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ABSTRACT:  

Introduction: The mounting ecological impact of synthetic plastics has intensified global efforts to 

develop biodegradable polymers as sustainable alternatives. Over the past thirty years, progress in 

polymer science, biotechnology, and materials engineering has advanced these polymers from 

specialized research interests to widely applicable materials in packaging, agriculture, and 

biomedical fields.  

Objectives: This review explores the evolution of biodegradable polymers, highlighting the role of 

molecular design, processing methods, and degradation pathways. Special focus is placed on 

renewable feedstock-based polymers such as polylactic acid (PLA), polyhydroxyalkanoates 

(PHAs), and starch-derived blends, which embody principles of green chemistry and circular 

economy. 

Methods: Redesigning products for reuse and recyclability, Scaling up biodegradable and 

compostable alternatives, Investing in waste infrastructure and circular business models, 

Implementing economic instruments such as plastic taxes and EPR, Enhancing public awareness 

and education.  

Results: Recent advances in utilizing agricultural residues, including lignocellulosic biomass and 

coconut husk fibers, demonstrate the potential of waste valorization in reducing carbon emissions 

and raw material dependence. 

Conclusions: Nanocomposite strategies and functional modifications have further expanded 

performance, improving strength, barrier properties, and biodegradation control. Despite these 

gains, challenges in cost, scalability, and standardized metrics remain, requiring supportive policies 

and industrial collaboration for mainstream adoption. 

 

1. Introduction 

The exponential growth of plastic production, surpassing 

390 million tonnes annually, has created a global 

environmental crisis due to the persistence of synthetic 

polymers in terrestrial and marine ecosystems [1]. 

Conventional plastics, derived largely from fossil 

resources, are valued for their durability but lack 

effective end-of-life degradation pathways, leading to 

long-term accumulation and ecological disruption [2]. 

This challenge has intensified the search for sustainable 

alternatives, with biodegradable polymers emerging as a 

promising class of materials capable of reconciling 

performance with environmental responsibility [3].  

The concept of biodegradable polymers first gained 

traction in the mid-20th century, when researchers began 

exploring naturally occurring polymers such as cellulose, 

starch, and proteins [4]. These materials were inherently 

biodegradable but lacked the mechanical and thermal 

performance required for industrial applications. The 

development of synthetic biodegradable polyesters, 
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particularly poly(glycolic acid) (PGA) and poly (lactic 

acid) (PLA), in the 1960s and 1970s marked a turning 

point, as these polymers demonstrated both 

biocompatibility and controlled degradation, making 

them attractive for biomedical uses such as sutures and 

implants [5].  

By the 1980s, advances in microbial biotechnology 

enabled the discovery and production of 

polyhydroxyalkanoates (PHAs), a family of polyesters 

synthesized by bacteria under nutrient-limited conditions 
[6]. PHAs represented a breakthrough because they 

combined biodegradability with thermoplastic 

processability, positioning them as potential substitutes 

for commodity plastics. However, high production costs 

and limited scalability initially restricted their adoption 
[7]. The 1990s and early 2000s witnessed a surge in 

research on starch-based blends and composites, driven 

by the abundance and low cost of starch as a feedstock 
[8]. These developments reflected a broader trajectory: 

from early biomedical applications to mainstream 

industrial and environmental contexts.  

The diversity of biodegradable polymers is closely tied 

to the variety of renewable feedstocks from which they 

are derived. Carbohydrate-rich crops such as corn, 

sugarcane, and potatoes are the primary sources of PLA, 

one of the most commercially successful biodegradable 

polymers [9]. PLA is synthesized through the 

fermentation of sugars into lactic acid, followed by 

polymerization. Its renewable origin, transparency, and 

mechanical properties comparable to polystyrene have 

made it a leading candidate for packaging and 

biomedical applications [10]. Similarly, starch abundant, 

inexpensive, and biodegradable has been widely used in 

blends and composites, though its brittleness and 

hydrophilicity necessitate modification or blending with 

other polymers [11].  

Microorganisms play a central role in producing PHAs, 

which are accumulated as intracellular carbon and energy 

reserves [12]. Advances in metabolic engineering have 

enabled the production of PHAs with tailored monomer 

compositions, influencing flexibility, crystallinity, and 

degradation behavior [13]. The use of low-cost substrates 

such as waste oils, glycerol, and agricultural residues has 

been explored to improve economic feasibility [14].  

The valorisation of agricultural residues such as coconut 

husk, rice husk, wheat straw, and sugarcane bagasse has 

gained momentum as a sustainable feedstock strategy [15]. 

These residues are rich in lignocellulosic components 

cellulose, hemicellulose, and lignin that can be converted 

into biopolymers or used as reinforcing fillers in 

composites [16]. Coconut husk fibers, for example, have 

been incorporated into PLA and starch-based composites 

to enhance mechanical strength and reduce 

environmental impact [17]. Beyond terrestrial feedstocks, 

algae and marine biomass are being investigated as 

alternative sources due to their rapid growth rates, 

minimal land requirements, and high polysaccharide 

content [18].  

The synthesis and processing of biodegradable polymers 

are central to their performance, cost, and environmental 

impact. Among chemical methods, ring-opening 

polymerization (ROP) of cyclic esters such as lactide, 

glycoside, and ε-caprolactone is the most widely used 
[19]. ROP enables precise control over molecular weight, 

crystallinity, and degradation rates, making it the 

preferred route for producing PLA and polycaprolactone 

(PCL). Catalysts such as tin (II) octoate and aluminium-

based complexes are commonly employed, though 

concerns about toxicity have spurred research into 

organocatalysts and enzyme-mediated polymerizations 
[20]. Polycondensation reactions are another route, 

particularly for aliphatic polyesters like poly (butylene 

succinate) (PBS), though they often yield lower 

molecular weights [21].  

Microbial synthesis underpins the production of PHAs, 

which are generated by bacteria under nutrient-limited 

conditions with excess carbon sources [22]. Advances in 

metabolic engineering have enabled the production of 

PHAs with tailored monomer compositions, influencing 

flexibility, crystallinity, and degradation behavior [23]. 

The use of low-cost substrates such as waste oils, 

glycerol, and agricultural residues has been explored to 

reduce production costs [24].  

Blending biodegradable polymers with natural fibres or 

other polymers is a widely adopted strategy to overcome 

limitations such as brittleness, poor barrier properties, or 

high cost. For example, starch-PLA blends improve 

biodegradability while maintaining mechanical strength 
[25]. Similarly, nanocomposites incorporating layered 

silicates, cellulose nanocrystals, or graphene derivatives 

enhance thermal stability and barrier properties [26]. 

Processing techniques largely mirror those of 

conventional plastics, including extrusion, injection 

moulding, blow moulding, and film casting [27]. 
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Emerging methods such as electrospinning and 3D 

printing have expanded the application space of 

biodegradable polymers, particularly in biomedical 

engineering and tissue scaffolding [28].  

The performance of biodegradable polymers is 

determined by their mechanical, thermal, and barrier 

properties, which dictate their suitability for applications 

ranging from packaging to biomedical devices. PLA 

exhibits high tensile strength and modulus, comparable 

to polystyrene, but is often brittle with low elongation at 

break [29]. PHAs display a wide range of mechanical 

behaviours depending on monomer composition, from 

rigid thermoplastics to elastomers [30]. Starch-based 

polymers are inherently weak and require blending or 

plasticization to achieve acceptable toughness [31]. 

Reinforcement with natural fibres or nanofillers 

significantly improves tensile and impact strength [32].  

Thermal stability is a critical factor for processing and 

end-use. PLA has a relatively low glass transition 

temperature (~60 °C) and melting point (~170 °C), 

limiting its use in high-temperature applications [33]. 

PHAs generally exhibit higher thermal stability, though 

they are prone to thermal degradation during processing 

[34]. The incorporation of nano clays, cellulose 

nanocrystals, or graphene derivatives has been shown to 

enhance thermal resistance and crystallization behavior 
[35].  

Barrier performance against gases and moisture is 

essential for food packaging. PLA has moderate oxygen 

barrier properties but poor water vapor resistance [36]. 

Starch-based films are highly permeable to water vapor 

due to their hydrophilic nature [37]. Nanocomposite 

strategies, particularly the incorporation of layered 

silicates, have been effective in reducing permeability by 

creating tortuous diffusion pathways [38].  

The degradation rate of biodegradable polymers is 

influenced by crystallinity, hydrophilicity, and 

environmental conditions. Amorphous regions degrade 

faster than crystalline domains, leading to heterogeneous 

erosion [39]. PLA typically requires industrial composting 

conditions for complete degradation, while starch-based 

polymers degrade readily in soil and water [40]. PHAs 

exhibit broad biodegradability across marine, soil, and 

compost environments, making them particularly 

attractive for reducing plastic leakage [41]. To overcome 

inherent limitations, researchers have developed 

composites with tailored properties, using plasticizers, 

compatibilizers, and lignocellulosic fibres to enhance 

flexibility, interfacial adhesion, and sustainability [42].  

The versatility of biodegradable polymers has enabled 

their adoption across diverse sectors, with packaging, 

biomedical, and agricultural applications representing 

the most significant domains. Packaging remains the 

largest market, driven by consumer demand and 

regulatory pressure to reduce single-use plastics [43]. 

PLA-based films and containers are widely used due to 

their transparency and processability, though their 

limited thermal resistance restricts certain applications 

[44]. PHAs, with their broad range of mechanical 

properties, are increasingly explored for food packaging, 

particularly where marine biodegradability is 

advantageous [45].  

In the biomedical field, biodegradable polymers have 

revolutionized drug delivery systems, tissue engineering 

scaffolds, and resorbable implants [46]. PLA, PGA, and 

their copolymers (PLGA) are extensively used in sutures, 

orthopaedic devices, and controlled-release formulations 

due to their biocompatibility and predictable degradation 
[47]. Electros pun nanofibers and 3D-printed scaffolds 

further expand possibilities for regenerative medicine [48].  

Agricultural applications include mulch films, 

controlled-release fertilizers, and plant pots, where 

biodegradability eliminates the need for retrieval and 

disposal [49]. Starch-based films and PHA composites are 

particularly promising in this sector, aligning with 

sustainable farming practices.  

The environmental performance of biodegradable 

polymers depends on feedstock origin, production 

efficiency, and end-of-life management [50]. Life cycle 

assessments (LCAs) indicate that biobased polymers 

generally reduce greenhouse gas emissions compared to 

petrochemical plastics, though impacts vary with 

agricultural inputs and processing energy [51].  

Degradation pathways differ across environments. PLA 

typically requires industrial composting at elevated 

temperatures for complete mineralization, while starch-

based polymers degrade readily in soil and aquatic 

systems [52]. PHAs exhibit broad biodegradability, 

including in marine environments, making them 

particularly attractive for mitigating ocean plastic 

pollution [53]. However, incomplete degradation under 

uncontrolled conditions can lead to microplastic 

formation, raising concerns about unintended ecological 

effects [54].  
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Despite significant progress, several barriers hinder the 

widespread adoption of biodegradable polymers. High 

production costs remain a primary obstacle, particularly 

for PHAs, where fermentation and downstream 

processing are resource-intensive [55]. Mechanical and 

thermal limitations, such as PLA’s brittleness and low 

heat resistance, restrict applications without modification 
[56]. 

Another challenge lies in the lack of standardized 

biodegradability metrics across environments. Materials 

labelled “biodegradable” may not degrade effectively in 

marine or landfill conditions, leading to consumer 

confusion and scepticism [57]. Furthermore, competition 

with food crops for feedstocks raises ethical and 

sustainability concerns, highlighting the need for non-

food biomass and waste valorisations strategies [58].  

Policy frameworks and market dynamics play a decisive 

role in shaping the adoption of biodegradable polymers. 

The European Union’s Single-Use Plastics Directive and 

similar regulations worldwide have accelerated demand 

for sustainable alternatives [59]. Market reports indicate 

steady growth in bioplastics, with packaging accounting 

for over 50% of global consumption [60].  

However, successful integration requires alignment with 

circular economy principles, ensuring that biodegradable 

polymers complement, rather than compete with, 

recycling and reuse strategies [61]. Consumer awareness 

and education are equally critical, as misconceptions 

about “biobased” versus “biodegradable” can undermine 

trust and adoption [62]. Collaborative initiatives between 

academia, industry, and policymakers are essential to 

establish standards, certification schemes, and 

infrastructure for composting and waste management [63].  

The future of biodegradable polymers lies in advanced 

material design, integration with green chemistry, and 

systemic innovation. Research is increasingly focused on 

smart biodegradable polymers with stimuli-responsive 

properties, enabling applications in precision medicine 

and active packaging [64]. The valorisations of 

agricultural residues and marine biomass will expand 

feedstock diversity, reducing reliance on food crops [65].  

Nanotechnology and bioengineering will continue to 

enhance performance, enabling biodegradable polymers 

to compete with conventional plastics in demanding 

applications [66]. At the same time, policy support, 

consumer engagement, and industrial symbiosis will be 

critical to scaling adoption [67]. Ultimately, biodegradable 

polymers represent not only a technological innovation 

but also a socio-environmental imperative, embodying 

the transition toward a sustainable materials economy 
[68].  

2. Objectives: 

Global Plastic Crisis and Environmental Context: 

The global plastic crisis has emerged as one of the most 

pressing environmental challenges of the 21st century. 

Since the mid-20th century, plastics have revolutionized 

modern life due to their versatility, durability, and low 

cost. However, these very properties have also 

contributed to an escalating environmental catastrophe. 

The world now faces a deluge of plastic waste, much of 

which persists in ecosystems for centuries, disrupting 

ecological balance, threatening biodiversity, and 

imposing significant economic and health burdens on 

societies worldwide.  

The Scale of the Plastic Problem: Global plastic 

production has grown exponentially, from approximately 

2 million tonnes in 1950 to over 460 million tonnes in 

2019, and is projected to triple by 2060 if current trends 

continue [69]. This surge is largely driven by the 

packaging industry, which accounts for nearly 40% of 

total plastic demand [70]. Single-use plastics such as bags, 

bottles, straws, and food wrappers are particularly 

problematic due to their short lifespan and high disposal 

rates. Despite growing awareness, only 9% of plastic 

waste is recycled globally, while 19% is incinerated, 

50% ends up in landfills, and 22% escapes formal waste 

management systems entirely, often polluting terrestrial 

and aquatic environments [71].  

The marine environment bears the brunt of this 

mismanagement. An estimated 11 million tonnes of 

plastic enter the oceans annually, a figure expected to 

nearly triple by 2040 without significant intervention [72]. 

These plastics fragment into microplastics particles 

smaller than 5 mm which have been detected in the 

deepest ocean trenches, Arctic ice cores, and even the 

placentas of unborn babies [73]. The ubiquity of plastic 

pollution has led scientists to propose the term 

“Plasticene” to describe the current geological epoch, 

characterized by the widespread presence of synthetic 

polymers in sedimentary records [74].  

Ecological and Biodiversity Impacts: Plastic pollution 

exerts multifaceted impacts on ecosystems. Marine 

species such as sea turtles, seabirds, and cetaceans often 
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mistake plastic debris for food, leading to ingestion, 

internal injuries, starvation, and death [75]. Entanglement 

in discarded fishing gear commonly referred to as “ghost 

nets” causes drowning, restricted movement, and 

infection in marine fauna [76]. Coral reefs, vital for marine 

biodiversity and coastal protection, suffer from physical 

smothering and increased disease prevalence due to 

plastic debris [77].  

Microplastics, in particular, pose insidious threats. These 

particles can adsorb persistent organic pollutants (POPs) 

such as polychlorinated biphenyls (PCBs) and polycyclic 

aromatic hydrocarbons (PAHs), acting as vectors for 

toxic substances through food webs [78]. Soil ecosystems 

are similarly affected, as microplastics alter microbial 

community structure, reduce soil fertility, and impair 

plant growth [79]. In freshwater systems, microplastics 

have been shown to affect the feeding behavior, 

reproduction, and survival of aquatic invertebrates and 

fish [80].  

Human Health Concerns: The human health 

implications of plastic pollution are increasingly 

alarming. Microplastics have been detected in human 

blood, lungs, and even placental tissue, raising concerns 

about chronic exposure and bioaccumulation [81]. Plastic 

additives such as bisphenol A (BPA), phthalates, and 

flame retardants are known endocrine disruptors, linked 

to reproductive disorders, developmental abnormalities, 

and certain cancers [82]. Inhalation of airborne 

microplastics, particularly in urban environments, may 

contribute to respiratory and cardiovascular diseases [83].  

Moreover, the incineration of plastic waste releases toxic 

gases such as dioxins, furans, and heavy metals, which 

can contaminate air, soil, and water. These pollutants are 

associated with a range of health issues, including 

neurotoxicity, immune suppression, and carcinogenicity 
[84]. The burden of these health risks is disproportionately 

borne by marginalized communities living near landfills, 

incinerators, and informal recycling hubs, highlighting 

the environmental justice dimensions of the plastic crisis 
[85].  

Economic and Social Costs: The economic toll of 

plastic pollution is substantial. According to the United 

Nations Environment Programme (UNEP), the annual 

economic cost of marine plastic pollution alone is 

estimated at $13 billion, encompassing losses in tourism, 

fisheries, and maritime industries [86]. In Indonesia, for 

instance, plastic pollution costs the economy 

approximately IDR 225 trillion (~$13.7 billion) annually 

due to its impact on fisheries, shipping, and coastal 

tourism [87].  

Waste management systems, particularly in low- and 

middle-income countries, are overwhelmed by the 

volume and complexity of plastic waste. Informal waste 

pickers often operate under hazardous conditions, with 

limited access to protective equipment, healthcare, or fair 

wages [88]. The lack of infrastructure for collection, 

segregation, and recycling exacerbates leakage into the 

environment and undermines circular economy efforts.  

Furthermore, the externalized costs of plastic production 

such as greenhouse gas emissions, ecosystem 

degradation, and public health impacts are rarely 

accounted for in market prices. A 2021 report by the 

Minderoo Foundation estimated that the global cost of 

plastic pollution exceeds $3.7 trillion annually when 

environmental and health externalities are included [89].  

Policy Responses and Global Governance: 

Recognizing the urgency of the plastic crisis, 

governments and international bodies have initiated a 

range of policy responses. In March 2022, the United 

Nations Environment  

Assembly (UNEA-5) adopted a historic resolution to 

develop a legally binding global treaty to end plastic 

pollution by 2024 [90]. This agreement aims to address the 

full life cycle of plastics from production and design to 

disposal and remediation marking a paradigm shift from 

downstream waste management to upstream prevention.  

At the national level, countries have implemented bans 

on single-use plastics, plastic bag levies, and extended 

producer responsibility (EPR) schemes. India, for 

example, introduced the Plastic Waste Management 

(Amendment) Rules in 2022, prohibiting the 

manufacture, import, stocking, distribution, and sale of 

identified single-use plastic items [91]. The Swachh 

Bharat Mission 2.0 further emphasizes source 

segregation, decentralized waste processing, and plastic 

waste reduction targets [92].  

In the European Union, the Single-Use Plastics Directive 

mandates the elimination of certain plastic products and 

sets ambitious recycling and reuse targets. The EU’s 

Circular Economy Action Plan promotes eco-design, 

product durability, and closed-loop systems to minimize 

plastic leakage [93]. Meanwhile, countries like Rwanda 

and Kenya have implemented some of the world’s 
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strictest plastic bans, demonstrating the feasibility of 

bold regulatory action.  

Community Action and Innovation: Beyond policy, 

grassroots movements and technological innovations are 

playing a critical role in addressing plastic pollution. 

Community-led clean-up drives, plastic banks, and zero-

waste initiatives have mobilized citizens to reduce 

consumption and improve waste collection. In India, 

organizations like Waste Warriors and Hasiru Dala have 

empowered informal waste workers, improved 

livelihoods, and diverted thousands of tonnes of plastic 

from landfills [94].  

Technological innovations include plastic-to-fuel 

conversion, enzymatic depolymerization, and 

blockchain-based waste tracking systems. Companies 

are developing biodegradable alternatives using 

agricultural residues, algae, and mycelium, aligning with 

circular economy principles [95]. The rise of refill stations, 

reusable packaging, and digital platforms for waste 

exchange reflects a broader shift toward sustainable 

consumption and production patterns. 

3. Methods 

 Without decisive action, plastic waste generation is 

projected to double by 2040, with cumulative ocean 

plastic stocks reaching 600 million tonnes [96]. However, 

a systems-level transformation encompassing material 

innovation, behavioural change, and policy reform could 

reduce plastic leakage by over 80% within two decades 
[97]. 

 Key strategies include:  

• Redesigning products for reuse and 

recyclability  

• Scaling up biodegradable and 

compostable alternatives  

• Investing in waste infrastructure and 

circular business models  

• Implementing economic instruments 

such as plastic taxes and EPR  

• Enhancing public awareness and 

education  

The global plastic crisis is not merely a waste 

management issue but a symptom of unsustainable 

production and consumption systems. Biodegradable 

polymers, while not a panacea, represent a critical 

component of the solution landscape. Their development 

and deployment must be guided by robust science, 

inclusive governance, and a commitment to 

environmental justice.  

Concept and Definition of Biodegradable Polymers:  

Biodegradable polymers are a class of materials that have 

garnered significant attention due to their potential to 

mitigate the environmental burden of persistent plastic 

waste. These polymers are designed to undergo 

decomposition through the action of living organisms, 

primarily microorganisms such as bacteria, fungi, and 

algae, resulting in the formation of natural byproducts 

like carbon dioxide, water, methane, and biomass under 

specific environmental conditions [98]. Unlike 

conventional plastics, which resist degradation and 

accumulate in ecosystems, biodegradable polymers offer 

a pathway toward sustainable material cycles and 

reduced ecological footprints.  

The concept of biodegradability in polymers is rooted in 

the ability of their chemical structure to be broken down 

by enzymatic or hydrolytic processes. Typically, 

biodegradable polymers contain functional groups such 

as esters, amides, anhydrides, or urethanes that are 

susceptible to cleavage under biological or 

environmental conditions [99]. The degradation process 

generally occurs in three stages: biodeterioration, 

depolymerization, and assimilation. In the first stage, 

environmental factors such as UV light, moisture, and 

microbial colonization initiate surface erosion and 

structural weakening. This is followed by enzymatic 

cleavage of polymer chains into oligomers and 

monomers, which are then assimilated by 

microorganisms as carbon and energy sources [100].  

Biodegradable polymers can be broadly classified into 

two categories based on their origin: natural and 

synthetic. Natural biodegradable polymers include 

polysaccharides (e.g., starch, cellulose, chitosan), 

proteins (e.g., collagen, gelatine), and 

polyhydroxyalkanoates (PHAs), which are produced by 

microbial fermentation of sugars or lipids [101]. Synthetic 

biodegradable polymers, on the other hand, are derived 

from petrochemical or bio-based monomers and include 

polylactic acid (PLA), polycaprolactone (PCL), 

polyglycolide (PGA), and polybutylene adipate-co-
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terephthalate (PBAT) [102]. These materials are 

engineered to degrade under specific conditions, such as 

industrial composting or soil burial, and often exhibit 

tuneable mechanical and thermal properties.  

PLA, for instance, is synthesized via ring-opening 

polymerization of lactide, a cyclic dimer of lactic acid 

obtained from the fermentation of starch-rich biomass 

such as corn or sugarcane [103]. It is one of the most 

commercially successful biodegradable polymers due to 

its transparency, processability, and compostability 

under industrial conditions. However, PLA requires 

elevated temperatures and humidity for effective 

degradation, limiting its performance in ambient 

environments [104]. Similarly, PHAs are a family of 

microbial polyesters that degrade readily in marine, soil, 

and composting environments, but their production costs 

remain a barrier to large-scale adoption [105].  

The biodegradability of a polymer is influenced by 

several factors, including its molecular weight, 

crystallinity, hydrophobicity, and the presence of 

additives or fillers. Polymers with high crystallinity tend 

to degrade more slowly due to reduced water penetration 

and limited enzymatic access [106]. Conversely, 

amorphous regions facilitate faster hydrolysis and 

microbial attack. The incorporation of plasticizers, pro-

oxidant additives, or blending with natural polymers can 

enhance degradation rates and modify mechanical 

properties [107].  

It is important to distinguish between biodegradable and 

compostable polymers, as these terms are often used 

interchangeably but refer to different end-of-life 

behaviours. Compostable polymers must meet specific 

criteria defined by standards such as ASTM D6400 and 

EN 13432, which require complete disintegration within 

a set timeframe and the absence of toxic residues [108]. 

Biodegradable polymers, in contrast, may degrade over 

varying durations and under diverse environmental 

conditions, without necessarily fulfilling compostability 

standards [109]. This distinction has implications for 

labeling, consumer perception, and waste management 

strategies.  

Standardized testing protocols are essential for 

evaluating the biodegradability of polymers.  

Laboratory-scale tests such as ISO 14855 simulate 

aerobic composting conditions and measure CO₂ 

evolution as an indicator of microbial activity. Soil burial 

tests, marine degradation assays, and enzymatic 

hydrolysis studies provide insights into environmental 

performance and degradation kinetics [110]. These tests 

help manufacturers, regulators, and researchers assess 

the suitability of biodegradable polymers for specific 

applications and disposal pathways.  

Recent advances in polymer science have expanded the 

definition of biodegradable polymers to include bio-

based and bio-attributed materials. Bio-based polymers 

are derived from renewable feedstocks such as 

agricultural residues, vegetable oils, or lignocellulosic 

biomass, while bio-attributed polymers are chemically 

identical to fossil-based counterparts but produced using 

renewable carbon sources through mass balance 

approaches [111]. This nuanced classification reflects the 

convergence of green chemistry, life cycle analysis, and 

circular economy principles in modern materials design.  

The development of biodegradable polymers is also 

influenced by regulatory frameworks and market 

dynamics. Governments worldwide are implementing 

bans on single-use plastics, mandating extended 

producer responsibility (EPR), and promoting eco-

design principles. These policies incentivize the adoption 

of biodegradable alternatives and stimulate innovation in 

polymer synthesis, processing, and application [112]. 

Moreover, consumer demand for sustainable packaging, 

medical devices, and agricultural films is driving 

investment in biodegradable polymer technologies.  

In conclusion, biodegradable polymers represent a 

critical innovation in the transition toward sustainable 

materials. Their definition encompasses a complex 

interplay of chemical, biological, and environmental 

factors, necessitating rigorous characterization and 

standardization. As research advances and policy 

frameworks evolve, biodegradable polymers are poised 

to play a pivotal role in reducing plastic pollution, 

conserving resources, and enabling circular material 

flows.  

Historical Development and Innovation Trajectory of 

Biodegradable Polymers: The historical development 

of biodegradable polymers reflects a century-long 

journey shaped by environmental necessity, scientific 

discovery, and industrial innovation. While the origins of 

polymer science date back to the early 20th century, the 
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concept of biodegradability emerged as a response to the 

mounting ecological burden of persistent plastics. The 

earliest biodegradable materials were natural polymers 

such as cellulose, starch, and proteins, which have been 

used for millennia in textiles, packaging, and medicine 
[113]. These materials, derived from renewable sources, 

were inherently biodegradable and formed the 

foundation for later synthetic innovations.  

The modern era of biodegradable polymers began in the 

1920s, when researchers first identified microbial 

polyesters such as polyhydroxybutyrate (PHB), 

produced by bacteria under nutrient-limited conditions 
[114]. However, it was not until the 1980s that synthetic 

biodegradable polymers gained traction, particularly in 

biomedical applications. Polymers like polyglycolide 

(PGA), polylactic acid (PLA), and polycaprolactone 

(PCL) were developed for use in surgical sutures, drug 

delivery systems, and tissue engineering due to their 

predictable degradation profiles and biocompatibility 
[115].  

During the 1990s, environmental concerns and 

regulatory pressures accelerated research into 

biodegradable alternatives to conventional plastics. PLA, 

derived from lactic acid via fermentation of starch-rich 

biomass, emerged as a commercially viable option. 

Companies such as Nature Works and Cargill pioneered 

large-scale PLA production, leveraging ring-opening 

polymerization of lactide to create materials suitable for 

packaging, textiles, and disposable goods [116]. PLA’s 

success was driven by its transparency, processability, 

and compostability under industrial conditions, although 

its degradation in ambient environments remained 

limited.  

Simultaneously, the development of copolymers and 

polymer blends expanded the functionality of 

biodegradable materials. Polybutylene adipate-co-

terephthalate (PBAT), a flexible and compostable 

polymer, was introduced to improve the toughness and 

flexibility of PLA-based products [117]. Blending PLA 

with PBAT or starch enhanced mechanical properties 

and enabled broader applications in agriculture, food 

packaging, and consumer goods.  

The early 2000s marked a turning point in the innovation 

trajectory, as researchers began exploring bio-based 

monomers from agricultural waste, lignocellulosic 

biomass, and vegetable oils. Enzymatic polymerization, 

reactive extrusion, and solvent-free synthesis methods 

were developed to reduce environmental impact and 

improve scalability [118]. These advances aligned with the 

principles of green chemistry and life cycle analysis, 

emphasizing resource efficiency and end-of-life 

management.  

In parallel, the emergence of functional biodegradable 

polymers opened new frontiers in medicine and 

electronics. Polymers with antimicrobial properties, 

shape-memory behavior, and stimuli-responsive 

degradation were engineered for targeted drug delivery, 

wound healing, and transient electronics [119]. The 

integration of biodegradable polymers with 

nanomaterials such as cellulose nanocrystals, graphene 

oxide, and silver nanoparticles further enhanced their 

performance and broadened their application scope [120].  

The last decade has seen a surge in global research 

output, particularly from China, which now accounts for 

over 25% of publications in the field of biodegradable 

polymers [121]. This growth reflects increased investment 

in basic science, industrial capacity, and policy support.  

China’s mass production of PLA, PBAT, and poly 

(propylene carbonate) (PPC) has positioned it as a leader 

in the global bioplastics market.  

Digital technologies are also reshaping the innovation 

landscape. Machine learning and computational 

modelling are being used to predict degradation kinetics, 

optimize polymer formulations, and design materials 

with minimal environmental footprints [122]. Blockchain 

based traceability systems are being explored to monitor 

polymer sourcing, usage, and disposal, enhancing 

transparency and accountability in supply chains [123].  

Global collaborations and policy frameworks have 

catalysed innovation. The European  

Union’s Horizon 2020 program, India’s National 

Bioplastics Mission, and the UN’s Global Plastic Treaty 

negotiations have stimulated funding, research, and 

commercialization of biodegradable polymers [124]. 

Startups and academic spin-offs are translating lab-scale 

innovations into market-ready solutions, supported by 

venture capital and public-private partnerships.  
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Despite these advances, challenges remain. 

Biodegradable polymers often face limitations in cost 

competitiveness, feedstock availability, and 

infrastructure for composting and recycling. Moreover, 

the term “biodegradable” is frequently misused, leading 

to consumer confusion and greenwashing. 

Standardization, certification, and public education are 

essential to ensure responsible adoption and effective 

waste management.  

Looking ahead, the future of biodegradable polymers lies 

in hybrid systems that combine biodegradability with 

recyclability, multifunctionality, and circularity. The 

integration of synthetic biology, AI-driven design, and 

decentralized manufacturing will likely redefine the 

field, enabling localized, personalized, and low-impact 

polymer solutions. As the world transitions toward 

sustainable materials, biodegradable polymers will play 

a pivotal role in reducing plastic pollution and fostering 

a circular economy.  

Classification of Biodegradable Polymers: 

Biodegradable polymers encompass a diverse array of 

materials that differ in origin, chemical structure, 

degradation mechanisms, and application profiles. Their 

classification is essential for understanding performance 

characteristics, environmental behavior, and suitability 

for specific end-use scenarios. Broadly, biodegradable 

polymers can be categorized based on their source  

(natural vs synthetic), chemical composition (aliphatic vs 

aromatic), and degradation pathway (enzymatic, 

hydrolytic, oxidative) [125].  

Classification by Origin: The most fundamental 

classification divides biodegradable polymers into two 

major groups: natural polymers and synthetic 

biodegradable polymers.  

Natural polymers are derived directly from biological 

sources and include polysaccharides (e.g., starch, 

cellulose, chitosan), proteins (e.g., collagen, gelatine, silk 

fibroin), and microbial polyesters such as 

polyhydroxyalkanoates (PHAs) [126]. These materials are 

inherently biodegradable and often biocompatible, 

making them suitable for biomedical and agricultural 

applications. For instance, starch-based polymers are 

widely used in compostable packaging, while chitosan 

exhibits antimicrobial properties useful in wound 

dressings [127].  

Synthetic biodegradable polymers are either derived 

from renewable monomers or petrochemical sources but 

are engineered to degrade under specific environmental 

conditions. Examples include polylactic acid (PLA), 

polycaprolactone (PCL), polyglycolide (PGA), 

polybutylene succinate (PBS), and polybutylene adipate-

co-terephthalate (PBAT) [128]. These polymers offer 

tuneable mechanical properties and controlled 

degradation rates, making them ideal for applications 

requiring structural integrity followed by predictable 

breakdown.  

Classification by Chemical Structure: Biodegradable 

polymers can also be classified based on their backbone 

structure and functional groups. Aliphatic polyesters, 

such as PLA, PCL, and PHAs, contain ester linkages that 

are susceptible to hydrolysis and enzymatic cleavage 
[129]. These polymers degrade primarily via hydrolytic 

pathways and are favoured for biomedical and packaging 

applications due to their low toxicity and ease of 

processing.  

Aromatic polyesters, such as poly (ethylene 

terephthalate) (PET), are generally resistant to 

biodegradation due to the stability of aromatic rings. 

However, copolymers like PBAT, which combine 

aliphatic and aromatic segments, exhibit improved 

flexibility and partial biodegradability under composting 

conditions [130]. The presence of aromatic units can 

enhance mechanical strength but may slow down 

degradation unless balanced with biodegradable 

segments.  

Other structural classifications include polyamides, 

polyurethanes, and polycarbonates, some of which have 

been modified to include biodegradable linkages. For 

example, poly (ester amide) s and poly (ester urethane) s 

are hybrid polymers that combine the properties of esters 

and amides or urethanes, offering enhanced performance 

and biodegradability [131].  

Classification by Degradation Mechanism: 

Biodegradable polymers degrade through various 

mechanisms depending on their chemical structure and 

environmental exposure. The primary pathways include:  
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• Hydrolytic degradation: Common in 

aliphatic polyesters like PLA and PCL, where 

water molecules cleave ester bonds [131].  

• Enzymatic degradation: Observed in 

natural polymers and PHAs, where specific 

enzymes catalyse bond cleavage [132].  

• Oxidative degradation: Relevant for 

polymers exposed to UV light or oxidative 

agents, often used in pro-oxidant additive 

systems [133].  

The degradation rate is influenced by factors such as 

temperature, pH, moisture, microbial activity, and 

polymer morphology. For instance, PLA degrades 

rapidly in industrial composting facilities at 58°C but 

remains stable in ambient soil or marine environments 
[134].  

Emerging Classification Schemes: Recent literature 

proposes more nuanced classification systems that 

integrate life cycle analysis, environmental impact, and 

circularity metrics. One such framework categorizes 

biodegradable polymers into:  

• Bio-based and biodegradable (e.g., 

PLA, PHAs)  

• Petrochemical-based but 

biodegradable (e.g., PBAT, PCL)  

• Bio-based but non-biodegradable 

(e.g., bio-PE)  

• Non-bio-based and non-biodegradable 

(e.g., conventional PE, PP) [135]  

This matrix helps policymakers, manufacturers, and 

consumers evaluate trade-offs between renewability and 

end-of-life behavior. It also supports eco-labeling, 

certification, and regulatory compliance.  

Functional Classification: In application-driven 

contexts, biodegradable polymers are classified based on 

their functional roles:  

• Packaging-grade: PLA, starch blends, 

PBAT  

• Agricultural-grade: Mulch films from 

PBS, PHA  

• Biomedical-grade: PGA, PCL, PLA 

for sutures, scaffolds  

• Textile-grade: PLA fibres, PHA-based 

yarns  

• Electronic-grade: Transient 

electronics using silk fibroin, PCL composites 
[136]  

Synthesis and Processing Methods of Biodegradable 

Polymers: The synthesis and processing of 

biodegradable polymers are central to their performance, 

scalability, and environmental impact. These methods 

determine not only the molecular architecture and 

degradation behavior of the polymers but also their 

mechanical properties, thermal stability, and suitability 

for various applications. Broadly, biodegradable 

polymers are synthesized via microbial fermentation, 

chemical polymerization, or hybrid approaches that 

combine bio-based monomers with synthetic techniques 
[137].  

Microbial Fermentation: Microbial synthesis is a 

cornerstone of biodegradable polymer production, 

particularly for polyhydroxyalkanoates (PHAs). These 

polyesters are produced by bacteria such as Cupriavidus 

nectar and Pseudomonas putida under nutrient-limited 

conditions with excess carbon sources [138]. The 

fermentation process involves feeding substrates like 

glucose, fatty acids, or agricultural waste into 

bioreactors, where microbes accumulate PHAs 

intracellularly as energy reserves. After fermentation, the 

polymer is extracted using solvents or enzymatic 

digestion, followed by purification and drying [139].  

PHAs exhibit excellent biodegradability in soil, marine, 

and composting environments, and their properties can 

be tuned by varying monomer composition. For example,  

polyhydroxybutyrate (PHB) is brittle and crystalline, 

while polyhydroxybutyrate-co-valerate (PHBV) offers 

improved flexibility and toughness [140]. Advances in 

metabolic engineering and synthetic biology have 

enabled the use of genetically modified strains and mixed 

cultures to enhance yield, reduce costs, and utilize 

diverse feedstocks including lignocellulosic biomass and 

wastewater [141].  
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Chemical Polymerization: Chemical synthesis is 

widely used for polymers such as polylactic acid (PLA), 

polycaprolactone (PCL), and polyglycolide (PGA). PLA 

is typically produced via ring-opening polymerization 

(ROP) of lactide, a cyclic dimer of lactic acid derived 

from fermentation of starch-rich biomass [142]. ROP 

offers control over molecular weight, stereochemistry, 

and polymer architecture, enabling the production of 

high-performance materials for packaging, textiles, and 

biomedical devices.  

PCL is synthesized through ROP of ε-caprolactone using 

catalysts such as stannous octoate. It is known for its low 

melting point, high flexibility, and slow degradation rate, 

making it suitable for long-term implants and drug 

delivery systems [143]. PGA, with its high crystallinity and 

rapid hydrolysis, is used in absorbable sutures and tissue 

scaffolds. Copolymerization of these monomers yields 

materials with tailored degradation profiles and 

mechanical properties, such as PLGA (poly (lactic-co-

glycolic acid)) [144].  

Solvent-based polymerization methods, including 

condensation and free-radical techniques, are also 

employed for polyesters, polyamides, and polyurethanes. 

However, these methods often involve toxic solvents and 

high energy inputs, prompting a shift toward greener 

alternatives such as solvent-free melt polymerization, 

reactive extrusion, and supercritical fluid processing [145].  

Green and Enzymatic Synthesis: Green chemistry 

principles have inspired the development of 

environmentally benign synthesis routes. Enzymatic 

polymerization uses lipases and esterases to catalyse the 

formation of polyesters under mild conditions, reducing 

the need for toxic catalysts and solvents [146]. This method 

is particularly useful for biomedical applications where 

residual catalyst toxicity must be minimized.  

Supercritical CO₂ has emerged as a promising medium 

for polymerization and processing due to its tuneable 

solvating power, low toxicity, and ease of removal. It 

enables the synthesis of porous scaffolds, microspheres, 

and films with controlled morphology and drug loading 

capacity [147]. Microwave-assisted polymerization and 

photopolymerization are also gaining traction for rapid, 

energy-efficient synthesis of biodegradable polymers 
[148].  

Processing Techniques: Once synthesized, 

biodegradable polymers must be processed into usable 

forms such as films, fibers, foams, or moulded parts. 

Common techniques include:  

• Extrusion: Used for producing films, 

sheets, and profiles. PLA and PBAT blends are 

commonly extruded for packaging and 

agricultural mulch films [149].  

• Injection molding: Suitable for 

manufacturing rigid components such as 

cutlery, casings, and medical devices. PLA and 

PHA are frequently used due to their thermal 

stability and moldability [150].  

• Electrospinning: Produces nanofibers 

for biomedical applications such as wound 

dressings and tissue scaffolds. PCL and PLGA 

are preferred for their biocompatibility and 

Fiber-forming ability [151].  

• 3D printing: Enables customized 

fabrication of biodegradable implants, 

prosthetics, and packaging. PLA is widely used 

in fused deposition modelling (FDM) due to its 

low melting point and printability [152].  

Processing parameters such as temperature, shear rate, 

and moisture content must be carefully controlled to 

prevent degradation during fabrication. Additives like 

plasticizers, nucleating agents, and compatibilizers are 

often incorporated to enhance processability and 

performance [153].  

Post-Processing and Functionalization: Post-

processing techniques such as annealing, surface 

modification, and coating are employed to improve 

mechanical strength, barrier properties, and 

biodegradation rates. Plasma treatment, UV irradiation, 

and chemical grafting can introduce functional groups 

that enhance hydrophilicity, antimicrobial activity, or 

cell adhesion [154].  

Functionalization also enables the incorporation of active 

agents such as drugs, nutrients, or enzymes into 

biodegradable matrices. This is particularly valuable in 

controlled release systems, smart packaging, and 

agricultural delivery platforms [155].  
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Applications Across Industries of Biodegradable 

Polymers: Biodegradable polymers have transcended 

their initial niche applications and now play a 

transformative role across multiple industries. Their 

ability to degrade into non-toxic byproducts under 

specific environmental conditions makes them attractive 

for sectors seeking sustainable alternatives to 

conventional plastics. From packaging and agriculture to 

medicine and electronics, these polymers are reshaping 

material choices and enabling circular economy models.  

Packaging Industry: The packaging sector is the largest 

consumer of biodegradable polymers, particularly 

polylactic acid (PLA), polyhydroxyalkanoates (PHAs), 

and starch-based blends. PLA is widely used in rigid 

containers, thermoformed trays, and films due to its 

transparency, printability, and compostability under 

industrial conditions [156]. PBAT and PBS are often 

blended with PLA to enhance flexibility and toughness, 

making them suitable for shopping bags, food wraps, and 

agricultural mulch films [157].  

Biodegradable packaging is increasingly adopted by 

food and beverage companies to meet regulatory 

mandates and consumer demand for eco-friendly 

alternatives. For instance, PLA coated paper cups and 

cutlery are replacing polystyrene in quick-service 

restaurants. Compostable films are also used for snack 

packaging, produce bags, and coffee pods, reducing 

landfill burden and facilitating organic waste diversion 
[158].  

Agriculture and Horticulture: In agriculture, 

biodegradable polymers are used in mulch films, seed 

coatings, controlled release fertilizers, and plant pots. 

Mulch films made from PLA, PBAT, or PHA degrade in 

soil, eliminating the need for post-harvest removal and 

reducing plastic contamination [159]. These films suppress 

weeds, retain moisture, and regulate soil temperature, 

enhancing crop yield and resource efficiency.  

Biodegradable seed coatings protect seeds during 

germination and deliver nutrients or pesticides in a 

controlled manner. PLA and starch-based polymers are 

also used to fabricate nursery pots and trays that degrade 

in soil, minimizing transplant shock and plastic waste 
[160]. Controlled-release systems using biodegradable 

matrices enable precise delivery of agrochemicals, 

improving efficacy and reducing environmental impact.  

Biomedical and Pharmaceutical Applications:   

Biodegradable polymers are extensively used in 

biomedical applications due to their biocompatibility, 

tuneable degradation rates, and ability to support tissue 

regeneration. PLA, PGA, PCL, and their copolymers 

(e.g., PLGA) are employed in sutures, bone fixation 

devices, drug delivery systems, and scaffolds for tissue 

engineering [161].  

In drug delivery, biodegradable polymers enable 

sustained release of therapeutics over days to months. 

Microspheres, hydrogels, and implants made from 

PLGA or PCL can encapsulate drugs and degrade at 

controlled rates, reducing dosing frequency and 

improving patient compliance. Biodegradable stents and 

wound dressings also offer advantages in healing and 

infection control.  

Recent advances include electro spun nanofibers for 

wound healing, injectable hydrogels for localized 

therapy, and 3D-printed scaffolds for organ regeneration. 

Functionalization with bioactive molecules, growth 

factors, or antimicrobial agents further enhances 

therapeutic outcomes [162].  

Textile and Fashion Industry: The textile industry is 

exploring biodegradable polymers to address microfiber 

pollution and landfill accumulation. PLA fibres are used 

in apparel, nonwovens, and upholstery due to their 

softness, breathability, and compostability [163]. PHAs 

and PBS are also being investigated for biodegradable 

yarns and blends with natural fibres like cotton and wool.  

Biodegradable textiles offer a sustainable alternative to 

synthetic fibres such as polyester and nylon, which 

persist in the environment and shed microplastics during 

washing. Innovations include biodegradable sportswear, 

diapers, and medical textiles that degrade after use, 

reducing environmental footprint.  

Electronics and Smart Materials: Biodegradable 

polymers are gaining traction in electronics, particularly 

in transient devices designed to degrade after functional 

use. PCL, PLA, and silk fibroin are used in flexible 

circuits, sensors, and batteries for biomedical 

monitoring, environmental sensing, and military 

applications [164]. These materials reduce electronic waste 

and enable safe disposal of short-lived devices.  
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Smart packaging incorporating biodegradable polymers 

with sensors, indicators, or antimicrobial coatings is also 

emerging. For example, PLA films embedded with pH-

sensitive dyes can indicate food spoilage, while 

antimicrobial coatings prevent contamination. These 

innovations enhance product safety and shelf life while 

supporting sustainability goals.  

Food Contact and Consumer Goods: Biodegradable 

polymers are increasingly used in food contact materials 

such as trays, containers, and wraps. PLA and starch 

blends meet regulatory standards for food safety and 

compostability, making them suitable for ready-to-eat 

meals, bakery items, and produce packaging [165]. 

Biodegradable cutlery, straws, and plates are replacing 

single-use plastics in hospitality and events.  

In consumer goods, biodegradable polymers are used in 

pens, toothbrushes, toys, and cosmetic packaging. These 

products appeal to eco-conscious consumers and support 

brand  

differentiation. Innovations include water-soluble films 

for detergents, biodegradable capsules for supplements, 

and compostable blister packs for pharmaceuticals.  

4. Results and discussion 

Challenges and Limitations of Biodegradable 

Polymers: Despite their promise as sustainable 

alternatives to conventional plastics, biodegradable 

polymers face a range of challenges that hinder their 

widespread adoption. These limitations span technical, 

economic, environmental, and regulatory domains, 

requiring coordinated efforts across research, industry, 

and policy to overcome.  

Performance and Mechanical Limitations: One of the 

primary drawbacks of biodegradable polymers is their 

inferior mechanical performance compared to 

petroleum-based plastics. Materials like PLA and PHAs 

often exhibit brittleness, low impact resistance, and 

limited thermal stability, restricting their use in 

demanding applications such as automotive or structural 

components [166]. While copolymerization and blending 

with additives can improve properties, these 

modifications may compromise biodegradability or 

increase production complexity.  

Moisture sensitivity is another concern. Many 

biodegradable polymers absorb water, leading to 

premature degradation, dimensional instability, and 

reduced shelf life. This limits their suitability for humid 

environments or long-term storage [167].  

Environmental Dependency of Degradation: 

Biodegradation is highly dependent on environmental 

conditions such as temperature, humidity, pH, and 

microbial activity. For example, PLA degrades 

efficiently in industrial composting facilities at ~58°C 

but remains stable in ambient soil or marine 

environments for years [168]. This discrepancy creates 

confusion among consumers and challenges for waste 

management systems, especially in regions lacking 

composting infrastructure.  

Moreover, some biodegradable polymers fragment into 

microplastics under suboptimal conditions, contributing 

to pollution rather than resolving it. The lack of 

standardized degradation benchmarks across 

environments complicates product labelling and 

certification [169].  

Economic and Scalability Barriers: Biodegradable 

polymers are generally more expensive than 

conventional plastics due to higher feedstock costs, 

complex synthesis routes, and limited economies of 

scale. For instance, PHAs can cost 2–5 times more than 

polyethylene, making them economically unviable for 

low margin applications [170].  

Feedstock competition with food crops (e.g., corn for 

PLA) raises ethical and sustainability concerns. 

Although second-generation feedstocks like agricultural 

waste are promising, their processing requires 

pretreatment and enzymatic hydrolysis, adding to cost 

and complexity [171].  

Recycling and Waste Management Challenges: 

Ironically, the introduction of biodegradable polymers 

can disrupt existing recycling systems. When mixed with 

conventional plastics, they can contaminate recycling 

streams and reduce the quality of recycled products. For 

example, PLA in PET recycling can cause discoloration 

and degradation of mechanical properties [172].  

Furthermore, biodegradable polymers are often not 

accepted in municipal composting programs due to lack 

of infrastructure or uncertainty about degradation rates. 

This leads to landfilling or incineration, negating 

environmental benefits. Clear labeling, consumer 
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education, and infrastructure investment are needed to 

align disposal pathways with material properties [173].  

Regulatory and Certification Gaps: The regulatory 

landscape for biodegradable polymers is fragmented and 

inconsistent. Definitions of “biodegradable,” 

“compostable,” and “bio-based” vary across 

jurisdictions, leading to greenwashing and consumer 

confusion [174]. Some products labelled as biodegradable 

may only degrade under specific conditions, while others 

may leave toxic residues.  

Certification standards such as ASTM D6400 and EN 

13432 provide guidelines, but enforcement is limited. 

There is a need for harmonized global standards, 

lifecycle assessment protocols, and third-party 

verification to ensure transparency and accountability 
[175].  

Social and Behavioural Barriers: Consumer behavior 

plays a critical role in the success of biodegradable 

polymers. Misconceptions about biodegradability often 

lead to littering or improper disposal, under the 

assumption that the material will degrade harmlessly. 

This undermines environmental goals and contributes to 

pollution [176].  

Education campaigns, eco-labelling, and incentives for 

proper disposal are essential to foster responsible use. 

Moreover, industry must avoid overpromising and 

clearly communicate the limitations and appropriate end-

of-life options for biodegradable products [177]. 

Biodegradable polymers have emerged as a critical class 

of materials in the global transition toward sustainable 

development and circular economy frameworks. Their 

ability to degrade into non-toxic byproducts under 

specific environmental conditions positions them as 

viable alternatives to conventional plastics, particularly 

in applications where short-term utility and safe disposal 

are paramount. This review has outlined their conceptual 

foundations, historical evolution, classification schemes, 

synthesis strategies, and industrial applications, 

revealing both their versatility and limitations.  

The widespread adoption of biodegradable polymers is 

driven by mounting environmental concerns, regulatory 

mandates, and consumer demand for eco-friendly 

products. Materials such as polylactic acid (PLA), 

polyhydroxyalkanoates (PHAs), and polybutylene 

adipate-co-terephthalate (PBAT) have demonstrated 

utility across packaging, agriculture, medicine, textiles, 

and electronics. Advances in microbial fermentation, 

ring-opening polymerization, and green chemistry have 

enabled scalable production and functional 

customization. Moreover, processing techniques such as 

extrusion, electrospinning, and additive manufacturing 

have expanded the design space for biodegradable 

polymer-based products.  

Despite these advances, several challenges persist. 

Mechanical limitations including brittleness, low impact 

resistance, and moisture sensitivity restrict the use of 

biodegradable polymers in high-performance 

applications. Their degradation behavior is highly 

dependent on environmental conditions, with many 

polymers requiring industrial composting facilities to 

achieve complete breakdown. This dependency 

complicates waste management and                       

undermines the perceived environmental benefits when 

such infrastructure is lacking.  

Economic constraints also hinder scalability. 

Biodegradable polymers often incur higher production 

costs due to feedstock sourcing, complex synthesis 

routes, and limited economies of scale. Feedstock 

competition with food crops raises ethical concerns, 

while the valorisation of agricultural waste remains 

technically and economically challenging. Furthermore, 

the integration of biodegradable polymers into existing 

recycling systems is problematic, as they can 

contaminate conventional plastic streams and reduce the 

quality of recycled materials.  

Regulatory fragmentation and inconsistent certification 

standards exacerbate these issues. The interchangeable 

use of terms such as “biodegradable,” “compostable,” 

and “bio-based” contributes to consumer confusion and 

greenwashing. Harmonized global standards and robust 

lifecycle assessment protocols are needed to ensure 

transparency, accountability, and effective policy 

implementation.  

In summary, while biodegradable polymers offer 

substantial promise, their successful deployment requires 

a multidisciplinary approach that integrates materials 

science, environmental engineering, policy 

development, and Behavioural research. Addressing the 
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following research gaps will be essential to realizing 

their full potential.  

Research Gaps:  

Ambient Degradation Pathways: Most studies focus 

on industrial composting conditions; limited data exist on 

degradation kinetics in soil, marine, and landfill 

environments. Standardized protocols for assessing real-

world biodegradability across diverse ecosystems are 

urgently needed.  

Agricultural Waste Valorization  

The conversion of lignocellulosic biomass into 

monomers for biodegradable polymer synthesis remains 

inefficient and cost-intensive. Research into low-energy 

pretreatment, enzymatic hydrolysis, and integrated 

biorefinery models is essential.  

Hybrid Material Systems  

There is a lack of biodegradable polymers that combine 

compostability with recyclability or reprocess ability. 

Development of dual-function materials that support 

multiple end-of-life pathways could enhance circularity 

and reduce contamination risks.  

Microplastic Formation and Ecotoxicity  

Fragmentation of biodegradable polymers under 

suboptimal conditions may lead to microplastic 

generation. Long-term environmental impacts and 

ecotoxicological effects of degradation byproducts 

require systematic investigation.  

Digital Traceability and Lifecycle Integration  

Few systems exist to track polymer origin, usage, and 

disposal using digital tools such as blockchain or AI. 

Integrating lifecycle assessment with real-time 

traceability could improve supply chain transparency and 

regulatory compliance.  

Consumer Behavior and Disposal Practices  

Behavioral studies on consumer understanding, disposal 

habits, and perception of biodegradable labels are 

limited. Insights from such research could inform 

labeling strategies, public education campaigns, and 

infrastructure design.  

 

Policy Harmonization and Certification Standards:  

Fragmented regulatory frameworks hinder cross-border 

trade and product validation. Comparative studies on 

international standards and the development of unified 

certification models are needed to support global market 

integration.  

5. Conclusion: Biodegradable polymers stand at the 

forefront of global efforts to curb plastic pollution and 

build sustainable material systems. Emerging from 

ecological necessity, they reflect major scientific 

progress in design, synthesis, and application. As 

alternatives to persistent petrochemical plastics, these 

materials can reintegrate into natural cycles when 

engineered with environmental context in mind. Their 

classification into natural and synthetic categories 

enables precise use across packaging, agriculture, 

medicine, textiles, and emerging technologies. Advances 

like reactive extrusion, enzymatic polymerization, and 

3D printing continue to expand their potential. 

Yet, real-world limitations persist—mechanical 

weaknesses, environmental dependency of degradation, 

economic constraints, and recycling incompatibilities. 

Fragmented regulations and public misconceptions 

further challenge their effectiveness. To unlock their true 

value, harmonized standards, better infrastructure, and 

transparent communication are essential. 

Biodegradable polymers are not a complete solution but 

a vital part of a larger sustainability vision. By 

integrating green chemistry, circular-economy 

principles, and innovative hybrid systems, they can guide 

society toward responsible production, informed 

disposal, and a regenerative materials future. 
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