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Abstract: Biodegradable polymers are a promising solution due to their environmentally-friendly 

nature and natural origin. Owing to challenges such as limited mechanical and barrier properties 

and extremely high production costs, their applications have remained restricted. Green 

nanotechnology, the integration of green chemistry and nano-scale engineering, provides novel 

prospects for enhanced functional performance of biodegradable polymers. This paper reviews 

preparation, characterization, and applications of biodegradable polymer nanocomposites 

prepared by green nanotechnology techniques. It features the use of natural nanofillers, natural-

source solvents, and environmentally-friendly preparation techniques such as in situ 

polymerization and solvent casting. Recent advances, case studies, and future prospects for 

biodegradable polymer nanocomposites in packaging, agriculture, and biomedical applications 

are also discussed. 
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1 Introduction 

1.1 Background 

The rapid increase in plastic consumption and poor post-consumer management have 

led to severe environmental pollution and health concerns. Traditional petroleum-based 

plastics are non-biodegradable, persist in ecosystems for hundreds of years, and 

contribute to the accumulation of microplastics in soil and water bodies. Global plastic 

production surpassed 390 million tons in 2022, with less than 10% being recycled 

(UNEP, 2023). The growing awareness of the environmental impacts and the increasing 
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adoption of sustainable approaches by consumers, industries, and governments have 

spurred the development of eco-friendly plastics that can degrade in the environment 

without harmful by-products, replacing non-degradable fossil-based plastics (Bikiaris et 

al., 2023). Bio-based polymers, derived from renewable resources such as plants, 

animals, and microorganisms, have emerged as potential substitutes for conventional 

plastics. The production of sustainable and biodegradable polymers is promising and 

could use agricultural waste, but current recycling technologies face challenges like the 

leakage of toxic chemicals (Maraveas, 2020).  

1.2 Green Nanotechnology for Enhancing Biodegradable Polymers 

The application of green nanotechnology combined principles of nanotechnology and 

green chemistry provides new possibilities for further increasing the properties of 

biodegradable polymers in an ecologically friendly manner (Sun et al., 2022). Green 

nanotechnology focuses on production and synthesis of nanomaterials and 

nanocomposites using eco-friendly and environment-friendly routes (Aaliya et al., 

2021). This encompasses the investigation of non-toxic solvents, green sources and 

energy-efficient production processes for the production of high performance material 

with minimal environmental impact. Nanocellulose, nanochitin, nanoclays and starch 

nanocrystals are other nanomaterials that can be introduced as fillers into matrices of 

biodegradable polymers to improve their strength as well as thermal and barrier 

properties. These nanomaterials serve as reinforcing phases to construct the network 

structure within the polymer matrix and to restrict chain and thus improve the 

performance of the composite. Adding nano-fillers in a matrix of biodegradable polymer 

has a dramatic effect on their mechanical behaviour (such as tensile strength, and 

Young's modulus) of importance for packaging and structural applications. In addition, 

the nano-fillers can enhance the barrier properties of biodegradable polymers to inhibit 

gaseous and moisture vapor and the penetration of organics solvents, and applications 

for packaging for edible applications and for protection of the environment (Cheng et al. 

2024) 

To help alleviate this crisis, researchers and businesses have begun turning to 

biodegradable polymers, which under “natural” conditions can be decomposed by 

microorganisms or an enzyme to become H₂O, CO₂, and biomass. Common 

biodegradable polymers include: 

• Polylactic acid (PLA) 

• Polyhydroxyalkanoates (PHA) 

• Starch-based polymers 

• Cellulose derivatives 
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1.3 The Role of Green Nanotechnology 

Green nanotechnology combines the concepts of: 

• Green chemistry: Minimize waste and avoid toxic substances 

• Nanoscience: Enhance material properties through nanoscale manipulation 

When applied to biodegradable polymers, it allows: 

• Reinforcement using nanofillers such as nanocellulose, nanoclays, or bio-

based nanoparticles 

• Barrier and thermal property enhancement 

• Controlled biodegradation profiles 

 

One major focus is to minimize hazards and maximize the functional performance of 

biodegradable polymers to improve material performance while reducing fresh 

feedstock requirements (Jha et al., 2024). By incorporating green nanotechnology 

principles, the resulting nanocomposites maintain the eco-friendliness of the base 

biodegradable polymer. (Perera et al., 2023; Puttegowda et al., 2021; Suresh et al., 2021). 

These nanocomposites exhibit improved mechanical strength, thermal stability, and 

barrier properties.  

The use of renewable nanomaterials and environmentally benign processing 

distinguishes green nanotechnology from conventional polymer enhancement methods. 

2 Biodegradable Polymers and Green Nanofillers 

2.1 Types of Biodegradable Polymers 

Table-01 Biodegradable polymers are classified based on their source and method of 

production: 

Category Examples Source 

Natural polymers Starch, cellulose, chitosan Plants, marine shells 

Synthetic biodegradable Polylactic acid (PLA), PCL Fermentation of sugars 

Microbial polyesters PHB, PHA Bacteria and microbes 

Protein-based Casein, soy protein Agricultural byproducts 
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Table-01 shown these polymers exhibit varying degrees of biodegradability, mechanical 

strength, and thermal stability, making them suitable for different applications when 

reinforced with nanomaterials. 

2.2 Common Limitations of Biodegradable Polymers 

Despite environmental advantages, biodegradable polymers typically suffer from: 

• Low mechanical strength 

• High water permeability 

• Brittleness and thermal instability 

• High production cost 

These limitations necessitate property enhancement through nanocomposite formation. 

Nanocomposites show considerable advantages when compared to traditional 

composites, and are used in wastewater treatment, energy storage, biomedical, 

automotive, and food applications (Ateş et al., 2020). One approach gaining considerable 

attention involves incorporating materials derived from natural sources to develop 

biodegradable composites (Plackett et al., 2003). By integrating natural fibers with 

renewable biopolymers such as starch plastics, cellulosic plastics, soy-based plastics, 

polyhydroxyalkanoates, and polylactides, biocomposites can potentially shape the future 

of sustainable materials (Rosa & Maria, 2013). Utilizing natural fibers in composite 

materials presents notable ecological benefits, including decreased reliance on non-

renewable resources, reduced greenhouse gas emissions, and diminished waste 

generation.  

 

2.3 Role of Green Nanofillers 

Green nanofillers are derived from natural, renewable, or non-toxic sources. They 

enhance polymer properties by improving crystallinity, dispersion, and interfacial 

bonding. 

Table-02 Advantages of Green Nanofillers in Biopolymers 

Property Improved Effect of Nanofiller 

Mechanical strength Higher tensile and flexural strength 

Barrier performance Reduced oxygen and water vapor transmission 

Thermal stability Delayed degradation and better heat resistance 

Biodegradability Controlled or accelerated depending on filler 

Functionality Antimicrobial, antioxidant, UV-resistant behavior 
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Table-02 explore Nanofillers significantly enhance polymer performance by improving 

mechanical strength, barrier properties, and thermal stability (Table X). They can also 

influence biodegradability and introduce new functionalities such as antimicrobial, 

antioxidant, or UV-resistant behavior. 

3 Synthesis and Characterization of Green Polymer Nanocomposites 

The synthesis of green polymer nanocomposites is guided by the principles of green 

chemistry, with an emphasis on reducing environmental impact through the use of non-

toxic reagents, renewable inputs, and minimal energy consumption. Several eco-friendly 

synthesis routes have been developed to ensure sustainable material fabrication. Among 

them, solvent casting is one of the most widely employed methods. Herein, the 

biopolymers and nanofillers are suspended or dissolved in environmentally benign 

solvents or water and subsequently the solution thus formulated is cast into a mold and 

dried in order to attain thin films. This method is extremely efficient for the production 

of thin biodegradable films for applications related to packaging of foods and biomedical 

applications. An alternative approach is melt blending, which avoids solvents by mixing 

polymer and nanofiller formulations in an extruder at lower temperatures. Due to its 

simplicity and scalability, melt compounding was identified as the most attractive 

process for PLA and TPS based nanocomposites preparation. In situ polymerization has 

also proven to be an efficient method in which the nanofillers are introduced during 

polymerization leading to a homogeneous dispersion and more effective matrix–filler 

interfacial interaction. The higher the filling, the better the thermal and mechanical 

performance in most cases. On the other hand, electrospinning represents a versatile 

technique for various nanofiber mat production having a high aspect ratio or a high 

surface-to-volume aspect. These mats are particularly appropriate for potential wound 

dressings and filtration applications, as such, the aforementioned nanostructured 

material has the potential to provide enhanced functional performance. 

Table-03: Characterization for green nanocomposites is another important aspect to 

determine their performance and applications. A combination of sophisticated methods 

are commonly utilized to chemically, structurally, thermally and mechanically 

characterize. The chemical interaction and the interaction between the polymer matrix 

and the nanofiller are characterized using Fourier Transform Infrared Spectroscopy 

(FTIR), and the crystallinity of the polymer matrix, intercalation/exfoliation extent of 

the nanofiller by X-ray Diffraction (XRD). Scanning and Transmission Electron 

Microscopy (SEM and TEM) describe the exact morphology, particles dispersion and 

particles surface properties. The thermal properties are studied by TGA and DSC to 

determine degradation temperature and glass transition temperature, respectively. 

Tensile test is also performed to determine their mechanical properties such as their 

Young’s modulus and elongation at break while the barrier properties are obtained from 

the measurement of the Water Vapor Transmission Rate (WVTR) and Oxygen 

Transmission Rate (OTR). The above characterization provides an insight of structure–

property between green nanocomposites. 
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The diverse range of application of green nanocomposites are also explained with a few 

case studies. In one case, for instance, PLA reinforced with cellulose nanocrystals has 

been utilized extensively in the preparation of high strength and barrier improved 

biodegradable packaging films. So are PHA polymers matrixed with starch nanoparticles 

as potential materials for agricultural mulch films that might be able to strike a balance 

between biodegradability and being soil-friendly. Starch polymer loaded with chitosan 

nanoparticles is antibacterial; thus, it is a potential edible packaging for long period shelf 

stability. For biomedical uses, drug delivery systems have been produced by loading 

PCL with biochar nanoparticles.15,19 In these systems, not only is the matrix material 

further reinforced at both the mechanical level, applied as the resulting higher load 

bearing capacity, but also the drug release rate is controlled, whereby it is through either 

the initial burst or a steady release. The cases demonstrate the multi-functionality and 

functional capacity of the nanocomposites, when their cleaner material and cleaner 

produced by cleaner process inputs are circulated to be re-used. 

Table-04: They go into the fabric of green nanocomposites that itself provide some 

unique features compared to conventional polymer composites.  

Table-03 Effective characterization of nanocomposite materials is essential to evaluate 

performance: 

Technique Parameter Measured 

FTIR (Fourier Transform Infrared Spectroscopy) Chemical interactions and bonding 

XRD (X-ray Diffraction) Crystallinity, intercalation/exfoliation of fillers 

SEM/TEM (Microscopy) Morphology, dispersion of nanoparticles 

TGA/DSC (Thermal Analysis) Degradation temperature, glass transition 

Tensile Testing Young’s modulus, elongation at break 

WVTR/OTR Water vapor and oxygen transmission rates 

 

Table-04 Case Examples of Green Nanocomposites 

Polymer Matrix Nanofiller Application 

PLA Cellulose nanocrystals Biodegradable packaging films 

PHA Starch nanoparticles Mulch films for agriculture 

Starch-based polymer Chitosan nanoparticles Antibacterial food wraps 
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PCL Biochar nanoparticles Controlled-release drug delivery 

3.4 Advantages of Green Nanocomposite Design 

● Process sustainability: Water-based systems and renewable inputs 

● Enhanced lifespan of biodegradable plastics 

● Reduced environmental footprint from synthesis to disposal 

4 Applications, Challenges, and Future Outlook 

Furthermore, nanoparticle-based drug delivery systems enable targeted and controlled 

release of therapeutic agents. Finally, in the field of electronics and sensors, 

biodegradable substrates are being developed for sustainable electronic devices, with 

cellulose nanofibers offering flexibility and enabling the design of transient, eco-friendly 

electronics. 

Table-05 Despite their promise, green nanocomposite systems face several challenges: 

Challenge Explanation 

Nanofiller dispersion Agglomeration reduces mechanical and barrier 

improvements 

High cost of production Raw material and processing cost limit scalability 

Lack of standardization No unified biodegradability and toxicity testing 

protocols 

Regulatory uncertainty Unclear approval pathways for biomedical and food 

contact 

Limited shelf-life in humid 

conditions 

Moisture sensitivity of natural polymers 

Despite their promise, green nanocomposite systems face several limitations (Table 5). 

Poor nanofiller dispersion often leads to agglomeration, reducing mechanical and barrier 

performance. High production costs and the absence of standardized biodegradability or 

toxicity testing protocols further hinder scalability.  

Conclusions 
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Green nanocomposites represent a giant leap forward in the development of sustainable 

material systems which are eco-friendlier, eco-benign and drastically reducing the 

environmental foot prints compared to the traditional systems in different applications 

including packaging and biomedicine. They need to be developed for these global 

environmental issues. Nevertheless the use of prospective materials such as these at 

wide-scale is hindered by few strong barriers. Homogeneous nano-filler dispersion is 

especially of high significance, since their agglomeration would have an enormous 

adverse impact on the mechanical and barrier properties of the final material. Additional 

upscaling of such technologies is limited as a result of high cost of raw material and 

production. Furthermore, absence of standard testing protocols for biodegradability and 

toxicity and regulatory uncertainty also hinder acceptance. The moisture permeability is 

garbage for natural polymer materials, and is a disadvantage in that, in the presence of 

moisture, it would decrease the shelf life for the final product. However, with the more 

innovation, the future of green nanocomposites is very promising one. End-uses are 

waiting for the next green approach to produce nanofillers, especially for waste or 

agrowaste which would rise sustainability. ML applied to design and property prediction 

of nanocomposites is a very promising route to increased efficiency. Life Cycle 

Assessments of products are paramount for a realistic assessment of their actual 

environmental benefits. Further to this, incorporating more than single nanofillers for 

synergistic effect through hybrid systems and improvements in the 3D/4D printing 

technologies integrated with biodegradable composites filaments will broaden their 

applications. 

References  

Aaliya, B., Sunooj, K. V., & Lackner, M. (2021). Biopolymer composites: a review [Review of 

Biopolymer composites: a review]. International Journal of Biobased Plastics, 3(1), 40. Taylor 

& Francis. https://doi.org/10.1080/24759651.2021.1881214  

Ateş, B., Köytepe, S., Ulu, A., Gürses, C., & Thakur, V. K. (2020). Chemistry, Structures, and 

Advanced Applications of Nanocomposites from Biorenewable Resources [Review of 

Chemistry, Structures, and Advanced Applications of Nanocomposites from Biorenewable 

Resources]. Chemical Reviews, 120(17), 9304. American Chemical Society. 

https://doi.org/10.1021/acs.chemrev.9b00553  

Bikiaris, N. D., Koumentakou, I., Samiotaki, C., Meimaroglou, D., Varytimidou, D., Karatza, A., 

Kalantzis, Z., Roussou, M., Bikiaris, R. D., & Papageorgiou, G. Z. (2023). Recent Advances 

in the Investigation of Poly(lactic acid) (PLA) Nanocomposites: Incorporation of Various 

Nanofillers and their Properties and Applications [Review of Recent Advances in the 

Investigation of Poly(lactic acid) (PLA) Nanocomposites: Incorporation of Various 

Nanofillers and their Properties and Applications]. Polymers, 15(5), 1196. Multidisciplinary 

Digital Publishing Institute. https://doi.org/10.3390/polym15051196  



  

63 
 

Cheng, J., Gao, R., Zhu, Y., & Lin, Q. (2024). Applications of biodegradable materials in food 

packaging: A review [Review of Applications of biodegradable materials in food packaging: 

A review]. Alexandria Engineering Journal, 91, 70. Elsevier BV. 

https://doi.org/10.1016/j.aej.2024.01.080  

Díez‐Pascual, A. M. (2023). Biopolymer Composites 2022. International Journal of Molecular 

Sciences, 24(7), 6430. https://doi.org/10.3390/ijms24076430  

Jha, S., Akula, B., Enyioma, H., Novák, M., Amin, V., & Liang, H. (2024). Biodegradable 

Biobased Polymers: A Review of the State of the Art, Challenges, and Future Directions 

[Review of Biodegradable Biobased Polymers: A Review of the State of the Art, Challenges, 

and Future Directions]. Polymers, 16(16), 2262. Multidisciplinary Digital Publishing 

Institute. https://doi.org/10.3390/polym16162262  

Krasowska, K., & Heimowska, A. (2023). Degradability of Polylactide in Natural Aqueous 

Environments. Water, 15(1), 198. https://doi.org/10.3390/w15010198  

Maraveas, C. (2020). Production of Sustainable and Biodegradable Polymers from Agricultural 

Waste [Review of Production of Sustainable and Biodegradable Polymers from Agricultural 

Waste]. Polymers, 12(5), 1127. Multidisciplinary Digital Publishing Institute. 

https://doi.org/10.3390/polym12051127  

Perera, K. Y., Jaiswal, A. K., & Jaiswal, S. (2023). Biopolymer-Based Sustainable Food 

Packaging Materials: Challenges, Solutions, and Applications [Review of Biopolymer-Based 

Sustainable Food Packaging Materials: Challenges, Solutions, and Applications]. Foods, 

12(12), 2422. Multidisciplinary Digital Publishing Institute. 

https://doi.org/10.3390/foods12122422  

Plackett, D., Andersen, T. L., Pedersen, W. B., & Nielsen, L. (2003). Biodegradable composites 

based on l-polylactide and jute fibres. Composites Science and Technology, 63(9), 1287. 

https://doi.org/10.1016/s0266-3538(03)00100-3  

Puttegowda, M., Bharath, K. N., Rangappa, S. M., R, A. G. R. S. M., & Saravanabavan, D. (2021). 

Effect of nano fillers on glass/silk fibers based reinforced polymer composites. Materials 

Today Proceedings, 46, 9032. https://doi.org/10.1016/j.matpr.2021.05.383  

Rosa, D. dos S., & Maria, D. (2013). Biocomposites: Influence of Matrix Nature and Additives 

on the Properties and Biodegradation Behaviour. In InTech eBooks. 

https://doi.org/10.5772/56290  

Sun, Y., Bai, Y., Yang, W., Bu, K., Tanveer, S. K., & Hai, J. (2022). Global Trends in Natural 

Biopolymers in the 21st Century: A Scientometric Review [Review of Global Trends in 

Natural Biopolymers in the 21st Century: A Scientometric Review]. Frontiers in Chemistry, 

10. Frontiers Media. https://doi.org/10.3389/fchem.2022.915648  

Suresh, S., Pushparaj, C., & Subramani, R. (2021). Recent development in preparation of food 

packaging films using biopolymers. Food Research, 5(6), 12. 

https://doi.org/10.26656/fr.2017.5(6).082   

 


	Chapter 7:  Development of Biodegradable Polymers Using Green Nanotechnology

