophobic polymers may be obtained
using beeswax, paraffin, montan and carnauba waxes (Gong et al. 2017).

The wood impregnation with biodegradable polymers is another method to
develop sustainable wood polymer composites. The impregnation and polymer-
ization of lactic acid directly in wood structure is an example to produce wood
composite based on sustainable reagents and also in sustainable processes. Noël
et al. (Noël et al. 2009) impregnated wood with lactic acid and observed that the
hardness of wood was improved without strongly affect the composite mechanical
properties. Other types of polyesters were also used for wood impregnation such as
polybutylene adipate (PBA), polyglycolic acid (PGA) and polybutylene succinate
(PBS) (Gong et al. 2017).

Citric acid is another natural compound that can be used to promote wood
chemical modification. This organic acid is crosslinking with wood by means of
two esterification steps in the presence of a catalyst (Gong et al. 2017). As previ-
ously reported, the modification of wood with citric acid increase wood dimen-
sional stability (Gong et al. 2017), resistance against fungi (Despot et al. 2008) and
compression strength (Šefc et al. 2012).

The usage of natural compounds to promote wood chemical modification
exhibits great potential to replace the non-renewable compounds. However, more
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studies must be done to better understand the chemical reactions and the mechanism
that can generates a greatly improve in wood properties.

4 Wood Composites Developed with Coupling Agents
and Compatibilizers from Renewable Sources

The reduction of fossil fuels associated with environmental concerns is increasingly
driving the development of materials from renewable sources. The usage of poly-
mers obtained from biomass has become a reality in composite industry. However,
the search for additives from renewable sources that can replace the compounds
derived from petroleum remains a challenge. This section will present some of these
studies that use natural compounds as coupling agents or compatibilizers in natural
fiber composites.

The usage of coupling agents or compatibilizers from natural sources has
increased in the last decade. Several natural oils and compounds chemically
modified or not have been used to promote interfacial bonding in composites
reinforced by natural fibers (Liminana et al. 2018; Poletto 2018; Castro et al. 2017;
Husseinsyah et al. 2016). Some studies also related that these compounds may act
as flow agents, due to this low molar mass, helping during the composite processing
by extrusion and injection moulding (Castro et al. 2017; Poletto 2019). The main
components of vegetable oils are triglycerides. These compounds are renewable,
abundant when vastly investigated alternative feedstock for polymeric materials
(Zhang et al. 2017; Sawpan 2018). These natural oils are used to develop polymer
and monomers to be used as an alternative to the petrochemical resources.

Tran et al. (2006) developed biocomposites using epoxidized and maleated
soybean oil as polymer matrixes in composites reinforced by natural fibers. The
authors observed that composites tensile strength greatly enhanced when soy-based
resins were used. Dai et al. (2014) used epoxidized soybean oil to improve the
toughness of microcrystalline cellulose reinforced polylactide acid composites.
When 10 wt% of epoxidized soybean oil were added to the composites an increase
of 38.5% in composite elongation was observed. The oil chemical structure pro-
moted a plasticizing effect which also resulted in a slightly decrease in the com-
posite Tg. Meng et al. (2018) also used epoxidized soybean oil to improve
toughness of PLA/nanocellulose composites. The authors observed that the addition
of epoxidized soybean oil can improve the ductility of the nanocomposites until
tenfold with a slight decreased in mechanical properties.

Castro et al. (2017) reinforced high density biopolyethylene with curauá fibers.
The authors tested castor and canola oils as potential compatibilizers in the com-
posite. The results indicated that the addition of oils improved the mechanical
properties of the composites and also lead an improvement in composite thermal
stability. Castor oils presented the best results when compared with canola oils. The
authors also concluded that the mechanical properties of the composites developed
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with natural oils can be modified by the viscosity of the oils chosen, as well as from
the level of incorporation of the oil in composite to balance the action of the oils as
plasticizer and compatibilizer. Poletto (2019) reacted soybean oil with maleic
anhydride to obtain maleated soybean oil and compared the performance of soy-
bean oil and maleated soybean as potential coupling agents in polypropylene wood
flour composites. As previous observed by Castro et al. (2017), both oils act as
plasticizers and reduce the composite viscosity, which have a positive effect during
the processing steps. The addition of soybean oil reduced the flexural strength of the
composite, but causes an increase of 10% in impact strength, when compared with
the composite without coupling agent. However, maleated soybean oil causes an
increase of 10% in composite flexural strength, also when compared with the
composite without coupling agent. The usage of maleated soybean oil also
improves the composite thermal stability.

Poletto et al. (2014) used natural oils as coupling agents to improve the inter-
facial adhesion in recycled polypropylene wood flour composites. Hexanoic,
octanoic, decanoic and dodecanoic acid were manually mixture with wood flour,
without further modification. Composites treated with octanoic acid showed higher
thermal stability and interfacial adhesion, than the composites treated with the
others natural oils tested. Figure 7 shows the micrographs from the fracture surfaces
of non-treated (a) and composites treated (b) with octanoic acid. According to the
authors, the improvement caused by octanoic acid addition is similar to that
obtained by the addition of MAPP. The authors verified that the boiling temperature
and chain length of the acids tested directly affect the interfacial adhesion of the
composites.

Martins and Santana (2016) tested carboxylic acids as compatibilizers on
polypropylene/thermoplastic starch. The myristic (C14), palmitic (C16) and stearic
(C18) acids were used as natural compatibilizers in the blend studied. When
compared with the blend without compatibilizers, the addition of C18, C16 and C14

Fig. 7 Morphological aspect of the composites without (a) and with addition of octanoic acid
(b) (Reproduced with permission (Poletto et al. 2014))
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presented an improvement of 25, 10 and 17% in the tensile strength and the
addition of C14 also promote an improvement of 54% in the impact strength.

Lignin is the second most abundant biopolymer in nature after cellulose
(Chatterjee et al. 2014). This biopolymer is generally used as a reinforcement agent
in composite formulations due to its three dimensional structure consisting of
randomly cross-linked propane building blocks formatted by p-hydroxyphenyl,
guaiacly and syringyl units (Chatterjee et al. 2014; Naseem et al. 2016). However,
is difficult blend lignin with others polymers and biopolymers due to the chemical
incompatibility of lignin with these materials (Thakur et al. 2014; Kun and
Pukánszky 2017). So, lignin is chemically modified by esterification reactions using
normally dicarboxylic acid anhydrides that can react with hydroxyl groups pre-
sented in lignin surface, as illustrated in Fig. 8. Acetic, phthalic, succinic and
maleic anhydride are commonly used in esterification reactions. Lignin chemical
modification also includes graft copolymerization, functionalization, among others
(Naseem et al. 2016; Gordobil et al. 2015; Wei et al. 2006).

Lignin and chemically modified lignin have also been used as compatibilizers in
polymer composites (Thakur et al. 2014; Fernandes et al. 2014; Wood et al. 2011).
Wood et al. (Wood et al. 2011) used lignin as a compatibilizer in epoxy composites
reinforced with hemp mats. The authors observed an improvement in mechanical
properties of the composites developed with lignin. However, at higher loadings
(10 wt%) the lignin particles can increase the resin viscosity and prevent the
complete resin infusion across the hemp mat which results in composites with lower
mechanical properties. Tay et al. (2011a) used chemically modified Alcell lignin as
a compatibilizer in polypropylene reinforced oil palm empty fruit bunch compos-
ites. The lignin was chemically modified by glycidyl methacrylate (GMA) and allyl
glycidyl ether (AGE) (Tay et al. 2011a, 2011b). The authors used 1, 3 and 5% of

Fig. 8 Lignin esterification reaction (Reproduced with permission (Chatterjee et al. 2014))
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modified lignin based on the weight of filler used to prepare the composites. The
authors verified that both treated lignins increased the composite mechanical
properties. However, composites prepared with GMA-treated lignin exhibited better
mechanical properties that composites prepared with AGE-treated lignin, probably
due to the better interfacial adhesion between filler and matrix promoted by the
usage of GMA-treated lignin.

Fernandes et al. (Fernandes et al. 2014) developed high density polyethylene
reinforced with cork powder using benzoyl peroxide was a initiator agent, and
suberin (2 wt%) or lignin (2 and 4 wt%) isolated from cork to enhanced
filler-matrix adhesion and improve composite mechanical properties. Suberin acts
as plasticizer, while lignin works as a coupling agent, improving the composite
tensile properties. The authors also related that the increase in lignin content does
not improve the mechanical properties but improves composite thermal stability.

Itaconic acid is an unsaturated dicarboxylic acid produced by the fermentation of
glucose (Rose and Palkovits 2011; Klement and Büchs 2013). The acid contains
two carboxy functionalities and is commonly used to production of polyesters,
wood modification and graft polymerization (Sabaa and Mokhtar 2002; Moncada
et al. 2006; Sailaja and Seetharamu 2008). Poletto (Poletto 2017) developed
composites of recycled polypropylene and wood flour using 2 wt% of
polypropylene grafted itaconic acid as coupling agent. The flexural strength
improved 29% with addition of polypropylene grafted with itaconic acid when
compared with the wood plastic composites without coupling agent. The incor-
poration of polypropylene grafted with itaconic acid does not change the impact
strength values significantly. The author also observed an increased in composite
thermal stability with the addition of polypropylene grafted with itaconic acid. Han
(Han et al. 2020) prepared wood composites by the impregnation of itaconic acid
solution in wood followed by in situ polymerization of styrene, as can be seen in
Fig. 9. The authors observed a reduction in the water uptake, an improvement in
dimensional stability and also an enhancement in mechanical and thermal properties
of the treated composites.

Fig. 9 Representation of wood impregnation with itaconic acid followed by in situ polymerization
with styrene (Reproduced with permission (Han et al. 2020))
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5 Conclusions and Future Perspectives

The application of wood and others types of natural fibers in several industrial fields
continues to growth due to its sustainable origin associated with environmental and
economic benefits when compared with non-renewable materials. These lignocel-
lulosic fibers presented high specific properties, lower density and high perfor-
mance when used as reinforcements in composite materials. However, one the main
drawbacks of use natural fibers in polymer composites is the incompatibility
between the hydrophilic fibers and the hydrophobic character of the polymer
matrix. To solve this problem the fibers were exposed to chemical, physical or
biological treatments, as previous described in this chapter. In addition, compati-
bilizers and/or coupling agents were also used. These treatments were essential to
promote fiber compatibility with polymeric materials. The challenge still remains in
found effectively treatments that can improve the lignocellulosic fiber properties
and also can improve the composite performance for many industrial applications.
The addition of natural compounds to improve the fiber or composite properties is
also growing based on the environmental concerns. The usage of bio-renewable
feedstock is a potential driving force to developed novel lignocellulosic fiber
composites. The driving force for future developments based on wood modification,
coupling agents and compatibilizers for wood composites must be in agreement
with sustainable products and processes. The challenge for use friendly compounds
and processes to obtain better interfacial adhesion in wood polymer composites still
remains.
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