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Abstract 

The rapid accumulation of persistent petroleum-based packaging waste has intensified the search for 

materials that combine functional performance with credible end-of-life pathways. This paper reviews 

the development of biodegradable polymers for sustainable packaging, with particular attention to 

polylactic acid (PLA), polyhydroxyalkanoates (PHA), polybutylene adipate-co-terephthalate (PBAT), 

polybutylene succinate (PBS), thermoplastic starch (TPS), cellulose-derived materials, and chitosan. 

A structured literature-review approach was used to compare polymer origin, processability, 

mechanical and barrier performance, biodegradation conditions, and suitability for flexible and rigid 

packaging. A semi-quantitative decision matrix was developed to synthesize recurring performance 

trends, while current industry data were used to examine market direction. The evidence shows that no 

single biodegradable polymer simultaneously provides low cost, high moisture resistance, excellent 

gas barrier performance, toughness, thermal stability, and rapid biodegradation under all environmental 

conditions. Consequently, the most promising development pathway is based on polymer blending, 

reactive compatibilization, multilayer structures, bio-based coatings, nanocellulose reinforcement, and 

active-packaging additives. Current market data also indicate continued scale-up of bioplastics, with 

packaging remaining the largest application segment. However, biodegradability must not be treated 

as a substitute for waste prevention or collection infrastructure: many materials require industrial 

composting, and inappropriate disposal can undermine environmental benefits. The paper concludes 

that future sustainable packaging should be designed through a life-cycle and end-of-life framework in 

which polymer chemistry, product function, food-contact safety, processing technology, certification, 

and local waste-management systems are considered together. 

Keywords: biodegradable polymers; bioplastics; sustainable packaging; PLA; PHA; PBAT; 

thermoplastic starch; circular economy 

http://www.ijarets.org/


International Journal of Advanced Research in Engineering Technology and Science ISSN 2394-2819 

www.ijarets.org                                Volume-11, Issue-3 March – 2024                  Email- editor@ijarets.org 

 

 

Copyright@ijarets.org                                                                                                Page  231 

1. Introduction 

Packaging is essential for protecting products from mechanical damage, moisture, oxygen, 

microorganisms, light, and contamination. In food systems, packaging can also extend shelf life and 

reduce product loss. Yet the same durability that makes conventional plastic packaging useful creates 

a major post-consumer problem when short-lived packages are made from polymers that persist for 

decades. The sustainability challenge is therefore not simply to replace one material with another, but 

to design packaging systems that meet protection requirements while reducing fossil-resource 

dependence, material intensity, waste generation, and environmental persistence. 

Biodegradable polymers have emerged as an important material platform in this transition. 

Biodegradability refers to the ability of a polymer to be converted by microorganisms, under specified 

environmental conditions, into products such as carbon dioxide, water, biomass, and, under anaerobic 

conditions, methane. This characteristic is distinct from being bio-based. A polymer may be bio-based 

but not biodegradable, while some biodegradable polymers may be synthesized partly or entirely from 

fossil-derived monomers (Tokiwa et al., 2009; Haider et al., 2019). This distinction is critical because 

sustainability claims based only on feedstock origin or a 'biodegradable' label can be misleading if the 

actual end-of-life conditions are ignored. 

The packaging sector is particularly relevant because it is a high-volume, short-service-life market. 

Biodegradable materials including PLA, PHA, starch-based polymers, PBS, PBAT, cellulose 

derivatives, proteins, and chitosan have been investigated as films, trays, coatings, pouches, foams, and 

multilayer systems (Siracusa et al., 2008; Peelman et al., 2013; Shaikh et al., 2021). Recent research 

increasingly focuses on blends and composites because neat biopolymers often exhibit a trade-off 

between stiffness and toughness, or between oxygen and water-vapour barrier performance. 

Against this background, the present paper evaluates how biodegradable polymers are being 

developed for sustainable packaging, the major property limitations that restrict their wider adoption, 

and the technological strategies used to overcome these limitations. The review also links material 

development with market expansion and the practical requirements of composting, recycling, 

collection, certification, and circular design. 

2. Objectives of the Study 

● To examine the major classes, sources, and development routes of biodegradable polymers used in 

sustainable packaging. 

● To compare the functional performance of selected biodegradable polymers in relation to 

mechanical strength, flexibility, barrier properties, processing, and biodegradation. 
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● To assess current market trends relevant to bioplastics and packaging applications. 

● To identify technological, environmental, economic, and waste-management challenges that 

influence commercial adoption. 

● To propose future directions for high-performance and circular biodegradable packaging systems. 

3. Research Methodology 

This study adopts a structured narrative review methodology. Peer-reviewed review articles and 

research papers were selected to represent foundational knowledge and recent advances in 

biodegradable polymer chemistry, packaging performance, biodegradation, active packaging, barrier 

technology, and end-of-life management. Priority was given to publications indexed by established 

academic publishers and to sources providing clear bibliographic information and DOI identifiers. 

Industry data were used only for the market-trend section and were kept distinct from peer-reviewed 

experimental evidence. 

For synthesis, the materials were compared across six performance domains: mechanical 

performance, flexibility, moisture barrier, oxygen/aroma barrier, processability, and 

biodegradation/compostability potential. Because reported values vary substantially with molecular 

weight, crystallinity, plasticizers, fillers, test methods, film thickness, temperature, and humidity, a 

five-point comparative score was used instead of presenting non-comparable laboratory values as a 

single universal property. A score of 1 represents generally weak performance and 5 represents 

generally strong performance within the reviewed packaging literature. These scores are an analytical 

synthesis of recurring trends, not new experimental measurements. 

4. Major Biodegradable Polymers for Packaging 

4.1 Polylactic Acid (PLA) 

PLA is among the most established bio-based biodegradable thermoplastics for packaging. It is 

commonly produced from lactic acid obtained by fermentation of carbohydrate feedstocks. Its principal 

advantages include transparency, relatively high stiffness and strength, printability, compatibility with 

conventional thermoplastic processing, and useful aroma and oxygen-barrier characteristics. These 

properties make PLA suitable for cups, trays, thermoformed containers, films, labels, and rigid food-

service products (Peelman et al., 2013; Cheng et al., 2024). Its limitations are brittleness, modest heat 

resistance in the amorphous state, and relatively slow degradation outside controlled composting 

conditions. Crystallization, stereocomplex formation, plasticization, chain extension, and blending 

with flexible polymers are widely used to improve performance. 
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4.2 Polyhydroxyalkanoates (PHA) 

PHA represents a family of microbial polyesters synthesized intracellularly by many 

microorganisms. Depending on monomer composition, PHA materials can range from stiff and 

crystalline to flexible and elastomeric. Their bio-based origin and capacity for biodegradation in a 

wider range of environments make them attractive for films, coatings, disposable items, and food-

contact applications. However, commercial expansion is constrained by fermentation cost, recovery 

and purification requirements, thermal-processing windows, and property variability. Blending and 

copolymer design are therefore important development strategies (Ghasemlou et al., 2024). 

4.3 PBAT and PBS 

PBAT is a flexible biodegradable copolyester valued for ductility and toughness. Although it is 

not necessarily fully bio-based, it is frequently combined with PLA or starch to improve tear resistance 

and elongation in compostable films. PBS is another biodegradable polyester with good processability, 

moderate thermal resistance, and a property profile that can support films, bags, coated papers, and 

molded packaging. The development trend for both materials is toward increased renewable carbon 

content, improved barrier properties, lower resin cost, and compatibilized blends that balance strength 

with flexibility. 

4.4 Thermoplastic Starch, Cellulose, and Chitosan 

Starch is abundant, renewable, low-cost, and inherently biodegradable. When plasticized with 

compounds such as glycerol, it can be processed as thermoplastic starch. Its major weaknesses are 

moisture sensitivity, dimensional instability at high humidity, and lower mechanical performance than 

many synthetic thermoplastics. Blending TPS with PLA, PBAT, or PBS and reinforcing it with fibers 

or nanocellulose can substantially improve its application range (Muller et al., 2017; Maraveas, 2020). 

Cellulose derivatives and nanocellulose provide excellent opportunities for high-strength films and 

oxygen-barrier coatings, while chitosan offers film-forming capability and intrinsic antimicrobial 

potential. Their hydrophilic character, however, often requires surface modification, multilayer design, 

or hydrophobic coatings (Zhong et al., 2020; Tyagi et al., 2021). 

Table 1. Literature-synthesis performance matrix for selected biodegradable packaging 

polymers 

Material 
Mechanic

al 
Flexibility 

Moisture 

barrier 

Oxygen/ar

oma 

barrier 

Processabi

lity 

Biodegrad

ability 

PLA 4 2 3 4 4 3 
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PHA/PHB 

family 
4 3 4 4 3 4 

PBAT 3 5 3 3 4 4 

PBS 3 4 3 3 4 4 

TPS 2 3 1 3 4 5 

Cellulose/c

hitosan 

films 

3 2 1 5 2 5 

Note. Comparative synthesis: 1 = generally low and 5 = generally high for packaging applications. 

Scores summarize recurring trends in the reviewed literature and are not standardized experimental 

test results. Sources: Siracusa et al. (2008), Peelman et al. (2013), Shaikh et al. (2021), Dirpan et al. 

(2023), Cheng et al. (2024), and Ghasemlou et al. (2024). 

5. Development Strategies for High-Performance Biodegradable Packaging 

Polymer blending is one of the most practical development routes because it allows designers to 

combine complementary characteristics. PLA/PBAT systems are a common example: PLA contributes 

stiffness and strength, whereas PBAT contributes ductility and tear resistance. PLA/TPS and 

PBAT/TPS blends can reduce cost and increase renewable content, although interfacial incompatibility 

and moisture sensitivity must be managed. Compatibilizers, chain extenders, reactive extrusion, and 

optimized morphology are therefore central to commercial formulations. 

Nanocomposite reinforcement is another major research direction. Nanocellulose, nanoclays, 

silica, and other high-aspect-ratio fillers can create a more tortuous pathway for gas molecules, 

improving oxygen and aroma barrier performance while increasing stiffness at relatively low filler 

loading. The benefit is strongly dependent on dispersion, interfacial adhesion, food-contact safety, and 

the effect of the filler on biodegradation. In sustainable design, the best nanofiller is not simply the one 

that maximizes a single property; it is one that delivers sufficient performance without creating toxicity, 

migration, recyclability, or compostability problems. 

Multilayer and coating strategies allow each layer to perform a specialized function. A structural 

biodegradable polymer may provide mechanical strength, while a thin cellulose- or chitosan-based 

layer improves oxygen barrier or antimicrobial activity. Hydrophobic coatings can reduce water 

sensitivity of polysaccharide-based substrates. This approach can reduce total material consumption 

because high-performance chemistry is concentrated only where needed (Tyagi et al., 2021). However, 

multilayer structures must be designed so that adhesives and incompatible layers do not defeat the 

intended end-of-life pathway. 
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Active and intelligent packaging further expands the functionality of biodegradable polymers. 

Natural extracts, essential oils, organic acids, enzymes, and antimicrobial compounds can be 

incorporated into films or coatings to suppress microbial growth or oxidation. Indicators can also 

respond to pH, gas composition, or temperature history. Such systems are potentially valuable because 

extending food shelf life may prevent environmental burdens much larger than the burden of the 

package itself. Nevertheless, migration, sensory impact, regulatory compliance, stability, and dose 

control require rigorous evaluation (Zhong et al., 2020). 

6. Market Trend and Quantitative Evidence 

Commercial growth is an important indicator of whether biodegradable polymer technologies are 

moving beyond laboratory-scale development. European Bioplastics reported global bioplastics 

production capacity of 2.31 million tonnes in 2025 and projected capacity of approximately 4.69 

million tonnes by 2030. Packaging remained the largest application segment in 2025, representing 

41.3% of total capacity, equivalent to approximately 0.95 million tonnes. Automotive and transport 

accounted for 10.3%, while the remaining applications collectively represented 48.4%. The same 

source reported actual 2025 production of 1.67 million tonnes, corresponding to an average global 

capacity-utilization rate of 72% (European Bioplastics, 2025). These figures demonstrate both strong 

expansion expectations and the continuing gap between installed capacity and actual output. 
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Table 2. Selected 2025 global bioplastics market indicators and 2030 forecast 

Indicator Value Unit / interpretation 

Global production capacity 

(2025) 
2.31 million tonnes 

Actual production (2025) 1.67 million tonnes 

Average capacity utilization 

(2025) 
72 % 

Packaging capacity (2025) 0.95 million tonnes 

Packaging share (2025) 41.3 % of total capacity 

Automotive & transport 

capacity (2025) 
0.24 million tonnes 

Automotive & transport share 

(2025) 
10.3 % of total capacity 

Projected global capacity 

(2030) 
4.69 million tonnes 

Source: European Bioplastics (2025). 

 

Figure 1. Global bioplastics production capacity, 2025 and 2030 forecast. 

Source: Prepared from European Bioplastics (2025) market data. 
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Figure 2. Distribution of global bioplastics production capacity by application, 2025. 

Note. “Other applications” is calculated as 100% - 41.3% packaging - 10.3% automotive & transport 

= 48.4%. Source data: European Bioplastics (2025). 

7. Environmental and End-of-Life Considerations 

The environmental value of biodegradable packaging depends on where and how degradation 

occurs. Laboratory biodegradability does not guarantee rapid breakdown in soil, freshwater, marine 

environments, landfills, or unmanaged litter. Temperature, moisture, oxygen, microbial communities, 

crystallinity, product thickness, additives, and surface area all affect degradation rate. Emadian et al. 

(2017) showed that biodegradation behavior varies substantially across natural environments, while 

Haider et al. (2019) emphasized that biodegradable plastics should not be interpreted as materials that 

can be discarded without consequence. 

Industrial composting is a controlled end-of-life route that can provide elevated temperature, 

moisture, aeration, and microbial activity, but access to such infrastructure is uneven. A package 

designed for industrial composting may remain persistent if it enters conventional landfill or the open 

environment. Similarly, mixing compostable plastics with conventional plastic recycling streams can 

create sorting problems. For this reason, material development must be aligned with collection systems, 

certification, labeling, consumer communication, and local waste-management capacity. 

Life-cycle thinking is equally important. Bio-based feedstocks can reduce dependence on fossil 

carbon, but agricultural inputs, land use, fertilizer, processing energy, transport, and water use can 
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offset part of the benefit. Conversely, a package with a somewhat higher material footprint may still 

be environmentally preferable if its barrier performance prevents significant food waste. Sustainable 

packaging assessment should therefore evaluate the complete product-package system rather than 

judging the polymer in isolation. 

8. Challenges in Commercial Adoption 

● Cost competitiveness: fermentation, purification, specialty additives, and lower production scale 

can keep biodegradable resins more expensive than commodity polyethylene or polypropylene. 

● Property trade-offs: hydrophilic bio-based films often have poor moisture resistance, while strong 

polyesters may be brittle or require specific composting conditions. 

● Processing stability: thermal degradation, narrow processing windows, moisture sensitivity, and 

variable rheology can complicate extrusion, thermoforming, sealing, and printing. 

● Food-contact and migration safety: active additives, plasticizers, compatibilizers, nanoparticles, 

inks, and coatings require appropriate toxicological and migration assessment. 

● Infrastructure mismatch: compostable packaging provides limited benefit where separate organic-

waste collection and industrial composting are absent. 

● Consumer and labeling confusion: the terms bio-based, biodegradable, compostable, home-

compostable, and recyclable are frequently misunderstood. 

● Scale and feedstock sustainability: rapid expansion must avoid creating unnecessary competition 

with food resources and should increasingly use residues, lignocellulosic biomass, industrial by-

products, and waste carbon streams. 

9. Future Research and Development Directions 

Future biodegradable packaging should be performance-targeted rather than material-driven. 

Researchers should begin with the real barrier, sealing, stiffness, toughness, temperature, shelf-life, 

and disposal requirements of a package and then select the simplest material architecture that can 

satisfy those requirements. This approach reduces the tendency to over-engineer packages with 

complex additives or multilayers that later become difficult to recover or compost. 

Second-generation feedstocks will become increasingly important. Agricultural residues, food-

processing by-products, waste oils, lignocellulosic sugars, carbon dioxide-derived intermediates, and 

microbial routes can reduce dependence on edible starch or sugar feedstocks. Maraveas (2020) 

highlights the significant opportunity to convert agricultural waste into biodegradable polymer and 

composite systems. Improved fermentation yield, solvent recovery, enzyme engineering, and low-

energy separation could further lower the environmental and economic burden of production. 
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Research should also prioritize realistic degradation testing. Materials need to be evaluated not 

only under ideal laboratory composting conditions but also in the actual end-of-life environments for 

which they are marketed. Standardized tests should be supplemented with field-relevant evidence on 

fragmentation, mineralization, ecotoxicity, and the fate of additives. The work of Narancic et al. (2018) 

reinforces the point that biodegradable blends can expand end-of-life options but cannot by themselves 

solve plastic pollution. 

Finally, digital design and high-throughput materials screening can accelerate formulation 

development. Data-driven models can optimize blend composition, compatibilizer concentration, 

crystallinity, filler loading, and processing conditions against multiple objectives such as tensile 

strength, oxygen permeability, sealability, cost, renewable content, and compostability. The strongest 

future systems are likely to combine materials science with life-cycle assessment, food science, 

toxicology, industrial processing, and waste-system design. 

10. Conclusion 

Biodegradable polymers offer a credible route toward more sustainable packaging, but their value 

lies in carefully engineered systems rather than in the biodegradability label alone. PLA provides 

stiffness, clarity, and established processing; PHA offers bio-based microbial production and broad 

biodegradation potential; PBAT and PBS contribute flexibility and processability; and starch, 

cellulose, and chitosan provide renewable, biodegradable platforms with strong opportunities for 

coatings, composites, and active packaging. Their limitations - particularly moisture sensitivity, 

brittleness, thermal constraints, cost, and environment-dependent degradation - are increasingly 

addressed through blending, compatibilization, nanocomposites, multilayers, and surface engineering. 

Market data indicate continued expansion of bioplastics and confirm packaging as the dominant 

application. Nevertheless, large-scale sustainability will depend on aligning material design with 

certified end-of-life pathways, separate collection, composting or recycling infrastructure, clear 

labeling, food-contact safety, and life-cycle performance. The future of sustainable packaging is 

therefore not a single 'green plastic', but a coordinated materials-and-systems approach in which the 

package performs its protective function with the minimum feasible environmental burden. 
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