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Abstract: The article offers a comprehensive overview of recent breakthroughs in eco-friendly polymers and
polymer composites, underscoring their pivotal role in addressing sustainability challenges across diverse
industrial sectors. Despite encountering obstacles related to performance and processability, biopolymers
sourced from renewable materials emerge as promising alternatives for the plastics that are currently used by
human beings. Natural fillers are highlighted as a strategic avenue for crafting sustainable composites, with
residual natural fillers being particularly explored. Heightened environmental concerns propel discussions on
the criticality of integrating biodegradable materials with natural fillers, underlining the urgency for clear
frameworks and financial incentives to support adoption of these materials. Additionally, the article examines
the potential of biodegradable polymers and polymer composites, with a specific emphasis on the utilization
of polyhydroxyalkanoate (PHA) in composite materials and its market prospects. Moreover, it emphasizes the
indispensable need for ongoing research and development endeavors to address environmental challenges
within the polymer sector, reflecting a mounting interest in sustainable materials across industries.
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1. Introduction

Since the introduction of different petrochemical-based polymer manufacturing processes, the
plastic industry has grown significantly. Plastics have several advantages, including durability,
lightweight, and affordability, with approximately half of all plastic materials utilized for single-use
throwaway applications ranging from packaging to infrastructure components. Over 400 million
plastic tons are produced worldwide each year, with little recycling and considerable environmental
damage, necessitating immediate action. The EU and the High Ambition Coalition are leading the
discussions for a legally enforceable instrument to reduce plastic pollution, which is a critical first
step toward long-term solutions [1]. Plastic's environmental lifespan is still unknown due to its recent
mass manufacture, with most varieties needing thousands of years to decompose depending on local
environmental variables [2]. As a result, solid waste has emerged as a major global concern, leading
to a shift in attention towards environmentally friendly materials made from natural fillers and
polymers. Polymers are made up of long, repeating chains of molecules with varying bonding and
structural features. Polymer composites are created by infusing polymers with nanomaterials and
other substances, with the goal of outperforming and costing less than traditional materials such as
metal, wood, and leather. With improved qualities such as increased strength, durability, and
lightweight design, these composites have emerged as strong contenders for a variety of technical
applications. Biocomposites made from biological materials are nontoxic, biodegradable, and safer to
work with, providing benefits such as increased toughness, lower density, and lower pollutant
emissions while reducing reliance on nonrenewable sources [3]. Composites find uses in electronics,
medical equipment, construction, packaging, and aerospace, and are classified as laminate, fibrous,
or particle composites based on their reinforcing type. Polyhydroxyalkanoates (PHAs) are microbial
polyesters produced by several bacteria under nutritional stress circumstances that have
thermoplastic characteristics similar to conventional polymers [4]. However, their relatively high cost
limits their employment in single-use goods, mostly restricted to high-value applications such as the
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medical and pharmaceutical industries [5]. Increasing the use of PHA composites requires a
reduction in the production costs of virgin PHA combined with the use of cheap natural and
inorganic fillers. Composite materials are highly valued in industries due to their strength,
lightweight nature, and capacity to survive challenging circumstances. Their popularity is further
highlighted by their cost-effectiveness, which results from lower fuel and material utilization,
especially in industries where weight is a concern. Furthermore, in situations where safety and
performance have priority, their insulating abilities offer extra value. For instance, composite
materials, which contain lignocellulosic fibers and natural fillers from agricultural and industrial
crops such as maize, wheat, bagasse, and others, have been shown to have advantages such as low
density and valuable mechanical properties and are used in packaging, automotive and construction
industries [6]. Fiber-based composites, whether synthetic or plant-derived, are termed bio-based if
utilizing biodegradable polymers offering benefits like enhanced toughness and lower cost. Plant
fibers like pineapple, coir, and jute are increasingly favored over synthetic materials for their
biodegradability, renewability, and higher resistance in load-bearing applications [7]. Although
natural and synthetic biodegradable polymers are highly publicized, they often do not meet the
technical criteria and their high cost hinders their wide use. However, upgrades through chemical or
physical changes, reactive processing and polymer blends have the ability to overcome these
limitations and improve performance in a variety of applications [8]. The plastic business has
expanded significantly, with several petrochemical-based manufacturing technologies that provide
durability, low weight, and economic benefits. However, the emphasis is increasingly on eco-friendly
bio-composites, which use natural fillers like hemp or flax for biodegradability, lower density, cost
efficiency, and reduced reliance on non-renewable sources [9]. The projected increase in primary
plastic waste output by 2050, reaching 25 billion metric tons, has prompted a significant movement
toward sustainability. By 2025, leading plastic packaging companies intend to include 100% recycled,
biodegradable, or reusable plastics into their goods [10]. The market use of the natural fibers has also
increased in the recent times. Companies are looking for alternatives that can replace their current
products and lead the world toward sustainable and eco-friendly environment. Natural fiber
composites (NFC) like wood, flax, hemp, kenaf, coir, sisal, and others serve diverse applications.
Wood fibers are prized for construction and furniture, while flax offers lightweight strength for
automotive and packaging. Hemp gains popularity in automotive and textiles for sustainability.
Kenaf suits automotive interiors and construction. Coir aids erosion control and interiors. Sisal excels
in industrial uses. Other fibers like jute, abaca, and banana find varied applications, contributing to
sustainability across sectors [11]. Below Figure 1(A) illustrates the use of the natural fibers usages in
percentage (based on [12]) And Figure 1(B) shows the consumption of natural and man-made fibers
by region (based on [13]).
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(A) Others
25%

Rest of the World
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Figure 1. (A)Market use of natural fibres in percentage [12]; (B) world consumption of natural and man-made
fibers by region [13].
2. PHA Composites

PHAs are biodegradable polymers generated by microorganisms under nutrient-limiting
circumstances, providing a sustainable alternative to typical petroleum-based plastics [14]. PHAs,
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thermoplastic materials similar to petrochemical plastics, are produced from hydroxyalkanoic acids.
The characteristics of a monomer are determined by the length of its carbon chain; medium-chain
PHAs exhibit elastomeric properties, while short-chain PHAs resemble conventional polymers like
polypropylene [15]. Bio-composites, blending natural fibers from renewable byproducts with PHAs,
drive sustainable material innovation. PHAs, biodegradable polymers produced by microorganisms
under nutrient-restricted circumstances, offer environmentally beneficial alternatives for
conventional plastics derived from petroleum. Natural fibers from sources like wood and agricultural
wastes are perfect for use as reinforcing materials in composites because of their favorable qualities
like high strength, low density, and renewability [16]. Bio-composites, which combine natural fibers
and PHAs, are used in a variety of packaging and automotive applications. They improve mechanical
properties, accelerate biodegradation, and reduce environmental impact [17]. These bio-composites
hold promise as long-term replacements. Researchers are also looking at the production of PHA in
transgenic [18]. Common PHA polymers like PHB and PHBYV serve as substrates for bacterial energy
storage, just like plant starches and animal fats do. Energy-rich feedstocks are transformed into fatty
acid feedstocks throughout the industrial PHA manufacturing process. Purified polymer powders or
particles are produced by the separation, dissolution, and extraction cycles that cells go through [19].
Poly-3-hydroxybutyrate (P3HB or PHB) is likely the most common and researched
polyhydroxyalkanoate, derived from the fermentation of sugars or fats by bacteria, characterized by
its high crystallinity and brittleness. The increasing usage of PHA-based materials in common
applications can be attributed to their biodegradability and biocompatibility. Copolymerization with
copolymer, such as poly (ethylene glycol) (PEG), can modify the mechanical and thermal
characteristics of PHA [20]. The mechanical properties of bio-composites containing fibers like hemp,
abaca, flax, and kenaf surpass those of pure polymers. PHA composite properties are influenced by
factors such as fiber modulus, aspect ratio, morphology, and interfacial adhesion. Efforts to enhance
PHAs' biodegradation focus on natural fillers and fibers, which introduce channels for water and
enzymes into the polymer matrix, accelerating degradation [21]. PHA is a useful biomaterial with
promise for a wide range of applications across numerous sectors due to its structural variety and
adaptable qualities. Despite the aforementioned obstacles like elevated production expenses and
molecular instability, there is a continuous research effort to curtail costs and broaden PHA's
commercial acknowledgment, projecting it as a multifaceted and eco-friendly substance with
auspicious uses. Biopolymers are now an integral part of our lives and are used in every industry
today, as shown in Figure 2 [22].

Biopolymers (PHASs)

Medical industry Food Industry Agriculture industry Other industries
Drug carrier, Disposal Shade nets, Bags, clothes,
Tissue tableware, Food Geotextiles, mobile phone
engineering, packaging, Food Wires, covers,
Memory containers, Insecticides microchips,
boosters, Disposal plates carriers, Films keyboards

Figure 2. Biopolymer (PHAs) usage in different industries [22].

Global manufacturing limits restrict the development of goods based on PHA. The growth rate
of bio-based polymer manufacturing capacity has decreased, from 10% per year between 2012 and
2014 to 4% per year between 2014 and 2016, which is consistent with the growth rate of global
polymer production as a whole. Although PHA has the greatest growth rate, bio-based polymers as
a whole expand at a slower pace than expected [23]. Low oil prices, adverse political environments
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in the majority of nations, a slower-than-anticipated pace of development in capacity utilization, and
social reservations about embracing novel bio-products are some of the reasons behind this [24].
Moreover, recent developments in this field show that Al is causing a composite revolution by
offering unprecedented opportunities for material modelling and design. Al can examine large
datasets and find new composite formulations with exact properties by using techniques like
machine learning and deep learning. This improves durability and performance through precise
material behavior prediction, manufacturing process optimization, and complex microstructure
design. Automation of material characterization expedites research, and multi-scale modeling offers
a thorough comprehension of intricate ideas. Al-powered sustainability programs enhance
formulations even more, cutting down on waste and resource use [25].

3. Polymer Composites with Natural Waste Fillers

Environmental concerns have driven countries to make significant investments in the use of
renewable resources across a wide range of businesses. These materials include waste from wood
flour, natural fibers, and agricultural byproducts such as corncob, rice husk, and rice straw [26].
However, efficient use of waste substrates has always been a major difficulty. While some substrates
are now in use to some level, millions of tons of garbage go unutilized, enabling possibilities for a
variety of everyday applications. The waste with its volume and applications is illustrated below in
Table 1 [27].

Table 1. Application of waste with estimated volume [27].

Commercial Volume

Waste substrate (million Tonnes/year) Applications
Food waste 931 Bio-gas
Animal waste 1400 Fertilizers, Bio-energy
Agriculture waste 2500 Recycling Materials
Municipal waste 2010 Energy resource
Industrial waste 3400 Coal Combustion products
Sewage waste 10.4 Fertilizer, Soil improver
Forest residue 4600 Bio-fuel production
Paper waste 67.4 Newspapers, Paper towels
Waste water 0.6-13.5 Treated waste water
Lignocellulosic waste 1300 Animal feed

High polymer research emphasizes the underutilized potential of organic waste by focusing on
renewable resources and developing biodegradable aliphatic polymers. Nevertheless, research has
shown that it is possible to use organic waste to create valuable biomaterials, providing a chance to
substitute out the present waste management techniques for more environmentally friendly ones
[28]. In a study of the biochar composites, it has been investigated that it could be used to make new
materials. The mixing of biochar with PBAT/PLA reduces the surface resistivity. It showed increased
elastic modulus with filler content, while thermal stability was minimally affected. Overall, biochar
incorporation shows promise for specialized applications as an antistatic agent [29]. The application
of biopolymers and alternative manufacturing methods presents several opportunities. Given the use
of organic waste it can be used as fermented sugars. Many different kinds of organic waste that can
be used as sustainable feedstocks for biopolymer synthesis are agricultural residues, garden waste,
forest waste, livestock waste, paper waste, wastewater sludge, municipal solid waste, and kitchen
garbage [30]. The cost and accessibility of feedstock in various parts of the world have a major impact
on the production processes of biopolymers. Composite materials are being investigated as potential
substitutes for conventional materials by scientists and researchers who are constantly looking for
materials with high strength and low density. Composite materials, which are made up of two or
more insoluble components, have special qualities that distinguish them from their component parts
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[31]. In particular, plant fiber-reinforced polymer composites are becoming more popular because of
their prospective applications and biodegradability. With natural composites, which can be fully or
partially biodegradable depending on the mix of biobased fibers and polymers, the emphasis is on
sustainability. Because they are lightweight and environment friendly, these materials are becoming
more and more in demand in the automotive and construction sector [32], Plant fibers with varying
mechanical and tribological capabilities include abaca, sisal, jute, rice husk and kenaf. Sisal and jute
have better flexural properties [33]. A combination of fiber volume, orientation, and surface
modification enables hybrid plant fiber-reinforced composites to perform better than glass fiber
laminates. These composites are excellent in mechanical, acoustic, and thermal qualities, making
them useful for a variety of uses [34]. Many waste products have been considered for PHA
production, including as vegetable oils, molasses, animal fats high in carbon and nitrogen, and
agricultural leftovers. Bacteria like Escherichia coli, Alcaligenes latus, and Pseudomonas species
manufacture PHA from these substrates; yields are optimized by the use of methodologies like
Design of Experiments (DOE) [35]. PHA synthesis has increased due to developments in fermentation
techniques and the availability of cheap waste substrates, creating waste management solutions that
are both economical and advantageous for the environment [36]. Taking advantage of biorefineries
for sustainability is another idea, which involves using organic resources like food waste and
specialty crops to turn biomass into marketable goods. Though cost-effective ways to use fermentable
sugars from lignocellulose are still lacking, integrating PHA production within biorefineries
employing waste streams like glycerol and lignocellulosic sugars shows promise [37]. Biorefinery
becomes sustainable when organic waste acceptance is conditioned by charging waste management
costs. Long-term survival requires overcoming logistical, technological, financial, moral, and legal
challenges, especially given the pressing need to address waste issues and transition to a circular
economy [38]. Engineered materials utilize polymer composites, which are composed of two or more
insoluble components, combining a thermoplastic or thermoset matrix with organic or inorganic
fillers like wood flour or fibers, to achieve desired [39]. Although natural fibers are mechanically
strong and biodegradable, their hydrophilic nature can make them incompatible with conventional
plastic materials [40]. Component composition, ambient factors, and surface properties all affect how
quickly composite materials biodegrade; natural fillers may encourage microbial activity and
accelerate breakdown [41].

4. Applications and Properties

Natural fibers and PHAs have numerous applications that promote environmental preservation
and sustainable development. Natural fibers, derived from plants or animals, are biodegradable,
lightweight, and renewable, and have many day-today applications [42], that are illustrated below.

e  Active and intelligent food packaging;

e  Bio-packaging;

e Biomedical applications;

¢ Wound healing;

e  Bio-based composites as fertilizer delivery and their applications as agricultural inputs;
e  Applications for Wood-PHA Composites (Rigid tableware, Disposable tableware);

e  Other innovative bio-based composites applications

Natural fibers have different qualities depending on things like crop location, processing
techniques, and chemical composition. PHAs are utilized in waste management, biomedical
engineering, and packaging because of their reputation for biodegradability and biocompatibility
[42]. Recent years have seen a surge in interest in natural Fiber reinforcement in composite materials
because of its exceptional mechanical properties. The complete biodegradability, renewable nature,
eco-friendliness, affordability, availability, and low density of these fibers are widely recognized [43].
Because plant fibers are biological and strongly biodegradable, they contribute to ecological balance
while being heavier than mineral fibers. Natural fiber-reinforced polymers are widely utilized in
industry due to their great performance when their life cycle comes to a conclusion, the CO2 they
absorb during growing balances the CO: they release while burning. Furthermore, the recycling of
composite materials is made easier by the low friction potential of plant fibers [44]. Natural fibers are
more lightweight than fibers made of minerals, but they nevertheless perform well and support
ecological balance. Transparent fillers, such as silica particles or fibers, can be used in place of glass
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in polymer matrices to provide optical clarity and impact resistance in applications such as
automotive glazing and optical lenses. While not entirely replacing glass, they provide an appropriate
choice when the benefits of composites are needed, such as lower weight and greater impact
resistance, yet maintain optical qualities [45]. Natural Fibers, despite potentially lower mechanical
properties compared to glass or mineral-based Fibers, offer similar stiffness and tensile strength,
making them valuable reinforcements in composite applications [46]. New applications for biobased
composites and nanocomposites have evolved through the utilization of green generated
nanoparticles and agri-food industry byproducts. In addition, with applications ranging from dye
removal to water desalination, research into biobased composites and nanocomposites for water
treatment and pollutant removal is critical for clean water sustainability. They also have potential in
rigid electronics and energy storage systems, as demonstrated by biocomposite membranes that
include microcrystalline cellulose into polymer matrices [47]. Furthermore, research on wood panels
created from industry residues and ecologically friendly adhesives as substitutes for synthetic
counterparts indicates that biobased materials have promise for usage in the construction industry.
Polyester systems offer promise as paper covers for multilayer packaging materials [48], whereas jute
fibers, observed for their biodegradability and compatibility with biodegradable polymers, are used
in eco-friendly packaging solutions [49].

5. Current Developments

On the global market, there has been a discernible rise in demand for natural and bio-based
fillers. Filler usage increased in the United States over the preceding few decades, rising from 525000
tons to 1925000 tons [3]. The addition of natural fillers to biodegradable polymer matrices enhances
the versatility and application potential of eco-friendly products. Economic considerations are crucial
for manufacturers, but the ability to alter product properties through varying filler amounts opens
up new application avenues [50]. The addition of cork as a natural filler to P(3HB-co-4HB) composites
has shown enhanced thermal stability, resulting in slower degradation rates compared to the pure
matrix in various environments [51]. In other findings, composites comprising P(3HB-co-4HB) and
wood flour exhibited accelerated degradation processes under both laboratory and industrial
composting conditions, with the inclusion of wood flour significantly altering the thermal and
mechanical properties of the composites. The presence of acidic by-products from hydrolytic
degradation and compounds derived from the filler contributes to enhanced thermal stability. This
gives great promise in food packaging applications [52]. By carefully choosing the types of polymer
matrix and filler, content ratios, and size distributions, manufacturers can customize the final
qualities of these materials to fit a variety of applications. Research into substitute biomass-based
polymeric materials and composites has been spurred by worries about the depletion of fossil fuels
and their potential environmental effects on composites [53]. This change is reflected in the sharp rise
in research publications on bio-composites that emphasize the inventiveness and potential of these
materials. The main objective is to move toward a circular or sustainable economy that focus attention
on the use of bio sourced and biodegradable products. Reusability, recycling, and biodegradability
have been prioritized in end-of-life cycle optimization through recent programs. However, creating
fully sustainable goods and procedures calls for upgrades to production techniques, waste
management systems, and retail distribution networks [54]. This has led to a rise in interest in fully
integrated production systems, such biorefineries, which integrate several manufacturing phases in
an effort to minimize emissions, transportation expenses, and waste formation. To realize bioplastics
and biocomposites full potential in advancing global sustainability, however, comprehensive and
reliable information about their sustainability is necessary [55]. For these resources to be sustainable,
just agricultural systems that respect both the environment and society must be developed. To do
this, methods for producing biomass must be made sure to advance the welfare of farmers,
communities, and the environment. Although biopolymers possess inherent benefits for eco-friendly
uses such as PHAs, cost remains an issue. PHAs, or naturally occurring polyesters made by bacteria
under harsh circumstances when fermenting fat or sugar, have enormous promise for the
development of sustainable materials. Reusing a lot of leftovers can save expenses and increase
sustainability by using biomass from food production byproducts and Agrofood wastes [56]. When
natural fillers are added to biopolymers to enhance their properties, green composites are produced.
For instance, rice husk flour (RHF), compatibilizers, and initiators have been combined with
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commercial poly(3-hydroxybutyrate) (PHB) and poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV) made from fruit pulp waste to successfully construct green composites [57]. The increasing
demand for these fillers reflects the evolving dynamics of material design, prioritizing solutions
driven by specific application demands. Composite materials have emerged as market leaders due to
their adaptability in this ever-changing environment [58]. Using this unique method, films with better
thermal stability, balanced strength and ductility, and robust barrier qualities have been created,
making them appropriate for rigid packaging applications. Partnerships among scientists, producers,
and other interested parties displays a commitment to developing environmentally friendly and
financially successful sustainable materials [59].

6. Challenges and Future Aspects

Commercializing PHAs offers significant obstacles due to their higher production costs as
compared to petroleum-based polymers, as well as market acceptance concerns got worse by
competition from established brands. Despite their competitiveness in specific applications, PHAs
face price parity difficulties with petroleum-based polymers [60]. For instance, utilizing
lignocellulosic waste presents challenges due to incompatibilities between the hydrophilic nature of
natural fillers and the hydrophobicity of the thermoplastic matrix, affecting mechanical properties
dependent on interfacial adhesion [61]. While water-based polymer composites have some
advantages, they also face issues such as lower mechanical qualities, difficulties in optimizing filler-
matrix interaction, restricted recyclability, and high energy requirements at the end of life. However,
green synthesis methods and the use of recycled or biodegradable polymers show promise for
improving waste management practices, exploring new markets, and tackling issues in polymer
composites [62].

Future research aims to optimize PHA production, reduce costs, enhance stability, and explore
high-value applications, leveraging their diverse structures and adaptive features [63]. The creative
use of waste materials, focus on improving material compositions and processing techniques, and
development of hybrid materials for construction (for example use of bamboo in south Asia for
different constructions [64], and automotive industries show promise, along with the creation of
affordable and biodegradable resins and adhesives using waste-derived resources [65]. Achieving
superior mechanical characteristics and filler-matrix interactions through chemical changes is the
main goal of research on biofiber reinforced polymer composites. Developments in waste-based
polymer composites are being driven by continuous efforts in ecologically friendly synthesis
techniques and the use of waste-derived components [66]. Variability in waste composition, limited
bacterial strains, metabolic engineering, and PHA extraction are some challenges which require
ongoing research and development to realize the full potential of PHAs as sustainable biopolymers
[67]. To promote widespread usage of sustainable materials across industries, future efforts should
concentrate on optimization, technological advancements, and environmentally responsible
solutions [68].

7. Conclusions

In brief, PHAs are unique in that they biodegrade easily in both aerobic and anaerobic
circumstances, while mixing with other polymers and specific chemicals can affect how quickly they
break down. Further study is required to address scalability, affordability, mechanical qualities, and
regulatory challenges. However, improving PHAs' properties and broadening their applications by
functionalization appears promising [69]. Studies on vegetal inclusions and biodegradable polymers
have increased, with possible applications ranging from packaging to tissue regeneration. Usability
testing and the inclusion of antimicrobial chemicals are suggested to increase their performance in a
variety of applications. Waste-based polymer composites show promises as low-cost, renewable, and
environment friendly engineering materials [70]. These composites, which incorporate waste
materials as reinforcement, have better physical and mechanical properties, making them appropriate
for structural applications [71]. While most plastics originate from fossil fuels, there is a growing
interest in biodegradable polymers such as PHA and PLA, driven by rising consumer awareness and
demand for sustainable packaging products. Many countries continue to face the difficulty of limited
production capacities for biodegradable products [72]. Ongoing research and development in waste-
derived composite materials and biodegradable polymers show promises in addressing
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environmental problems and meeting the diverse needs of modern industries. Additionally, there is
increasing interest in labeling biodegradable polymers to track their environmental fate, especially
for specific applications [73].
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