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Abstract: The increasing environmental impact of conventional plastics has driven the development of 

biodegradable materials as a sustainable alternative. This review article provides a comprehensive overview of 

recent advancements in biodegradable materials, focusing on their potential to address global environmental 

challenges. The paper examines a range of natural and synthetic biodegradable polymers, highlighting key 

properties, degradation mechanisms, and environmental benefits. The review also explores emerging 

biodegradable materials, such as polyhydroxyalkanoates (PHAs) and polylactic acid (PLA), alongside their 

applications in packaging, agriculture, medicine, and other industries. Additionally, the challenges related to the 

scalability, cost, and mechanical performance of biodegradable materials are discussed. The potential role of 

biodegradables in contributing to a circular economy and reducing plastic waste is emphasized, with an analysis 

of recent innovations in production techniques and environmental impact assessments. This review provides 

valuable insights into the latest trends, technologies, and future prospects for biodegradable materials, making a 

strong case for their adoption in promoting environmental sustainability. 
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1. INTRODUCTION 

The global push towards environmental 

sustainability has significantly increased interest in 

biodegradable materials as a viable alternative to 

traditional plastics and other non-degradable 

substances. Biodegradable materials, by definition, 

are substances that can be broken down by 

microorganisms into water, carbon dioxide, 

methane, and biomass under natural environmental 

conditions [1]. These materials offer an eco-friendly 

solution to the growing problem of waste 

accumulation, which has been exacerbated by the 

widespread use of conventional plastics that persist 

in the environment for hundreds of years [2]. 

The importance of biodegradable materials lies in 

their potential to mitigate critical environmental 

challenges, including pollution and resource 

depletion. Traditional plastics, derived from 

petroleum-based products, contribute to both land 

and marine pollution, with over 8 million tons of 

plastic waste entering oceans annually [3]. In 

contrast, biodegradable materials, such as polylactic 

acid (PLA) and polyhydroxyalkanoates (PHA), are 

capable of decomposing naturally, thus reducing the 

overall environmental footprint [4]. The shift 

towards biodegradable alternatives can also address 

the issue of resource depletion by decreasing 

reliance on fossil fuels, which are finite and 

contribute to greenhouse gas emissions when 

processed for plastic production [5]. 

Also, the adoption of biodegradable materials 

supports the transition towards a circular economy, 

where materials are designed to return to the 

ecosystem without causing harm. This shift is 

critical in reducing the ecological impact of human 

activities and ensuring long-term sustainability [6].  

Therefore, the increasing global interest in 

biodegradable materials reflects a broader 
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commitment to addressing pressing environmental 

issues and promoting more sustainable production 

and consumption practices. 

 

 

                               Figure 1: Global Plastic Waste Distribution [7] 

The figure above highlights a significant disparity in 

mismanaged plastic waste shares across different 

regions. East Asia and the Pacific region are 

projected to have the highest share (60%), followed 

by South Asia (11%). 

Many low-income regions, such as Sub-Saharan 

Africa and Latin America and the Caribbean, are 

also grappling with substantial amounts of 

mismanaged plastic waste. 

The map indicates that data is unavailable for certain 

regions, suggesting the need for further research and 

data collection. 

 

2. TYPES OF BIODEGRADABLE 

MATERIALS 

Biodegradable materials can be broadly categorized 

based on their origin, distinguishing between natural 

and synthetic sources. This section provides detailed 

descriptions of each category, focusing on natural 

polymers, microbial polymers, and synthetic 

biodegradable polymers, all of which have distinct 

properties and applications relevant to sustainable 

material science. 

 

 

2.1 Natural Polymers 

Natural polymers are derived from renewable 

biological sources and are biodegradable under 

natural environmental conditions. Some of the most 

commonly used natural polymers include cellulose, 

starch, and chitosan. Cellulose, the most abundant 

organic polymer on Earth, is derived from plant cell 

walls and is biodegradable through the action of 

microorganisms [8]. Starch, another widely 

available natural polymer, is extracted from crops 

like corn and potatoes. It is often used in 

combination with other materials to enhance its 

mechanical properties and biodegradability [9]. 

Chitosan, obtained from the exoskeletons of 

crustaceans, has gained attention due to its 

biodegradability, biocompatibility, and potential 

applications in medicine and packaging [10], [11]. 

2.2 Microbial Polymers 

Microbial polymers are produced by 

microorganisms through fermentation processes. 

One of the most studied groups of microbial 

polymers is polyhydroxyalkanoates (PHAs), which 

are biodegradable polyesters synthesized by 

bacteria. PHAs have garnered significant interest 

because they are fully biodegradable and 

biocompatible, making them suitable for various 

applications, including packaging, medical devices, 

and agriculture [12]. Among the PHAs, polyhydroxy 

butyrate (PHB) is the most commonly used and has 
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properties similar to petrochemical-derived plastics 

like polypropylene [13]. These materials can be 

broken down by a variety of microorganisms, thus 

contributing to waste reduction and reducing 

dependence on petroleum-based plastics [14]. 

2.3 Synthetic Biodegradable Polymers 

Synthetic biodegradable polymers, such as 

polylactic acid (PLA), are man-made materials 

designed to degrade under specific environmental 

conditions. PLA is synthesized from lactic acid, 

which can be derived from fermented plant sugars 

[15]. It is one of the most widely used synthetic 

biodegradable polymers due to its versatility, being 

employed in industries ranging from packaging to 

biomedical applications [16]. While PLA offers 

several advantages, including its compostability and 

low carbon footprint, it requires specific industrial 

composting conditions to degrade efficiently, 

limiting its biodegradability in natural environments 

[17]. Other synthetic biodegradable polymers 

include polycaprolactone (PCL) and polybutylene 

succinate (PBS), which also degrade over time when 

exposed to biological agents [18]. 

 

 

 

 
                               Figure 2: Chemical Structure of Major Synthetic Biodegradable Polymers [19]. 

 

                                                               Table 1. Natural Biodegradable Polymers 

Polymer Source Examples Biodegradability Applications References 

Chitosan Derived 

from chitin, 

found in 

crustacean 

shells 

Chitosan 

derivatives, N-

acetylglucosamine 

Naturally 

biodegradable via 

enzymatic 

hydrolysis, 

producing non-toxic 

byproducts 

Wound healing, 

drug delivery, 

water 

purification, 

tissue 

engineering 

[20] 

Cellulose Plant cell 

walls, 

wood, 

cotton 

Microcrystalline 

cellulose (MCC), 

bacterial cellulose 

Biodegrades under 

aerobic or anaerobic 

conditions by 

microbial action 

Packaging, bio 

composites, 

paper 

production, 

textiles 

[21] 

Starch Plants such 

as corn, 

potatoes, 

wheat 

Thermoplastic 

starch, starch-

based blends 

Biodegradable in 

soil and aquatic 

environments 

through enzymatic 

activity 

Biodegradable 

plastics, 

packaging 

materials, 

agriculture 

[22] 

Alginate Extracted 

from brown 

seaweed 

Sodium alginate, 

calcium alginate 

Biodegrades through 

microbial 

degradation in 

marine and 

Wound 

dressings, drug 

delivery, cell 

encapsulation 

[23] 
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terrestrial 

ecosystems 

Fibroin Derived 

from silk 

produced 

by 

silkworms 

Silk fibroin 

scaffolds, 

hydrogels 

Biodegradable 

through proteolytic 

enzymes, with a 

controllable 

degradation rate 

Tissue 

engineering, 

biomedical 

implants, drug 

delivery 

[24] 

Collagen Animal 

connective 

tissues, 

primarily 

bovine or 

porcine 

Collagen gels, 

sponges, 

membranes 

Degraded by 

collagenase 

enzymes, producing 

harmless byproducts 

Skin grafts, 

tissue scaffolds, 

wound healing, 

cosmetics 

[25] 

 

 

 

Hyaluronic 

Acid 

 

Found in 

animal 

tissues, 

particularly 

in skin and 

cartilage 

 

Hyaluronic acid 

gels, crosslinked 

HA 

 

 

Degraded by 

hyaluronidase 

enzymes in the 

body, typically with 

a rapid degradation 

rate 

 

 

Cosmetic 

fillers, wound 

healing, 

osteoarthritis 

treatments 

 

 

[26] 

Dextran Produced 

by bacteria 

from 

sucrose 

Dextran hydrogels, 

microcapsules 

Biodegrades via 

enzymatic activity, 

primarily by 

dextranase enzymes 

Drug delivery 

systems, tissue 

engineering, 

pharmaceutical 

applications 

[27] 

                                                                Table 2. Synthetic Biodegradable Polymers 

Polymer Source Examples Biodegradability Applications References 

Polylactic Acid 

(PLA) 

Derived 

from 

renewable 

resources 

(corn, 

sugarcane) 

Polylactic 

acid 

blends, 

copolymers 

Biodegrades into 

lactic acid through 

hydrolysis and 

microbial action in 

compostable 

environments 

Biodegradabl

e plastics, 

packaging, 

medical 

implants, 3D 

printing 

[28] 

Polyglycolic Acid 

(PGA) 

Chemically 

synthesized 

from 

glycolic 

acid 

PGA 

sutures, 

films, 

fibers 

Biodegrades rapidly 

via hydrolysis into 

glycolic acid, 

especially in 

aqueous 

environments 

Absorbable 

sutures, tissue 

engineering, 

drug delivery 

systems 

[29] 

Polycaprolactone 

(PCL) 

Petroleum-

based or 

derived 

from 

caprolactone 

monomers 

PCL 

copolymers

, blends, 

scaffolds 

Slowly biodegrades 

through hydrolytic 

degradation, 

producing non-toxic 

byproducts 

Long-term 

implants, 

tissue 

engineering, 

drug delivery 

[30] 

Polyvinyl Alcohol 

(PVA) 

Petroleum-

based 

synthetic 

polymer 

PVA 

hydrogels, 

fibers, 

films 

Biodegradable in 

aqueous 

environments via 

microbial activity 

and enzymatic 

hydrolysis 

Biodegradabl

e packaging, 

pharmaceutic

als, water 

treatment 

[31] 

Polylactide-co-

Glycolide (PLGA) 

Copolymer 

of PLA and 

PGA 

PLGA 

nanoparticl

es, films, 

sutures 

Degrades into lactic 

and glycolic acids 

via hydrolysis and 

enzymatic action 

Controlled 

drug release, 

tissue 

engineering 

scaffolds, 

sutures 

[32] 
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Polybutylene 

Succinate (PBS) 

Petroleum-

based or 

synthesized 

from 

renewable 

resources 

PBS films, 

fibers, 

foams 

Biodegrades via 

microbial enzymatic 

action, with rates 

depending on 

environmental 

conditions 

Biodegradabl

e packaging, 

agricultural 

films, 

compostable 

plastics 

[33] 

Polydioxanone 

(PDO) 

Petroleum-

based 

synthetic 

polymer 

PDO 

sutures, 

meshes 

Biodegrades via 

hydrolysis into non-

toxic byproducts, 

with a controllable 

degradation rate 

Absorbable 

sutures, 

cardiovascula

r stents, tissue 

engineering 

[34] 

Polyurethane (PU) Derived 

from 

polyols and 

diisocyanate

s 

Biodegrada

ble PU 

foams, 

coatings 

Biodegradable under 

specific conditions 

(e.g., enzymes, 

hydrolysis) but 

slower than other 

synthetic polymers 

Medical 

devices, 

coatings, 

adhesives, 

packaging 

[35] 

3. PRODUCTION PROCESSES 

The production of biodegradable materials involves 

a variety of methods, each contributing to the 

material’s properties and environmental footprint. 

The most common processes include fermentation, 

polymerization, and composite material formation. 

This section critically examines these processes in 

terms of their efficiency, scalability, and 

environmental impact. 

3.1 Fermentation 

Fermentation is primarily used in the production of 

microbial biodegradable polymers, such as 

polyhydroxyalkanoates (PHAs). In this process, 

microorganisms, typically bacteria, metabolize 

carbon sources like sugars or oils to produce PHAs. 

This method is considered efficient because it 

utilizes renewable feedstocks and produces 

biodegradable polymers in a relatively short 

timeframe [36]. However, the scalability of 

fermentation is limited by the high costs associated 

with feedstock, fermentation infrastructure, and 

downstream processing [37]. Despite these 

challenges, advances in metabolic engineering and 

optimization of microbial strains are improving both 

the yield and cost-effectiveness of fermentation-

based production methods [38]. From an 

environmental perspective, fermentation has a lower 

carbon footprint compared to petrochemical 

processes, as it relies on renewable resources and 

generates biodegradable waste [39]. 

3.2 Polymerization 

Polymerization is a key process in the production of 

synthetic biodegradable polymers, such as polylactic 

acid (PLA). There are two main types of 

polymerization used in this context: condensation 

polymerization and ring-opening polymerization. 

PLA, for example, is typically produced through the 

ring-opening polymerization of lactide, a derivative 

of lactic acid [40]. Polymerization processes are 

efficient in terms of controlling molecular weight 

and polymer properties, allowing for the production 

of materials with specific characteristics tailored to 

various applications. However, the scalability of 

polymerization, particularly for biodegradable 

polymers, is heavily dependent on the availability of 

monomers like lactic acid, which are derived from 

agricultural crops [40]. While this presents an 

advantage in terms of using renewable resources, it 

also raises concerns about land use and competition 

with food production. Additionally, some 

polymerization processes require significant energy 

inputs, which can increase the overall environmental 

impact [41],[42].. 

3.3 Composite Material Formation 

The formation of composite materials involves 

combining biodegradable polymers with natural 

fibers or other biodegradable materials to enhance 

mechanical strength, thermal stability, and 

biodegradability [43]. Common natural fibers used 

in composite formation include hemp, flax, and jute, 

which are renewable and biodegradable. The 

blending of polymers with natural fibers improves 

the material’s performance and extends its range of 

applications, from packaging to automotive 

components [44]. Composite material formation is 

considered an efficient process because it allows for 

the utilization of agricultural by-products and 

reduces reliance on synthetic additives [45]. In terms 

of scalability, this process is widely adopted in 

industries due to its flexibility and compatibility 

with existing manufacturing systems [46]. However, 

the environmental impact of composite materials 

depends on the choice of fibers and the 

biodegradability of the polymer matrix. Fully 

biodegradable composites have the potential to 
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reduce plastic waste, but challenges remain in 

ensuring uniform degradation in various 

environmental conditions [47]. 

                                                              Table 3. Comparison of Polymerization Techniques 

Polymerization 

Technique 

Process Nature Polymer Types Reaction 

Conditions 

Environmental 

Impact 

References 

Condensation 

Polymerization 

Step-growth, 

monomers join 

by eliminating a 

small molecule 

(e.g., water) 

Polyesters, polyamides, 

polycarbonates 

Moderate 

temperature 

and pressure, 

catalyst often 

required 

Produces by-

products, needs 

careful 

management of 

waste 

[48] 

Addition 

Polymerization 

Chain-growth, 

monomers add 

to growing 

chain with no 

by-product 

Polylactic acid (PLA), 

polyglycolic acid (PGA) 

High 

temperatures, 

sometimes 

requires 

initiators or 

catalysts 

No by-products, 

but can consume 

more energy due 

to higher 

temperatures 

[49] 

Ring-Opening 

Polymerization 

Monomers with 

cyclic structures 

open to form 

long chains 

Polycaprolactone (PCL), 

polylactide-co-glycolide 

(PLGA), polydioxanone 

(PDO) 

Typically, 

lower 

temperatures, 

catalysts often 

required 

Efficient 

process, 

generates 

minimal waste 

[50] 

Emulsion 

Polymerization 

Free-radical 

polymerization 

in an emulsion 

system 

Polyvinyl alcohol (PVA), 

polyhydroxyalkanoates 

(PHA) 

Low 

temperatures, 

requires 

surfactants and 

initiators 

Can involve 

toxic 

surfactants, but 

energy-efficient 

[51] 

Solution 

Polymerization 

Polymerization 

in solution, 

monomer 

dissolved in a 

solvent 

Polyethylene glycol 

(PEG), polybutylene 

succinate (PBS) 

Moderate 

temperature, 

requires 

solvents and 

catalysts 

Solvent disposal 

is critical for 

environmental 

safety 

[52] 

 

 

4. APPLICATIONS OF BIODEGRADABLE 

MATERIALS 

Biodegradable materials have a wide range of 

applications, making them an essential component 

in the shift toward more sustainable industries. This 

section categorizes these applications into key 

sectors, such as packaging, agriculture, and medical 

devices, and explores the associated benefits and 

challenges. 

4.1 Packaging 

One of the largest markets for biodegradable 

materials is the packaging industry, where they are 

seen as a sustainable alternative to conventional 

plastics [53]. Biodegradable polymers such as 

polylactic acid (PLA) and polyhydroxyalkanoates 

(PHAs) are increasingly used for producing films, 

containers, and coatings for food and beverage 

packaging. The key benefit of biodegradable 

packaging is its potential to significantly reduce 

plastic waste, which has become a critical 

environmental issue [54]. Unlike traditional 

petroleum-based plastics, biodegradable materials 

can decompose into natural elements under 

composting conditions, thus reducing the 

accumulation of plastic waste in landfills and 

oceans. However, the challenge lies in the limited 

infrastructure for industrial composting, as many 

biodegradable materials, including PLA, require 

specific conditions for degradation [55]. Also, the 

high cost of biodegradable materials compared to 

conventional plastics remains a barrier to 

widespread adoption [56]. 

4.2 Agriculture 

In agriculture, biodegradable materials are used in 

the production of mulching films, plant pots, and 

controlled-release fertilizers. Mulching films made 

from biodegradable polymers, such as starch-based 

films, have been developed to replace polyethylene 

films, which are widely used but problematic due to 

their non-degradability [57]. These biodegradable 
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alternatives help retain soil moisture, regulate 

temperature, and suppress weed growth, while 

eventually decomposing in the soil without leaving 

harmful residues [58]. This reduces the labor and 

cost associated with removing plastic mulch after 

harvest and minimizes environmental pollution. 

However, one of the challenges with biodegradable 

mulching films is ensuring that they degrade at the 

appropriate rate, which can vary depending on 

environmental conditions as the production of 

biodegradable agricultural products can be resource-

intensive, raising concerns about their overall 

sustainability in comparison to more durable 

alternatives [59]. 

 

 

 

 

 

 

4.3 Medical Devices 

Biodegradable materials also have significant 

applications in the medical field, particularly in the 

development of temporary implants, drug delivery 

systems, and wound dressings. Biodegradable 

polymers such as polycaprolactone (PCL) and 

polyglycolic acid (PGA) are commonly used in 

medical devices because they can be designed to 

degrade safely within the body, eliminating the need 

for a second surgery to remove the device [60]. For 

instance, biodegradable sutures made from PLA and 

PGA have become the standard for wound closure, 

as they degrade naturally and reduce the risk of 

infection compared to non-biodegradable 

alternatives [61]. In drug delivery, biodegradable 

polymers can be engineered to control the release of 

medication over a specified period, improving 

treatment efficacy [62]. The main challenge in 

medical applications is the need to carefully control 

the degradation rate to ensure that the material 

functions effectively over its intended lifespan 

whilst the biocompatibility of these materials must 

be rigorously tested to prevent adverse reactions in 

the body [63]. 

                 
             Figure 3: Applications of Biodegradable Mulch Films in Agriculture [64]. 

 

The figure presents a conceptual diagram 

illustrating the potential environmental impact of 

biodegradable mulch. The key components and 

interactions are as follows: 

 Mulch: A biodegradable polymer-based material 

used as a ground cover in agriculture. 

 Additives: Various additives, including TiO₂, 

may be incorporated into the mulch to enhance its 

properties or facilitate degradation. 

 Soil Ecosystem: The mulch interacts with the soil 

ecosystem, affecting factors such as soil 

temperature, moisture retention, nutrient cycling, 

and microbial activity. 

Potential Impacts: 

Soil Health: Biodegradable mulch can improve soil 

health by: 

o Reducing Erosion: Preventing soil erosion and 

loss of nutrients. 

o Enhancing Moisture Retention: Maintaining soil 

moisture levels, especially during dry periods. 

o Improving Soil Structure: Increasing soil organic 

matter and improving its structure. 

o Promoting Microbial Activity: Creating a 

favorable environment for beneficial soil 

microorganisms. 

Plant Growth: Biodegradable mulch can positively 

influence plant growth by: 

o Providing Nutrients: Releasing nutrients into 

the soil as it degrades. 

o Suppressing Weeds: Reducing competition for 

resources from weeds. 
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o Protecting Against Pests: Deterring certain 

pests and diseases. 

Environmental Impact: The environmental impact 

of biodegradable mulch depends on several factors, 

including: 

o Polymer Composition: The type of 

biodegradable polymer used can affect its 

degradation rate and potential toxicity. 

o Additives: The presence and type of 

additives can influence the mulch's 

environmental impact. 

o Soil Conditions: The soil type, climate, and 

microbial activity can affect the degradation 

process. 

 

                                                           Table 3: Biodegradable Materials in Biomedical Applications 

Material Biomedical 

Application 

Advantages Limitations References 

Polylactic Acid (PLA) Tissue 

engineering 

scaffolds, drug 

delivery 

Biocompatible, good 

mechanical properties, 

tunable degradation 

rates 

Slow degradation, 

can lead to 

accumulation of 

acidic by-products 

causing localized 

inflammation 

[65] 

Polyglycolic Acid 

(PGA) 

Sutures, tissue 

engineering 

scaffolds 

Rapid degradation, 

high tensile strength, 

widely used in 

absorbable sutures 

Hydrophilicity may 

limit applications in 

load-bearing tissues 

[66] 

Polycaprolactone 

(PCL) 

Bone 

regeneration, soft 

tissue engineering 

Long degradation 

time, good flexibility, 

suitable for long-term 

implants 

Degradation is slow, 

limiting use in short-

term biomedical 

applications 

[67] 

Polylactide-co-glycolide 

(PLGA) 

Drug delivery 

systems, tissue 

scaffolds 

Adjustable 

degradation rates, 

excellent 

biocompatibility 

Degradation by-

products (lactic and 

glycolic acids) can 

lead to pH changes 

and localized 

toxicity 

[68] 

Chitosan Wound healing, 

drug delivery, 

antimicrobial 

coatings 

Naturally derived, 

antimicrobial 

properties, promotes 

cell adhesion and 

proliferation 

Limited mechanical 

strength, rapid 

degradation in 

aqueous 

environments 

[69] 

Alginate Wound dressings, 

cell 

encapsulation, 

drug delivery 

Biocompatible, non-

toxic, gel-forming 

abilities, supports 

cellular encapsulation 

and wound healing 

Poor mechanical 

strength, requires 

crosslinking agents 

to improve stability 

[70] 

Collagen Skin grafts, 

wound dressings, 

tissue scaffolds 

Promotes cell 

adhesion, natural 

extracellular matrix 

(ECM) component, 

excellent 

biocompatibility 

Rapid degradation, 

potential for 

immune response in 

some patients 

[71] 

Hyaluronic Acid (HA) Soft tissue 

augmentation, 

wound healing, 

drug delivery 

Biocompatible, 

promotes cell 

migration and tissue 

regeneration 

Short half-life, often 

requires chemical 

modification for 

controlled 

degradation 

[72] 

Polyhydroxyalkanoates 

(PHA) 

Cardiovascular 

implants, tissue 

engineering 

Biodegradable, 

biocompatible, 

potential for large-

scale production 

Expensive to 

produce compared 

to other 

biodegradable 

polymers 

[73] 
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5. ENVIRONMENTAL IMPACT AND 

CHALLENGES 

While biodegradable materials are widely viewed as 

an environmentally friendly alternative to 

conventional plastics, their use is not without 

challenges. This section explores the environmental 

impact of biodegradable materials, focusing on their 

degradation behavior, the potential release of 

microplastics, and the energy consumption involved 

in their production. A comprehensive understanding 

of these factors is crucial for determining the overall 

sustainability of biodegradable materials. 

5.1 Degradation Behavior 

One of the key environmental benefits of 

biodegradable materials is their ability to break 

down into natural components, such as water, 

carbon dioxide, and biomass, under certain 

conditions [74]. However, the degradation behavior 

of these materials varies significantly depending on 

the environment in which they are disposed of. For 

example, many biodegradable plastics, such as 

polylactic acid (PLA), require specific industrial 

composting conditions with high temperatures and 

humidity to degrade efficiently [75]. In natural 

environments, such as soil or water, these materials 

may degrade much more slowly, which can lead to 

accumulation similar to conventional plastics [76]. 

Moreover, biodegradable plastics that do not fully 

decompose in the environment can contribute to 

visual pollution and hinder ecosystems, calling into 

question their effectiveness in reducing plastic waste 

[77]. 

5.2 Potential Release of Microplastics 

While biodegradable materials are designed to break 

down, their incomplete degradation or 

fragmentation into smaller particles can result in the 

release of microplastics into the environment. 

Microplastics, defined as plastic particles smaller 

than 5 mm, pose significant ecological risks, as they 

can be ingested by marine organisms, enter the food 

chain, and cause harm to wildlife [78]. Some studies 

have shown that under suboptimal conditions, 

certain biodegradable plastics, such as 

polyhydroxyalkanoates (PHAs), can break down 

into microplastic particles rather than fully 

biodegrading [79]. This unintended consequence 

undermines the environmental benefits of 

biodegradable materials and suggests the need for 

more rigorous testing of their degradation pathways 

in various environmental contexts as also the 

persistence of microplastics in aquatic environments 

could exacerbate the current plastic pollution crisis 

if biodegradable materials are not managed 

properly. 

5.3 Energy Consumption in Production 

The production of biodegradable materials, 

particularly synthetic biodegradable polymers like 

PLA and polybutylene succinate (PBS), involves 

significant energy consumption. The polymerization 

processes required to produce these materials often 

require high energy inputs, which can offset some of 

the environmental benefits gained from their 

biodegradability [80]. For instance, the production 

of PLA typically requires energy-intensive 

processes for the extraction and fermentation of 

sugars from crops like corn, followed by 

polymerization of lactic acid [81]. In comparison to 

the production of conventional plastics, the total 

carbon footprint of biodegradable plastics can be 

lower if renewable energy is used; however, if fossil 

fuels are the primary energy source, the 

environmental benefits may be diminished [82]. 

Moreover, concerns about land use for biopolymer 

feedstocks, such as the competition between 

agricultural land for food production and bioplastic 

production, also play a role in evaluating the 

sustainability of biodegradable materials [83]. 

 
 

                             Figure 4: Degradation Pathways of Biodegradable Polymers [84]. 
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The provided figure illustrates the various 

pathways through which polymers can undergo 

biodegradation. These pathways can be broadly 

categorized into abiotic and microbial degradation. 

Abiotic Degradation: 

 Physical and Chemical Processes: This 

pathway involves the breakdown of 

polymers due to physical factors like 

sunlight, heat, and water, or chemical 

reactions with environmental agents. 

 Formation of Short Chains: Abiotic 

degradation often leads to the formation of 

shorter polymer chains (LMW). 

Microbial Degradation: 

 Extracellular Enzymes: Microorganisms 

secrete extracellular enzymes that can 

degrade polymers. 

 Aerobic Biodegradation: In the presence 

of oxygen, aerobic microorganisms break 

down polymers, producing CO₂, H₂O, and 

biomass. 

 Anaerobic Biodegradation: In the absence 

of oxygen, anaerobic microorganisms 

degrade polymers, producing CO₂, H₂O, 

CH₄ (methane), and biomass. 

 

Key Takeaways: 

 Multiple Pathways: Polymers can degrade 

through both abiotic and microbial 

pathways. 

 Polymer Structure: The structure and 

composition of the polymer influence its 

susceptibility to degradation. 

 Environmental Conditions: The presence 

of oxygen, temperature, and other 

environmental factors can affect the rate 

and pathway of biodegradation. 

 End Products: The final products of 

biodegradation can vary depending on the 

type of polymer, the degradation pathway, 

and environmental conditions. 

Implications: 

 Sustainability: Understanding the 

biodegradation pathways of polymers is 

essential for developing sustainable 

materials and waste management 

strategies. 

 Environmental Impact: The choice of 

polymer and its degradation pathway can 

influence the environmental impact of 

plastic waste. 

 Bioremediation: Biodegradable polymers 

can be used for bioremediation purposes 

to clean up contaminated sites. 

 

6.0 ENERGY CONSUMPTION AND CARBON 

FOOTPRINT 

Although biodegradable materials are often 

promoted as environmentally friendly alternatives to 

conventional plastics, their production involves 

significant energy consumption and carbon 

emissions. This subsection examines the energy 

requirements and carbon footprint associated with 

manufacturing biodegradable materials, comparing 

them with traditional plastics to assess their overall 

environmental impact. 

6.1 Energy Requirements 

The production of biodegradable materials, 

particularly synthetic polymers such as polylactic 

acid (PLA) and polybutylene succinate (PBS), is 

often energy-intensive. The manufacturing process 

for these materials typically involves multiple 

stages, including the extraction of raw materials, 

fermentation, polymerization, and sometimes 

compounding to enhance material properties [85]. 

For instance, the production of PLA involves 

fermenting plant-based sugars (such as those from 

corn or sugarcane) into lactic acid, which is then 

polymerized into PLA (Eugenio et al., 2023). Each 

stage of this process requires energy, often from 

non-renewable sources, which contributes to the 

overall energy demand of biodegradable plastic 

production. 

In comparison to conventional plastics like 

polyethylene (PE) and polypropylene (PP), which 

are derived from petroleum-based feedstocks, the 

energy required for producing biodegradable 

plastics can be higher or lower depending on the 

specific material and production process [87]. For 

instance, while PLA production generally requires 

less fossil fuel energy compared to petroleum-based 

plastics, it often involves additional steps such as 

crop cultivation and processing, which increase its 

overall energy footprint [88]. In contrast, 

conventional plastic production tends to be more 

energy-efficient in terms of the polymerization 

process itself, but its reliance on fossil fuels is a 

significant drawback in terms of sustainability. 

6.2 Carbon Footprint 

The carbon footprint of biodegradable materials is 

closely linked to their energy consumption. Since 

many biodegradable plastics are derived from 

renewable resources, such as corn or sugarcane, 

their carbon footprint is generally lower than that of 

traditional plastics, which are derived from fossil 
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fuels (Narayan, 2010). For example, the production 

of 1 kg of PLA generates significantly less carbon 

dioxide (CO₂) emissions compared to the production 

of 1 kg of conventional plastic like polyethylene 

terephthalate (PET) [90]. Additionally, the 

cultivation of biomass for bioplastics has the 

potential to sequester CO₂, further reducing the 

overall carbon footprint [91]. 

However, this advantage is not without caveats. The 

total carbon footprint of biodegradable plastics 

depends on various factors, including land use for 

feedstock cultivation, agricultural inputs (such as 

fertilizers and pesticides), and the energy sources 

used in production [92]. For example, if the energy 

required for producing bioplastics comes from fossil 

fuels, this can negate some of the carbon savings 

achieved through the use of renewable feedstocks. 

Moreover, the growing demand for biomass 

feedstocks could lead to land-use changes, such as 

deforestation, which can contribute to increased CO₂ 

emissions [92]. This highlights the importance of 

considering the entire lifecycle of biodegradable 

materials when evaluating their carbon footprint. 

6.3 Comparison to Conventional Plastics 

When comparing the overall environmental impact 

of biodegradable plastics to conventional plastics, 

the picture becomes more complex. Conventional 

plastics are produced from non-renewable resources, 

and their production releases significant amounts of 

CO₂ and other greenhouse gases [93]. However, 

because the production processes for traditional 

plastics are well-established and optimized, their 

energy efficiency is often higher than that of newer 

biodegradable materials. For example, the energy 

required to produce 1 kg of PET is lower than that 

required for 1 kg of PLA in some cases, depending 

on the energy source and the specific production 

technologies used [94]. Additionally, the production 

of conventional plastics does not require agricultural 

land, which can be a significant advantage in terms 

of minimizing land-use change and associated 

emissions. 

Nevertheless, the disposal of conventional plastics 

represents a major environmental challenge, as they 

do not biodegrade and often accumulate in landfills 

or oceans, contributing to long-term environmental 

pollution [95]. In contrast, biodegradable plastics 

have the potential to reduce this waste problem, as 

they are designed to break down under specific 

conditions, thereby reducing their environmental 

impact at the end of their life cycle [96]. However, 

the actual environmental benefits of biodegradable 

plastics depend on proper waste management 

infrastructure, such as industrial composting 

facilities, which are not yet widely available in many 

parts of the world [97]. 

 

7.0 INNOVATIONS AND FUTURE 

PERSPECTIVES 

The field of biodegradable materials is advancing 

rapidly, with innovations that address both the 

limitations of current materials and the growing 

demand for sustainable alternatives to conventional 

plastics. This section highlights key innovations, 

including the development of biodegradable 

composites and the use of genetic engineering to 

optimize microbial polymer production. These 

breakthroughs not only improve the performance 

and applicability of biodegradable materials but also 

enhance their environmental sustainability. 

7.1 Development of Biodegradable Composites 

One of the most significant innovations in the field 

of biodegradable materials is the development of 

biodegradable composites, which combine 

biodegradable polymers with natural fibers or other 

bio-based additives to enhance material properties. 

These composites are designed to overcome some of 

the limitations of conventional biodegradable 

plastics, such as poor mechanical strength, thermal 

stability, and processability [99]. For example, the 

incorporation of natural fibers, such as cellulose, 

hemp, or flax, into biodegradable polymers like 

polylactic acid (PLA) or polyhydroxyalkanoates 

(PHA), results in composites that are stronger, more 

durable, and less prone to degradation under 

mechanical stress [100]. This development broadens 

the potential applications of biodegradable materials 

in sectors such as automotive, construction, and 

consumer goods, where material performance is 

critical [101]. 

Biodegradable composites also have the potential to 

reduce environmental impact by lowering the 

amount of polymer required in a given product and 

by enhancing the biodegradability of the composite 

as a whole. For instance, PLA-based composites 

with added natural fibers exhibit faster degradation 

rates in composting environments than pure PLA, 

making them more suitable for packaging and other 

short-life applications [102]. Furthermore, the use of 

bio-based fillers, such as lignin or starch, not only 

enhances the composite’s mechanical properties but 

also reduces reliance on fossil-based polymers, 

contributing to a reduction in carbon footprint [103]. 

This innovation represents a step forward in aligning 

biodegradable materials with circular economy 

principles by improving both performance and 

sustainability. 
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7.2 Genetic Engineering for Microbial Polymer 

Production 

Another key innovation driving the advancement of 

biodegradable materials is the use of genetic 

engineering to optimize microbial polymer 

production, particularly for biopolymers like 

polyhydroxyalkanoates (PHAs). PHAs are a class of 

biodegradable polymers produced by certain 

bacteria as intracellular storage compounds under 

nutrient-limited conditions [104]. However, 

traditional methods of PHA production are costly 

and inefficient due to the limited yield and slow 

production rates of naturally occurring microbial 

strains [105]. 

Recent breakthroughs in genetic engineering have 

focused on enhancing the efficiency of microbial 

strains to produce PHAs more rapidly and in higher 

quantities. By introducing specific genes or 

modifying metabolic pathways, researchers have 

been able to engineer bacteria that can convert 

various carbon sources, such as agricultural waste or 

industrial by-products, into PHAs more efficiently 

[106]. Sohn et al, genetically engineered strains of 

Cupriavidus necator and Escherichia coli have been 

developed to produce high yields of PHAs from 

inexpensive feedstocks, such as lignocellulosic 

biomass, which significantly reduces production 

costs [107]. 

In addition to improving production efficiency, 

genetic engineering has also been used to modify the 

physical and chemical properties of PHAs, enabling 

the development of tailor-made biopolymers with 

specific characteristics, such as increased flexibility, 

toughness, or thermal stability [108]; [109]. This 

innovation opens up new possibilities for the 

application of PHAs in industries such as packaging, 

agriculture, and biomedical devices, where material 

properties must meet stringent performance criteria 

[110]. 

7.3 Emerging Materials and Techniques 

Beyond biodegradable composites and microbial 

polymer production, researchers are exploring other 

novel materials and techniques to advance the field 

of biodegradable plastics. For instance, the 

development of nanocomposites, which incorporate 

nanoparticles into biodegradable polymers, has 

shown promise in enhancing the barrier properties, 

strength, and biodegradability of materials [111]. 

Nanoclay and nanocellulose are commonly used as 

reinforcing agents in these nanocomposites, offering 

improvements in mechanical performance and 

thermal stability while maintaining biodegradability 

[112]. These advancements are particularly 

important for applications in food packaging, where 

high barrier properties are essential to extend the 

shelf life of products while reducing plastic waste 

[113]. 

Another emerging technique is the use of bio-based 

plasticizers, which are added to biodegradable 

polymers to enhance their flexibility and 

processability without compromising 

biodegradability. Traditional plasticizers, such as 

phthalates, are often toxic and non-biodegradable, 

but new bio-based alternatives, such as epoxidized 

soybean oil and citrates, offer a safer and more 

sustainable option for modifying the properties of 

biodegradable plastics [114]. These innovations 

further expand the range of applications for 

biodegradable materials, making them more 

competitive with conventional plastics in various 

industries. 

 

8.0 CONCLUSION 

 

This review highlights the significant progress made 

in the development and application of biodegradable 

materials, emphasizing their potential to address 

pressing environmental challenges such as plastic 

pollution and resource depletion. Key findings from 

the analysis demonstrate that biodegradable 

materials, including natural polymers, microbial 

polymers, and synthetic biodegradable plastics, 

offer promising alternatives to conventional plastics, 

particularly when integrated with innovative 

production processes such as genetic engineering 

and composite formation. 

The review also underscores the environmental 

benefits of biodegradable materials, particularly in 

terms of their potential to reduce plastic waste and 

carbon emissions. However, it acknowledges that 

the adoption of biodegradable materials is not 

without challenges, including concerns related to 

energy consumption, carbon footprint, and the 

infrastructure required for their proper disposal. 

Furthermore, the review identifies the need for more 

comprehensive research to fully understand the 

lifecycle impacts of these materials, including their 

degradation behavior in various environments and 

the potential release of microplastics. 

To achieve the widespread adoption of 

biodegradable materials and realize their full 

environmental potential, continued research and 

innovation are crucial. Emerging technologies, such 

as the development of biodegradable composites and 

the use of genetic engineering to enhance microbial 

polymer production, will play a key role in 

improving material performance and sustainability. 

Moreover, addressing the challenges associated with 

energy consumption and production costs will be 

essential for making biodegradable materials more 
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accessible and competitive with conventional 

plastics on a global scale. 

The review concludes by calling for 

interdisciplinary collaboration between researchers, 

industry leaders, and policymakers to accelerate the 

development and deployment of biodegradable 

materials. Such collaboration will be essential in 

fostering innovation, creating supportive regulatory 

frameworks, and ensuring that biodegradable 

materials are produced and disposed of in a manner 

that maximizes their environmental benefits. Policy 

support at both national and international levels will 

also be critical in facilitating the transition to more 

sustainable material systems, including investment 

in infrastructure for composting and recycling, as 

well as incentives for research and development. 

Only through collective efforts can biodegradable 

materials contribute meaningfully to achieving 

global environmental sustainability. 
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