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ABSTRACT

The necessity to utilise environmentally friendly resources has emerged due to environmental manage-
ment. With the demand for the production of plastics and wood materials, pollution has increased.
Consequently, the attraction in natural fibre-reinforced polymer composites (NFPCs) is rapidly emerging
in the construction industry, mainly to replace synthetic fibre composites. The intensified interest is
associated with manufacturing ‘green’ and lightweight panels. This review provides insight into the
prospects and challenges related to the processing of wood waste-reinforced polymer composites. Using
natural fibres, especially waste as raw material, is desirable for developing value-added products to mitigate
environmental pollution. The current materials used for the wood-based composites are reviewed as
disadvantages associated with wood plastic composites, such as low interfacial bonding. Efforts such as
chemical treatment are outlined to wood fibres to manufacture an environmentally friendly, cost-effective,
lightweight, and biodegradable composite with enhanced structural properties was provided. Various
waste plastics, plant dust, and coupling agents-based composites investigated for applications, and emer-
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ging aspects of wood plastic composite for construction materials applications are outlined.

1. Introduction

‘It was not raining when Noah built the ark’. Human beings
can think, strategize, foresee, and prepare beforehand. The
prospect of humanity remains in anticipating and impeding
global crises while mitigating our current crises at the local,
national, and global levels (Trevors 2010). With the global
scarcity of fossil oil resources and forestry, natural fibre-
reinforced polymer composites (NFPCs) are anticipated to
increase from 12% in 2010 to 18% and 25% by 2020 and
2030, respectively (Gurunathan, Mohanty, and Nayak 2015).
Primarily manufactured from biodegradable polymers and
biomass fibres from agricultural and forestry wastes (Deka
and Maji 2011) NFPCs containing wood as a filler may com-
pete with synthetic/inorganic filler due to their less reliance on
fossil sources and ‘green chemistry’. Wood fillers are cost-
effective, abundant, readily available as waste, and have low
density ((Moritzer and Richters 2021).

The demand for plastic materials for various applications has
a compounded annual growth of 4.2% between 2021-2028.
Consequently, considerable quantities of plastic are used and
disposed of (Khoaele et al. 2023). The effect of plastic waste on
the environment is alarming to environmental health manage-
ment, government, and scientific literature due to white pollution
(Khoaele et al. 2023; Shen et al. 2020). Overcoming this concern
led to different efforts towards plastic waste reduction, in which
treatment processes such as reusing, recycling, energy recovery,

and landfilling have been employed to reduce environmental
pollution. By 2030, the percentage of plastic recycling is expected
to reach 55%. The global plastic recycling market was valued at
$31.5 billion in 2015 and is predicted to increase at a 6.9% annual
pace between 2016 and 2024 (Turku, Karki, and Puurtinen 2018).

Studies are ongoing to work towards the global mandate
of recycling waste to produce value-added material, which
may be a societal solution. The technology for developing
and fabricating high-value NFPCs from wood (i.e. sawdust,
wood chips, wood flour, cut-offs, residues from manufac-
turing, and pulping sludge) can contribute to an improved
cascading application in the construction industry with
products used in buildings, inner-outer decoration and
architecture such as windows, doors, fences, panels, and
flooring material (Mwango and Kambole 2019; Teuber
et al. 2016; Toghyani, Matthews, and Varis 2020; Xu, Du,
and Wang 2021) The main advantages of NFPCs include
but are not limited to rapid production rate, durability,
cost-attractiveness, and recyclability, which is considered
a ‘green composite’. An innovative approach for developing
the NFPC includes chemical treatment followed by process
engineering. Chemical treatment improves the interface
bonding, while particle size reduction enhances consistency
in the dispersion of wood within the biocomposite, thus
improving the mechanical properties (Taheri et al. 2021).
Due to superior mechanical properties, NFPCs can
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potentially replace wooden laminates used in construction
materials (Pickering, Efendy, and Le 2016). The global
NFPCs market was evaluated to be U$2.1 BILLION in
2010. It was projected to grow at 10 % annually through
2016, demonstrating growth potential in several industries,
including construction, civil, sports, automotive, aircraft,
and leisure (Birniwa et al. 2023).

2. Wood waste as natural fibre for composite
manufacturing

Natural fibres may be used as reinforcing material for polymer
composites and are categorised into two: natural and synthetic or
artificial (Amjad et al. 2021). Natural fibres (NFs) are desirable for
reinforcement in polymer composites. They are a robust alterna-
tive to synthetic carbon-based fibres, glass, and silicates because of
their many noteworthy advantages, including low CO, emission,
low density, low cost, nonabrasive to equipment, no skin irrita-
tion, reduced energy consumption, biodegradability, recyclability
and lower health risks (Amjad et al. 2021; Ammar et al. 2023; Lotfi
et al. 2021). NFs, including fruit, jute, wood, hemp, kenaf, coir
sisal, and flax, are illustrated in Figure 1.

The quantity of waste produced during wood-based product
manufacturing and utilisation increased with its application
(Adhikari and Ozarska 2018). When used properly, these wastes
make up a valuable base of raw materials that can help to minimise
the need for raw natural wood. Regrettably, most of them wind up
in landfills (Akan et al. 2021; Spear, Eder, and Carus 2015).
Climate change, such as air pollution, flooding, erosion, and
drought, severely affects human and environmental health
changes in temperature and CO, concentration in the air influ-
ence plant growth and pathogens (Anabaraonye 2022).
Temperature and moisture are the main factors in pathogen
growth in a selective way resulting in the risk of the pandemic of
diseases. Increased CO, levels can positively or negatively impact

Natural Fibre

disease pandemics initiated by plant-pathogenic bacteria. Because
of altered host physiology, improved biomass, and altered micro-
bial environments, elevated CO, favour microbial populations
(Sreenivas 2022). Considering the escalation of environmental
awareness due to the challenges of wood waste disposal by mod-
ern-day furniture manufacturing industries, the advancement of
wood plastic composites will benefit the long-term viability of
forests and increase sustainability (Nyemba et al. 2018; Yue et al.
2022). Wood is categorised into hardwood and softwood. Their
chemical and physical characteristics vary considerably.
Hardwood has larger pores and uneven surfaces because of vessel
elements, shorter ray cells, and parenchyma cells (Effah et al.
2017). Contrarily, softwood has regular, long tracheids and smal-
ler pores, thus frequently used as reinforcements in composite
manufacturing. Properties such as fibre length, crystallinity,
strength, defects, diameter, and structure require identification
before utilising NFs for composites manufacturing and optimisa-
tion (Teuber et al. 2016; Viisinen, Das, and Tomppo 2017).

Composites are engineered materials consisting of two or
more components, namely reinforcement, and matrix, with
distinct qualities, and their blend results in materials with
desired properties (Mudavanhu et al. 2017). Reinforcement is
the strengthening element of the composite, and the matrix is
a polymer that serves as a binder; the purpose of the matrix is
to sustain structural integrity. The reinforcement is stiffer and
better quality than the matrix, while the matrix retains the
reinforcement and offers a homogenous structure (Amjad
et al. 2021; Malik 2021). The categorisation of composites
according to reinforcement and matrix is illustrated in
Figure 2.

Wood plastic composite (WPC) refers to a blend of wood-
based materials recovered from the sawmill industry, such as
fibres, sawdust, lumber, veneer, or particles which are blended
with biodegradable polymers such as thermoplastics or thermo-
setting from recycling to generate composite material (Friedrich
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Figure 1. Categorization of natural fibers (Amjad et al. 2021; Chauhan, Karki, and Varis 2019).
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Figure 3. Factors affecting the performance and mechanical properties of natural fiber composites.

2022; Gardner, Han, and Wang 2015; Siddique et al. 2022).
Though WPCs are low density, cost-effective, eco-friendly, recycl-
able, durable, stiff, good in strength, and low maintenance, their
significant limit for polymers used requires processing conditions
(pressure, melting temperature) that would not thermally decom-
pose the wood filler as the wood decomposes around 220 °C
(Srivabut et al. 2022). The properties of the composite comprise
excellent stiffness, high strength, low thermal expansion, no cata-
strophic failure, and resistance to environmental and chemical
factors (Amjad et al. 2021).

2.1 Factors affecting natural fibre composites

Compatibility between the fibre filler and polymer matrix is
vital in maximising the performance of the NFPCs. It is

determined by factors such as fibre type, matrix type, fibre
dispersion, fibre orientation, thermal stability, moisture
absorption, manufacturing process, interfacial strength, and
porosity, as illustrated in Figure 3 (Bootklad, Chantarak, and
Kaewtatip 2016; Pickering, Efendy, and Le 2016; Pokhrel,
Gardner, and Han 2021).

2.1.1 Factors Affecting NFCs Based on the natural fibre
selection

2.1.1.1 Fibre selection. Fibre type is usually classified based
on its source: plant, animal, or mineral. All plant fibres are
primarily made of cellulose, whereas animal fibres are primar-
ily made of protein (Pickering, Efendy, and Le 2016; Viisdnen,
Das, and Tomppo 2017).
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2.1.1.2 Fibre dispersion. Since NFCs frequently contain
hydrophilic fibres and hydrophobic matrices, fibre dispersion
is a critical factor influencing the properties of short-fibre
composites and a particular challenge for NFCs (Yang et al.
2019). Their propensity to aggregate can be further increased
using longer fibres. Good interfacial bonding encourages good
fibre dispersion, which lowers voids by guaranteeing that the
fibres are entirely encircled by the matrix (Pickering, Efendy,
and Le 2016; Viisdnen, Das, and Tomppo 2017)

2.1.1.3 Fibre orientation. When the fibre is aligned parallel
to the direction of the applied load, composite materials can
typically achieve their best mechanical properties. However,
aligning natural fibres is more challenging than aligning con-
tinuous synthetic fibres. Depending on the matrix viscosity
and the design of the mould, some alignment is accomplished
during injection moulding (Pickering, Efendy, and Le 2016;
Zeyrek et al. 2022).

2.1.1.4 Fiber thermal stability. Natural fibre begins degrad-
ing at approximately 240 °C. The behaviour of the fibre’s
structural constituents, such as lignin, hemicelluloses, and
cellulose, is affected by temperature. Though cellulose and
hemicelluloses degrade at higher temperatures, lignin begins
to degrade at approximately 220 °C. Thermal stability can be
increased by chemically eliminating a specific amount of lignin
and hemicelluloses from the fibre (Ji et al. 2021).

2.1.1.5 Fiber moisture absorption. When the plant fibre cell
wall is dampened, the hydrogen link cracks, and the hydroxyl
establishes new hydrogen bonds with the water molecules.
When replaced with a hydrophobic resin, this causes the
matrix to expand, resulting in poor mechanical properties,
poor fibre-to-matrix adhesion, matrix cracking, and dimen-
sional variability. Moisture absorption can be reduced by
applying chemical treatments to remove hydrophilic hydroxyl
linkages on the fibre’s surface before composite manufacturing
(Amjad et al. 2021; Nurazzi et al. 2021).

2.1.1.6 Fiber volume fraction (Vy). Volume is the percentage
of fibre volume in the total volume of a composite material
when reinforced in the matrix. It significantly affects the
mechanical and physical properties of composites. According
to composites theory, a critical volume percentage exists below
where the composite’s strength will be less than that of
a matrix for NFPCs consisting of stiff reinforcing fibres in
a flexible polymer matrix (Pickering, Efendy, and Le 2016).
Two potential failure rules are subjective to the fibre volume
above or below the minimum value. When a composite with
fewer fibres than the minimum volume fraction experiences
stress, fibre failure will not culminate in composite failure
because the polymer can withstand the applied load. The
broken fibres, which now hold no loading, can serve as
a series of gaps in the matrix. This signifies that the reinforce-
ment diminished the composite material, and the composite
strength has reduced compared to the matrix individually.
Contrarily, if the fibre content exceeds the critical volume
percentage, fibre failure yields composite failure. The polymer

cannot old added loading transferred to the matrix from the
reinforcement (Lotfi et al. 2021).

2.1.2 Factors Affecting NFCs Based on the polymer matrix
selection

2.1.2.1 Matrix selection. Matrix selection is a significant
parameter as it uniformly distributes the loading exerted by
the composite to the reinforcing fibres, serves as a barrier
against harmful environments and shields the fibres’ surfaces
from mechanical abrasion and the effects of chemicals. The
matrix sustains the reinforcement in a suitable position. The
commonly utilised polymer matrix in the fabrication of NFPCs
is lightweight and processed at lower temperatures (Raju and
Shanmugaraja 2019).

2.1.2.2 Interface strength. In plant-based fibre composites,
there is typically little interaction between the hydrophilic
fibres and the hydrophobic matrices, which results in poor
interfacial adhesion, restricting mechanical performance and
impairing long-term properties. Fibre and matrix must come
into close contact for bonding; wettability can be seen as
a crucial prerequisite for bonding. Interfacial flaws caused by
insufficient fibre wetting can act as stress concentrators
(Pickering, Efendy, and Le 2016; Zeyrek et al. 2022).

2.1.2.3 Processing technique. The widely used methods for
manufacturing NFPCs are hand layup, injection moulding,
extrusion, and compression moulding, further discussed in
Section 4.

2.1.2.4 Porosity or void. Volatile chemicals or air may
become trapped in the material during the introduction of
fibre into the matrix. As a result of the fibre gap between the
laminate and the resin-rich sections, micro-voids may develop
in the composite after curing, decreasing the strength qualities
of the composites. The rate of cure and cooling of the resin can
also create vacuum formation. Void content greater than 20.1
% by volume results in lower fatigue resistance, a stronger
affinity for water diffusion, and more significant variation
(scatter) in mechanical properties (Ji et al. 2021; Pickering,
Efendy, and Le 2016). Controlling the viscosity of the polymer
is crucial for controlling pore development and shape (Ma
et al. 2012).

3. Treatment of natural fibres for practical
application

The structure of NFs (cellulose, lignin, hemicelluloses, and
extractives) interrelates with environmental water due to the
hydroxyl (TOH) groups resulting in weak bonds with the
polymer (Stanaszek-Tomal 2019). Consequently, the proper-
ties of composite decline because of the weaker interfacial
bond between hydrophilic (water-loving) NFs and
a hydrophilic (water-resistant) polymer, which is unfavourable
for structural and industrial applications (Amjad et al. 2021;
Parikh 2023). Thus, modifying the NFs is essential for
enhanced composites (Stanaszek-Tomal 2019). Chemical or
physical treatment or a combination of both should be carried
out to reduce the polar constituent of the NFs for (i)
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eliminating impurities, (ii) altering the crystallinity, (iii)
improving fibre-matrix interfacial bonding, and (d) good
adhesion (Nurazzi et al. 2021). The standard natural fibre
surface treatment methods are biological, physical, and che-
mical treatments illustrated in Figure 4.

3.1 Biological treatment of natural fibres

3.1.1 Enzymic

Enzyme therapy is used more frequently and extensively in
processing NFs. Enzymes mainly focus on treating the non-
cellulosic constituents of the fibres. They can be regenerated
and thus will not be discarded as waste. They are environmen-
tally friendly, which is one of the main arguments in favour of
this technology (Birniwa et al. 2023).

3.2 Physical treatment of natural fibres

Physical treatments modify the surface and structural proper-
ties and consequently affect the mechanical interface of poly-
mers. Physical treatments include but are not limited to
thermal, energetic, plasmic, hybridisation, gamma, ultraviolet
treatments, etc. (Nurazzi et al. 2021).

3.2.1 Thermal/Steam explosion

Thermal treatment, also termed steam explosion, involves
conditioning wood fibres with heat and moisture at about
230 °C to create an inert surface and eliminate hemicellulose.
The thermal treatment heats the fibre from 100 to 200 °C,
altering its physical and chemical properties, low-temperature
components, water ratio, and crystallinity (Birniwa et al. 2023).
Andrusyk et al. (2008) manufactured WPCs using polypropy-
lene and extracted wood flour. The composite’s mechanical
qualities were significantly improved. Following the treatment,
thermal expansion, flame spread, and specific gravity did not
change (Andrusyk et al. 2008). Similar findings were discov-
ered in Hosseinaei’s study, in which WCPs were manufactured
with polypropylene and hot water extracted southern yellow at
three different temperatures. The extraction procedure was
discovered to increase thermal stability and tensile strength
(Hosseinaei et al. 2012).

3.2.2 Energetic

AGD, or atmospheric glow discharge, is a method that combines
industrial plasma and high-voltage radio frequency. AGD has the
advantage of applying gas treatments to surfaces at atmospheric
pressure. AGD was used to treat wood flour in an environment
where the surrounding gas was hexamethyl disiloxane.
Consequently, the composite’s strength and flexural properties
significantly improved (D. J. Gardner, Han, and Wang 2015).

3.2.3 Plasmic

Plasma therapy uses ionisation gases to eliminate undesired con-
stituents from the surface of NFs. Various surface modifications
can be accomplished depending on the kind and composition of
the gases used. It is possible to create and add surface crosslinking,
reactive free radicals, and groups and change the surface energy
(Faruk et al. 2012). The treatment also reduces surface unevenness
by improving the interfacial adhesion of the fibre matrix (Birniwa
et al. 2023).

3.2.4 Hybridization

Both natural and synthetic fibres can hybridise. By combining
different types of nanomaterials or nanofillers in the same matrix,
hybridisation can also be done at the nanoscale to create hybrid
nanocomposite materials. Three types of hybrid composites can
be categorised: interlaminar, which consists of layers of various
fibre types; intralaminar, which consists of layers of various fibre
types; and mixed. The choice of material, the production process
and preparation, and the interaction of the matrix and reinforce-
ment are the primary factors that significantly affect the properties
of hybrid composites (de Araujo et al. 2020).

3.2.5 Gamma ray

Gama radiation with exceptionally high energy can potentially
change the properties of polymer surfaces. The appropriate
gamma radiation exposure raises the tensile properties of
composite materials to a particular degree, allowing them to
be used in various practical applications (Birniwa et al. 2023).

3.2.6 Ultraviolet (UV)
UV radiation alters the fibres” polarity, increasing interfacial
adhesion between the fibre matrix and wettability.
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Additionally, C-C, C-H, C-O, C-F, and C-Si bonds are broken
chain clean the fibres (Birniwa et al. 2023).

3.3 Chemical treatment of natural fibres

Chemicals can add functional moieties to NFs by reacting with
their surface functional groups. The interfacial bonding
between the modified wood surface and polymer matrix will
be improved. Chemicals with two distinct functional end
groups are coupling agents. The "OH of the wood fibre is
reacted with by one group, while the polymer matrix is reacted
with by the other. Over 40 different coupling agents have been
studied to alter wood fibres, with sodium hydroxide, acetic
acid, silane, acrylic acid, peroxide, isocyanates, and potassium
permanganate being the common ones (Chubuike et al. 2017;
Gardner, Han, and Wang 2015). Chemicals can add functional
moieties to wood fibres by reacting with their surface func-
tional groups. Chemical reactions between the coupling agent
and NFs improve the compatibility and interfacial bonding
between WPC materials and reduce the water absorption of
fibres (Chubuike et al. 2017; Shen et al. 2021). The coupling
types consist of covalent bonds, mechanical inter-blocking,
mechanical inter-blocking, secondary bonding (such as van
der Waals’ forces and hydrogen bonding), and mechanical
inter-blocking (Ashori 2008). The mechanism of the coupling
agent for composite formation is illustrated in Figure 5.

3.3.1 Acetyl treatment

Acetylation is a treatment that utilises acidic catalysts to
improve the interfacial adhesion in NFs. Chemicals consisting
of the acetyl (CH;CO) group, essentially acetic acid, and acetic
anhydride, are used for acetylation. The cellulose fibres and the
CH;CO group react to lose "OH groups. This reaction results
in a reduction of moisture absorption. Acetylation yields
a rugged surface topography with less porosity than other
chemical processes, improving interlocking characteristics
(Birniwa et al. 2023).

3.3.2 Alkaline treatment

Alkalisation or mercerisation treatment improves impurity
elimination and decreases hydrophilicity and fibre constitu-
ents. The treatment improves NFs’ surface roughness,
improves the fibre — matrix interfacial adhesion, and reduces
the pore diameter (Nurazzi et al. 2021). A measured sodium
hydroxide (NaOH) concentration is added to the NFs for

Plant Fiber Coupling

Agent

Polymer

alkaline treatment. NaOH reacts with alkali sensitive "OH
groups on the surface of the NFs, resulting in the discharge
of water particles. The moisture absorption susceptibility
reduces with the number "OH. It further dissolves smaller
concentrations of lignin, hemicellulose, pectin, and oil
(Birniwa et al. 2023; Nurazzi et al. 2021; Gbadeyan et al. 2021).

3.3.3 Benzyl treatment

Benzoylation reduces the hydrophilicity of NFs. Benzoyl chlor-
ide is used to improve the fibre-matrix interfacial adhesion and
thermal stability of composites. The "OH groups in the NFs
are initiated by alkali pre-treatment. The benzoyl (CcH5C140)
group initiates the treated hydrophilic fibre and reacts favour-
ably with the hydrophobic matrix (Birniwa et al. 2023).

3.3.4 Ether treatment

Etherification is a biochemical process that aids NFs in mod-
ifying the matrix’s polymeric chain through grafting bifunc-
tional monomers. The thermal stability of the NF
polypropylene composites was improved after etherified fibres
were added (Birniwa et al. 2023).

3.3.5 Isocyanate treatment

Isocyanate treatment is applied in NFs as a coupling agent. The
reaction with the fibre’s "OH groups improves water resistance
and interfacial adhesion. Isocyanates are organic compounds
having isocyanate (N-R=0=C) groups. N-R=0=C groups
react with "OH groups, leading to the production of urethane
bonds. These are used to eliminate "OH groups via cellulose
and lignin (Birniwa et al. 2023).

3.3.6 Permanganate treatment

In treating potassium permanganate (KMnO4), the MnO, group
reacts with the NF’s cellulosic group to produce a complex ion.
The reactive Mn ion prompts graft polymerisation. The KMnO,
treatment improves the fibrillation and roughness of NFs. In
acetone, KMnOQ, releases reactive MnQO, ions and reacts with
cellulose forming cellulose-manganate. This induces graft copo-
lymerisation and leads to fibres with exceptional thermal stability.
Usually, fibres undergo alkaline pre-treatment followed by soak-
ing in known concentrations of KMnO, solution containing
acetone for 1 to 3 min (Birniwa et al. 2023). Chubuike et al.
(2017) aimed to chemically treat Jute fibres for an improved fibre-
matrix adhesion by suspending the fibres in NaOH solution. The
alkaline pre-treated fibres were immersed in a 50% permanganate

Composite

e

Figure 5. Coupling agent’s mechanism linking hydrophilic fiber and hydrophobic polymer for composite fabrication (Ashori 2008).



acetone solution. The study revealed a significant fibre weight
reduction. The moisture content eliminated increased fibre
strength. Hemicelluloses, lignin, wax, pectin, and oil-covering
materials were eliminated during chemical processes. Thus,
removing micro-voids causes the fibre surface to become more
homogeneous. Improved stress transfer capabilities between
alternate cells and increased fibre surface area for solid matrix
adhesion were achieved. The impact strength of the treated fibre
showed a 20% improvement (Chubuike et al. 2017).

3.3.7 Silane treatment
Silane (SiH,) treatment yields in the micropore coating of an
NF’s surface, thus improving interfacial adhesion of fibre-
matrix. Pre-treatments, mainly alkalisation, occur to purify
existing constituents. Stages of bond formation, condensation,
and hydrolysis occur during fibre treatment. Silanol is gener-
ated in the presence of moisture and condenses. A side of the
silanol reacts with the functional group of the polymer matrix.
Meanwhile, on the side, it modifies the cellulose "OH group
of the fibre to form a siloxane bond (Nafis et al. 2023). Silane
treatment starts with a silane derivative (mostly amine) in
alcohol/acetone. The immersion of hydrophilic fibres in silane
solution improves bonding with the hydrophobic, resulting in
higher thermal stability, tensile strength, flexural stiffness, and
tensile modulus (Birniwa et al. 2023). Nafis et al. (2023)
revealed that the filament manufactured from polypropylene
and wood dust fibre treated NaOH-silane by a twin-screw
extruder improved interfacial adhesion. This resulted in
a 35.2% improvement in wire pull strength higher than
untreated and alkaline-treated wood dust fibre. Porosity and
water absorption were reduced.

3.3.8 Maleated coupling agents treatment

Maleated (MA) treatment involves adding a coupling agent to
the fibre’s surface and matrix. Maleic anhydride is grafted onto
polymers to increase the coupling agent and matrix compat-
ibility. MA strengthens the interfacial adhesion between fibre
matrix. MA reacts with the hydroxyl groups during grafting
and removes them from the fibre surface. This results in
a long-chain polymer covalently linked to the fibre’s surface.
The copolymer is warmed to 170 °C before the treatment, and
the esterification is performed. Following this treatment, the
surface energy of the cellulose fibre is substantially nearer to
one of the matrices (Birniwa et al. 2023).

WPCs were manufactured from wood flour and wood pellets
using four different wood species (white cedar, white pine, spruce-
fir, and red maple) as fillers, polypropylene (PP) as a matrix with
and without maleic anhydride polypropylene (MAPP) as coupling
agent. The composite component’s weight was wood 20%, PP
78%, and MAPP 2%, while wood was 20% and PP 80% without
filler. The circular surface area of the particle sizes increased due to
a decrease in the particle size. The observed density for each
formulated sample was more significant than the average density
of PP (900 kg.m ). The tensile strength of the wood flour without
MAPP was 0.6% greater than the pellets. The tensile strength of
the wood flour without MAPP is 1.7% lesser for the softwoods and
7.7% greater for the hardwoods, contrary to the pellets. Likewise,
the tensile strength of the wood flour with MAPP was 3.9% greater
than pellets. The hardwood and softwoods showed increases of
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5.5% and 3.4%, respectively, for the wood flour with MAPP
compared to pellets. The average impact strength for the wood
flour without MAPP was 8.3% greater than the pellets, while flour
without MAPP was 14.3% greater for softwoods and 9.6% less for
hardwoods than the pellets.

The impact strength for the wood flour with MAPP was
2.3% more than the value for the pellets. It was more signifi-
cant for softwoods by 3.7% and lowered for hardwoods by
1.8% when pellets were used compared to flour with MAPP.
WPCs manufactured from wood flour and pellets had com-
parable physical and mechanical qualities. The feedstock dis-
tribution was similar for both wood flour and pellet-formed
WPCs. However, the dispersion was more significant in WPCs
made with pellets than in WPCs made with wood flour. MAPP
improved WPCs’ physical and mechanical properties for each
wood feedstock and species (Pokhrel, Gardner, and Han 2021).
Though the authors suggested that softwood offers superior
qualities on average, Berger and Stark (1997) contrarily stated
that hardwood filler with PP composite performs better than
softwood (Berger and Stark 1997).

4. Processing techniques for natural fibre polymer
composites

4.1 Polymer as a matrix for composite manufacturing

Thermoplastics or thermosetting polymers are organic com-
pounds with large molecules and can be used as matrix mate-
rials in NFPCs (Khoaele et al. 2023; Viisinen, Das, and
Tomppo 2017; Raju and Shanmugaraja 2019). Thermosets
are non-recyclable polymers owning stiffness and stronger
bonds than thermoplastics. They maintain their dimensional
stability even at elevated temperatures and cannot be reshaped
or remoulded. Contrarily, thermoplastic polymers can melt or
soften by heating and toughen when cooling, meaning they can
be remoulded. Additionally, they have high impact resistance,
are easily recyclable, and are chemically inert. It also takes less
time to process thermoplastics (Chauhan, Karki, and Varis
2019; Yadav, Kamal, and Yusoh 2015). Thermoplastics are
often linear or branched polymers, while thermosets are
crossed-linked (Ayeleru et al. 2020). Epoxy, polyester, and
phenolic are examples of thermosetting polymers.
Polypropylene, polylactic acid, polyvinyl chloride, and poly-
styrene are examples of thermoplastic polymers (Huda and
Widiastuti 2021). Due to NFs degrading around 220 °C, ther-
mosetting is restricted for NFPCs manufacturing as they
require high temperatures to set (Raju and Shanmugaraja
2019). Due to this limitation, this section will focus on thermo-
plastic polymers as the reasonable matrix.

Their features typically change when thermoplastics are
mixed with wood during composite production. The utilisation
of various thermoplastics and quantities is required to assess
their impact on the mechanical properties of the panels, which
again affects their quality and potential use provided the proper-
ties are accomplished (Martinez Lopez et al. 2020). The proces-
sing of thermoplastics is illustrated in Table 1 and Figure 6.

A chemical coupling agent is not required for rice husk and
offers superior mechanical properties to sawdust
(Abdulkareem et al. 2019).



8 K. K. KHOAELE ET AL.

Table 1. Processing of thermoplastics as a matrix for composites fabrication.

Chemical Processing
Polymer Filler treatment techniques Outcomes Reference
PP Sisal fiber No treatment Extrusion Adding sisal fibers to the PP matrix enriched the composites’ percentage Ngaowthong
crystallinity and tensile modulus. Recycling did not impact the tensile modulus et al. (2019)
and strength of the PP/sisal fiber composites.
PLA The composites’ percentage crystallinity and tensile modulus were enriched by
adding sisal fibers to the PLA matrix. The tensile modulus and strength reduce
significantly following the first recycling because of polymer degradation.
PET Cedrela Calcium carbonate  Extrusion The thermoplastics content was directly proportional to the density; however,  (Martinez
HDPE odorata inversely proportional to the physical properties. The 55% and 50% Lopez et al.
PP L. sawdust thermoplastic content composites demonstrated improved physical 2020)
properties.
PS Rice husk Sodium hydroxide Hand layup  The high impact strength was achieved at 60 pm rice husk particle size, 15% filler (Abdulkareem
concentration, and 0% NaOH composite at 78.5 Jm™, et al. 2019).
Sawdust The high impact strength was achieved at 100 um sawdust particle size, 15% filler
concentration, and 4% NaOH concentration in composite 75.5 J.m™2,
Thermoplastic
processing
Rolldpping +——| " Direct gas
- Blown film extrusion L=
Spraying < extrusion Boilermaking bonding Cleaning
Extrusion Liquid
e > Castng coating foaming
njection ‘e = | o Weldiny
o Lamnatng +— Thermo- ==¢
| Driprg Stmnl forminng Decorating
Shish . |, Continuous and marking
molding Electrostatic mpection process
” Rotamoldng Sposion NMechanical
[ S0tmove M\blding of |,/ Processing ‘assembl\'
Bow | Solventcasting \, | expandable  + LFRT Y
mokding Compression of films beads
™™ molding | ,/ Processing
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Hbrds )«
Reacton Iy
oy Sandwich Flameatacd Samping
molding composes tape \mg of sheets

Figure 6. Thermoplastic processing (Biron 2013).

4.2 Methods used for processing thermoplastic polymers
for wood composites manufacturing

Manufacturing methods play an essential role in the fabrica-
tion of polymeric materials. Processing factors such as the
shape of the mould, size, temperature, and pressure affect the
performance of the fabricated material. These factors affect
friction, strength, density, etc. (Seal, Chaudhary, and Sadhu
2022). Some of the commonly used fabrication methods are
discussed in the sub-section below:

4.2.1 Hand layup

Hand layup is an ancient and widely used method for polymer-
based material fabrication. In this process, the reinforcement
and matrix are placed layer by layer in the mould with
a specified size and shape. Following the mould’s formulation,
the interior surface is lubricated by wax or gel to prevent the
sticking manner of resin onto the mould. Dissolved resin is
infused into the surface of the reinforcements cut in desired
shapes in the mould. (Seal, Chaudhary, and Sadhu 2022). The

wet blend is then brushed, rolled, or squeezed to achieve equal
distribution of the resin, eliminate trapped air and fuse the
composite layers ensuring improved interaction between the
matrix and reinforcement and achieving the required thick-
ness. The hand layup method comprises four steps: mould
formulation, wax/gel coating, layup, and curing.

Nampoothiri et al. (2022) fabricated three-layered hybrid
composites from Indian almond(I) and kenaf fibres(K) and
epoxy resin using the hand layup method. The K/I/K compo-
site revealed the maximum average flexural and tensile of 92
MPa and 85 MPa, respectively, owing to the high strength of
K fibre as the surface. I/K/I composite revealed the maximum
average impact strength of 5 kj/m* owing to the I fibre at the
outer surface, which absorbed more impact energy because of
the surface cracks. K/I/K composite absorbed (10%) less moist-
ure compared to I/K/I. It can be concluded that the K/I/K
composite be used for structural applications due to improved
flexural and tensile strength. In contrast, I/K/I composite can
be damp due to improved impact strength. (Nampoothiri et al.
2022). In another study by Bhambure, Rao, and Senthilkumar



(2023), three-layered hybrid composites were fabricated from
kenaf (KF) and kapok (KP) fibre and polyester using the hand
layup method. The KF/KP composite revealed maximum aver-
age flexural and tensile of 12.45 +0.25 and 25.25 + 4.29 MPa,
respectively. And the maximum average impact strength of
46.65 +0.01 kJ/m”. The results revealed that hybrid compo-
sites’ impact and tensile strength improved compared to neat
composites (Bhambure, Rao, and Senthilkumar 2023).

4.2.2 Extrusion

Extrusion is a commonly used production process and occa-
sionally the preferred practical approach to form complicated
thermoplastic profiles. The term extrusion is derived from the
Greek roots meaning ‘pushing out’ or ‘squeezing’ (Al Sarheed
et al. 2022). The main application of the extruder is to soften
a polymer matrix and blend the polymer with wood and
additives according to the desired process (Gardner, Han,
and Wang 2015). The resin blend is dropped from the hopper
into the screw container at a pre-set rate. The container is
usually heated at a temperature suitable for melting the resin.
The screw in the container carries the molten plastic to the
heated die, giving it shape. The molten plastic is carried to the
water bath to harden the formation of the profile. The yield of
the extruder is termed extrudate. After hardening, the extru-
date gets aborted and cut to the desired length (Al Sarheed
et al. 2022). Four extrusion systems for processing profiles are
single screw, co-rotating twin screw, counter-rotating twin
screw, and woodturner. A single screw extruder may also be
utilised for co-extrusion, which involves two extruders work-
ing together to create a multi-layered profile. Co-rotating and
counter-rotating double screw extruders can be used to pelle-
tise and mix composite (Al Sarheed et al. 2022; Gardner, Han,
and Wang 2015).

4.2.3 Compression Molding (CM)

Compression moulding (CM), also termed thermoforming, is
a commonly used method for high-volume composite material
consisting of thermoplastics and thermosets with short, long,
and unevenly arranged fibres (Lotfi et al. 2021). The applica-
tion of constant belt presses to produce WPC panels has also
been exhibited (Gardner, Han, and Wang 2015). CM is iden-
tical to the hand layup method but utilises identical dies, which
should be covered before curing by applying pressure. CM
methods can occur in two set-ups: cold compression and hot
compression. The only pressure is applied in the cold compres-
sion method, whereas pressure and temperature are applied to
fabricate the composite in the hot compression method. (Seal,
Chaudhary, and Sadhu 2022). Essentially, the resin surges to
acquire the shape of the mould cavity using either pressure or
heat and pressure. The resin begins to harden into the desired
part through a chemical reaction called crosslinking of poly-
meric chains. Once adequately cooled, the part can be taken
out of the mould. The reaction remains curing as it cools to
room temperature (Mohammed Alharmoodi, Hussain Idrisi,
and Hamid Ismail Mourad 2022). Controlling temperature
control is critical in fabricating composites as minor tempera-
ture instability may cause fibre degradation (Seal, Chaudhary,
and Sadhu 2022).
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dos Santos, Flores-Sahagun, and Satyanarayana (2015) pre-
sented a study on sawdust morphology, density, and chemical
composition. WPC was prepared with polypropylene and var-
ied quantities of sawdust with and without a compatibilizer by
compression moulding. Regardless of the compatibilizers used
to coat the materials, all WPCs’ highest tensile strengths were
reduced as sawdust content was increased. The WPCs made
with uncoated sawdust fibres consumed much more water
than those made with compatibilizer-coated fibres, showing
that water absorption increased as sawdust content increased
(dos Santos, Flores-Sahagun, and Satyanarayana 2015).

Bollakayala et al. (2022) prepared WPC from wood fibre
(sawdust) and wasted expanded polystyrene (EPS) by
a compression moulding process. The EPS waste (size <1400
) and sawdust (size <500 p) were blended at different ratios
for developing composites. The compression moulding tech-
nique was pre-heated at around 160 °C and compressed at
specific pressure between 25 to 100 kg.cm ™ for five minutes.
The area of the composite sheet was 225 cm®. The prepared
composites measured tensile strengths ranging from 4 to 20
MPa, while their estimated flexural strengths were between 16
and 35 MPa. The water absorption values ranged from 7 to
18%. The composites with thermoplastic content of 50%
demonstrated improved physical properties (Bollakayala
et al. 2022).

4.2.3 Injection Molding (IM)

Injection moulding is used for melting granules or powder of
polymeric substances inserted into a container by external
heating. The molten polymer of fluidity is pressed into the
mould cavity for moulding (Mohammed Alharmoodi, Hussain
Idrisi, and Hamid Ismail Mourad 2022). While there is less
research explicitly addressing the injection moulding process
for WPCs than for extrusion processing, the topics are often
related and centre on the composition and characteristics of
the materials. Additionally, studies have been published on
producing WPC microcellular foams using injection moulding
(IM) and WPC made with biopolymers (Gardner, Han, and
Wang 2015).

5. Applications of natural fibre polymer composites

Apart from the automobile industry, NFPCs are in construc-
tion, building, etc., and are used for ceilings, partition boards,
decking, office products, frames, and floor laminates. NFPCs
applications focus on non-load property indoor elements in
civil engineering due to their susceptibility to environmental
outbreaks [72]. (Mohammed et al. 2015). NFPCs require opti-
mised characteristics for efficient applicability illustrated in
Figure 7.

NFPCs may replace glass in several applications with criti-
cal load-carrying capacity (Karthi et al. 2019). In recent years,
wood fibre/PE and fibre/PP have been used in construction
industry applications for decking, especially in the United
States. NFPCs have gained attention in non-structural con-
struction using window and door frames, floor lamination,
and wall insulation (Pickering, Efendy, and Le 2016). NFPCs
were revealed to have improved mechanical properties com-
pared to wooden laminates in insulating structural boards. The
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Figure 7. Properties of optimized NFPCs (Faruk et al. 2012; Vaisanen, Das, and Tomppo 2017).

flexural strength of the squeezing cavity cross-section of WPCs
with 50% wood floor was studied. The study revealed that NF
light-duty sheets could substitute steel and concrete sheet piles.
NF to reinforce cement for construction materials is also
studied (Birniwa et al. 2023). Ramnath et al. (2014) reported
abaca and jute fibre-based composites fit for the construction
industry. Jute fibres are used in structural applications such as
window panels, ceilings, wall partitions and floors, and mobile
or prefabricated buildings (Das 2009). The literature revealed
that straw bales in polymer composites are suitable for build-
ing construction materials Saravana and Mohan (2010).
Bamboo fibre has been used to make structural concrete ele-
ments Ghavami (2005) (Kumar et al. 2019).

6. Conclusion

The beneficiation of NF compared to synthetic fibres are
outstanding in terms of production costs and environmen-
tally friendly. The increasing demand for NFs as
a replacement in construction materials could significantly
improve the public GDP of agro-based markets as they are
easily accessible, cost-effective, and have a high strength-to-
weight ratio. Engineered NFPCs have improved thermal
stability, stiffness, and strength. NFs can be used as reinfor-
cements following chemical treatment, which allows
improved interfacial bonding with the polymer matrix.
Three-layered hybrid composites have superior performance
compared to NF composites. Thus, hybridisation can permit
the application of NFs as reinforcement for composite
fabrication.
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