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ABSTRACT: Composites made from biopolymers and natural fibers are gaining popularity as alternative sustainable
structural materials. Biopolyesters including polylactic acid (PLA), polybutylene succinate (PBS), and polyhydroxyalka-
noate (PHA), when mixed with natural fibers such as kenaf, hemp, and jute, provide an environmentally acceptable
alternative to traditional fossil-based materials. This article examines current research on developments in the integra-
tion of biopolymers with natural fibers, with a focus on enhancing mechanical, thermal, and sustainability. Innovative
approaches to surface treatment of natural fibers, such as biological and chemical treatments, have demonstrated
enhanced adhesion with biopolymer matrices, increasing attributes such as tensile strength and rigidity. Furthermore,
nano filling technologies such as nanocellulose and nanoparticles have improved the attributes of multifunctional
composites, including heat conductivity and moisture resistance. According to performance analysis, biopolymer-
natural fiber-based composites may compete with synthetic composites in construction applications, particularly in
lightweight buildings and automobiles. However, significant issues such as degradation in humid settings and long-
term endurance must be solved. To support a circular economy, solutions involve the development of moisture-resistant
polymers and composite recycling technology. This article examines current advancements and identifies problems
and opportunities to provide insight into the future direction of more inventive and sustainable biocomposites, and
also the dangers they pose to green technology and industrial materials. These findings are significant in terms of the
development of building materials which are not only competitive but also contribute to global sustainability.
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1 Introduction
The worldwide environmental crisis, which is defined by climate change, plastic waste, and limited

resources, has fueled the demand for sustainable materials. Fossil-based products, such as traditional
plastics, contribute to non-biodegradable trash and increase carbon footprint [1–4]. In response, biopolymers
and natural fibers have emerged as promising options for creating ecologically friendly composites that
may be used in a variety of structural applications [5,6]. Biopolymers like polylactic acid (PLA), polyhy-
droxyalkanoate (PHA), and polybutylene succinate (PBS) have competitive mechanical properties and are
biodegradable in the environment, making them ideal candidates for promoting a circular economy [7–
10]. Furthermore, these biopolymers have gained popularity because of their potential to be manufactured
from renewable biomass and exceptional biodegradability. Biopolymers, as a matrix in composites, have
good compatibility with fibers from plants, making them great candidates for replacing synthetic materials
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in construction and vehicles [11]. Natural fibers such as kenaf, ramie, and Ficus macrocarpa have advantages
in the form of abundant availability, thin, and good mechanical durability [12,13], so combining them
with biopolymers can produce composites that are not only biodegradable but additionally have superior
structural performance and extend the material’s service life in certain applications.

Previous research has demonstrated that biopolymer-based composites and natural fibers have a high
potential to replace synthetic materials in a variety of industries, including automotive, construction, and
household appliances [11,14,15]. This is primarily owing to these materials’ ability to form composites with
high mechanical strength (tensile and flexural strength) and good thermal qualities (controlled thermal
conductivity and thermal stability). For example, Ochi [16] discovered that incorporating kenaf fiber into a
PLA matrix resulted in a composite with a tensile strength improvement of up to 30% above pure PLA, but
hemp fibers improve rigidity in other biopolymer matrices [17,18]. Furthermore, the lightweight, cheap, and
renewable character of the fibers, and also the biodegradability of biopolymers, make these materials suitable
for use in promoting a circular economy and preserving the environment [11,18]. Despite their numerous
advantages, significant technological hurdles continue to impede the mainstream implementation of these
materials. The primary difficulty is poor adhesion between a biopolymer matrix and natural fibers, that is
frequently caused by variations in chemical characteristics and surface energy. Poor adhesion can impair load
transfer efficiency between composite components, lowering overall mechanical performance. In addition,
the hydrophobic nature of biopolymers frequently contrasts with the hydrophilic makeup of natural fibers,
resulting in increased moisture absorption and mechanical property loss under humid conditions [19,20]. To
circumvent these limits, modification strategies such as the use of nanoparticles as extra fillers, silanization
of fiber surfaces, and the addition of compatibilization agents have shown promising results [21–23]. For
example, plasma or nano-coating modification of fiber surfaces has been shown to increase fiber-matrix
interactions, leading to composites with better moisture resistance and mechanical qualities [24,25]. As a
result, developing these creative procedures is vital to ensuring the materials’ long-term performance. In
addition to technological hurdles, manufacturing process optimization is a primary priority for biopolymer-
natural fiber-based composites at the industrial scale [26]. Further research is required to better understand
the link between material composition, manufacturing characteristics, and composite performance. This
may include research on manufacturing procedures like injection molding and compression molding, that
can alter fiber distribution and interfacial strength. At the same time, these materials’ multifunctional
features, which include biodegradability and thermal resistance, make them suitable for a broader range of
applications, such as the green energy and electronics industries. A strategic move that not only provides
technical answers but also supports international sustainability programs is the creation of composite
materials based on biopolymers and natural fibers. Effective biopolymer and natural fiber integration are
anticipated to lessen adverse environmental effects while promoting the industrial shift to green technology.

Furthermore, Rzhepakovsky et al. [27] discussed the construction of a biocompatible scaffold made of
bacterial cellulose and gelatin composites for tissue engineering. This work emphasizes the significance of
biopolymer materials in biomedical applications, particularly scaffolding that promotes tissue growth and
regeneration. Although this study concentrated on bacterial cellulose and gelatin, the data support using
polymers like PLA, PHA, and PBS in your research. This is due to the fact that all three polymers have similar
biocompatible and biodegradable qualities, making them great candidates for use in tissue engineering and
sustainable material development. Thus, incorporating PLA, PHA, and PBS into this work is consistent with
the current trend in the creation of biopolymer scaffolds for biological applications and sustainable materials.

As a result, the purpose of this literature review is to look at the most recent advances in the combination
of biopolyesters and natural fibers, such as fiber chemical modification, the growth of biopolyesters that
are more robust to harsh circumstances, and enhanced production processes. Furthermore, an evaluation
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of the mechanical and thermal characteristics of these biopolyesters will be performed to identify the key
problems that must be overcome, as well as to provide in-depth insights into the potential of these renewable
composites in modern structural applications.

2 Biopolymers in Structural Composites

2.1 Types of Biopolyesters Used
2.1.1 Polylactic Acid (PLA)

The biodegradable characteristics of PLA and its derivation from renewable resources including corn
starch, sugarcane, cassava, and sugar beet make it a popular biopolymer in the creation of sustainable
structural composites. According to Wu et al. [7], PLA is typically produced using the lactide ring-
opening polymerization (ROP) technique, which yields three primary stereo configurations (Fig. 1): racemic
polylactic acid (PDLLA), right-handed polylactic acid (PDLA), and left-handed polylactic acid (PLLA).
Significant variations exist between these stereo arrangements in terms of crystallinity, thermal performance,
and particular applications. Because of its more uniform deterioration, PDLA is frequently utilized in
medical applications, whereas PLLA, which has a high crystallinity, is appropriate for structural applications
that call for stiffness. Applications requiring high flexibility typically use PDLLA, which is amorphous [28].

Figure 1: Three-dimensional configuration of PLA [7]

Polylactic acid (PLA) is a thermoplastic aliphatic polyester derived from renewable sources such as
corn, cassava, sugarcane, and sugar beet starch. The production process is divided into three stages: sac-
charification, fermentation, and ring-opening polymerization [26]. This approach enables the manufacture
of PLA with a high molecular weight and narrow molecular weight distribution while also facilitating
the elimination of byproducts such as water [29]. When compared to other biopolymers, PLA has better
mechanical and thermal performance due to these features. However, the PLA synthesis process is more
difficult and requires high-quality raw ingredients, contributing to PLA’s high production costs and market
pricing [28]. To improve manufacturing efficiency, several PLA synthesis methods have been developed,
such as direct condensation polymerization and lactide ring-opening polymerization (ROP). The immediate
condensation polymerization method is a simpler approach for producing PLA, however it generally results
in low molecular weight. In contrast, the ROP approach employs lactone monomers as precursors, giving
PLA a high molecular weight and more consistent characteristics, but it necessitates tighter reaction control
and higher initial material costs [30]. Furthermore, the ROP approach is thought to be preferable since it
reduces the generation of byproducts that can degrade PLA purity. Fig. 2 depicts a detailed comparison of
multiple PLA synthesis methods, including the main process routes and each method’s pros and limitations.
The process begins with L-lactic acid and D-lactate as monomers and proceeds through three major
pathways: azeotropic dehydration condensation, which produces low-molecular-weight (1000–5000 Dalton)
prepolymers (Fig. 2a), lactide formation via cyclization (Fig. 2b), or direct polymerization via condensation.
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Chain-linking agents can be used to extend low-molecular-weight prepolymers into high-molecular-weight
(>100,000 Dalton) polymers. Alternatively, the generated lactide can be polymerized by ring-opening to
generate high-molecular-weight PLA. This procedure exhibits the versatility in manufacturing PLA with
desired properties using several synthesis strategies.

Figure 2: Polylactide (PLA) is synthesized from lactic acid in three steps: (a) azeotropic dehydration condensation to
produce low molecular weight prepolymer, (b) lactide formation followed by ring-opening polymerization to produce
high molecular weight PLA, and (c) direct condensation polymerization [7,29]

In addition to being less harmful to the environment, PLA is produced using 25% to 55% less fossil
fuel than polymers derived from petroleum. Because PLA is transparent, highly biocompatible, low toxicity,
and amenable to standard processing techniques like extrusion and injection molding, it is the preferred
material for non-construction applications like consumer goods, medical devices, and packaging. PLA has
good mechanical qualities, including a tensile strength of 50–70 MPa, an elongation at break of approximately
4%, an impact strength of about 2.5 kJ/m2, and a Young’s modulus of about 4 GPa at ambient temperature.
Methyl groups (CH3) give it hydrophobic qualities, which also contribute to its quite high-water resistance.
However, PLA’s use in a variety of applications is limited. Pure PLA has poor melt strength, a low melting
point, and is brittle. Pure PLA has a very high air flammability and the potential to create flammable liquids
because to its low oxygen index of 18% [30–32]. The sluggish rate of crystallization in PLA-based composites
poses a significant problem in their manufacture, which might have a negative impact on their mechanical
and thermal properties. To remedy this, researchers have investigated a variety of ways, including combining
PLA with other polymers, integrating nanoparticles, and reinforcing it with natural fibers. These techniques
improve interfacial bonding, crystallization behavior, heat stability, and mechanical strength, making the
composites more appropriate for demanding structural applications [30,31]. These developments increase
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PLA’s utilization of green technology and more intricate multipurpose materials while also enhancing its
performance in structural applications.

PLA is frequently used as a matrix for natural fibers in structural composites because of the fiber’s
ability to improve mechanical performance while using fewer petroleum-based ingredients. However, PLA
has several limits that must be addressed, particularly its resilience to high temperatures and humidity, which
can impact its mechanical and thermal properties [28]. To address these issues, several experiments have
been done to improve the durability of PLA through chemical modification or inclusion with fillers or other
reinforcing elements, such as nanoparticles or natural fibers. For example, Fig. 3 shows an example of dete-
rioration on the outside of a PLA-based green biocomposite. These morphological alterations were noticed
between the 40th and 80th days of the compost process. During the biodegradation process, intermediates
were formed as a result of microbial absorption in the amorphous zone and hydrolysis. This resulted in the
formation of large holes and cracks on the polymer surface and a cross-section during the biodegradation
process, which is connected with microbial action or creation of biofilm on the polymer surface and cell
diffusion to the polymers core, causing surface erosion and leaving voids in the PLA. This displacement of
the films during biodegradation also shows that microorganisms first ingest small chains, and subsequently
target long crystal chains via chain scission processes [33]. These morphological changes also demonstrate
that this new type of PLA-based composite is biodegradable in controlled composting settings.

Figure 3: Field emission scanning electron microscopy (FESEM) images of the different test samples before and after
biodegradation under composting conditions [33]
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The coupling of PLA with natural fibers like kenaf, hemp, and jute has been proven to improve
composite tensile strength and resistance to thermal deformation [12]. Despite significant limitations, PLA
remains the primary choice for developing more environmentally acceptable biopolymer-based structural
composites [34].

2.1.2 Polyhydroxyalkanoates (PHA)
PHAs are a class of biopolymers created organically by microorganisms through the fermentation from

renewable organic resources. They have good biodegradability qualities and have the potential to be used
in structural composites. When compared to other biopolymers such as polylactic acid (PLA), PHAs such
as polyhydroxybutyrate (PHB) and polyhydroxyvalerate (PHV) have advantages in terms of mechanical
strength, agility, and moisture resistance [8,23]. PHAs are particularly appealing for structural applications
because of their capacity to biodegrade in the environment, offering them a greener option to petrochemical-
based synthetics. A number of studies have shown that PHAs can replace traditional plastics in a variety of
applications, including packaging, medical products, and renewable fiber-based composites [35].

Although PHA has several advantages, one disadvantage is that it is more expensive to produce than
other biopolymers like PLA. As a result, recent research has focused on the development of superior
fermentation techniques as well as the identification of less expensive renewable raw material sources. PHA
is commonly utilized as a matrix for natural fibers in composites due to its ability to promote flexibility and
resilience to deterioration [36]. Kumar Sachan et al. [8] discovered that composites made with PHA/natural
fibers, like kenaf or jute fibers, have higher mechanical strength and function better in humid environments
than PLA-based composites. Although production costs are a key impediment, PHA’s potential as a base
material to promote sustainable structural composites remains enormous, particularly with advancements
in production technology and material formulation optimization.

2.1.3 Polybutylene Succinate (PBS)
PBS is an aliphatic biopolymer made by polymerizing succinic acid with 1,4-butanediol. It has outstand-

ing mechanical qualities and is very biodegradable. PBS has more flexibility and high-temperature tolerance
than other biopolymers that includes PLA, making it an appealing candidate for construction composite
applications [37]. One of the most significant advantages of PBS is its ability to maintain strong mechanical
qualities even in humid settings, which other biopolymers struggle with. Furthermore, PBS has a low melting
point, making standard processing techniques like as injection and extrusion easier and more efficient. PBS
is more thermally stable than PLA, with beginning thermal breakdown temperatures of around 340○C and
328○C, respectively. Fig. 4 displays the results of the thermogravimetric analysis of PLA and PBS.

PBS is frequently mixed with natural fibers in structural composites to enhance material performance
and reduce reliance on petroleum-based polymers. Song et al. [26] discovered that PBS-based composites
reinforced with kenaf or hemp fibers have greater tensile strength and elastic modulus than PLA or PHA-
based composites. Furthermore, natural fibers improve thermal and mechanical deformation resistance in
PBS composites, which makes them more competitive for long-term structural applications. The primary
problem, however, is achieving effective integration among the PBS matrix and natural fibers, that frequently
necessitates fiber surface modification or the application of binding agents to promote material adhesion.
Further research in this field focuses on improving performance and establishing more efficient and envi-
ronmentally friendly PBS manufacturing processes, hence increasing the material’s potential in long-term
structural composite applications.



J Renew Mater. 2025;13(8) 1527

Figure 4: Thermal stabilities of PLA and PBS [37]

2.1.4 Other Biopolyesters
Besides from PLA, PHA, and PBS, numerous other biopolyesters have considerable potential in

sustainable structural composite applications [26,38]. One of them is poly trimethylene terephthalate (PTT),
a terephthalic acid and 1,3-propanediol-based biopolymer with outstanding mechanical properties, extreme
temperature resistance, and water resistance. PTT’s greater melting point than PLA and PBS allow it to
be used in buildings that require stronger heat resistance. Furthermore, PTT is resistant to oxidation
and degradation, which increases the longevity of biopolymer-based composites in a broader variety of
applications such as automotive and construction. Other biopolyesters, like bio-based polyamides (bio-PA),
are garnering interest in sustainable structural composites, according to recent research. Bio-PA, which
is made from renewable raw materials including castor oil, offers comparable mechanical strength, high
temperatures resistance, and durability to synthetic polyamides. Composites of bio-PA and natural fibers,
including kenaf and sisal fibers, have been proven to improve mechanical performance while also providing
a solution to minimize reliance on petrochemical-based polymers. Despite other biopolyesters are still in
the research and development stage, the increasing trend shows that the utilization of biopolyesters in
structural composites offers a promising alternative to sustainable materials with properties nearly equivalent
to conventional petroleum-based materials, while also making a significant contribution to reducing the
industry’s carbon footprint [39,40].

2.2 Mechanical and Thermal Properties of Biopolymers
2.2.1 Tensile Strength, Elastic Modulus, and Thermal Resistance

The mechanical properties of biopolymers, particularly tensile strength and elastic modulus, play a
critical role in determining their performance in structural composites. Biopolymers such as PLA and
PHA exhibit relatively high tensile strengths compared to conventional synthetic plastics but have lower
elastic moduli, which limits their use in applications requiring high rigidity [35,36,40]. For instance, PLA’s
tensile strength can reach 50–70 MPa, while its elastic modulus ranges from 2–4 GPa. To overcome these
limitations, reinforcing PLA with natural fibers like kenaf or hemp has proven effective in enhancing both
tensile strength and elastic behavior, with composites showing significantly better performance than pure
PLA [15,41]. Thermal stability is another critical factor, particularly for applications requiring resistance to
elevated temperatures. PLA’s operating temperature limit of 60○C–70○C restricts its use in high-temperature
environments. However, alternatives such as PBS and PTT demonstrate improved thermal resistance, with
PBS exhibiting a melting point of approximately 115○C. PBS-natural fiber composites have shown the ability
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to retain structural integrity under high temperatures, making them suitable for construction and automotive
applications that endure harsh conditions [11]. Surface modification of natural fibers further enhances
the integration of fibers with biopolymer matrices, improving both mechanical and thermal properties.
Techniques such as silane treatments or resin plating strengthen adhesion, resulting in composites with
up to 30%–40% greater tensile strength compared to unmodified counterparts [38,42,43]. Combining such
surface modification approaches with tailored matrix formulations optimizes the performance of biopolymer
composites, enabling their use in diverse structural applications.

2.2.2 Comparison with Conventional Synthetic Polymers
The mechanical and thermal properties of biopolymers differ greatly from those of synthetic polymers

such as polyethylene (PE), polypropylene (PP), and polystyrene. While PE and PP have tensile strengths of
30–40 MPa and elastic moduli of 1–2 GPa, biopolymers like PLA and PHA have comparable tensile strengths
but lower elastic moduli, which restricts their use in rigid structural applications [10,44]. Furthermore, PLA’s
low heat resistance limits its applicability in high-temperature applications.

However, biopolymers provide different advantages in terms of sustainability and environmental
effect. Natural fiber reinforcement improves mechanical performance significantly, closing the gap between
biopolymers and artificial polymers. PLA-based composites reinforced with kenaf or hemp fibers, for exam-
ple, show up to a 50% increase in tensile strength, making them suitable for lightweight, environmentally
friendly applications [10]. Further advances, such as increased crystallinity, crosslinking, and chemical
changes, have helped to improve biopolymer mechanical and heat resistance. These tactics not only improve
performance, but also encourage the use of petrochemical-based materials in applications like lightweight
building and transportation, reducing dependency on nonrenewable resources [35,43,45,46].

2.3 Biopolymer Modification for Performance Improvement
2.3.1 Reinforcement with Nanoparticles and Bio Additives

Biopolymer reinforcement with nanoparticles and bio-additives has emerged as a viable strategy for
improving the mechanical and thermal properties of biopolymer-based composites. Metal nanoparticles
(e.g., silver and copper nanoparticles), carbon nanoparticles (e.g., graphene and carbon nanotubes), and
silica-based nanoparticles have all been shown to significantly improve the tensile strength, thermal resis-
tance, and deformation resistance of biopolymers like PLA and PHA [10]. For example, adding graphene
nanoparticles to a PLA matrix can boost the composite’s tensile strength by up to 40% and elastic modulus
by 50%. These nanoparticles improve the composite’s microstructure, stress distribution, and tolerance
to high temperatures [47,48]. This reinforcement is critical for applications that demand materials with
excellent performance, like automotive components or construction projects that must withstand intense
loads and temperatures.

In addition to nanoparticles, bio-additives are increasingly being employed to enhance the functionality
of biopolymers in structural composites. Bioadditives including cellulose nanocrystal (CNC) fibers, the
tannins, and natural plant polymers can boost the mechanical strength and thermal endurance of biopoly-
mers [49,50]. For example, adding CNCs to the PLA matrix greatly boosted tensile strength and thermal
stability due to the interaction among nanostructured fibers and the polymer matrix, resulting in stronger
connections [51,52]. The use of bio-additives not only increases composite performance but also strengthens
the material’s sustainability, as these additives are produced from renewable, biodegradable sources. Overall,
the reinforcement strategy using nanoparticles and bioadditives offers a solution for increasing the value
of biopolymers in high-performance structural composite applications while adhering to sustainability and
environmental principles.
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2.3.2 Copolymerization or Blending Techniques
Copolymerization and blending procedures have been shown to improve biopolymers’ mechanical and

thermal properties. Composites with greater tensile strength, temperature resistance, and flexibility can be
created by combining biopolymers such as PLA with PHA, starch, or even synthetic polymers like PP. PLA-
PHA mixes, for example, have better deformation resistance and temperature endurance than pure PLA,
outperforming it in structural applications [10]. Copolymerization not only blends monomers, but also
inserts functional groups that improve stability and thermal resistance. Copolymerizing PLA with lactic acid,
for example, produces materials with increased heat tolerance, which is critical for applications that require
strong thermal performance. These methodologies allow for the production of biopolymers customized to
specific uses, such as automotive and construction, while reducing reliance on petroleum-based resources
and promoting sustainability.

3 Natural Fibers as Reinforcements in Structural Composites

3.1 Types of Natural Fibers Used
3.1.1 Kenaf, Jute, Hemp, Sisal, and Nanocellulose

Because they are lightweight, sustainable as a renewable resource, and have strong mechanical qualities,
natural fibers like kenaf, jute, ramie, and sisal have drawn a lot of interest in the production of structural
composites, in detail presented in Fig. 5. For instance, kenaf has a high tensile strength and may be applied to
construction and automotive settings. Kenaf fiber composites offer better elastic modulus and tensile strength
than other natural fiber composites, making them an excellent alternative for structural applications. The
production of composite panels has also made extensive use of jute and ramie fibers, which are known for
their inexpensive manufacture. Composites made of these fibers have better load-bearing resistance and
higher compressive strength than those made of other natural fibers. Because of its exceptional resilience to
extreme weather, sisal is also becoming more and more popular. This makes it a perfect material for structural
applications in the automotive and construction industries [53,54].

Figure 5: Types of natural fiber and synthetic fibers [55]
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To enhance mechanical and thermal qualities, nanocellulose is being utilized more and more in
structural composites in addition to traditional natural fibers. Plant fibers are hydrolyzed to produce
nanocellulose, which has a very strong and light microstructure and modifiable functional qualities that
enhance composite performance [49,55]. The addition of nanocellulose to biopolymer matrices like as PLA
or PHA has been proven to considerably boost their tensile strength and temperature tolerance while being
sustainable [10]. Furthermore, nanocellulose can be used as a reinforcing in natural fiber-based composite
matrices, improving the interaction among the fibers and the polymer matrix, thus improving the composite’s
overall performance. Overall, the utilization of natural fibers in structural composites, that include kenaf,
jute, ramie, sisal, and nanocellulose, has significant potential for generating sustainable materials with
excellent properties, appropriate for applications requiring high mechanical strength and endurance.

3.1.2 Comparison of Mechanical Properties of Different Natural Fibers
The mechanical properties of several natural fibers must be compared before choosing the best materials

for structural composite applications. Natural fibers have varying tensile strengths, elasticity moduli, and
load resistance, all of which influence the performance of composites, whose details are shown in Table 1.
Kenaf, jute, and sisal fibers all have relatively high tensile strengths, although kenaf performs better in
particular applications, such as automotive and building. Kenaf-based composites outperformed jute and
sisal fibers in terms of tensile strength and elastic modulus [56,57]. This makes kenaf a preferable alternative
for applications requiring higher mechanical strength, however, jute and sisal can still be used for smaller
loads. In addition, Ramie fiber is also noted for its great mechanical strength, with multiple tests indicating
that it is more load resistant than jute and sisal fibers, but slightly lower than kenaf. Composites using hemp
fibers has been known have higher tensile strength and resistance to repeated stresses than jute and sisal-
based composites. However, because of its brittleness, hemp is harder to process, making it less suitable
for structural composite applications. Thus, the selection of natural fiber types is heavily influenced by the
specific application needs and operational circumstances, with fibers such as kenaf and hemp being more
suitable for applications that require higher mechanical strength, and jute and sisal being more suitable for
inexpensive and light-load applications.
Table 1: Mechanical and physical properties of some natural fibers. Data summarized from references [13,58–67]. © Sari
et al.2025. All rights reserved

Fibers Young’s
modulus (GPa)

Ultimate tensile
strength (MPa)

Elongation at
break (%)

Flexural
modulus (MPa)

Density
(kg m−3)

Ref.

Bagasse 27.1 222 1.1 – 450–492 [58]
Acacia leucophloea 8.41–69.61 317–1608 1.38–4.24 – 1.385 [59]

Oil palm 6.700 248 14 – 0.7–1.55 [60]
Banana 27–32 711–789 2.5–3.7 2–5 1350 [61]

Jute 10–30 400–800 1.5–1.8 0.3–0.5 1450 [61]
Ramie 44 500–870 1.2 – 1500 [62]

Curaua 30–80 1250–3000 4.5–6 – 920 [63]
Sisal 17–22 530–630 3.64–5.12 12.5–17.5 1260–1330 [61]

Sansevieria 1.39–8.79 584.64–724.12 8.54–13.74 – – [64]
Jowar 6.99 302 4.32 – – [64]
Coir 6 220 13.7–41 15–20 1250–1500 [61]

Cotton 12 400 – 0.03–0.10 1510 [61]
E-glass 70 2000–3500 2.5 – 2.54 [65]
S-Glass 86 4570 2.8 – 2.5 [65]
Carbon 230–240 4000 1.4–1.8 – 1.4 [63]

Flax 27.6 345–1035 1.3–3.3 – 1.5 [61]
Hemp 30–60 690 1.6 – 1.15 [64]

(Continued)
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Table 1 (continued)

Fibers Young’s
modulus (GPa)

Ultimate tensile
strength (MPa)

Elongation at
break (%)

Flexural
modulus (MPa)

Density
(kg m−3)

Ref.

Raffia farinifera 12.3 500 4 – – [61]
Raffia textiles 28–36 148–660 2 – 0.75 [61]

CQRF 68–203 1857–5330 3.57–8.37 – 1.51 [63]
Kenaf 53 930 1.6 – 1.45 [63]

Palmyrah 7–604 180–215 7–15 – 1.09 [63]
Bamboo 35.91 503 1.4 – 0.91 [62]

Aramid (Std.) 63–67 3000–3150 3.3–3.7 – 1.4 [63]
Petiole bark 15.09 185.52 2.1 – – [66]

Elephant grass 10.44 292.3 2.80 – – [66]
Empty fruit 2.763 49 7 – – [66]

Lygeum spartum L. 4.47–13.27 64.63–280.03 1.49–3.74 – – [67]
Abaca 12 400 3–10 – 1.5 [64]

Date palm 2.5–5.4 97–196 2–4.5 – 1–1.2 [13]
Henequen 13.2 ± 3.1 500 ± 70 4.8 ± 1.1 – 1.2 [64,66]

Isora – 500–600 5–6 – 1.2–1.3 [66]
Nettle 38 650 1.7 – – [64]

3.2 Surface Modification of Natural Fibers
3.2.1 Chemical Treatment (Alkalization, Silanization)

Chemical treatments on natural fiber surfaces, such as alkalization and silanization, are beneficial
in enhancing the binding strength between cellulose fibers and polymer matrixes in structural compos-
ites. Table 2 provides a detailed comparison of the chemical compositions of natural fibers. Alkalization,
which involves treating fibers with an alkaline solution that includes sodium hydroxide (NaOH), aims to
eliminate hemicellulose and lignin while increasing fiber surface, hence improving fiber adherence to the
polymer matrix [21,68–70]. Alkalizing kenaf fibers boosted the tensile strength of the resultant composites
by increasing the density and homogeneity of the fiber surface, enabling greater contact with the polymer
matrix. Furthermore, alkalization reduced the non-uniformity of fiber shape, which has the potential to
enhance the composites’ mechanical and thermal properties [21,71–73]. The reaction in fiber during alkali
treatment based on:
(Fiber – OH + NaOH)→ (Fiber – O–Na+ +H2O)

Silanization, on the other hand, is the process of applying silane chemicals to natural fiber surfaces to
generate a thin layer. Silanes can form covalent bonds with the fiber surface and give more reactive functional
groups, improving compatibility with the polymer matrix. Zhang et al. [74] discovered that silanizing hemp
fibers resulted in considerable gains in the tensile strength and waterproofing of PLA composites. This silane
compound was also demonstrated to lessen reliance on environmental humidity, which is a common issue
for natural fibers. Natural fiber-based composites were more resistant to environmental conditions including
dampness and high temperatures after this treatment [56,68]. Overall, chemical treatments like alkalization
and silanization are excellent options for improving the performance of natural fiber-based structural
composites, resulting in higher strength, water resistance, and resistance to environmental impacts.
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Table 2: Comparison of chemical compositions of natural fibers. Data summarized from references [2,13,20,22,59–
64,73–78]. © Sari et al. (2025). All rights reserved

Fiber name Cellulose
(wt.%)

Hemicelluloses
(wt.%)

Lignin
(wt.%)

Wax (wt.%) Moisture
content (%)

Ash (wt.%) Ref.

Althaea 44.6 13.5 2.7 – – 2.3 [20,64]
Acacia planifrons 73.1 9.41 12.04 0.57 8.21 4.06 [20]

Tamarind 59 22 19 – – – [74]
Acacia arabica 68.10 9.36 16.86 0.49 – – [70]

Sansevieria
cylindrica

79.7 10.13 3.8 0.09 3.08 – [72]

Cyperus pangorei 68.5 17.88 0.17 9.19 – [22]
Grewia tilifolia 62.80 21.20 14.90 – 2.3 – [72]
Oil palm empty

fruit
65 29 17.5 4 – – [12]

Agave 68.42 4.85 4.85 0.26 7.69 – [75]
Sansevieria 80 11.25 7.8 0.45 10.55 0.6 [64]

Flax 79.0 11.0 3.0 1.5 – – [61]
Hemp 72.0 10.0 3.0 – – – [62]

Bagasse 32–44 27–32 25.3–24.3 – – 1.1 [58]
Bamboo 33–45 30 20–25 – – – [62]
Borassus 53.40 29.6 17.00 – – – [62]
Banana 60–65 6–8 5–10 – – 1.2 [76]

Jute 59–71 12–13 11.8–12.9 – – 0.7 [2]
Sisal 60–67 10–15 8–12 – – 0.14–0.87 [2]
Coir 43.77 <1 45 – – – [62]

Cissus
quadrangularis

77.17 11.02 10.45 0.14 7.3 – [63]

Cotton 82.7 5.7 – – 1.0 – [2]
Kenaf 31–72 20.3–21.5 8–19 – – – [2]
Ramie 68.6–85 13–16.7 0.5–0.7 0.3 7.5–17 – [77]

Pineapple leaf 70–83 –
Palmyrah 40–52 42–43 – – – – [58]

Okra 60–70 15–20 5–10 3.9 – – [64]
Ipomoea

staphylina
72.26 13.6 19.56 1.51 8.28 1.40 [59,64]

Nettle 53–86 4–10 3.5–9.4 3.1–4.2 – – [2]
Rice straw 28–36 23–28 12–14 – – – [76]

Ficus 38.1 30.5 23.4 – – – [13]
Thespesia lampas 60.63 26.64 12.70 – – – [64]

Napier grass
strands

47.12 31.27 21.63 – – – [64]

Oil palm 65 – 29 – – – [78]
Piassava 28.6 25.8 45 – – – [54]

Rhectophyllum
camerunense

68.2 16 15.6 – – – [64]

3.2.2 Physical Treatment (Plasma, Nano Coating)
Physical treatments on natural fiber surfaces, including plasma treatment and nano-coating, have

emerged as potential strategies for improving the mechanical characteristics and adhesion of natural fibers
to polymer matrices in structural composites. Plasma treatment (Fig. 6), which uses ionized gas to change
the fiber surface, can increase surface roughness and introduce more polar functional groups into the fibers.
Kenaf fibers treated with oxygen plasma were shown to have increased adhesion to PLA-based polymer
matrices, leading in increased composite tensile strength and water resistance [24,25,79]. Plasma treatment
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may decrease dependency on chemical processes, provide a more ecologically friendly alternative, and alter
the surface features of fibers without affecting the underlying fiber structure.

Figure 6: Physical treatments for fiber modification with plasma treatment [80]

In spite of plasma treatment, nano-coating on the exterior of natural fibers has been proposed as a means
of improving composite performance. Nano-coating is a technique that uses a thin layer of substances that
consist of metal, carbon, or tiny particles of silica to boost environmental resistance and mechanical strength
in composites. Hemp fibers coated with titanium dioxide (TiO2) nanoparticles have been demonstrated
to improve thermal resistance, ultraviolet (UV) radiation resistance, and tensile strength in biopolymer
composites [81,82]. Nano-coating may additionally boost waterproofing and mechanical wear resistance,
both of which are significant difficulties in outdoor applications. Therefore, physical treatments like plasma
and nanocoating provide efficient ways to enhance the natural fibers’ mechanical qualities and resilience to
environmental influences in structural composites.

3.3 Matrix-Fiber Adhesion: Challenges and Solutions
3.3.1 Effect of Surface Modification on Adhesion

Surface modification of natural fibers improves the adhesion between the fibers and the polymer matrix,
and this is a significant aspect of assessing the performance of biopolymer-based structural composites.
Recent research has demonstrated that both physical and chemical treatments on the fiber surface may
enhance interphase interactions, boost adhesion, and lower the likelihood of failure at the fiber-matrix
interface. According to Kumar et al. [69], alkalization of kenaf fibers can improve bonding among the fibers
and the PLA matrix by introducing hydroxyl groups on the outside of the fiber, increasing polarity and affinity
to the polymer matrix. This increases the composite’s tensile strength and resists deformation. Silanization
of jute fibers has been found to improve adhesion to polyamide matrices, resulting in considerable improve-
ments in composite mechanical properties and stability [83]. Furthermore, physical surface changes like
plasma treatment and nanocoating have also been demonstrated to improve matrix-fiber adhesion. Jute
fibers treated with oxygen plasma have been discovered to have increased surface roughness, which enhances
physical adhesion with bioplastic-based polymer matrices [24]. Nano-coating, such as silica nanoparticles
on fibers, enhances adhesion by altering the interfacial layer and improving adhesive strength. Furthermore,
physical treatments can improve the composite’s durability to environmental conditions such as humidity
and high temperatures, which commonly decrease the durability of natural fiber-based composites. As
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a result, an appropriate surface modification strategy is required to improve fiber-matrix adhesion in
structural composites, making it a successful option for improving the performance and durability of
sustainable composites.

3.3.2 Increasing Cohesion between Composite Components
For composites made of natural fiber and biopolymers to perform at their best, component cohesion

must be increased. Increased mechanical strength and improved resilience to harsh loads and environmental
conditions are made possible by the composite’s strong matrix and natural fiber cohesion. The use of
chemically altering natural fibers, such as silanization or alkalization, to increase the cohesiveness among
the fiber and the matrix is one strategy that has been extensively researched. Alkalizing kenaf fibers removes
lignin and hemicellulose from the fiber the outside, enabling for improved contact between the fibers and
the polymer matrix, boosting composite cohesiveness and lowering the danger of phase separation [54,84].
Silanization of jute fibers is known to cause cross-linking between the outer section of the fibers and the PLA-
based polymer matrix, resulting in a significant increase in cohesiveness and resistance to environmental
stress [21,29]. Aside from chemical alteration, modern methods of manufacture like nanomaterial-based
composites are a viable way to improve cohesiveness. The use of silica nanoparticles into PLA matrices
has been found to improve composite component compactness, with the nanoparticles acting as extra
reinforcements to promote chemical and physical interactions with natural fibers [42,84]. Furthermore,
processing techniques like as 3D printing can be employed to create more integrated structures with
more equal fiber distribution in the polymer matrix, hence minimizing flaws and boosting component
cohesion. As a result, a combination of fiber surface modification, nanomaterial use, and innovative processes
can provide a successful way for enhancing cohesion in biopolymer and natural fiber-based composites,
increasing their competitiveness in sustainable structural applications [79,85].

4 Performance of Biopolymer-Natural Fiber Composites

4.1 Mechanical Properties of Composites
4.1.1 Tensile Strength, Flexural Strength, Stiffness, and Impact Resistance

Tensile and flexural strength are key indicators of the mechanical performance of biopolymer-natural
fiber composites. Studies have demonstrated that incorporating natural fibers such as kenaf, jute, or ramie
into biopolymers like PLA and PBS significantly enhances these properties. For example, alkalized PLA-
kenaf fiber composites show a 30% improvement in tensile strength compared to pure PLA, while PBS-hemp
fiber composites with surface-modified fibers exhibit superior flexural strength due to enhanced fiber-
matrix adhesion [2,31,37,86–88]. Fig. 7 depicts the microstructure of an optimal biopolymer composite
formulation by Scanning Electron Microscopy (SEM) of a 50:50 blend of PLA and PBS polymers. This
microstructure demonstrates the uniform distribution of the polymer matrix as well as the potential for inter-
component interactions, both of which are critical for boosting the composite’s mechanical performance.
The combination of these two biopolymers, along with natural fiber reinforcing, results in a material with
superior mechanical qualities suitable for a variety of applications, including construction and automotive.

Stiffness and impact resistance are important properties for structural applications in addition to
tensile and bending strength. While biopolymer-natural fiber composites have lesser stiffness than synthetic
polymer-based composites, it can be overcome through targeted changes. Nanocellulose, also known rein-
forcement in PLA composites boosted rigidity by up to 40% while retaining optimum flexibility. Similarly,
combining biopolymers including PLA with polycaprolactone (PCL) increases impact resistance by 20%,
resulting in a balanced improvement in mechanical properties [89,90]. Biopolymer composites can obtain
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mechanical qualities that match the requirements of structural applications while being sustainable through
the combination of fiber surface treatments, nanotechnology reinforcement, and polymer blending.

Figure 7: SEM micrographs of biopolymer blend of PLA:PBS (50:50 w:w) [38]

4.1.2 Comparison with Synthetic Fiber-Based Composites
Due to mechanical performance differences, biopolymer-natural fiber composites are frequently com-

pared to synthetic fiber-based composites like glass or carbon fibers. Natural fiber composites often have
lower tensile strength and stiffness than synthetic fiber-based composites. PLA and kenaf fiber-based
composites, on the other hand, can attain tensile strengths that are up to 70% greater than glass fiber-PLA
composites, indicating competitive potential in some applications. Although natural fiber-based composites
have lower flexural strength, fiber surface modification, including alkalinization or silanization, may enhance
fiber-matrix adhesion [32,91].

Because natural fibers are more flexible than synthetic fiber composites, biopolymer-natural fiber
composites have an advantage in terms of impact resistance. Composites made of PHA and hemp fiber are
up to 25% more impact resistant than composites made of glass fiber. Natural fibers have a better energy
absorption capability, which accounts for this. Composites made from synthetic fibers, on the other hand,
outperform in terms of heat stability and rigidity. Nanocellulose or nanoparticle reinforcing in composites
has been shown to be comparable in stiffness to synthetic fiber composites [46]. As a result, incorporating
natural fibers into biopolymer composites provides an economical and sustainable solution in structural
applications, particularly in terms of sustainability and reduced production costs.

4.2 Thermal Properties and Environmental Resistance
4.2.1 Thermal Stability, Thermal Conductivity, and Moisture Resistance

Biopolymer-natural fiber composites face thermal stability issues due to the natural characteristics
of biopolymers and fibers, which breakdown at high temperatures. PLA reinforced with hemp fiber has
a thermal stability range of 150○C–180○C, which is lower than that of other synthetic fiber composites
like glass fiber. Thermal stability, however, can be increased by changing the fiber surface and employing
thermal additives like carbon nanoparticles. The inclusion of graphene oxide nanoparticles to hemp fiber-
PLA composites increased thermal stability by up to 20%, demonstrating that technical advancements can
address this issue [48].
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Biopolymer-natural fiber composites often have lower thermal conductivity than fiberglass composites,
making them better suited for thermal insulation applications [87,92]. PBS-based composites reinforced with
kenaf fibers have a thermal conductivity of around 0.25 W/mK, which is significantly lower than carbon
fiber-based composites. Furthermore, moisture resistance is difficult to achieve since natural fibers absorb
water. Fiber alkalization can reduce water intake by up to 30%, while hydrophobic coatings can significantly
improve moisture resistance. As a result, with the right modifications, biopolymer-natural fiber composites
may offer equivalent thermal performance and environmental resilience [85].

4.2.2 Degradation Studies Under Extreme Environmental Conditions
One of the biggest obstacles in using biopolymer-natural fiber composites for building use is material

deterioration in extreme environmental conditions, such as high humidity, extreme temperatures, or alkali
and acidic surroundings [37]. In humid and hot conditions, biopolymers like PLA and PHA undergo
considerable hydrolysis and thermal degradation. PLA-jute fiber composites have known decreased up to
40% of their tensile strength after 30 days of exposure to 90% relative humidity at 60○C. This emphasizes
the importance of heat stability and moisture resistance via biopolymer modification or the inclusion of
stabilizing chemicals. Surface treatment of natural fibers with hydrophobic coatings or nanoparticles has
been shown to boost degradation resistance [56] In their investigation, nanocellulose coating on kenaf
fibers in PBS composites significantly improved degradation resistance in acidic and alkaline environments.
Furthermore, the combination of copolymerization and additives, including natural antioxidants, can reduce
the oxidative degradation process, reducing breakdown rates by up to 25% when compared to traditional
composites [93]. These findings demonstrate that changes in composite formulation can greatly improve the
resistance of biopolymer-natural fiber composites to harsh conditions, broadening their potential uses in
difficult situations.

4.3 Multifunction of Bio Composites
4.3.1 Electrical/Thermal Conductivity and Biodegradability

The goal of creating biopolymer-natural fiber composites is becoming more and more concentrated
on obtaining multifunctional qualities, such as thermal or electrical conductivity that can be coupled with
biodegradability. Conductive nanoparticles like graphene or carbon nanotubes (CNTs) can be added to
biopolymers with low thermal conductivity, including PLA and PHA [8,47]. When 1 weight percent CNTs
were added to PLA-kenaf fiber composites, the thermal conductivity rose by 30% but the fibers remained
biodegradable, as reported by Zhang et al. [47]. This work demonstrates that natural fibers serve as a medium
to enhance the dispersion of nanomaterials in the biopolymer matrix, which enhances thermal properties,
in addition to their mechanical reinforcement role.

Biodegradability is still a significant benefit of biocomposites over composites made of synthetic poly-
mers, in addition to conductivity. PLA-jute fiber composites that have been treated with silver nanoparticles
exhibit high biological degradation in nature within 120 days while also having antibacterial capabilities [86].
This implies that adding functional additives does not always affect the composite’s capacity to decompose
naturally. Additionally, the integration of PBS-based biopolymers with nanocellulose fibers can create
composites with moderate heat conductivity that continue to decompose in industrial composting settings
[38], thereby increasing the range of applications in the sustainable electronics sector. The combination of
these multifunctional qualities’ points to the enormous potential of biocomposites in a range of structural
applications requiring for a blend of environmental sustainability and thermal or electrical performance.
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4.3.2 Applications for Green Technology and Sustainability
Biopolymer and natural fiber-based composites have gained popularity as material solutions to

support green technologies, particularly due to their ability to meet sustainability standards while also
providing acceptable mechanical functions. Biocomposites are utilized to lower carbon footprints and
substitute difficult-to-decompose synthetic materials in applications such as automotive and construction.
PLA composites with sisal fibers have been found to be used in vehicle interiors, saving up to 15% of
weight compared to normal petrochemical-based polymers while maintaining mechanical strength [56].
Furthermore, these composites are biodegradable, allowing for natural recycling and promoting the concept
of the circular economy.

Biocomposites have been used to make miniature solar panels, wind turbines, and thermal insulation
products for sustainable energy. Composites consisting of PHA and nanocellulose have been found to
be effective insulators in solar cells, with a low temperature conductivity and strong moisture resistance
[35]. This application not only improves energy consumption but also reduces post-use waste because
these composites are biodegradable under normal settings. Furthermore, Biopolymer composites, such as
PLA-based composites and carbon nanoparticles, have been used to create ecologically friendly flexible
electronic devices [4]. This demonstrates that biocomposites are not only consistent with green technology
requirements, but they have also emerged as a key driver in achieving worldwide sustainability.

5 Applications of Biopolymer and Natural Fiber-Based Composites

5.1 Construction Sector
Biopolymer and natural fiber-based composites have showed considerable promise in the construc-

tion industry, particularly for the production of wall panels, structural beams, and other constructional
components. Several studies have demonstrated that these composites can be a lighter, more sustainable,
and ecologically friendly alternative to traditional construction materials like concrete and steel. Using
PLA reinforced with jute fiber as a wall panel delivers appropriate mechanical strength for low structural
applications while also increasing thermal efficiency due to the thermal insulation capabilities of natural
fibers [86]. These composite-based wall panels are also moisture resistant, making them perfect for usage in
high-humidity conditions. Structural beams made of PBS-based composites reinforced with kenaf fiber have
been shown to be rigid enough for non-load-bearing construction applications such as wall panels [37]. These
beams have a lower density than oak but have comparable tensile strength, making them appropriate for
modular building systems. Another study discovered that biopolymer and nanocellulose fiber-based building
elements have regulated biodegradation capabilities, allowing construction waste to disintegrate naturally
after the material’s useful life has passed, supporting sustainable building design principles [34]. Overall, the
use of biopolymers and natural fibers in construction provides numerous potentials to reduce environmental
effect while maintaining appropriate structural performance.

5.2 Automotive Sector
Biopolymer-based composites and natural fibers are becoming more used in the automobile sector,

particularly for car body frames, interior components, and acoustic insulation. PLA reinforced with hemp
fiber for vehicle body components can reduce vehicle weight by up to 30% when compared to standard metal
materials [81]. This weight decrease considerably increases fuel efficiency while retaining structural strength.
PLA-hemp fiber is also resistant to corrosion and environmental degradation, making it a more sustainable
solution. This advancement is extremely significant to the automotive trend of lightweight and ecologically
efficient vehicles. Dashboards, door trims, and seats, for example, have all used biopolymer-natural fiber
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composites. PBS combined with sisal fiber has been shown to produce composites with good flexural strength
and regulated biodegradability [42]. In the meantime, PHA-based composites including kenaf fiber have
been shown to have superior sound absorption capacity for soundproofing [17,28]. This allows the composite
to effectively reduce vehicle cabin noise. This composite not only promotes sustainability by lowering carbon
footprints, but it also increases user comfort through increased sound insulation and heat regulation.

6 Development Challenges and Opportunities

6.1 Main Challenges
6.1.1 Degradation in Humid and Extreme Temperature Environments

One of the most difficult difficulties in the research and development of biopolymer and renewable fiber-
based composites is deterioration in humid environments and at severe temperatures. Biopolymers like PLA
and PHA absorb water, reducing mechanical strength and causing delamination in composites [10]. Natural
fibers, including kenaf and jute or bamboo have a high affinity for water, which speeds up the deterioration
of composite structures when employed in high humidity settings. Furthermore, high temperatures can
expedite biopolymer hydrolysis, resulting in a loss in its elastic modulus and tensile strength, limiting the use
of these composites in harsh environments such as exterior construction or the automobile sector [86,87].

Several efforts have been undertaken to increase the stability of biocomposites in harsh weather. One
method is to apply chemical treatments to fibers, such as alkalization and the silanization, which have
been demonstrated to lower water absorption and enhance matrix-fiber adhesion [81,91]. Furthermore,
adding nanoparticles to biopolymers, such as nano silica or clay, can improve heat resistance and slow
thermal deterioration. While, Adding nanoparticles to PLA-hemp fiber composites has been shown to
increase heat stability by up to 20% and reduce water absorption by up to 30% [81]. Although these
findings are encouraging, manufacturing expenses and technological effectiveness remain hurdles to wider
industrial-scale uses.

6.1.2 Limitations of Fiber-Matrix Adhesion and Production Costs
The limited adhesion between the fibers and the biopolymer matrix is a major challenge in the

development of biopolymer and natural fiber-based composites. Biopolymers such as PLA and PBS are
hydrophobic, but natural fibers have rough and polar surfaces [28,42]. This incompatibility reduces the
effectiveness of load transfer among the fiber and the matrix, which lowers the composite’s tensile strength
and elastic modulus. Various fiber surface modification techniques, including alkalization, silanization, and
plasma treatment, have been used to improve fiber-matrix adhesion Alkalization can improve interfacial
interactions and increase composite tensile strength by up to 25% [91].

In addition to adhesion issues, production costs constitute a hurdle to the use of biocomposites in
larger structural applications. The production of biopolymers, such as PLA and PHA, as well as the fiber
modification process, are more expensive than traditional synthetic polymers like PP or polyethylene
terephthalate. Biopolymer production costs are still 30%–50% higher than synthetic polymers, owing to
the greater cost of renewable raw ingredients and inefficient production procedures [18,94]. However,
multiple studies have found that expanding production size and optimizing manufacturing technologies can
dramatically cut production costs. Furthermore, combining low-cost bio-based additives with natural fiber
waste recycling has the potential to cut costs without losing composite mechanical performance.
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6.2 The Future of Bio Composites
6.2.1 Integration into the Circular Economy and Recycling Potential

Biopolymer and renewable fiber-based composites have the opportunity to be integrated into the
circular economy as an idea, which involves producing, using, and recycling materials while decreasing waste
and resource consumption. One of the primary benefits of biocomposites is that they degrade naturally,
which allows for lower environmental consequences when the material’s useful life has ended. Reducing
dependency on new raw materials and improving sustainability can be achieved by recycling PLA or
natural fiber-based biocomposites into new products through appropriate recycling procedures [91,95]. The
integration of biocomposites in the circular economy has the potential to reduce plastic and conventional
material waste while also supporting a more ecologically friendly sector. Developing technologies for the
chemical and mechanical disintegration of biocomposites is crucial to extending material life cycles and
minimizing plastic pollution [96]. However, technical and economic hurdles must be addressed before
recycling may be fully realized and integrated into the circular economy. According to Kumar et al. [69],
despite the fact that biocomposites offer numerous benefits, their recycling technique is still more difficult
than that of traditional plastics due to the strong connection between the biopolymer matrix and cellulose
fibers. Technology improvement is required to more efficiently disrupt the matrix-fiber connections, either
through chemical or mechanical techniques. However, advancements in recycling processes and production
growth can cut costs while increasing biocomposites’ sustainability. Integration into the circular economy
can also provide fresh prospects for biopolymer-based composites and organic fibers in industries such as
automotive, building, and packaging, where waste disposal and recycling are major concerns.

6.2.2 Prospects of Nano-Bio Composite Technology in the Structural Industry
Nano-bio composites are one of the most prospective new paths for increasing the stability of

biopolymer and renewable fiber-based composites. This method makes use of nanoparticles that include
cellulose nanoparticles, nano-clay, and carbon nanotubes to enhance the mechanical, thermal, and functional
characteristics of biocomposites [31,97]. Nanoparticles incorporated into a biopolymer matrix, such as PLA,
could enhance tensile strength, modulus of elasticity, and resistance to moisture and high temperatures
[10,42]. This nano-bio nanocomposite technology has the potential to overcome some of the disadvantages
of traditional biocomposites, such as limited mechanical deformation resistance and thermal stability [98].
Furthermore, nano-bio composites can help to produce lighter, more powerful, and more durable materials,
all of which are in high demand in structural industries like building and automotive. Despite the immense
promise of nano-bio composite technology, production costs and application volume remain significant
difficulties. To be used on an industrial scale, the production of nano-bio composites—which combine
natural fibers and nanoparticles—requires technological advancements and is still fairly costly [51,95,99,100].
This also affects how competitive it is with traditional plastic fibers and composites made of polymers.
Regardless, with advancements in nanotechnology and composite manufacturing, particularly in sustainable
nanoparticle processing and inclusion, the possibilities for nano-bio composites are extremely promising.
The use of such technology in the structural sector has the potential to result in the production of more
sustainable, efficient, and high-performing materials, as well as a reduction in reliance on conventional,
non-environmental raw material sources.

7 Conclusions
Incorporating polyesters and natural fibers into structural composites is a game-changing strategy

for developing sustainable materials with wide-ranging applications. Biopolyesters like PLA, PHA, and
PBS provide benefits such as biodegradability, sustainability, and compatibility with natural fibers, while
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reinforcements such as kenaf, jute, and nanocellulose improve the mechanical, thermal, and structural
performance of these composites. The synergistic coupling of biopolymers and natural fibers not only
increases the environmental friendliness of the materials, but it also delivers lightweight and high-strength
alternatives ideal for demanding applications. Fiber surface treatments and copolymerization are two key
breakthroughs in the synthesis and modification of biocomposites that have proven helpful in overcoming
obstacles such as poor fiber-matrix adhesion and limited durability under humid or severe temperature
conditions. Furthermore, using reinforcing agents such as nanoparticles has shown promise in improving the
characteristics of biocomposites. Efforts to optimize manufacturing processes, such as the implementation
of energy-efficient and scalable green technology, are critical for lowering production costs and enhancing
economic viability. Future research should focus on the development of biocomposites with improved
environmental resilience, particularly long-term performance under hard conditions, in order to expand
their application in industries like construction, automotive, and packaging. Furthermore, researching
innovative synthesis processes and recycling procedures can help biocomposites play a larger part in the
circular economy, assuring their long-term viability and industrial significance.
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90. Rytlewski P, Gohs U, Stepczyńska M, Malinowski R, Karasiewicz T, Moraczewski K. Electron-induced structural
changes in flax fiber reinforced PLA/PCL composites, analyzed using the rule of mixtures. Ind Crops Prod.
2022;188:115587. doi:10.1016/j.indcrop.2022.115587.

91. Dembri I, Belaadi A, Lekrine A, Jawaid M, Ismail AS, Ghernaout D. Effect of alkaline treatment on the
thermo-physicochemical and mechanical properties of biochar powder/Washingtonia robusta fibers/PLA hybrid
biocomposites. J Mater Res Technol. 2024;33(10):9735–51. doi:10.1016/j.jmrt.2024.12.018.

92. Matykiewicz D, Barczewski M. On the impact of flax fibers as an internal layer on the properties of basalt-epoxy
composites modified with silanized basalt powder. Compos Commun. 2020;20(4):100360. doi:10.1016/j.coco.2020.
100360.

93. Ali S, Mehra V, Eltaggaz A, Deiab I, Pervaiz S. Optimization and prediction of additively manufactured PLA-PHA
biodegradable polymer blend using TOPSIS and GA-ANN. Manuf Lett. 2024;41(8):795–802. doi:10.1016/j.mfglet.
2024.09.099.

94. Ilyas RA, Zuhri MM, Aisyah HA, Asyraf MM, Hassan SA, Zainudin ES, et al. Natural fiber-reinforced polylactic
acid, polylactic acid blends and their composites for advanced applications. Polymers. 2022;14(1):202. doi:10.3390/
polym14010202.

95. Ali MS, Al-Shukri AA, Maghami MR, Gomes C. Nano and bio-composites and their applications: a review. IOP
Conf Ser Mater Sci Eng. 2021;1067(1):012093. doi:10.1088/1757-899X/1067/1/012093.

96. Cabrera-García P, Marrero MD, Benítez AN. Disintegration and marine biodegradability of biocomposite
using Pennisetum setaceum fiber and PLA as matrix. Polym Degrad Stab. 2024;230:111026. doi:10.1016/j.
polymdegradstab.2024.111026.

https://doi.org/10.1016/j.indcrop.2024.120151
https://doi.org/10.1016/j.indcrop.2024.120151
https://doi.org/10.1016/j.rinma.2023.100448
https://doi.org/10.1016/j.compscitech.2024.110806
https://doi.org/10.1016/j.clema.2024.100275
https://doi.org/10.1016/j.hybadv.2024.100282
https://doi.org/10.3390/polym15102386
https://doi.org/10.1016/j.hybadv.2024.100305
https://doi.org/10.3390/polym16010160
https://doi.org/10.1016/j.cemconcomp.2024.105827
https://doi.org/10.1016/j.cemconcomp.2024.105827
https://doi.org/10.1016/j.heliyon.2023.e21238
https://doi.org/10.1016/j.heliyon.2023.e21238
https://doi.org/10.1016/j.clema.2023.100196
https://doi.org/10.1016/j.indcrop.2022.115587
https://doi.org/10.1016/j.jmrt.2024.12.018
https://doi.org/10.1016/j.coco.2020.100360
https://doi.org/10.1016/j.coco.2020.100360
https://doi.org/10.1016/j.mfglet.2024.09.099
https://doi.org/10.1016/j.mfglet.2024.09.099
https://doi.org/10.3390/polym14010202
https://doi.org/10.3390/polym14010202
https://doi.org/10.1088/1757-899X/1067/1/012093
https://doi.org/10.1016/j.polymdegradstab.2024.111026
https://doi.org/10.1016/j.polymdegradstab.2024.111026


1546 J Renew Mater. 2025;13(8)

97. Sari NH, Syafri E, Suteja, Fatriasari W, Karimah A. Biocomposites based on micro cellulose fibers extracted from
paederia foetida stems and investigation of important properties. J Appl Sci Eng. 2024;27(9):3191–202. doi:10.6180/
jase.202409_27(9).0015.

98. Ahmad Ilyas R, Sapuan SM, Ibrahim R, Abral H, Ishak MR, Zainudin ES, et al. Sugar palm (Arenga pinnata
(Wurmb.) Merr) cellulosic fibre hierarchy: a comprehensive approach from macro to nano scale. J Mater Res
Technol. 2019;8(3):2753–66. doi:10.1016/j.jmrt.2019.04.011.

99. Nazar M, Hasan M, Wirjosentono B, Gani BA. Fabrication and characterization of bio-nanocomposite from sweet
potato starch and Moringa oleifera leaf extract loaded with carbon quantum dots from Coffea arabica grounds.
Results Eng. 2024;23:102448. doi:10.1016/j.rineng.2024.102448.

100. Hafeez M. Recent progress and overview of nanocomposites. In: Nanocomposite materials for biomedical and
energy storage applications. London, UK: IntechOpen; 2022.

https://doi.org/10.6180/jase.202409_27(9).0015
https://doi.org/10.6180/jase.202409_27(9).0015
https://doi.org/10.1016/j.jmrt.2019.04.011
https://doi.org/10.1016/j.rineng.2024.102448

	Integration of Biopolyesters and Natural Fibers in Structural Composites: An
obreakspace Innovative Approach for Sustainable Materials
	1 Introduction
	2 Biopolymers in Structural Composites
	3 Natural Fibers as Reinforcements in Structural Composites
	4 Performance of Biopolymer-Natural Fiber Composites
	5 Applications of Biopolymer and Natural Fiber-Based Composites
	6 Development Challenges and Opportunities
	7 Conclusions
	References


