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ABSTRACT KEYWORDS

Recent developments of green technology promote the rising attraction toward Plant fiber composite (PFC);
developing high-performance and environmentally friendly pultruded products pultrusion; pultruded FRP
from naturally derived resources. Some factors that attract attention to devel- composites; sustainable
oping pultruded biocomposites are their lightweight properties, recyclability, ~ materials

and economical and environmentally superior alternatives to synthetic fibers in 38T

commercial applications. Researchers have studied that the environmental crisis WA SR Bk
caused by conventional synthetic materials can be reduced significantly by PIGFFRPE A A KL, I HF4E
using sustainable materials instead. This paper aims to review the potential of kL

plant fibers to be used in pultruded composite manufacturing to reduce and

replace the use of synthetic materials in pultruded structures. It was found that

kenaf and jute fibers have been extensively studied in pultruded plant fiber

reinforced composites and pultruded glass/plant fiber reinforced hybrid com-

posites for their mechanical and physical properties under various test para-

meters. Overall, pultruded PFCs have recorded good mechanical properties but

have limitations in water absorption properties for outdoor applications. An

overview of the optimum process parameters, limitations, and potential applica-

tions of pultruded PFCs are also outlined. Finally, this review summarizes the

future scopes and expectations, providing researchers and industrialists with

a vision for deeper investigation in developing pultruded PFCs.
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Introduction

Composites are produced through various manufacturing processes. Each process holds significant
characteristics in producing composites that are different from one another. The recent composite
processing techniques are categorized as open molding, closed molding, cast polymer molding and
additive manufacturing (Rajak et al. 2019). The selection of processing techniques depends on various
aspects, such as the resin type, reinforcement type and fiber placement in the composites
(Balasubramanian, Sultan, and Rajeswari 2018).

Generally, a method that can be utilized with a large quantity of fiber reinforcements is theoretically
responsible for producing composites with increased strength. Pultrusion is one of the most common
closed molding processing methods for producing FRP profiles with high fiber volume and excellent
strength, among other manufacturing processes (Pannu, Singh, and Dhawan 2019). Pultrusion is
a continuous molding method used in numerous manufacturing sectors to produce structures and
composite materials with uniform cross-sections. Pultruded structures and profiles used in various
industries are mainly made from synthetic fibers like carbon and glass fibers. However, the excessive
use of synthetic materials in composites has raised sustainability issues and adverse environmental
effects. This is because synthetic fibers are made by processing petrochemicals and fossil fuels, which
are energy sources that are not renewable. In addition, synthetic fiber is expensive, harmful to health,
and takes a long time to decompose in materials if used excessively. Therefore, plant based natural
fibers are proposed as alternatives to synthetic materials in developing sustainable composites for
structural applications via pultrusion in this era of emerging green technology. Haag et al. (2017).
studied and compared flax reinforced composites processed by three manufacturing techniques: twin-
screw extrusion and injection molding, vacuum-assisted resin transfer molding (VARTM), and
pultrusion. The research findings indicate that composites” highest performance was achieved using
the pultrusion process compared to the other two techniques. Pultruded flax fiber reinforced compo-
sites consisting of high fiber volume fraction, high fiber orientation, and high fiber bundle length
validated better mechanical performance than composites from other manufacturing techniques.

Plant fibers are not just chosen to solve problems with sustainability. Plant fibers are used in various
composite manufacturing processes due to their lighter weight, lower cost, and superior strength-to-
weight ratio. The properties of the fibers are influenced by factors like the physical and chemical
morphology, the growth and structure of the lumens, cells, and cell walls, and cross-sectional
dimensions (Juliana et al. 2018). Cellulose, hemicelluloses, and lignin typically make up plant fiber’s
chemical composition as illustrated in Figure 1 (Chokshi et al. 2022). In the form of cellulosic
microfibrils in the inner layer of the primary wall, cellulose is one of the primary components of
plant fibers. Cellulose is a linear chain of 1,4-linked D-glucose units. It is the main component of plant
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Figure 1. Hierarchical structure of plant cell wall and cellulosic structure (Fornari et al. 2022; Strauss et al. 2023).
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cell walls and gives them a stiff and rigid structure. The multiple hydroxyl (OH-) groups on the glucose
residues hydrogen bond with one another to form microfibrils, securing the chains in place and
contributing to their high tensile strength (Ravindran, Sreekala, and Thomas 2019). Generally, the
reinforcing efficiency of plant fibers in composites depends on the cellulose content and their
crystallinity (Manivel et al. 2022). The crystalline structure in cellulose provides good strength in
plant fibers, making it applicable in load bearing composites. Plant fiber composites typically have
better tensile properties with high cellulose content and a low fibrillar angle.

As a result of its renewable and sustainable nature, plant fibers are gaining more attention for
application in composite materials and structures. Hence, this paper reviews the research progress and
potential of plant based natural fibers to be implied in pultruded composite manufacturing to reduce
and replace the use of synthetic materials in pultruded structures. In raising awareness of developing
environmentally friendly and high-performance materials for structures and infrastructure facilities,
this paper aims to provide an overview of the prospects of plant fibers to be applied in pultruded FRP
composites.

Pultruded FRP composites

Utilizing reinforcing fibers, resin, a catalyst, fillers, pigments, and a release agent, pultrusion is known
for producing fiber-reinforced polymer composite profiles with a uniform cross-section, such as flat
bars, rods, beams, channels, and solid and hollow sections (Qi et al. 2023). The highly automated
process can produce continuous and high fiber volume composites, making it ideal for structural
profile production with an excellent strength-to-weight ratio. The pultrusion process does not only
limit its scope in producing open-section geometries, but also single- or multi-celled close-shaped
profiles can be manufactured through this process (Strauss et al. 2023). Moreover, besides producing
conventional linear profiles, efforts and research have also been carried out in developing curved parts
using modified pultrusion technologies (Aranberri et al. 2021; Liu et al. 2021; Struzziero et al. 2021;
Tang et al. 2022; Tonatto, Tarpani, and Amico 2021; Zhao et al. 2022). Figure 2 shows examples of
commonly fabricated and applied structural components made by pultrusion.

This technology is emerging in the composites industry due to continuous production at a high rate
and low labor cost, which leads to cost-effective manufacturing (Volk et al. 2022). Composites with
glass and carbon fiber reinforcements of synthetic fibers are frequently made using pultrusion (Correia
2023; Hofmann et al. 2023). However, plant fiber reinforcements like hemp, flax, kenaf, and jute are
also gaining attention in the current generation of structural composites (Mahesh and Mahesh 2023;
Scheibe, Urbaniak, and Bledzki 2023). Commercially, the reinforcing materials usually used in
pultruded FRP composites are fiberglass continuous strand mats, continuous fiberglass roving and
chopped strand mats. The unidirectional roving provides longitudinal reinforcement of the profile,
while woven fabrics give transverse strength (Pirchio et al. 2023). A surfacing mat enhances the
composite surface appearance and protects the layer from chemical and weather conditions. The fiber
arrangement and stacking sequence vary according to the pultruded composite’s application. Figure 3
shows an example of a stacking sequence in a C-channel pultruded profile.

There are two steps in the pultrusion processing: impregnation and curing as shown in Figure 4
(Landesmann, Seruti, and Batista 2015). The process starts with the fiber creel to easily pull the fibers
without a knot. The fiber reinforcement is then drawn into a resin bath and thoroughly impregnated
with the resin mixture. The impregnated fibers will be pulled through a pre-former into a heated die.
The die configuration determines the product’s shape, and the resin is then cured. Conventionally, the
heating zones varied along with the die and were controlled depending on the type of resin, pulling
speed, and the length of the die. The pultruded parts are pulled throughout the process using a pulling
device which controls the processing speed. A sawing system is equipped at the end of the pultruder to
cut off the cured continuous profiles at the desired length.

Generally, several process control parameters are essential in producing pultruded composites,
such as the pull speed, resin viscosity, fiber volume fraction, heating temperature in the die, and
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Figure 2. Pultruded components (Mahesh and Mahesh 2023): (a) | beam (b) C channel (c) round tube (d) square tube (e) deck (Top
FRP Manufacturer and Supplier in Malaysia - Mui Fatt Marketing Sdn Bhd 2022).

Fibreglass Strand
Mat

Fibreglass
Rovings

Figure 3. Stacking configuration in pultruded profile.

preform plate area ratio (Li et al. 2002; Paciornik 2003; Chang et al. 2019). For instance, the viscosity of
the matrix determines the processing temperature and speed to ensure a high quality of the fully cured
end product (Sandberg et al. 2021; Tian et al. 2023; Li et al. 2023). Typically, thermosets, such as
unsaturated polyester resin, vinyl ester resin, epoxy resin, and phenolic resin, are used as the matrix
system. However, thermoplastic composites are also gaining significant attention in the pultrusion
industry (Bechtold, Wiedmer, and Friedrich 2016; Esfandiari et al. 2022; Wilson and Buckley 2016;
Zhang et al. 2023). Pultrusion technology and pultruded FRP composite have steadily emerged in
many development areas and are still open to market challenges.
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1. Roving Creel

6. Cut-off Saw
5. Pulling
System
4. Forming and Curing
7. Pultruded
Profile

2. Resin Bath

Figure 4. Pultrusion process (Sandberg et al. 2021).

Plant fibers in Pultrusion

Plant fibers can be classified as plant fibers, animal fibers and minerals. Among these types, plant
fibers have been widely used as reinforcing fibers in composites lately (Sanjay et al. 2019).
Generally, plant fibers can be classified into bast fibers, core fibers, seed fibers, leaf fibers and
reed fibers (Keya et al. 2019; Vayabari et al. 2023). Popular plant fibers are extensively researched
and applied in various composite applications especially bast and core fibers (Figure 5) (Karimah
et al. 2021; Sadrmanesh and Chen 2018; Vinod, Sanjay, and Siengchin 2023). Plant-based natural
fibers offer several advantages to reducing and replacing conventional synthetic fibers in pultruded
FRP composites. Besides providing good relative mechanical and lightweight properties, plant
fiber-reinforced composite (PFC) also solves sustainability issues by reducing the energy required
for production (Asyraf et al. 2023; Roy et al. 2019; Shalwan and Yousif 2013). According to Wu
et al (Wu et al. 2018), 20% of environmental issues were reduced by producing kenaf-reinforced
composite compared to the fiberglass-reinforced composite. Although plant fiber offers several

(Hurd)

Hollow
Space

Epidermis

Cauticle

Figure 5. Anatomy bast and core fibres (Angelov et al. 2007; El-Abbassi et al. 2020; Khoo et al. 2023; Linganiso et al. 2013).
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advantages, such as low weight, low cost, abundant availability, and sustainable and environmen-
tally friendly properties, it comes with some limitations, such as high moisture absorption (Kumar,
Manna, and Dang 2022; Madhu et al. 2019). Generally, the property of PFC depends on the
constitution of plant fibers such as cellulose, hemicellulose, lignin, fiber distribution and fiber
surface roughness (Rajesh et al. 2021). Besides that, the mechanical characteristics of PFCs highly
depend on interfacial bonding between the fiber and matrix. Chemical processing is often applied
to plant fibers to reduce the hydrophilic properties of fibers and enhance the fiber-matrix adhesion
to improve the mechanical properties of PFC, which can be applied to pultruded structural
applications (Karthi et al. 2020; Sahu et al. 2023; Setswalo et al. 2023). The poor dimensional
stability and high hydrophilic nature are the significant disadvantages limiting plant fiber use in
different applications. Therefore, chemical treatments are essential to improve the surface proper-
ties of plant fibers before being applied to composites (Koohestani et al. 2019; Setswalo et al.
2021). The common chemical treatments applied are alkaline, silane, acetylation, and maleate
coupling treatments (Edeerozey et al. 2007).

To produce pultruded profiles from reinforced plant fibers with similar properties to GFRP, the
processing parameters, fiber preforms in yarns and woven fabrics, and resin must be adapted to each
other. Hence, research on optimum processing parameters, fiber size and loadings, and characteriza-
tion of pultruded plant fiber composites is important to develop eco-friendly pultrudes for commercial
structural applications. To limit investments in new machinery, producing plant fiber profiles should
be made possible in the same production plants and manufacturing setups as conventional GFRP
profiles. For instance, parameters such as pulling speed, preheating conditions, the heating tempera-
ture in the die, and the cooling rate need to be adapted for the pultrusion of PFC profiles in the
manufacturing industry (Barkanov et al. 2021; Joshi, Lam, and Win Tun 2003). Angelov et al. (2007).
have conducted a study on pultruded flax/polypropylene yarn, and their findings indicated that under
certain conditions of speed and temperature, the pultruded profiles show good mechanical perfor-
mance similar to composites fabricated using compression molding. Linganiso et al (Linganiso et al.
2013). stated that at higher die temperatures (290°C) and lower pulling speeds (0.5 m/min) during the
process, the mechanical properties of pultruded flax-reinforced thermoplastic composites have
improved. The improvement is due to the increased penetration within the reinforcement resulting
from better melting and lower matrix viscosity at high temperatures and low pulling speed during the
process.

Similarly, efforts have been taken by (Fairuz et al. 2015a). to find the optimum process parameters
for the pultrusion of kenaf reinforced composite through analysis of variance. The findings revealed
that a pulling speed of 0.4 m/min, gelation temperature at 120°C and curing temperature at 180°C
were the best combination of processing parameters for kenaf fibers. During pultrusion, it is essential
to ensure that a low-viscosity resin is used to facilitate ease of resin penetration into fiber yarn. Besides
that, voids inside pultruded PFCs are generally higher than pultruded synthetic fiber composites
(Fairuz et al. 2015b). It occurs due to high moisture content and poor wetting of plant fibers. Hence,
the resin is formulated to contain the filler to reduce the use of resin and to fill in the porosity inside
the composites. Table 1 shows several research works using plant fibers such as kenaf, jute and hemp.
The significant findings based on the various test parameters used to study the properties of pultruded
PECs are highlighted in the literature review. Table 1 shows that characterization in mechanical and
physical properties has been analyzed on pultruded PFCs. Mechanical properties such as tensile,
compressive, and flexural studies have been conducted, while moisture absorption has been studied
for physical properties.

Mechanical properties of pultruded plant fiber composites

Researchers investigating the mechanical properties of plant fiber composites have stated that the
composites are suitable for low-load applications (Parbin et al. 2019; Saba, Paridah, and Jawaid 2015).
Hence, introducing plant fibers in conventional pultrusion manufacturing would lead to cost-effective
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and sustainable products for low-load structural applications. Generally, several factors affect the
mechanical properties of plant fiber composites, such as moisture absorption, fiber alignment, fiber
treatments, fiber distribution and the use of additives (Vedernikov et al. 2021). According to Table 1,
plant-based fibers such as jute, kenaf, flax and hemp are studied in developing pultruded composites.
However, studies on pultruded kenaf and jute fiber composites have been extensively researched.
From the literature study, different plant fiber reinforcement types have demonstrated different
mechanical and physical properties. Such a circumstance is due to the difference in plant fiber
properties such as cellulose content, degree of polymerization and micro-fibrillary angle, which results
in the different interface between the fiber and matrix. In this context, (Omar et al. 2010). found
comparable dynamic mechanical properties between two different types of plant fiber reinforcements
by analyzing the dynamic compressive strength and strain rate properties of pultruded kenaf fiber
reinforced composites and pultruded jute fiber reinforced composites. Jute fiber reinforced compo-
sites recorded higher dynamic compressive properties and better performance at high strain rate
loading than kenaf fiber reinforced composites due to higher cellulose content and lower microfibril
angle in jute fibers. However, kenaf reinforcements recorded higher values at low strain rate loading.
Zakaria et al. (2023). compared kenaf fiber composites fabricated using pultrusion and filament
winding under varying fiber orientation. Based on the investigation, 0° fiber orientation via pultrusion
recorded higher tensile strength compared to filament winding.

Osman et al. (2014). studied the effect of alkali treatments at different concentrations of sodium
hydroxide (3%,6%, and 9% M) on the mechanical properties of pultruded kenaf fiber reinforced
polyester composites. The researchers recorded that 6% of sodium hydroxide as the best treatment
parameter as the tensile and flexural properties of the composites have significantly improved.
Chemical treatments improve the surface roughness of the fibers for better mechanical interlocking
(Ahmad, Hamid, and Osman 2019). It also enhances cellulose exposure on the fiber surface, increasing
the number of possible reaction sites. Safiee et al. (2011). analyzed the compressive and flexural
properties of jute fiber-reinforced unsaturated polyester rods fabricated using pultrusion. The pul-
truded jute rods with 70% fiber content recorded 149 MPa and 890 MPa for compressive strength and
flexural strength, respectively. The composite rod demonstrated major failure modes: matrix yield,
shear failure, fiber micro buckling, and pure fiber compressive failure. Another study was conducted
by (Hedayati Velis, Golzar, and Yousefzade 2018). where jute, high-density polyethene, wood flour
and starch were used as raw materials to develop pultruded tube profiles. The researchers compared
the tensile properties by varying the matrix systems using jute fibers as reinforcement. The study
introduced thermoplastic starch as a biopolymer matrix system and compared it with a high-density
polyethene (HDPE) matrix system. The study revealed that jute/HDPE tubes have higher tensile
strength and modulus when compared to other jute/thermoplastic starch tubes. Additionally, wood
flour was tested as a filler in jute-reinforced HDPE composites. Adding 10% of wood flour filler to
jute/HDPE improved the tensile modulus up to 8.27 GPa. However, the tensile strength of jute/HDPE
decreases when wood flour is added due to the weak interface between the filler and matrix.

Research on filler loading, filler composition, fiber loading, yarn size, matrix system and immersion
environment as tested parameters in pultruded PFCs has been demonstrated, and the best parameters
from the tests are also highlighted. Similar findings on the optimum fiber loading (70%) for kenaf fiber
reinforced pultruded composites were recorded by (Zamri, Akil, and MohdIshak 2016). and (Zamri
et al. 0000). where the composites recorded the highest mechanical performance. (van de Velde and
Kiekens 2001; van de Velde, van Langenhove, and Kiekens 1998) studied thermoplastic pultruded
profiles using flax fiber as reinforcement and compared its mechanical properties with pultruded
Glass/Polypropylene composites. The flexural and tensile properties of pultruded Flax/PP round
profiles showed good values, although lower than those of Glass/PP rectangular profiles. The findings
have proven the possibility of developing pultruded plant fibers using a thermoplastic matrix with
good mechanical properties at a lower density (0.08 + 0.04 g/cm®).

Peng et al. (2012). stated that hemp/wool fiber reinforced pultruded composite using
a polyurethane resin system had higher tensile and compressive properties than vinyl ester and
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polyester resin systems. However, polyester composites show better flexural strength. The study gave
an overview of the importance of fiber impregnation and fiber — matrix adhesion between plant fibers
and different matrix systems to ensure better mechanical and physical properties for applications of
pultruded PFC as structural components. Additionally, studies on filler loadings and filler composi-
tion in pultruded PFCs were also conducted by (Fairuz et al. 2016). and (Gupta et al. 2019).
respectively. Typically, fillers are used in composites to reduce costs and improve properties. This is
proven by (Fairuz et al. 2016). when the tensile, compressive, and flexural properties of kenaf-
reinforced pultruded composites have improved with the increase of filler loading in the composite.
However, the optimum amount of added filler loading is also necessary to avoid the resin getting too
viscous with too high filler composition, resulting in voids and poor wettability in the composites.

Physical properties of pultruded plant fiber composites

The physical properties of plant fiber composites must be investigated to ensure the composites’
longevity and durability. For instance, a high moisture absorption would lead to poor interfacial
bonding between the fiber and matrix, resulting in mechanical failure in composites (Zakikhani et al.
2014). Besides analyzing the mechanical properties of different resin systems, (Peng et al. 2012). also
studied the physical properties by investigating the water absorption properties. As a result, hemp/
wool fiber-reinforced polyurethane samples recorded the highest water absorption rate due to the
presence of voids. Nosbi et al. (2010) researched the water absorption properties of pultruded kenaf-
reinforced unsaturated polyester composites. The composites displayed the highest absorption in
distilled water, followed by acidic solution and seawater. The findings also indicated the decay in
compressive properties with an increased water absorption rate. The failure properties of the compo-
sites were explained due to the formation of hydrogen bonding between the water molecules and
cellulose presence in kenaf fibers.

Similarly, (Akil et al. 2009). evaluated the physical properties of pultruded jute fiber reinforced
composites by testing the water absorption properties of the composites. The results revealed max-
imum water absorption in the samples immersed in distilled water, followed by acidic solution and
seawater. They also recorded that the flexural and compressive properties decreased with an increasing
water absorption rate. However, compared to the study conducted by (Nosbi et al. 2010), pultruded
jute fiber composites show a lower water absorption rate than pultruded kenaf-reinforced composites.
This condition could be attributed to the better fiber matrix interface in jute-reinforced composite
than kenaf-reinforced composite. Overall, the studies indicated that pultruded PFCs have limitations
in application in aqueous environments, resulting in swelling and failure of the structure. However,
further research on coatings and surface engineering on pultruded PFCs could widen the prospects of
the material for outdoor applications.

The literature review has given an overview of research progress on pultruded PFCs over the years.
The efforts taken by researchers to study the process parameters and characterization in mechanical
and physical properties of pultruded PFCs have validated the prospects and limitations for the
development of commercial low load-bearing structural and non-structural products. Although the
properties offered by pultruded PFCs are not as good as those of conventional fiberglass profiles, the
composites showed better mechanical properties than some of the conventional plastics used in low-
load structural and non-structural applications. Besides that, the optimum amount of plant fibers used
in pultrusion could reach as high as 70% compared to other composite fabrication methods. This also
shows that a large portion of synthetic materials (glass fiber reinforcements and plastics) in structures
could be potentially replaced by plant fiber reinforcements via pultrusion. PFC pultruded profiles can
be used in architectural and construction applications with relatively low loads (Furtos et al. 2021,
2022). For instance, they can be used in window and door frames, curtain wall systems, decorative
elements, handrails, and lightweight structural components that do not carry significant loads. Besides
that, various types of plant fibers offer different properties that can be studied in the future by
implementing them into pultruded FRP composites. Hence, there is still a massive scope in designing
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and manufacturing pultruded products with PFCs. The world’s concern to “go green” encourages
researchers and industrialists to develop eco-friendly materials with good performance and sustain-
able properties.

Hybridizing plant fibres with synthetic fibres via Pultrsuion

Composites using two or more types of reinforcement or matrix are known as hybrid composites (Sanjay
and Yogesha 2017), which can be made from a combination of plant and synthetic fibers, synthetic and
synthetic fibers, or plant fiber and carbonaceous materials (Nurazzi et al. 2021). Although plant fibers
have advantages in pultruded composite production, the combination of plant fibers alone is insufficient
to provide good mechanical properties. PECs have several disadvantages, such as their low impact
strength, high moisture absorption, low fire resistance and high temperature when compared with
synthetic fiber reinforced composites, requiring them to be combined with synthetic fibers to enhance
the mechanical performance and water-resistant properties. The hybridization of plant fibers with
synthetic fibers could reduce the limitations of both plant and synthetic fibers individually while
producing materials with eco-friendly and durable advantages (Safri et al. 2018).

The three main factors affecting the properties of the hybrid composites are the selection of
materials, preparation methods and the interaction between fiber and matrix (Mochane et al. 2019).
Other factors that should be considered while designing hybrid PFCs are the mechanical and physical
properties, recyclability, environmental sustainability, disposability, cost, treatments, and test methods
according to the intended applications. The three most used hybrid configurations are interlayer (layer
by layer), interlayer, and inter yarn (Prabhu et al. 2021). Lackey et al. (2007). have successfully
fabricated hemp/glass-reinforced pultruded composites using unidirectional hemp yarn and woven
hemp fabrics. The study used pull speeds of 2.03 cm/s (48-60 in/min) and a die temperature of 177°C
(350°F) to process hemp fiber without damage, as hemp could withstand 177°C processing tempera-
ture during pultrusion. The researchers also stated that the processing temperatures during the
pultrusion of plant fibers are limited. Hence, a suitable process temperature is essential to avoid
damage to the plant fibers. Volumetric composition, such as volume fractions of fibers, matrix and
porosity, is also one of the factors affecting the performance of the pultruded hybrid composites, such
as mechanical, physical and thermal properties. Typically, the volumetric composition of composites
is controlled during manufacturing of composites. However, a different approach has been conducted
by Madsen, Hashemi, and Tahir. to control the volumetric composition in pultruded hybrid compo-
sites. The researchers studied the volumetric composition in pultruded kenaf/glass-reinforced hybrid
composites by developing a generic model and validating it with experimental data. The model can be
used to control and design the volumetric composition in pultruded hybrid composites. This method
effectively saves time and cost in finding the best composition in pultruded composites.

Most of the research on plant/synthetic fiber reinforced hybrid composite involves finding the best
parameters to improve its mechanical and physical properties as a function of fiber loading, fiber
preforms (length, shape and size), fiber orientation, stacking sequence, chemical treatments, fiber and
matrix selection and adhesion between fiber and matrix (Karthi et al. 2020). The mechanical proper-
ties of hybridized composites depend on factors such as fiber loading, fiber orientation, stacking
sequence, hybrid ratio and fiber-matrix interfacial strength (Neto et al. 2022, 2019). Research has been
carried out on the hybrid plant/glass fiber composites using pultrusion processing, presented in
Table 2. Mechanical, physical and tribological properties have been investigated on pultruded plant/
glass fiber reinforced hybrid composites. Glass fibers have been used as the synthetic component,
whereby kenaf and jute as plant fibers develop pultruded composites.

Mechanical properties of pultruded hybrid plant/glass fiber composites

All studies have validated that hybrid composites demonstrate better mechanical properties than pure
PFCs. Zakaria et al. (2020); Hashemi et al. (2015); Malek et al. (2014). have compared the mechanical
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properties of pultruded hybrid glass/plant fiber reinforced composites with pure pultruded PFCs.
Pultruded hybrid glass/kenaf reinforced composites have outperformed pure pultruded PFC and GFC
by recording higher bending strength and bending modulus at ratios of 60:40 and 80:20, respectively.
According to (Zakaria et al. 2020; Akil et al. 2010), hybridized composites have shown better flexural
strength and flexural modulus than pure pultruded PFCs. Hashemi et al. (2015). have proven that at
0.09B of glass/kenaf-hybrid-fiber mixing ratio, the composite has improved its interlaminar shear
strength. However, as the hybrid fiber mixing ratio increases, the ILSS of composites decreases due to
the moisture absorption properties of kenaf fiber that limit the impregnation of the fibers in the
composites, hence forming voids. A different approach was conducted by (Memon and Nakai 2013a,
2013b)when jute in the form of tubular spun yarn and polylactic acid (PLA) resin fibers were
commingled and hybridized with glass fibers to fabricate pultruded composites. The bending proper-
ties were analyzed on the hybrid thermoplastic composites by varying the braided preforms and
finding the composites’ best processing temperature and filler ratio. The results revealed that the best
bending properties were found at 205°C and 120% of processing temperature and filler ratio,
respectively, for GF720 preform. (Kumar, Walia, and Angra 2021a). studied the influence of hybrid
filler loading on jute/glass fiber reinforced hybrid pultruded composites. In their findings, the
researchers stated that 9 Wt.% of hybrid filler loading is the optimum loading as the highest tensile
and compressive strength is achievable by the composition. However, the highest impact strength is
recorded when no filler is added to the hybrid composite.

Physical properties of pultruded hybrid plant/glass fiber composites

To analyze the physical properties of pultruded hybrid composites, (Osman, Akil, and Mohd Ishak 2013).
studied the moisture absorption properties of pultruded glass/kenaf composites and compared the data
with pure kenaf, and pure glass-reinforced pultruded composites. The findings indicated hybrid samples
show lower moisture absorption properties than pure kenaf-reinforced composites. Although the hybrid
composites were proven to absorb water at a slightly higher rate than pure glass composites, the difference
was minimal. Zamri et al. (2012). analyzed the water absorption properties of jute/glass fiber reinforced
unsaturated polyester pultruded hybrid composites. They found that the composites show maximum
absorption rate in distilled water followed by acidic solution and seawater. They also validated that hybrid
composites show significantly higher mechanical and water absorption performance than pure plant fiber
composites. The investigation highlighted that through glass fiber hybridization, plant fibers tend to
reduce their water absorption capacity. Both studies show that the flexural and compressive properties
tend to decrease with increased water uptake. Therefore, a lower water absorption capacity is highly
preferred for applying pultruded hybrid PFCs outdoors. (Bassam et al. 2020). mentioned that the
dielectric strength of kenaf/glass-reinforced unsaturated polyester hybrid composites was higher than
that of pure glass-reinforced UPE composites. Bundled kenaf close together raised dielectric strength
because plant fibers have better insulating properties, as evidenced by the burning effect. Moreover, the
researchers also conducted another study analyzing the effect of moisture absorption on the flexural
properties of kenaf/glass/UPE rods (Alaseel et al. 2022). The study highlighted that the flexural strength of
pultruded hybrid composites was retained by the arrangement of kenaf fiber in a composite when the
hydrophilic fiber was concentrated at the center of a cross-section of the composite rod.

Tribological properties of pultruded hybrid plant/glass fiber composites

Tribological properties are the wear and friction properties of a material. Researchers recorded that
plant fibers demonstrated less abrasive damage to processing equipment due to the high cellulose
content of the soft fibers. Nasir and Ghazali (2014). conducted a different approach to unidirectional
glass-pultruded-kenaf (UGPK) composites by comparing their tribological properties with paddy
straw-reinforced polypropylene, pure polypropylene, and pultruded glass fiber. The findings show
that hybrid glass/kenaf pultruded composites scored the lowest wear rate and highest coefficient of
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friction compared to other samples, including pure glass fiber pultruded composites. It validates the
strong bonding between fiber and matrix in pultruded kenaf/glass hybrid composites, making them
a suitable alternative to conventional fiberglass profiles. According to researchers, optimum fiber
loading and fiber treatment of plant fibers could result in better wear and friction properties (Nirmal,
Hashim, and Megat Ahmad 2015; Sumithra and Sidda Reddy 2018). Another study on the wear
resistance of hybrid pultruded composites was conducted by (Kumar, Walia, and Angra 2021b). when
tested with different loading parameters of hybrid fillers. From the experiments, 9 Wt.% loading of
hybrid fillers recorded the highest wear resistance, scoring the lowest coefficient of friction (COF) in
hybrid jute/glass pultruded composites. The low coefficient of friction improved the wear resistance in
the composites.

In general, hybridization of composites is known to be a method for overcoming the limitations of
both plant and synthetic materials by combining multiple materials to utilize and enhance the
individual characteristics of each material (Naga Kumar, Prabhakar, and Il Song 2019). Applying
the hybridization of plant and synthetic fibers into pultrusion will open opportunities in manufactur-
ing high-performance structural profiles with advantages from both types of fibers. In most cases, the
mechanical and physical properties of pultruded hybrid glass/plant fiber composites were not as high
as pure fiberglass composites. However, they performed better than pure pultruded PFCs (Figure 6).
However, pure plant fiber reinforced pultruded composites and hybrid glass/plant fiber hybrid
composites demonstrate better properties than petroleum-based plastic materials. Pure pultruded
PECs are suitable for low load-bearing structural applications. In contrast, the hybrid composites
could replace pure fiberglass composites in moderate load-bearing pultruded profiles in various
industries such as aerospace, civil, marine, automotive and sporting goods. For instance, bicycle
frames, seat frames, ladders, stairs, gratings, flooring beams and mezzanine floors are some examples
of moderate load-bearing structural applications in which glass/plant hybrid pultruded profiles can be
potentially applied. Overall, it can be concluded that hybridizing plant fibers with synthetic fibers via
pultrusion has shown impressive, improved properties compared to pure plant fiber and reinforced
pultruded composites. Hence, it is crucial to analyze the application suitability of pultruded plant fiber
reinforced composite profiles to match the product design criteria in terms of mechanical and physical
performance.

e Pyre Fibreglass e PFC Fibre/Plant Hybrid Plastic
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Figure 6. Graphical comparison of properties between synthetic materials and pultruded PFCs.
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Future scope and research directions

Pultruded composites have gained significant traction across a multitude of industries and market
sectors due to their exceptional versatility and performance capabilities (Pultruded Composites
Market Growing, Says EPTA | Composites World 2022; Vedernikov et al. 2020). The Asia Pacific
region is poised to emerge as a dominant player in the pultrusion market, primarily driven by its
surging demand for pultruded products (Rasheed et al. 2023; Pultrusion Market Size, Share, Industry
Forecast 2029 2022, Key Development Opportunities for the Pultrusion Market 2022, Pultrusion
Products Market Size, Trends - Industry Outlook Report 2028 2022). These versatile pultruded
profiles find extensive use in various sectors, including construction, automotive, aerospace, maritime,
utilities, and energy. Their appeal lies in the ability to serve both straightforward and complex
structural applications. Notably, pultruded profiles offer the advantage of uniform cross-sections
and the flexibility to be manufactured in varying lengths, making them adaptable to diverse project
requirements. Furthermore, the ease of working with pultruded profiles, whether cutting, painting,
drilling, or attaching them to other materials using adhesives, rivets, screws, or bolts, enhances their
practicality in diverse applications. As the utilization of pultruded profiles continues to expand across
industries, the imperative for sustainable materials becomes increasingly apparent. This is where plant
fibers come into the spotlight, serving as cost-effective, eco-friendly, and lightweight alternatives. They
offer a promising solution for developing sustainable structural profiles, particularly in low to
moderate load-bearing applications. Integrating plant fiber yarns and woven plant fiber mats into
the conventional pultrusion process requires minimal modification to the existing setup (Figure 7),
making it a feasible and eco-conscious transition (Baley et al. 2020). This innovation aligns with
sustainability goals and capitalizes on the inherent benefits of plant fibers to create more environmen-
tally responsible and efficient structural solutions for a wide range of applications.

While pultruded Plant Fibre Composites (PFCs) exhibit commendable mechanical properties well-
suited for low to moderate-load applications, it is essential to acknowledge their inherent limitations.

Fibreglass Roving Plant Fibre Yarns

HI “ Replaced with

Woven Plant Fibre

Woven Fibreglass Mat
Mat

Figure 7. Plant fibres in yarn and woven form as sustainable alternatives in pultrusion.
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These limitations, including high water absorption, limited flame retardancy, and low chemical and
UV resistance properties, render them less suitable for deployment in harsh outdoor and aqueous
environments (Bourmaud et al. 2020). To unlock the full potential of PFCs in such challenging
settings, it is imperative to delve into further research focused on enhancing their performance. One
promising improvement avenue lies in exploring advanced coatings and surface engineering techni-
ques tailored explicitly for pultruded PFCs (Da Wu et al. 2023; Ding, Zhao, and Yu 2022; Pourhashem
et al. 2020; Wang et al. 2019). These innovations aim to mitigate the limitations and bolster their
applicability in extreme conditions. For instance, integrating surfacing veils represents a crucial area of
investigation. These veils can enhance temperature stability, fire resistance, chemical resistance,
abrasion resistance, and moisture resistance in pultruded profiles reinforced with plant fibers. PFCs
can become more resilient and adaptable to demanding outdoor and aqueous environments by
addressing these key attributes. An investigation by (Kandare, Luangtriratana, and Kandola 2014).
demonstrated that the fire-retardant properties of balsa-flax/epoxy laminates significantly improved
when a thin glass fiber veil impregnated with ammonium polyphosphate was used as a surfacing veil.
The researchers mentioned that applying fire retardant surfacing veils in plant-fiber composites proves
their potential in semi-structural engineering applications threatened by fire. Studies have also been
carried out on fiber coatings for plant fibers in composites to enhance their compatibility with the
surrounding matrix material, improving adhesion and overall composite performance (Arulvel et al.
2021; Mylsamy and Krishnasamy 2022). These fiber surface coatings can mitigate moisture absorption
and fiber-matrix bonding issues, leading to stronger and more durable PFCs for structural profile
applications. According to (Page et al. 2021), linseed oil coating on flax fiber reinforcement improved
the flexural strength of the composites.

In addition to examining fiber reinforcements, an equally crucial aspect deserving of attention lies
in selecting matrix systems used in pultruded Plant Fiber Composites (PFCs). This facet has seen
a notable shift in focus, driven by the emergence of bio-based resins and innovative thermoplastic
pultrusion techniques. Bio-based resins have risen to prominence as they enhance the sustainability
quotient of these profiles and seamlessly align with broader eco-friendly objectives. Researchers and
industrialists have developed resins derived from plant oil and starches, a distinct departure from
conventional petrochemical-based options (Cataio et al. 2023). Notably, this shift toward bio-based
resins has encompassed various renewable alternatives, including olive oil, sunflower oil, soybean oil,
corn oil, castor oil, rapeseed oil, and linseed oil (Bassett et al. 2016; Latif et al. 2020). The research
landscape is ripe for exploring abundant renewable alternatives, such as cellulosic plant fibers and
vegetable oil-based bio-resins, which promise to achieve 100% sustainable pultruded profiles.

Additionally, using thermoplastic pultrusion allows for more excellent recyclability of the compo-
sites, minimizing their environmental footprint (Awais et al. 2021; Chen et al. 2019; Lessard, Dubé,
and Laberge Lebel 2022). This approach fosters a holistic approach to materials development, ensuring
that PFCs meet performance demands and align with sustainability and environmental considera-
tions. Several studies on thermoplastic pultrusion have been recorded by (Minchenkov et al. 2021,
2022). The researchers stated that replacing thermosets with thermoplastics in pultrusion benefits in
improved impact strength, recyclable, and allows welded joints in pultruded profiles. However,
thermoplastic resin has a significant problem for its application in pultrusion. Due to its high melt
viscosity, which hinders fiber impregnation, prepregs such as tow pregs, commingled yarns, and
preconsolidated tapes are used in thermoplastic pultrusion (Minchenkov et al. 2023; Vedernikov et al.
2022). To facilitate plant fiber reinforcement in thermoplastic pultrusion, plant fiber prepregs are
another unexplored scope of research which needs significant attention. Parameters such as the resin
flow, impregnation, crystallization, heat transfer, and pulling speed must be investigated when
different resin systems are used (Alsinani and Laberge Lebel 2022; Alsinani, Ghaedsharaf, and
Laberge Lebel 2021).

Expanding upon the review, it becomes evident that further investigation into various mechanical
properties is imperative for harnessing the full potential of plant fibers in pultruded structural profiles.
While the existing research has shed light on essential aspects, such as tensile strength and stiffness, it
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is equally essential to explore properties like fatigue resistance, creep behavior, damping properties,
and thermomechanical attributes (Rahman 2021; Yu et al. 2023). The determination of glass transition
temperatures is of particular significance, which can provide valuable insights into the temperature
ranges within which these profiles can perform optimally. In addition to the considerations mentioned
earlier, it is crucial to emphasize the need to develop novel methodologies for determining the optimal
parameters in the pultrusion process of Plant Fibre Composites (PFCs) through numerical modeling
and machine learning (Safonov, Carlone, and Akhatov 2018; Safonov et al. 2020; Sandberg et al. 2021,
2020; Tucci et al. 2020). This entails leveraging computational tools and simulations to fine-tune
various processing parameters, such as temperature profiles, pulling speeds, and resin formulations.
By utilizing computer predictive methods, researchers and manufacturers can achieve greater preci-
sion and efficiency in the pultrusion of PFCs, ultimately leading to improved product quality, reduced
material waste, and enhanced sustainability (Duchet-Rumeau et al. 2022).

Researchers are actively contributing their findings to address the inherent limitations of
pultruded Plant Fibre Composites (PFCs), aiming to position them as a viable and eco-
friendly choice for manufacturing profiles across diverse sectors. The trajectory for the
adoption of both pure and hybrid pultruded composites derived from PFCs is expected to
experience significant growth on a global scale (Johnson, Kang, and Akil 2016). As researchers
and industrialists continue to refine the selection of reinforcements and optimize processing
techniques, there is a tangible opportunity to design and develop structural materials that
prioritize environmental sustainability and offer economic advantages (Balakrishnan et al.
2022; Kamarudin et al. 2022). Figure 8 and Table 3 illustrate a range of potential applications
for pultruded PFCs across various industries, focusing on applications involving low to
moderate loads.

Overall, implying plant fibers into pultruded composites represents a significant step in
manufacturing high-performance and environmentally friendly materials for structural and
non-structural applications that can potentially replace and reduce the use of synthetic fibers
and plastic materials in numerous applications and industries. Pultruded PFCs could poten-
tially reduce the carbon emissions from the petrochemical production plants of synthetic
fibers and plastics, causing numerous negative environmental issues in the past few decades.
Developing sustainable materials is related to the environment’s social and economic status,
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Figure 8. Moderate and low load application possibilities of pultruded PFCs.
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Table 3. Potential industrial applications of pultruded PFCs (Ramasubbu and Madasamy 2020; Syduzzaman et al. 2020).

Industries Applications

Aerospace Maintenance platforms and ladders, aircraft interior profiles, satellite components, drone
components, upper deck floor beams.

Construction Residential and commercial windows, doors, frame profiles, electrical supports, roll-up door
panels, construction board, insulation board.

Electrical and Electronics Switch boxes, cored tubing, cable trays, static arrestors, trunking.

Transportation Automotive components, fittings, enclosures, chassis rails, bumper beams, roof beams.

Utilities and other Utility poles, tool handles, demisting blades, cross arms, line markers, non-conductive ladders and

applications rails, fiber optic cabling, fishing rods, ski poles, tennis rackets.

which ensures a carbon-free environment while improving the standard of life (Agan and
Balcilar 2022; Du, Li, and Yan 2019; Yi et al. 2019). Hence, the implication of plant fibers in
uplifting green technology serves numerous advantages economically, socially, and environ-
mentally. These efforts are believed to uplift the agricultural industry for composite manu-
facturing and create more job opportunities among the farmers and labors in the agricultural
sectors. Besides, waste materials such as pineapple leaf fibers, coir, sugarcane, and oil palm
fibers can be innovated efficiently into producing pultruded PFCs, which can be used in
various applications. The innovations in eco-friendly materials do not significantly contribute
to solving sustainability issues for the economies with low-income levels. At the same time,
the mitigation effect becomes significant for those with developed economies. Therefore, the
government and private agencies of the developed economies should encourage the R&D
sectors and industry players to make green materials emerge in the near future.

Conclusion

From the review conducted, the following conclusions can be drawn. The implication of plant
fibers such as kenaf and jute in pultruded plant fiber composites and pultruded hybrid glass/plant
fiber composites show good properties, proving the capability as alternatives to conventional
plastic and fiberglass materials in low load and moderate load-bearing structural and non-
structural applications. Potential applications of plant fibers in pultruded FRP composites and
their limitations are identified based on the mechanical and physical characterization of pure and
hybrid pultruded PFCs. Applying plant fibers in developing pultruded profiles with their excellent
low weight, low cost, good mechanical properties, and environmentally friendly properties will
improve the sustainability and environmental issues in building materials. There is still a vast
scope of work ranging from process parameters optimization and material characterization to
product development for pultruded PFCs to make them competitive with synthetic fibers in
commercial applications.

Highlights

® An overview of the optimum process parameters and characterization of pultruded PFCs from previous research
work has been analyzed and highlighted.

® Implication of plant fibers such as kenaf and jute in pultruded plant fiber composites and pultruded hybrid glass/
plant fiber composites show satisfactory properties and hence, proven the capability as alternatives to conventional
pultruded fiberglass in low load and moderate load bearing structural applications respectively.

® Potential applications of plant fibers in pultruded FRP composites and their limitations were identified based on the
mechanical and physical characterization of pure and hybrid pultruded PFCs.

® A huge scope of work and research gap ranging from process parameters optimization and material characterization
to product development is discussed for pultruded PFCs to make it competitive to synthetic fibers in commercial
applications.
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