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Abstract

Development of sustainable, biodegradable alternatives has become more urgent worldwide due to
the escalating environmental issue linked to petroleum-based plastics. Chitosan and Poly(butylene
succinate) (PBS) are two emerging candidates that have drawn a lot of attention because of their
complementary qualities. PBS has good mechanical strength, biodegradability, and processability,
while chitosan has antimicrobial activity, biocompatibility, and the capacity to form films. The
inherent drawbacks of each substance, such as the brittleness of PBS and the limited solubility of
chitosan, limit their potential uses on their own. Recently, bio-based nanoparticles including
cellulose, lignin, and starch nanocrystals have been incorporated into these biopolymers to improve
them thanks to developments in nanotechnology. These nanoparticles enhance PBS/chitosan
composites' tensile strength, thermal stability, and barrier qualities while also enabling adjustable
biodegradation behavior appropriate for a range of uses. This paper furnishes a thorough analysis of
PBS/chitosan nanocomposites boosted with bio-based nanoparticles, going into their structure—
property connections, processing methods, and several multipurpose uses in smart materials,
biomedical scaffolds, food packaging, and agriculture. The current situation in India, where
regulations centered on sustainability are driving the development and commercialization of
biodegradable polymers, is highlighted in particular. Economic and environmental evaluations are
also provided, emphasizing difficulties with standardization, recycling, and large-scale adoption.
The paper ends with recommendations for future research that center on integrating the circular
economy, scalable green processing, hybrid nanoparticle systems, and compatibilization at the
molecular level. PBS/chitosan nanocomposites, taken together, offer a promising class of
environmentally friendly materials that combine sustainability and performance, providing potential
routes to the next generation of biodegradable plastic alternatives.

Keywords: poly(butylene succinate); chitosan; bio-based nanoparticles; nanocomposites;
biodegradable plastics; green materials

Introduction

Environmental challenges have been brought on by the world's reliance on traditional plastics
made from non-renewable petroleum resources [1]. Less than 10% of the 400 million tonnes of plastic
garbage produced each worldwide is successfully recycled; the remainder ends up in landfills and

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202510.1931.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 October 2025 d0i:10.20944/preprints202510.1931.v1

2 of 20

the ocean, where it remains for centuries. As these plastics break down, harmful substances and
microplastics are released, upsetting ecosystems and getting into the food chain [2]. Due to
insufficient waste management infrastructure, India, one of Asia's biggest users of plastic, produces
over 3.4 million tons of plastic garbage yearly, of which very little is recycled [3]. Most single-use
plastics are a major source of pollution in land and water, especially packing films and carry bags.
Both policy interventions, such as India's Plastic Waste Management (PWM) Rules and bans on
disposable plastics, as well as research initiatives to find renewable alternatives that can function as
well as synthetic plastics while providing complete biodegradability, have been spurred by the
negative effects on the environment and human health (Figure 1) [4].
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Figure 1. Global and Indian Plastic Production and Waste Management Trends (2010-2025).

Researchers and companies are investigating biodegradable polymers made from renewable
feedstocks such starch, cellulose, chitosan, and polyesters like poly(butylene succinate) (PBS) and
polylactic acid (PLA) in an effort to reduce the pollution caused by plastics [5]. Among them, PBS is
a particularly promising aliphatic polyester made from 1,4-butanediol and succinic acid, both of
which may be made using bio-based methods. PBS is appropriate for a range of commercial
applications, such as films, molded goods, and packaging materials, due to its exceptional
processability, thermal stability, and biological breakdown [6]. However, because of its inherent
antibacterial activity, biocompatibility, and film-forming capacity, chitosan, which is produced by
deacetylating chitin, which is plentiful in crustacean shells is very appealing for use in biomedical
and ecological contexts. likewise, using PBS or chitosan alone frequently leads to performance issues
such brittleness, inadequate mechanical strength, or poor interfacial adhesion [7]. As a result, their
integration in a composite structure provides a special synergy between biodegradability and
mechanical resilience. Despite the intrinsic biodegradability of PBS and chitosan, their commercial
scalability is limited by their independent physicochemical characteristics. PBS has weak gas barrier
qualities and low melt strength, but chitosan is very hydrophilic and performs poorly mechanically
in humid environments [8]. Nanocomposite technology has become a game-changing solution to
these constraints. By encouraging robust interfacial interactions and enhanced crystallinity, the
addition of bio-based nanoparticles, such as cellulose nanocrystals (CNCs), lignin nanoparticles
(LNPs), and starch nanocrystals (SNCs), to PBS/chitosan matrices improves mechanical durability,
heat resistance, and barrier performance [9]. Additionally, the sustainable development of the
composites is unaffected by such nanoparticles because they are biodegradable and regenerative.
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Strong interfacial adhesion, uniform nanoparticle dispersion, and compatibilization process
optimization for scalable manufacturing are still difficult tasks, nevertheless [10].

In order to meet the need for green plastic alternatives in India and throughout the world, this
study aims to give a thorough overview of current developments in poly (butylene succinate) and
chitosan nanocomposites reinforced with bio-based nanoparticles. The review methodically
investigates the production pathways, material compatibilization techniques, structure—property
connections, and functional improvements made possible by the inclusion of nanoparticles. It also
critically examines mechanical, processing, and environmental viewpoints in order to pinpoint
research gaps and potential avenues for industrial translation in the future. This review aims to aid
in the creation of next-generation biodegradable materials that can successfully replace petroleum-
based plastics in packaging, biomedical, and agricultural applications by combining knowledge from
polymer chemistry, nanotechnology, and ecological sustainability.

Properties and Limitations of PBS and Chitosan

Poly(butylene succinate) (PBS)

Succinic acid (or its dimethyl ester) is polycondensed with 1,4-butanediol to create poly(butylene
succinate) (PBS), a semi-crystalline aliphatic thermoplastic polyester. PBS has repeated ester
connections in its chemical structure, which aid in its biodegradability by enzymatic and hydrolytic
cleavage in composting environments [11]. With a glass transition temperature (Tg) of around -32 °C
and a moderate melting temperature (Tm) of 114-120 °C, PBS may be handled using standard plastic
processing techniques including extrusion, injection molding, and blow molding. PBS, which is
similar to low-density polyethylene (LDPE) in terms of look and tactile quality, is one of the most
economically feasible biodegradable polyesters due to its exceptional processability, mechanical
strength, and thermal stability [12].

PBS has good mechanical performance, with tensile strength of 30 to 40 MPa and elongation at
break of up to 400%, contingent on crystallinity and processing circumstances [13]. PBS is also highly
biodegradable, allowing it to be broken down by microorganisms in soil and water, producing carbon
dioxide, water, and biomass without leaving any harmful residues behind. PBS's intrinsic brittleness
and low melt strength, however, restrict its employment in flexible packaging and film applications
in spite of these benefits. Additionally, the low melt viscosity makes it difficult to create blown or
foamed films with reliable mechanical characteristics. Meanwhile, PBS's use in high-barrier
packaging is limited by its modest oxygen and water vapor barrier qualities. In order to increase
PBS's ductility, toughness, and general functional performance, attempts to alter or combine it with
other polymers or nanofillers have accelerated [14].

Chitosan (CS)

The partially deacetylated form of chitin, the second most prevalent biopolymer on Earth after
cellulose, yields chitosan (CS), a naturally occurring, renewable polymer. Chitosan is structurally
made up of [-(1—4)-linked D-glucosamine and N-acetyl-D-glucosamine units, and its molecular
weight and degree of deacetylation (DD) greatly influence its characteristics [15]. It is very adaptable
for use in biomedical, pharmaceutical, food, and environmental applications due to the outstanding
film-forming ability, biological compatibility, and chemical reactivity that are provided by the amino
and hydroxyl groups along its backbone [16]. Crucially, chitosan contains inherent antibacterial and
antifungal properties due to its cationic nature in acidic conditions, which enables it to interact
electrostatically with negatively charged molecules, surfaces, and microbial cell walls. Because of this
characteristic, it is very useful in applications requiring sanitary or bioactive surfaces, such water
purification membranes, food packaging, and wound dressings [17].

Chitosan films are non-toxic, biodegradable, and have strong oxygen barrier qualities. They may
also be readily crosslinked or combined with other polymers to customize their mechanical and
functional properties [18]. However, a number of obstacles prevent its wider industrial application.
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Because of its crystalline form and significant hydrogen bonding, chitosan is poorly soluble in neutral
and basic aqueous solutions, which restricts its processability and compatibility with hydrophobic
polymers like PBS. Its brittleness, moisture sensitivity, and mechanical weakness are other significant
disadvantages that lessen its structural stability in humid environments [18]. To overcome these
limitations, researchers have developed chemical modifications (e.g., quaternization, acylation) and
nanocomposite strategies incorporating nanoparticles or plasticizers to enhance flexibility,
mechanical strength, and water resistance. The integration of chitosan with PBS thus provides an
opportunity to merge the structural robustness and processability of PBS with the biofunctionality
and antimicrobial characteristics of chitosan, yielding multifunctional biodegradable materials
suitable for sustainable plastic replacement [19].

Structure-Property Relationships

When bio-based nanoparticles are added to chitosan (CS) and poly(butylene succinate) (PBS)
matrices, the resultant nanocomposites' structural, mechanical, thermal, and functional
characteristics are significantly altered [20]. The main cause of these improvements is the
development of robust interfacial contacts between the nanoparticles and polymer chains, which
affect phase shape, molecular mobility, and crystallization behavior. Since the degree of compatibility
and reinforcement inside the polymer matrix is determined by the nanoparticle type, concentration,
dispersion state, and surface chemistry, the magnitude of these benefits is contingent upon these
factors [21].

Mechanical Properties

The tensile modulus, yield strength, and general stiffness of PBS/chitosan nanocomposites are
significantly increased by the addition of evenly distributed bio-based nanoparticles, such as
cellulose nanocrystals (CNCs), lignin nanoparticles (LNPs), or starch nanocrystals (SNCs) [22]. This
improvement results from effective stress transmission at the interface between the nanoparticle and
the polymer, where the polymer chains are anchored onto the surfaces of the nanoparticles by strong
hydrogen bonds and electrostatic interactions [23]. In particular, CNCs' stiff crystalline structure
serves as a scaffold for reinforcement, preventing polymer chain slippage under stress and increasing
stiffness. Without sacrificing ductility, mechanical performance is greatly enhanced at optimal
nanoparticle loadings, which are usually 1-5%. Nevertheless, agglomeration and interfacial flaws
brought on by high nanoparticle concentrations may lessen toughness and elongation at break.
Therefore, optimizing the mechanical advantages of the nanocomposite requires high interfacial
adhesion and uniform nanoparticle dispersion [24].

Thermal Behavior

The thermal stability and crystallographic properties of PBS/chitosan nanocomposites are also
altered by the inclusion of bio-based nanoparticles. As efficient nucleating agents, nanoparticles
accelerate PBS's crystallization rate and encourage heterogeneous crystallization [25]. This leads to
increased degree of crystallinity and melting enthalpy, which improve heat resistance and
dimensional stability. Moreover, thermal degradation is delayed and the beginning decomposition
temperature is raised when polymer chain mobility is restricted close to the nanoparticle interface
[26]. According to studies, PBS/CNC and PBS/LNP composites can demonstrate a 1020 °C increase
in the commencement of thermal deterioration when compared to clean PBS. The barrier function of
nanoparticles, which prevents heat transmission and the dispersion of volatile degradation products
during thermal breakdown, is responsible for these benefits [27].

Barrier and Surface Properties

The addition of nanoparticles greatly improves the PBS/chitosan nanocomposites' ability to
withstand moisture and gasses. Diffusion channels become more tortuose when nanoscale fillers are
present, requiring oxygen and water vapor molecules to travel through the polymer matrix over
longer, more intricate paths. This "tortuous path effect" successfully lowers permeability, which
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makes the material ideal for biomedical barrier applications and food packaging [28]. Furthermore,
the hydrophilic properties of chitosan and the polar surfaces of nanoparticles enhance adherence to
hydrophilic substrates and promote homogeneous film development. LNPs' aromatic phenolic
structures provide them UV-blocking and antioxidant properties in some situations, which increases
the composites' potential for effective packaging [29].

Biodegradation Behavior

Variations in the type, concentration, and dispersion of bio-based nanoparticles can be used to
adjust the biodegradation rate of PBS/chitosan nanocomposites. By facilitating enzymatic or
microbial assault and improving water absorption, hydrophilic nanoparticles like CNCs and SNCs
speed up decomposition [30]. The longevity of the material can be better controlled by lignin
nanoparticles, which are more hydrophobic and aromatic, delaying hydrolytic decomposition.
Additionally, the nanoparticles' enhanced surface area and interfacial areas make it easier for
microorganisms to colonize, resulting in a regulated and environment-responsive breakdown profile.
This adaptability makes it possible to create materials with degradation rates that are suited for a
variety of end uses, from long-term biomedical implants to short-term packaging [31].

Applications

Because of the polymers mechanical integrity, barrier effectiveness, biodegradability, and
functional diversity, the combination of poly(butylene succinate) (PBS) and chitosan (CS), further
strengthened by bio-based nanoparticles, has opened up a wide range of sustainable applications
[32]. The production of biodegradable composites that may take the place of petroleum-based plastics
in a variety of industrial sectors is made possible by the synergistic combination of chitosan's
antibacterial activity and PBS's thermoplastic strength. The most notable uses are found in packaging,
biomedical engineering, and agriculture, where material performance and environmental
sustainability are equally important [33].

Packaging Applications

One of the biggest markets for traditional plastics is the packaging sector, especially for single-
use coatings, trays, and films. PBS/chitosan nanocomposites are perfect for environmentally friendly
packaging materials because they have improved mechanical strength, gas barrier performance, and
antimicrobial qualities when reinforced with bio-based nanoparticles like cellulose nanocrystals
(CNCs), lignin nanoparticles (LNPs), and starch nanocrystals (SNCs). The enhanced oxygen and
moisture barrier qualities that result from the nanoparticles' convoluted diffusion path greatly extend
the shelf life of perishable products like food and medications [34].

Furthermore, the natural antimicrobial and antifungal abilities of chitosan prevent the
development of spoilage microorganisms on the packing surface, lowering the risk of contamination
and food loss (Figure 2). Additionally, lignin nanoparticles have antioxidant and UV-shielding
properties that stop photo-oxidative deterioration of delicate goods. These multipurpose qualities
make it possible to create smart and effective packaging solutions that can prolong product freshness
while preserving complete biodegradability [34]. Additionally, PBS-based nanocomposite films may
be manufactured with standard industrial tools (such as thermoforming and extrusion), guaranteeing
compatibility with current packaging infrastructure and promoting industrial scalability [35].

Biomedical Applications

PBS/chitosan nanocomposites are ideal for pharmaceutical and biomedical applications because
to their regulated biodegradability, non-toxicity, and biocompatibility (Figure 2). The use of
nanoparticles enhances the films' or scaffolds' mechanical stability and toughness, which is essential
for preserving structural integrity in biomedical settings. Antibacterial coatings, drug delivery
systems, tissue engineering scaffolds, and wound dressings are a few examples of applications [36].

By promoting haemostatic and antibacterial activities, chitosan speeds up wound healing and
guards against infections. Bio-based nanoparticles, on the other hand, improve cell adhesion,
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proliferation, and differentiation because of their nanoscale roughness and bioactivity, whilst PBS
offers elasticity and structural support [37]. CNC-reinforced PBS/chitosan scaffolds, for instance, have
shown enhanced hydrophilicity and osteoconductivity, which qualifies them for bone tissue
regeneration [38]. Additionally, the composite's adjustable rate of disintegration enables controlled
medication release, in which encapsulated therapeutic chemicals are released gradually as the
polymer matrix breaks down. By removing the need for additional surgical removal, these
biodegradable devices lessen patient stress and medical expenses [39].

Agricultural Applications

The need for organic substitutes in agriculture has increased due to rising concerns about the
durability of plastic mulch films and plant protection products [40]. Bio-based nanoparticle-
reinforced PBS/chitosan nanocomposites offer a sustainable alternative for seed coatings, mulch
films, and controlled-release insecticides or fertilizers [41]. These composites ensure crop protection
and better soil health during the growing season by offering sufficient mechanical durability,
moisture retention, and UV resistance [42].

The films may naturally break down after harvest thanks to the composites' biodegradability,
which lessens the environmental impact of traditional agricultural plastics made of polyethylene [43].
The antibacterial and antifungal qualities of chitosan also help to reduce soil-borne plant illnesses,
while the use of nanoparticles improves the regulation of water vapor permeability, preserving ideal
soil moisture levels. By serving as reservoirs for nutrients or agrochemicals, nanoparticles in
controlled-release systems minimize chemical leaching and nutrient loss by enabling their slow
diffusion into the soil (Figure 2). Therefore, PBS/chitosan nanocomposites are an important step in
the development of circular and green agriculture technology [44].

Extended Shelf Life via Nanocomposites

Sustainable Agricultural Practices
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Figure 2. Functional Applications of PBS/Chitosan Nanocomposites in Food Packaging and Agriculture.
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Other Emerging Applications

PBS/chitosan-based nanocomposites are being investigated for usage in wastewater treatment
membranes, coatings, and 3D printing filaments in addition to packaging, biomedical, and
agricultural applications. Because of their mechanical toughness and thermal processability, they
may be used in additive manufacturing to create personalized biodegradable goods [45]. The cationic
properties of chitosan and the increased surface area of the nanoparticles in environmental
engineering make these composites efficient adsorbents for organic pollutants, dyes, and heavy
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metals in water treatment applications [46]. Furthermore, lignin nanoparticle-containing
PBS/chitosan films demonstrate antioxidant activity and electrostatic charge dissipation, expanding
its potential for use in electronic packaging and anti-static coatings. These new developments
highlight the adaptability of PBS/chitosan nanocomposites as multipurpose green materials that may
satisfy performance requirements and advance international sustainability objectives [47].

Environmental and Economic Considerations

One important step in the creation of sustainable materials is the switch from traditional
petroleum-based plastics to biodegradable polymer nanocomposites like poly(butylene succinate)
(PBS)/chitosan systems [48]. However, life-cycle analysis (LCA) must be used to evaluate these
materials' environmental advantages holistically, and their economic feasibility must be investigated
in light of manufacturing prices, raw material availability, and processing technology scalability.
With an emphasis on their applicability to both Indian and international industrial contexts, this
section assesses the environmental impact, biodegradability, and economic ramifications of
PBS/chitosan nanocomposites boosted with bio-based nanoparticles [49].

Environmental Sustainability and Life-Cycle Assessment

PBS/chitosan nanocomposites' biodegradability and renewability are two of its main
environmental advantages. 1,4-butanediol and bio-based succinic acid, which may be obtained from
renewable resources including corn, sugarcane, and biomass hydrolysates, can be used to create PBS
[50]. Chitosan, which is produced by deacetylating the leftover chitin from crustacean shells, gives
the composite system a significant waste valorization component. While improving material
performance, the use of bio-based nanoparticles such as cellulose, lignin, and starch further lessens
reliance on petroleum-based additives [51].

According to life-cycle assessment (LCA) studies, PBS and PBS-based composites significantly
lower non-renewable energy consumption and carbon footprints when compared to traditional
plastics like polyethylene, polypropylene, and PET. For instance, compared to its petroleum-derived
competitors, bio-based PBS can reduce greenhouse gas (GHG) emissions by as much as 50-60%,
according to cradle-to-grave assessments [52]. Furthermore, unlike burnt synthetic plastics that
release hazardous dioxins and volatile organic compounds (VOCs), PBS/chitosan composites
biodegrade at the end of their useful lives, producing CO,, water, and biomass without releasing
toxic residues. Biodegradable materials may drastically lower landfill buildup and marine pollution,
which is especially important for India, where improper handling of plastic waste is still a major
problem [53].

Biodegradation Pathways and Environmental Compatibility

In soil, compost, and aquatic settings, PBS and chitosan are biodegraded by microbial,
enzymatic, and hydrolytic processes. Hydrophilic bio-based nanoparticles speed up degradation by
improving microbial colonization and water absorption [54]. Depending on the kind and quantity of
nanoparticles, PBS/chitosan nanocomposites can break down in 60-120 days under composting
conditions. International biodegradability standards like ASTM D6400 and ISO 14855 are in line with
this. Crucially, the breakdown products primarily oligosaccharides and organic acids are safe for the
environment and may even increase soil microbial activity. When assessing the ecotoxicity of
nanoparticles and their long-term effects on soil, caution must be exercised [55]. Although bio-based
nanoparticles like CNCs and LNPs are widely acknowledged to be harmless and biodegradable,
excessive buildup or inadequate dispersion may have an impact on soil microbiota or change the
carbon—nitrogen balance. Therefore, before these nanocomposites are widely used in the field,
comprehensive ecotoxicological evaluations and standardized biodegradation procedures are
needed to confirm their environmental suitability [56].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202510.1931.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 October 2025 d0i:10.20944/preprints202510.1931.v1

8 of 20

Economic Feasibility and Industrial Challenges

PBS/chitosan nanocomposites' economic viability is still a key factor in their commercialization,
even with their environmental benefits. Because bio-based monomers are scarce and polymerization
is more expensive, the cost of bio-based PBS is now much greater than that of conventional plastics
[57]. Similarly, the manufacture of chitosan requires many processes, including deproteinization,
demineralization, and deacetylation, which raises processing costs. Additionally, surface
modification and nanoparticle manufacturing add to the cost, especially when uniform morphology
and high purity are needed [58].

However, cost reductions are being driven by current technical breakthroughs. Economic
competitiveness is progressively being improved by the growing use of agricultural and seafood
waste streams for the extraction of chitosan, biotechnological fermentation for the production of
succinic acid, and scalable nanoparticle synthesis techniques (such as acid hydrolysis for CNCs and
green precipitation for LNPs). Through circular economy models that co-produce biofuels,
biochemicals, and biopolymers, the growth of integrated biorefineries in India and beyond presents
more opportunities to reduce material costs. Furthermore, encouraging government initiatives like
India's National Policy on Resource Efficiency (NPRE) and financial aid for bioplastic production
facilities are anticipated to hasten market uptake.

Sustainability Trade-Offs and Future Prospects

Despite being better for the environment than synthetic plastics, PBS/chitosan nanocomposites
come with a number of trade-offs that need to be considered. Using non-renewable energy sources
during the manufacture of nanoparticles or the mixing of polymers may result in increased energy
input that partially offsets the total carbon benefit [59]. A similar difficulty is getting nanoparticles to
disperse and become homogeneous on an industrial scale without sacrificing their biodegradability.
Reactive extrusion methods and bio-based coupling agents are two examples of cost-effective
compatibilization solutions being researched to improve processability while preserving
environmental sustainability [60].

In order to achieve real sustainability in the future, the confluence of waste valorization, green
chemistry, and circular bioeconomy concepts will be essential. PBS/chitosan nanocomposites can
become economically and environmentally feasible through the development of industrial symbiosis
networks, in which waste from one industry (such as seafood or agricultural) is used as feedstock for
the manufacturing of biopolymers [61]. These materials have the potential to serve as the foundation
for next-generation biodegradable plastic alternatives with further research and supportive policy
frameworks, especially in developing nations like India that are attempting to balance environmental
preservation with industrial growth.

Current Status in India

India has worked extensively to promote biodegradable, compostable, or bio-based alternatives
to traditional plastics generated from fossil fuels. A significant gap in the domestic manufacturing of
resin and monomers still exists since, according to a research by NITI Aayog on alternatives to
plastics, "at this time, there is no manufacturer of essential synthetic biodegradable plastics (PBAT,
PBS, PLA & PHA) in India [62]." Simultaneously, as rules pertaining to single-use plastics (SUPs)
become more stringent, the biodegradable plastic materials market in India is expected to rise from
its 2022 valuation of around US$85 million to US$223 million by 2030 [63].

Compostable and bio-based plastic substitutes are now available from a number of startups and
businesses (Table 1). Water-soluble and biodegradable films and bags are produced by GreenPlast
(by Green Tech Bio Products, Coimbatore) using industrial starch, PVOH, and vegetable oil
derivatives. Made from sustainable plant-based materials, Naturoplast provides "100% compostable
& biodegradable" bags, pouches, and flatware. Ecolastic produces "100% compostable bioplastics"
from maize and vegetable starches, including trash bags, carry bags, and pouches. However,
standards and regulatory clarity continue to be problematic. The Bureau of Indian Standards (BIS),
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for example, has declared that "there is no 100% biodegradable plastic in India" at this time, and such

assertions may be deceptive.

Table 1. Sustainable / Biodegradable Plastic Substitutes in India.

Material / Product Material Basis Typical Key Challenges / Notes  References
Type Applications
Starch-/vegetable- ~ Corn starch, tapioca Carry-bags, Production cost still [64]
oil-derived starch, PVOH blends  grocery/vegetable higher  than  PE/PP;
compostable films (e.g., GreenPlast) bags, waste bags claims of
& bags biodegradability  need
verification; scale and
supply of feedstock.
Compostable Plant based Disposable plates, Heat-resistance, barrier [65]
bioplastic-based (sugarcane bagasse, cutlery, hot-food properties may lag; cost
packaging & etc) (e.g., pouches premium;  certification
cutlery Naturoplast) standards.
Bio-bags / Corn/vegetable Municipal waste Composting [66]
compostable starch blends (e.g., bags, courier bags, infrastructure in India
garbage bags Ecolastic) plant-grow bags still limited; real end-of-
life conditions vary.
Additive-modified d2w additive Flexible films, carrier ~Despite claims, [67]
conventional technology used bags, woven sacks, regulatory & certification
plastics (oxo-/oxo- with PE/PP (e.g., by thin-walled issues; biodegradability
bio) Symphony containers in natural environment
Environmental uncertain; ‘oxo’ plastics
Technologies in may  fragment into
India) microplastics.
Novel bio- Seaweed-derived Transparent films for Early stage; scalability, [68]
films/seaweed- films (Indian  packaging cost, durability under
based materials startup) Indian conditions need
work.
Areca palm-leaf, Natural fibre plates, Disposable May not match all [69]
bagasse, bowls tableware replacing functional needs
plate/utensils plastic plates (strength, moisture
alternatives  (not resistance); supply chain
strictly plastics) & cost factors.

In light of this, India's use of biodegradable plastic alternatives is expanding, although it is still

in its infancy. Standards and claims need to be monitored, industrial scaleup is still a challenge, and
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manufacturing capacity for biopolymeric resins are constrained [70]. Key alternatives, their material
bases, common uses, and the main obstacles in the Indian setting are compiled in the table below.

Sustainable / Biodegradable Plastic Recycling and Alternative Applications in India

Reusing and recycling current plastic trash is still crucial for attaining sustainability in India's
material economy, even though creating new biodegradable materials like PBS/chitosan
nanocomposites is a forward-looking approach [71]. A parallel strategy of upcycling, recycling, and
reusing existing polymers into long-lasting, value-added goods has gained traction because totally
biodegradable plastics are still in their infancy. These circular economy paths minimize waste
accumulation, decrease reliance on the manufacturing of virgin plastic, and increase the service life
of products (Table 2).

Table 2. Sustainable / Biodegradable Plastic Recycling Alternatives in India.

Recycled / Material Source /  End-use Application = Sustainability Benefits

Sustainable Feedstock

Product

Mosquito nets & Recycled PET  bottles Health-sector Diverts plastic waste; durable;

textiles (polyester fibers) mosquito nets, supports WHO vector control
clothing, ropes programs

Plastic-modified Waste PE, PP, PS blended Road construction Improves pavement life;

bitumen

with bitumen

reduces plastic waste disposal

Bio-composite

Recycled plastics + agro-

Furniture, panels,

Partial biodegradability; value

boards fibers (coir, husk) + construction boards addition to agro-waste
PLA/PBS blends

Agricultural films Biodegradable PBS/starch Mulch films, nursery Reduces plastic pollution in soil;

& pots blends or recycled PE/PLA  pots, irrigation compostable after use

components

Recycled Post-consumer HDPE, PET  Containers, planters, Reduces landfill load; promotes

household benches, chairs reuse economy

products

Nonwoven Recycled  polypropylene Road underlay, Long life; replaces virgin

geotextiles fibers erosion control polymer textiles

Seaweed- or Marine biomass Edible packaging, Fully biodegradable; marine-

algae-based films compostable wraps safe innovation

Post-consumer or industrial plastic waste, such as polyethylene, polypropylene, PET, and

biodegradable blends, is being converted into sustainable uses in India by a number of creative
projects and industries. These include textiles, furniture, construction composites, mosquito nets, and
road materials. In addition to conserving resources, these solutions support better waste management
systems and provide jobs in rural areas [72]. Additionally, incorporating natural fibers or
biodegradable polymers partially into recycled plastic matrices enhances environmental friendliness
without sacrificing mechanical performance.
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Textile and Fabric Applications

The recycling of PET bottles into polyester fibers for use in household textiles, sportswear, and
mosquito nets is one of India's most effective plastic recycling initiatives. Every year, businesses like
Garware Technical Fibres, Indorama Ventures, and Reliance Industries (RIElan Fabric 2.0) recycle
millions of plastic bottles to create yarns and fibers that are spun into geotextiles, ropes, and mosquito
nets. In areas where malaria is common, polyethylene terephthalate mosquito nets that have been
authorized by the World Health Organization (WHO) are frequently used, successfully combining
the benefits of plastic recycling and public health. To improve end-of-life degradability, some
inventors are also experimenting with biopolymer—polyester blends, which include adding a
percentage of biodegradable polymers (such PLA and PBS) to recovered PET fibers. These hybrid
materials show how recyclable and biodegradable technologies may coexist in a framework for
sustainable materials [73].

Road and Construction Applications

The use of discarded plastic in road building, where bitumen is combined with shredded
polyethylene, polypropylene, and polystyrene to create plastic-modified asphalt, has been approved
by India's Ministry of Road Transport and Highways [74]. Over 120,000 km of plastic roads have been
developed throughout Indian states, enhancing road longevity and cutting maintenance costs.
Biodegradable polymer additions, including starch or PBS-modified bitumen blends, are being
investigated in recent pilot studies. These additives may result in environmentally friendly paving
materials that retain their strength and flexibility over time while partially degrading.

Paving blocks, panels, insulating boards, and roofing sheets are all made from recycled and
biodegradable plastic composites. Some producers make bio-composite boards, which give structural
strength and partial biodegradability, by combining recycled LDPE or PLA with agro-waste fibers
(rice husk, coir, and jute) [75].

Agricultural and Household Alternatives

In agriculture, recycled and biodegradable plastic composites are being used more and more in
products like greenhouse films, biodegradable mulch films, drip irrigation tubes, and reusable
nursery pots [75]. Several non-governmental organizations and small businesses in rural regions
recycle multilayer plastic trash into low-cost livelihood items such floor mats, tarpaulins, mosquito
nets, and fence materials. Similarly, agricultural films and seedling trays that degrade after one or
two crop cycles and minimize soil contamination are being investigated using biodegradable starch
and PBS mixes. Recycled PET and HDPE are being used in the home sector to make eco-furniture,
planters, school seats, and storage containers for the home, which helps keep tons of plastic out of
landfills and meets the requirements of the neighbourhood [76].

Summary of Reported Works on PBS/Chitosan Bio-Nanocomposites

The development of poly (butylene succinate) and chitosan-based nanocomposites reinforced
with bio-derived nanoparticles to improve their mechanical, thermal, and barrier characteristics has
received a lot of scientific interest lately. These hybrid systems, which are further reinforced by
nanofillers such cellulose nanocrystals, chitin nanohiskers, lignin nanoparticles, and starch
nanocrystals, combine the biodegradability and flexibility of PBS with the biocompatibility and
antibacterial properties of chitosan. The combination offers a flexible framework for biomedical, agri-
films, and sustainable packaging (Table 3).
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Table 3. Summarizes key published works highlighting the compositions, processing techniques, and major

performance outcomes of PBS/chitosan bio-nanocomposites reported in recent literature.

Authors & Title of Work Nanoparticle / Bio- Matrix & Application References
Year Filler
Kim et al. Highly reinforced  Chitosan PBS matrix; improved [77]
poly(butylene succinate) nanowhiskers mechanical
nanocomposites prepared (CsWs) strength/toughness;
from chitosan biodegradable  plastic
nanowhiskers by in-situ substitute
polymerization
Kim Tetal. Trans crystallization ~ Cellulose PBS matrix; enhanced [78]
behavior and strong nanocrystals crystallisation and
reinforcement effect of (CNCs) mechanical
cellulose nanocrystals on performance
reinforced poly(butylene
succinate)
nanocomposites
Kusmono et Fabrication and Cellulose Chitosan matrix; bio- [78]
al. Characterization of nanocrystals composite film (food
Chitosan/Cellulose (CNCs) + glycerol packaging context)
Nanocrystal/Glycerol Bio-
Composite Films
Fernandes et Novel transparent Bacterial cellulose Chitosan matrix; [79]
al. nanocomposite films nanofibrils transparent film with
based on chitosan and improved mechanical &
bacterial cellulose barrier properties
Zhang et al Preparation and Montmorillonite (as Chitosan matrix; food [80]
Characterization of Bio- nanoplatelet) + packaging application
Nanocomposite Film of ginger essential oil  (chilled beef
Chitosan and preservation)
Montmorillonite

Incorporated with Ginger
Oil
in Chilled

Essential and Its
Application

Beef Preservation
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Future Directions

As an alternative to traditional plastics made from petroleum, the creation of poly(butylene
succinate) (PBS) and chitosan-based nanocomposites augmented with bio-based nanoparticles has
shown encouraging promise. However, a number of scientific, technological, and socioeconomic
issues need to be resolved in order to fully understand their industrial and environmental effect. The
main avenues for furthering this field are outlined in the following future directions:

Molecular Design and Tailored Functionalization

Future studies should focus on designing PBS/chitosan interactions at the molecular level using
compatibilization techniques and surface modification. Interfacial incompatibility frequently results
from the hydrophilic nature of chitosan and the hydrophobic polyester backbone of PBS. The
dispersion of nanoparticles (such as cellulose, lignin, or starch nanocrystals) and their mechanical
integrity can be greatly improved by functionalization employing biodegradable coupling agents,
graft copolymerization, or reactive blending. To improve performance, chain—nanoparticle
interactions may also be predicted with the use of computational modeling and molecular dynamics
simulations.

Integration of Multi-Scale Bio-Based Nanoparticles

Single nanoparticle systems have been used in the majority of previous investigations. Systems
that combine cellulose, chitin, lignin, or starch nanoparticles in a synergistic manner are the way of
the future for hybrid nano-fillers. While maintaining biodegradability, such multi-scale
reinforcement can provide balanced mechanical, thermal, and barrier qualities (Figure 3).
Additionally, PBS/chitosan composites may be used in biomedical and smart packaging fields by
including functional nanoparticles such nanoclay, halloysite, or bio-hydroxyapatite, which can
impart antibacterial, UV-protective, or bioactive properties.

Nanocomposite Reinforcement Mechanism

o

Strong bond between
matrix and nanoparticles

@ Polymer Chain

Mobility Restriction

Reduced movement of
polymer chains

@® Barrier Enhancement

Improved resistance to
external factors

Intermolecular
Interactions

Forces between matrix
and nanoparticles

@ Enhanced
Nanocomposite
Performance

The ultimate goal of reinforcement

Figure 3. Mechanism of Nanoparticle Reinforcement in PBS/Chitosan Nanocomposites.
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Green and Scalable Processing Technologies

Using scalable and environmentally friendly processing techniques is a crucial first step toward
industrial adoption. Reactive extrusion, solvent-free melt mixing, and in-situ polymerization with
non-toxic catalysts or enzymes seem to be the main areas of future study. Structure-property
connections might be precisely controlled while reducing environmental impact through the use of
3D printing (additive manufacturing), ultrasonic dispersion, or supercritical CO,-assisted processing.
For sustainable scale-up, low-cost, water-based manufacturing methods that work with PBS and
chitosan must be developed.

Life-Cycle Assessment and End-of-Life Strategies

The kinetics of biodegradation under actual environmental circumstances are still not well
understood, despite the term "biodegradable." Future research on composting, marine degradation,
and soil absorption should incorporate life-cycle assessment (LCA) and end-of-life scenario
modeling. To verify environmental claims and comply with international sustainability standards
like ISO 17088 (biodegradable plastics) and EN 13432 (compostability), it is imperative to establish
standardized degrading processes for PBS/chitosan nanocomposites.

Functional Applications and Smart Composites

PBS/chitosan nanocomposites are great candidates for the creation of intelligent and
multipurpose materials because of their intrinsic biodegradability, biocompatibility, and antibacterial
activity. One of the most interesting applications is in active food packaging, where these composites
may be designed to release natural antioxidants or antimicrobials in a regulated manner, increasing
the shelf life of perishable goods while reducing the need for chemical additives. PBS/chitosan-based
scaffolds for tissue engineering are becoming more and more popular in the biomedical sector
because of the way that the bioactivity of chitosan and the mechanical strength of PBS work together
to promote cell adhesion, proliferation, and slow degradation that is consistent with tissue
regeneration.

These nanocomposites may be used in agriculture to create biodegradable mulch films and
controlled-release fertilizers, where the concentration and composition of nanoparticles can be
changed to regulate the pace of decomposition and nutrient release. This provides a sustainable
substitute for traditional plastic films that pollute soil. Additionally, the addition of bio-conductive
nanoparticles to the PBS/chitosan matrix, such as cellulose-based conductive fillers or carbon dots
derived from lignin, creates opportunities for wearable sensors, flexible electronics, and smart
packaging systems that can monitor the environment or human health. When taken as a whole, these
diverse uses demonstrate the adaptability of PBS/chitosan nanocomposites as sustainable materials
ready to close the performance-environment gap in upcoming smart material technologies.

Circular Economy and Industrial Implementation

In order to ensure sustainable manufacture, usage, and end-of-life management, PBS/chitosan
nanocomposites must be developed in accordance with the tenets of a circular materials economy.
The development of closed-loop recycling and bio-upcycling routes that enable the effective recovery
and reprocessing of PBS/chitosan blends without sacrificing their structural or functional integrity is
a top objective. Improving local manufacturing capabilities for chitosan and PBS resins, especially by
valuing marine waste like shrimp and crab shells, may greatly lessen reliance on imports and
encourage the development of a self-sufficient biopolymer sector.

Promoting cooperation between government, business, and academia to connect research
advancements with commercial manufacturing is equally crucial. These collaborations help hasten
the adoption of bio-based plastic technologies, especially in developing nations like India where there
is a rising need for biodegradable materials. Biodegradable standards, certification processes, and
regulatory incentives must be strictly enforced to guarantee market viability and customer trust. In
addition to promoting industry involvement, these steps will provide a regulatory framework that
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verifies biodegradability claims, guaranteeing that PBS/chitosan nanocomposites make a significant
contribution to a circular and sustainable plastic economy.

Conclusions

The development of next-generation biodegradable plastics has advanced significantly with the
combination of Poly(butylene succinate) (PBS) and chitosan reinforced with bio-based nanoparticles.
These nanocomposites successfully blend the biocompatibility, antibacterial qualities, and renewable
source of chitosan with the mechanical strength and processability of PBS to create multipurpose
materials that can satisfy environmental and performance requirements. Bio-derived nanofillers, like
cellulose, lignin, and starch nanoparticles, have been shown to improve barrier performance, tensile
modulus, and thermal stability while allowing for tunable biodegradation, which is crucial for a
variety of applications in fields like packaging, biomedical engineering, and agriculture.

Even with significant advancements, a number of obstacles must be overcome before
widespread commercialization is possible. Limited interfacial compatibility, high manufacturing
costs, and inadequate infrastructure for recycling and composting are major obstacles. A
comprehensive strategy that incorporates legislative interventions, industry-academia partnerships,
life-cycle assessment, green synthesis, and molecular-level design will be needed to address these
problems. To guarantee product dependability and public acceptability, it would be essential to
establish domestic manufacturing capabilities for PBS and chitosan in nations like India and to create
precise biodegradability certification requirements. In the future, a revolutionary potential will arise
from the intersection of biopolymer chemistry, nanotechnology, and the concepts of the circular
economy. PBS/chitosan nanocomposites can develop into intelligent, sustainable, and high-
performing materials by enhancing nanoparticle functionalization, increasing processing
effectiveness, and incorporating waste valorization techniques. These developments will not only
lessen the global plastic catastrophe but also reshape the design of environmentally friendly materials
in the future, shifting away from throwaway consumption and toward regenerative, biologically
inspired production methods.
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