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Abstract 

The pervasive use of petroleum-derived plastics has caused severe environmental pollution, accumulating 

in landfills and oceans while threatening human and animal health. This ecological crisis has accelerated 

an urgent transition toward biodegradable polymers within the circular bioeconomy. Bionanocomposites, 

comprising a biodegradable polymer matrix integrated with nanoscale fillers, successfully bridge the gap 

between high industrial performance and environmental responsibility. By incorporating advanced 

nanofillers, such as cellulose nanocrystals, chitin nanofibers, layered silicates (like montmorillonite), bio-

graphene, and metallic or metal-oxide nanoparticles Ag, ZnO, TiO2, these materials achieve enhanced 

mechanical strength, tailored stiffness, superior thermal stability, and optimized gas barrier properties. 

Furthermore, these ultra-low filler loadings minimize raw resource consumption while embedding active 

antimicrobial and antioxidant functionalities into the host matrix. Consequently, bionanocomposites are 

highly sought after for cutting-edge applications, including active and intelligent food packaging, 

agricultural films, protective coatings, tissue engineering scaffolds, and targeted drug-delivery systems. 

To minimize manufacturing footprints, sustainable, eco-friendly processing strategies – such as solvent-

free melt extrusion, reactive extrusion, and bio-based compatibilizers – are employed. These techniques 

drastically reduce energy demands and hazardous chemical waste while allowing precise architectural 

control over the polymer. Ultimately, these innovations establish viable circular end-of-life pathways, 

including industrial composting and chemical recycling. Future research must focus on life-cycle 

optimization, standardizing characterization protocols, and advanced engineering of multifunctional 

bionanocomposites that simultaneously integrate active barrier control, antimicrobial protection, and 

real-time sensor capabilities. 

 

Keywords: Biocomposites, bioplastic-nanomaterials, circular bio-economy, life cycle assessment, 

chemical recycling 

 

 

INTRODUCTION 

The contemporary materials science landscape is 

undergoing a profound paradigm shift, defined by 

an urgent transition from linear, fossil-dependent 

manufacturing models to a regenerative, circular 

bioeconomy [1, 2]. For over a century, the global 

industrial economy has operated under a “take-

make-dispose” ethos reliant on petroleum-based 

synthetic polymers [1, 3]. While conventional 

plastics – like polyethylene, polypropylene, and 

polyethylene terephthalate – have provided 

unparalleled thermodynamic stability, mechanical 

resilience, and cost-effectiveness, their structural 

persistence has generated an unprecedented 

*Author for Correspondence 
Rajbir Singh 

E-mail:mukeshchander76@gmail.com 

 
1Assistant Professor, Department of Biotechnology, Khalsa 

College, Amritsar, Punjab, India 
2Assistant Professor, Department of Botany, Khalsa College, 
Amritsar, Punjab, India 

 

Received Date: June 04, 2026 
Accepted Date: June 19, 2026 

Published Date: June 25, 2026 

 
Citation: Mukesh Chander, Prabhjit Kaur, Rajbir Singh. 

Bionanocomposites in Green Synthesis of Bioplastics – The 

Composite Materials of Future & Their Role in Circular Bio-
Economy. Journal of Nanoscience, Nanoengineering & 

Applications. 2026; 16(2): 70–82p. 



 

 

Bionanocomposites in Green Synthesis of Bioplastics – The Composite Materials of Future        M. Chander et al. 

 

 

© STM Journals 2026. All Rights Reserved 71  
 

environmental crisis [2, 4, 5]. Global plastic production has surpassed hundreds of millions of metric 

tons annually, resulting in ubiquitous microplastic contamination across marine and terrestrial trophic 

levels, severe landfill congestion, and macro-scale ecological fragmentation (Figure 1) [1, 2, 6]. 

Concurrently, the petrochemical extraction and refining processes required to sustain conventional 

polymer production generate massive greenhouse gas emissions, fundamentally conflicting with 

international carbon neutrality targets and climate mitigation mandates [6]. 

 

To mitigate these ecological liabilities, early-generation bioplastics derived from renewable biomass, 

such as polylactic acid (PLA), polyhydroxyalkanoates (PHAs), starch, and cellulose derivatives, were 
introduced as potential sustainable alternatives [6–8]. However, the widespread industrial and 

commercial adoption of neat biopolymers remains constrained by severe, inherent material deficiencies. 
When compared directly to their petroleum-derived counterparts, pristine biopolymers consistently 

exhibit poor mechanical strength, brittle tensile behavior, low thermal stability, high moisture 
sensitivity, and inadequate gas and vapor barrier properties [1, 3, 9]. These performance deficits are 

particularly problematic in demanding sectors, such as food packaging, agricultural films, and 
biomedical devices, where stringent moisture regulation and oxygen barrier characteristics are 

mandatory to maintain structural integrity and shelf life. To transcend these physical boundaries, the 
convergence of nanotechnology and macromolecular polymer science has birthed an advanced class of 

hybrid systems: bionanocomposites synthesized through the integration of functional nanomaterials [4, 
8, 10, 11]. These multiphase systems are formally defined as structural configurations where a 

continuous, bio-based, or biodegradable polymer matrix is reinforced by a secondary, discontinuously 
dispersed phase composed of advanced nanomaterials possessing at least one dimension below 100 

nanometers. By deploying sustainable nanomaterials – such as cellulose nanocrystals (CNCs), chitin 

nano whiskers, montmorillonite nanoclays, graphene oxide nanomaterials, or biogenic metal 
nanoparticles – bionanocomposites bypass the historical trade-offs that have limited green material 

performance [3, 12–14]. The strategic selection of these specific nanomaterials allows engineering of 
the chemical interface to achieve structural properties that pristine polymers cannot match. 

 
The core thermodynamic and mechanical advantages of these bionanocomposites lie in the spatial scale 

and dispersion of their internal nanomaterials. In traditional macromolecular composites, heavy filler 
volumes (often ranging between 10% and 40% by weight) are required to achieve tangible mechanical 

upgrades, which frequently compromise the density, flexibility, and processing mechanics of the parent 
polymer. Conversely, polymer systems reinforced with specialized nanomaterials trigger dramatic macro-

scale property enhancements at ultra-low loading levels, typically between 1% and 5% by weight. This 
profound efficiency is directly attributed to the exceptionally high surface-area-to-volume ratio 

characteristic of engineered nanomaterials [6]. This vast interfacial surface area optimizes interfacial 
adhesion and builds extensive hydrogen bonding or covalent cross-linking networks between the 

incorporated nanomaterials and the surrounding host biopolymer matrix. Consequently, these structural 
parameters facilitate the formation of a percolated network of nanomaterials within the host polymer, 

enabling efficient stress transfer across the phase boundary, restricting the segmental mobility of the 

polymer chains, and constructing tortuous pathways that drastically slow down the diffusion of gas and 
water molecules through the matrix [13, 15, 16]. These tortuous pathways, induced directly by the 

geometry of the nanomaterials, effectively trap penetrant molecules and maximize barrier performance. 
 

Beyond optimizing immediate physical properties, the production and sourcing of these 
nanomaterials serve as a vital vehicle for comprehensive waste valorization within a functional circular 

bioeconomy [17]. Rather than relying entirely on arable land and virgin crops for raw biopolymer 
extraction, modern synthesis pathways prioritize the extraction of bio-based nanomaterials from agro-

industrial residues, lignocellulosic byproducts, and municipal food waste as primary feedstocks [9, 16]. 
By converting abundant organic secondary streams – such as waste straw, husks, and processing 

discards – into high-value crystalline nanomaterials or matrix pre-cursors, these processes effectively 
divert organic matter away from municipal landfills, lower methane outgassing during decomposition, 

and reduce structural reliance on virgin primary resources [17].  
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Figure 1. Bionanocomposites for a circular economy – sustainable materials. 
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Isolating nanomaterials from agricultural waste streams represents an eco-friendly blueprint for 

upcycling low-value biomass into high-performance industrial components. Importantly, these highly 
engineered polymer structures embedded with bio-based nanomaterials are strategically designed to 

satisfy sustainable end-of-life (EOL) scenarios [11]. Unlike conventional multi-material laminates that 
defy commercial sorting and recycling, composites integrated with biodegradable nanomaterials are 

tailored for seamless integration into industrial composting facilities, home biodegradation 
environments, and advanced enzymatic recycling systems [2, 8, 12]. Under controlled compost 

conditions, the embedded nanomaterials can accelerate the hydrolytic and microbial fragmentation of 
the hosting biopolymer matrix without introducing persistent chemical toxicities or heavy metal 

ecotoxicity into the surrounding soil [3]. Because these nanomaterials originate from natural organic 

templates, their environmental breakdown yields harmless, natural organic matter. 
 

This holistic, multi-tiered approach aligns perfectly with modern global regulatory frameworks 
designed to phase out persistent single-use plastics. Specifically, the development of functional 

materials utilizing non-toxic nanomaterials directly satisfies the circularity criteria outlined in the 
European Green Deal and its corresponding Packaging and Packaging Waste Regulations, which 

mandate absolute climate neutrality and comprehensive material recyclability by mid-century [8, 14]. 
Concurrently, these bio-based innovations offer compliance mechanisms for the rapidly emerging 

Extended Producer Responsibility (EPR) mandates being enacted across Asia and North America. By 
shifting environmental and financial post-consumer liabilities back to manufacturers, EPR regulations 

incentivize the commercial integration of highly processable, non-toxic, and truly circular applications 
of green nanomaterials. In conclusion, this review systematically examines the synthesis pathways, 

processing mechanics, structure–property relationships, and ecological life-cycle metrics of next-
generation composites utilizing structural nanomaterials. By analyzing the structural synergetic 

mechanics between green nanomaterials and biopolymer matrices, this text highlights the capacity of 
advanced nanomaterials to bridge the historic gap between industrial performance standards and global 

ecological equilibrium. 

 

CLASSIFICATION AND PHYSICOCHEMICAL PROPERTIES OF BIOPOLYMER MATRICES 

The performance of a bionanocomposite is fundamentally anchored in the chemical nature of its 
matrix. Biopolymers are generally categorized by their origin and production method, which dictates 

their thermal stability, crystallinity, and degradation profile. 
 

Polylactic Acid (PLA) and Aliphatic Polyesters 

Polylactic Acid (PLA) is the most commercially mature and extensively researched biopolymer. It is 

a linear thermoplastic polyester synthesized through the ring-opening polymerization (ROP) of lactide 
monomers, derived from the fermentation of starch-rich crops like corn and sugarcane. The properties 

of PLA are highly dependent on the stereochemical ratio of L-lactide and D-lactide isomers. High 
optical purity of the L-isomer results in a semi-crystalline material with high mechanical strength and 

a melting temperature [5, 13]. However, PLA exhibits inherent brittleness and a low glass transition 
temperature, which limits its use in high-temperature applications and durable goods. 

Bionanocomposite engineering seeks to broaden this processing window by introducing nanoclays or 
carbon nanotubes that act as nucleating agents, increasing the crystallization rate and improving the 

heat distortion temperature (HDT) [5, 6]. 

 

Polyhydroxyalkanoates (PHA) and Microbial Polyesters 

Polyhydroxyalkanoates (PHAs) are a family of polyesters synthesized intracellularly by various 
bacteria as energy reserves under nutrient-limited conditions. The most common member, Poly(3-

hydroxybutyrate) (PHB), is highly crystalline and exhibits mechanical properties like polypropylene 
[13–15]. PHAs are unique because they are truly biodegradable in both soil and marine environments, 

making them ideal for applications where plastic leakage into the ocean is a concern [8, 15]. Despite 
their environmental benefits, pure PHB is challenging to process due to its high crystallinity and a 

narrow thermal stability window; its degradation temperature is close to its melting point. This 
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necessitates the development of PHB-based bionanocomposites, often incorporating bacterial cellulose 

(BC) nanofibers or nanoclays to enhance melt strength and reduce brittleness [15]. 

 

Polysaccharide-Based Matrices: Starch, Chitosan, and Cellulose 

Polysaccharides are abundant, renewable, and cost-effective. Thermoplastic starch (TPS) is produced 

by disrupting the granular structure of native starch with heat and plasticizers like glycerol. While widely 

available, TPS is highly hydrophilic and suffers from “retrogradation,” where the starch molecules 

reorganize over time, leading to embrittlement [3, 4]. Chitosan, obtained from the deacetylation of chitin 

found in crustacean shells, offers inherent antimicrobial properties and high chemical reactivity due to its 

primary amino groups. It is frequently used in biomedical and active food packaging [13, 16]. Cellulose-

based matrices, including cellulose acetate and carboxymethyl cellulose (CMC), provide high 

transparency and mechanical stiffness, though they often require nanofiller reinforcement to achieve the 

barrier performance needed for long-term food preservation (Table 1) [4, 14]. 

 

Table 1. Comparative physicochemical and mechanical properties of biopolymer matrices. 

Biopolymer matrix Origin Density Tensile modulus Elongation at break (%) 

PLA Corn/ Sugarcane 1.25–1.30 6.9–9.8 12–26 

PHB Bacteria 1.25 1.0–3.5 3–8 

PHBV Bacteria 1.24 0.8–2.0 5–50 

TPS (Starch) Potatoes/Corn 1.1–1.4 0.01–0.6 20–100+ 

Chitosan Shellfish 1.35–1.40 1.5–3.0 5–25 

Gelatin Animal Collagen 1.30 0.3–2.5 10–60 

Cellulose Wood/Plants 1.50 100–150* <5* 

 

Protein-Based and Specialized Biopolymers 

Proteins – like collagen, gelatin, and keratin – are utilized for their exceptional biocompatibility and cell-

adhesion properties in tissue engineering [14, 17]. Gelatin, a hydrolyzed form of collagen, forms stable 

hydrogels that can be reinforced with chitin nanoparticles or nanocellulose to create scaffolds for bone 

reconstruction [4, 17]. Pullulan, a water-soluble polysaccharide produced by the fungus Aureobasidium 

pullulans, is emerging as a coating material due to its oxygen barrier properties and non-toxic nature [14]. 

 

DIMENSIONS AND MECHANISMS OF NANOSCALE REINFORCEMENTS 

The efficacy of a bionanocomposite is determined by the dimensionality and surface chemistry of 

the nanofiller, which dictates the reinforcement mechanism and the formation of a “tortuous path” 

for permeants. 

 

Zero-Dimensional (0D) Nanoparticles: Metal Oxides and Quantum Dots 

Zero-dimensional nanofillers, such as silver, zinc oxide, and titanium dioxide, are primarily 

integrated for functional rather than structural roles. Their high surface-area-to-volume ratio enhances 

their chemical reactivity, making them potent antimicrobial agents and UV-blockers [4]. In food 

packaging, nanoparticles can photodegrade ethylene, extending the shelf life of climacteric fruits 

(Figure 2). In biomedical applications, nanoparticles are used in wound dressings to prevent bacterial 

colonization [4, 14]. 

 

 
Figure 2. Nanoparticle of zero-dimension order. 

Zero-Dimensional (0D) Nanoparticles: Metal Oxides & Quantum Dots. 
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One-Dimensional (1D) Nanofillers: Nanotubes and Nanofibers 

One-dimensional reinforcements, including carbon nanotubes (CNTs) and cellulose nanocrystals 

(CNCs), provide exceptional longitudinal stiffness and strength. CNCs, isolated from wood pulp or 

bacterial cellulose, possess a high crystallinity and a tensile modulus exceeding [18–20]. When 

dispersed in a PLA matrix, CNCs facilitate stress transfer through hydrogen bonding between the 

hydroxyl groups of cellulose and the carbonyl groups of PLA (Figure 3). Bacterial cellulose (BC) 

nanofibers are particularly effective in reinforcing PHB, where they form a skeletal network that 

increases the storage modulus by up to 43% at high temperatures [15]. 

 

 
Figure 3. A nanoparticle of one-dimensional order. 

 

Two-Dimensional (2D) Layered Silicates: The Clay Paradigm 

Layered silicates, such as Montmorillonite (MMT) and Kaolinite, are the most widely used fillers 

due to their high aspect ratio and ability to create a “tortuous path” [3, 4, 13]. These nanoclays consist 

of stacked platelets about 1 nm thick. When integrated into a biopolymer, they can exist in three states: 

• Flocculated/Tactoid: Platelets remain in stacks, offering minimal reinforcement. 

• Intercalated: Polymer chains penetrate the interlayer space, increasing the spacing but 

maintaining the stack structure. 

• Exfoliated: Individual platelets are completely dispersed throughout the matrix, maximizing 

surface area and barrier performance (Figure 4) [3, 4, 13]. 
 

 
Figure 4. Two-dimensional nanoparticles. 

 

Exfoliated MMT is particularly effective in starch-based bionanocomposites, where it reduces water 

vapor permeability by creating a maze that gas molecules must navigate, effectively increasing the 

diffusion path length [3, 4]. 

 

Three-Dimensional (3D) and Hybrid Nanofillers 

Three-dimensional nanofillers – like nanosized calcium carbonate and silica – are used to enhance 

the stiffness and thermal stability of bionanocomposites while maintaining cost-effectiveness [6, 9]. 

Hybrid systems, combining two or more nanofillers (e.g., CNC and MMT), are being explored to 

achieve synergistic effects, such as simultaneous improvements, in mechanical strength and 

antimicrobial activity [21, 22]. 

 

GREEN SYNTHESIS METHODOLOGIES AND FABRICATION TECHNOLOGIES 

Green synthesis prioritizes the elimination of hazardous solvents, the reduction of energy 

consumption, and the use of renewable precursors. 

 

Mechanochemical Synthesis: High-Energy Ball Milling 

Mechanical milling (MM) is a solvent-free “solid-state mixing” technique that achieves 

homogeneous dispersion through high-energy impact and shear. In planetary ball mills, the grinding 

One-Dimensional (1D) Nanofillers: Nanotubes & Nanofibers. 
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media (steel or ceramic balls) transfer kinetic energy to the polymer–filler mixture, facilitating the 

intercalation and exfoliation of layered silicates [4, 23, 24]. This process can be conducted at room 

temperature, which is advantageous for thermally sensitive biopolymers like starch. Hydrophilic ball 

milling has been shown to successfully exfoliate MMT clay into oxidized starch, resulting in a 

substantially higher breaking strength and fracture work compared to native starch [4]. 

 

Microwave and Ultrasound-Assisted Synthesis 

Microwave irradiation offers rapid and selective heating by directly interacting with the polar 

molecules of the reactants. This technology significantly reduces the reaction time for synthesizing 

metal nanoparticles within biopolymer matrices, often using water as the solvent [25–27]. Unlike 

conventional heating, which relies on conduction, microwave energy causes molecular oscillation 

throughout the bulk of the material, leading to uniform temperatures and improved yields [25, 26]. 

 

Ultrasound-assisted processing utilizes acoustic cavitation to break down nanoparticle aggregates 

and accelerate polymerization reactions [25, 26]. In the fabrication of starch/nanofiber composites, 

ultrasonic vibration has been proven to enhance properties by promoting the deep penetration of fibers 

into the polymer matrix, thereby reducing the required loading content [4]. 

 

Biological Synthesis (Biosynthesis) 

Biosynthesis leverages the metabolic pathways of microorganisms (bacteria, fungi, yeast) and plant 

extracts to produce nanoparticles. Plant extracts are particularly favored as they contain polyphenols 

and flavonoids that act as natural reducing and capping agents, producing stable nanoparticles under 

ambient conditions (Table 2) [28, 29]. Fungi can secrete large amounts of enzymes that catalyze the 

reduction of metal ions, providing a scalable and eco-friendly route for producing antimicrobial fillers 

for food packaging [28]. 

 

Table 2. Comparison of green fabrication techniques for bionanocomposites. 

Fabrication 

method 

 

Primary mechanism 

 

Solvent usage 

Energy 

efficiency 

 

Scalability 

 

Key advantage 

Ball Milling Mechanical shear/impact None High Moderate Solvent-free 

exfoliation. 

Microwave Dielectric heating Water/Green Very High High Ultra-fast reaction 

times. 

Ultrasound Acoustic cavitation Water/Green High Moderate Excellent de-

agglomeration. 

Biosynthesis Microbial/Plant reduction Aqueous Very High High Low toxicity, high 

safety. 

Melt Extrusion Thermal/Mechanical shear None Moderate Very High Compatible with 

industry. 

Solution Casting Evaporation/Gelling High (Bio-based) Low Moderate High dispersion 

quality. 

 

PERFORMANCE ENGINEERING AND INTERFACIAL OPTIMIZATION 

The interface between the nanofiller and the biopolymer matrix is the critical region where stress is 

transferred and permeants are blocked. 

 

Surface Modification and Functionalization 

Many biopolymers are hydrophilic (e.g., starch, chitosan), while others are relatively hydrophobic 

(e.g., PLA, PHB). This mismatch can lead to poor interfacial adhesion and filler aggregation. Surface 

modification techniques are employed to tailor the surface energy of the fillers. 

• Anhydride Modification: Treating biofibers or nanocellulose with propionic or succinic 

anhydride increases their hydrophobicity, improving their compatibility with hydrophobic 

matrices like vinyl ester or PLA [30]. 



 

 

Bionanocomposites in Green Synthesis of Bioplastics – The Composite Materials of Future        M. Chander et al. 

 

 

© STM Journals 2026. All Rights Reserved 77  
 

• Silanization: The use of silane coupling agents creates chemical bridges between inorganic fillers 

(like nanoclays) and organic polymers. 

• Plasma Treatment: Atmospheric or argon plasma treatment can functionalize the surface of 

biopolymers, increase surface roughness, and induce chemical crosslinking. For PHB/bacterial 

cellulose nanocomposites, plasma treatment has been shown to increase the storage modulus by 

19% at room temperature and enhance antimicrobial activity against E. coli by 63% [15]. 

 

Rheological and Processing Behavior 

The introduction of nanofillers significantly alters the melt rheology of biopolymers. In 

bionanocomposites based on Bioflex (BF), the addition of organ-modified nanoclays induces an 

apparent yield stress at low frequencies, indicating the formation of a filler network that restricts 

macromolecular dynamics [6]. Conversely, traditional plastics – like HDPE – are almost unaffected by 

the same fillers due to a lack of specific interactions [6]. These rheological changes are critical for 

processes, like pipe extrusion and blow molding, where melt strength and deformability are essential 

for maintaining structural integrity [6]. The quantification of property improvements is essential for 

evaluating the potential of bionanocomposites to replace petroleum plastics. The addition of only 1% 

to 2% bacterial cellulose to PHB can result in a 21% increase in tensile strength (Table 3). In starch-

based systems, MMT reinforcement at 5% wt can reduce water vapor permeability by 50% compared 

to native starch [3, 4]. 

 

Table 3. Summary of mechanical and antimicrobial enhancements in bionanocomposites. 

Matrix Nanoreinforcement Loading Property improved Result 

PLA CNC 3–5 wt% Tensile Modulus 58% increase [18]. 

PLA CNC 3–5 wt% Tensile Strength 87% increase [18]. 

PLA MMT Clay 5 vol% Storage Modulus Significant improvement [5]. 

PHB BC Nanofibers 2 wt% Storage Modulus 43% increase at [15]. 

Starch MMT Clay 5 wt% Breaking Strength Substantial enhancement [4]. 

Chitosan 
 

1 wt% Antimicrobial () Synergistic inactivation [4]. 

Guar Gum  Alloy NPs 2 wt% Antimicrobial () Increased activity with conc [4]. 

 

Role in the Circular Bio-Economy: Waste to Worth 

A circular bioeconomy focuses on establishing regenerative systems that minimize waste and keep 

resources in continuous circulation. 

 

Valorization of Agro-Industrial and Food Waste 

Bionanocomposites promote sustainability by utilizing recycled agricultural and industrial waste, 

such as rice husk ash, lignin, and waste glass powder [8, 19]. Approximately 1.3 billion tons of food 

waste (FW) are generated annually, which, if improperly managed, releases toxic gases and 

contaminates groundwater. Converting this FW into bioplastics and bionanocomposites provides a 

“second life” for these materials (Table 4). Cellulose and lignocellulosic fractions from food waste are 

increasingly being converted into high-value biopolymers – like PLA and PHA – through microbial 

fermentation. 

 

Table 4. Waste Feedstocks and resulting bionanocomposite components. 

Waste feedstock Recovered component Targeted bionanocomposite Circular economy benefit 

Rice Husk Silica/Carbon Ash Reinforced PLA/PHA Waste reduction, cheap filler. 

Crustacean Shells Chitin/Chitosan Antimicrobial Packaging Valorization of seafood waste. 

Sugarcane Bagasse Cellulose Nanocrystals Structural Bio-composites Non-food biomass utilization. 

Food Scraps Fermentable Sugars PHA/PHB Matrix GHG emission reduction. 

Waste Glass Nanopowder Thermal Insulation Circular material loop. 
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Life Cycle Assessment (LCA) and Environmental Footprint 

LCA is a comprehensive tool used to quantify the environmental impact of bionanocomposites from 

“cradle to grave.” Studies indicate that bio-based plastics generally have a lower carbon footprint than 

fossil-based plastics (Table 5). For instance, the use of starch in bioplastic production can reduce GHG 

emissions by up to 80% and non-renewable energy usage by up to 60%. Utilizing Bio-PE leads to GHG 

emissions of approximately, which is 140% lower than petrochemical PE. However, LCAs also 

highlight trade-offs. The production of bioplastics can increase eutrophication potential by up to 400% 

due to the intensive use of fertilizers and pesticides in biomass cultivation [31, 32]. The use of waste 

residues instead of “virgin” starch can mitigate these impacts, reducing land use by up to 60% and 

eutrophication potential by up to 40% [31]. 

 

Table 5. Quantitative LCA data: Bionanocomposites vs. traditional plastics. 

Material comparison Category Quantitative difference Context 

PLA vs. Conventional Energy Usage 66% Savings Corn-based feedstock [31]. 

PLA vs. Conventional GHG Emissions 25% Reduction Corn-based feedstock [31]. 

Starch vs. Petrochemical GHG Emissions 80% Reduction Waste-derived starch [31]. 

Bio-PE vs. Fossil PE GHG Emissions 140% Lower  [31]. 

Compostable vs. LDPE Carbon Emissions 79% Lower Including Biogenic Carbon [33]. 

Bio-based Epoxy  Emissions Significant Reduction For ammonia tankers [34]. 

 

The sustainability of bionanocomposites depends on effective management at the end of their service life. 

 

Biodegradation and Industrial Composting 

Biodegradation is the enzymatic scission of polymer chains by microorganisms. Composting is a 

form of biodegradation that yields water and humus, but it requires specific conditions of pH, humidity, 

and oxygenation [5, 9]. While many bionanocomposites are compostable, the presence of certain 

nanofillers can either accelerate or retard this process, depending on their influence on crystallinity and 

water absorption. 

 

Enzymatic and Chemical Upcycling 

Enzymatic recycling is an emerging biotechnology that utilizes engineered enzymes to depolymerize 

plastics into their original monomers under mild conditions (), often without the need for solvents [10]. 

This method is highly specific and can handle colored or soiled plastics, allowing for the infinite reuse 

of materials in a closed-loop system [33, 34]. Chemical upcycling transforms waste plastics into high-

value carbon-based nanomaterials (CNMs), such as graphene and carbon nanotubes, through processes 

like pyrolysis, flash joule heating (FJH), and catalytic degradation (Table 6). A Chemical Upcycling 

Framework (CUF) tested in the UK, Netherlands, and Japan demonstrated a 70% to 85% conversion 

efficiency for multilayer plastics, increasing material value by 60% [35]. 

 

Table 6. Comparison of plastic recycling and upcycling pathways. 

Pathway Mechanism End product Environmental impact 

Mechanical Recycling Grinding/Remelting Lower-quality plastic Low energy, quality loss. 

Chemical Recycling Solvolysis/Pyrolysis Monomers/Fuels High energy, true circularity. 

Enzymatic Recycling Biocatalysis Pure Monomers Mild conditions, high specificity. 

Carbon Upcycling Thermal decomp. /CVD Graphene/CNTs High value, carbon storage. 

Composting Biodegradation , Water, Humus Returns carbon to soil. 

 

Diverse Applications of Bionanocomposites 

Bionanocomposites are transitioning from laboratory research to industrial and medical applications. 
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Active and Intelligent Food Packaging 
The high surface-to-volume ratio of nanofillers makes bionanocomposites ideal for “active” 

packaging. By integrating antimicrobial agents, like silver or zinc oxide, these materials can inhibit the 
growth of pathogens like E. coli and S. aureus [4]. Intelligent packaging systems incorporate 
bionanocomposite sensors that provide real-time information on food safety, such as color-changing 
indicators, for temperature fluctuations or freshness levels (Table 7). 
 
Table 7. Specific food packaging innovations. 
Application type Nanocomposite system Targeted food Function 

Active Packaging Chitosan +  Climacteric Fruits Ethylene photodegradation. 

Active Packaging Starch + Nisin/Clay Meat/Dairy Inhibits L. monocytogenes. 

Intelligent Pkg CMC + Silver NPs Temperature sensitive Color-based TTI indicator. 

Edible Coatings Bionanocomposite film Fruits/Veg Disease management. 

High Barrier Pkg PLA + Nanoclay Liquids/Gases Reduces and moisture perm.  

 
Biomedical Applications: From Wound Healing to Tissue Scaffolds 

The biocompatibility and tunable mechanical properties of bionanocomposites make them 

gamechangers in the medical field. Chitosan and alginate-based nanocomposites are used in drug 

delivery systems to ensure the controlled release of therapeutics [14, 17]. In tissue engineering, 

scaffolds reinforced with hydroxyapatite or nanoclays mimic the extracellular matrix (ECM), promoting 

cell growth and bone regeneration [3, 14, 17]. Emerging “smart” bionanocomposites are responsive to 

stimuli, like pH or temperature, which is ideal for targeted cancer drug delivery [17, 20]. 
 
Industrial and Engineering Applications 

Bionanocomposites are increasingly applied in the automotive and construction sectors due to their 
lightweight and durable nature [22]. In the automotive industry, they are used for vehicle body panels, 
interior components, and battery housings to achieve energy savings. Hybrid composites of basalt fiber 
and bio-epoxy have shown potential for semi-structural marine applications, offering high resistance to 
seawater degradation [22]. In agriculture, Bioflex-based nanocomposite pipes fulfil the requirements 
for irrigation systems, providing a bio-based alternative to standard HDPE pipes [36–38]. 
 
Global Market Trends and Regulatory Dynamics (2025–2032) 

The adoption of bionanocomposites is being accelerated by stringent global environmental 
regulations. Europe’s Packaging and Packaging Waste Regulation (PPWR), entering into force in 
February 2025, harmonizes measures for manufacturing, recycling, and reuse, strengthening the market 
for secondary raw materials [37–39]. The EU aims for a circularity rate of 24% by 2030, a goal that 
favors the use of bio-based and recyclable bionanocomposites [12]. China has set a definitive 2025 
deadline for nationwide bans on non-degradable plastic packaging bags and tape in the e-commerce and 
logistics sectors. Major courier companies are already transitioning to degradable and paper-based 
cushioning materials to avoid fines of up to RMB 20,000. Japan and South Korea are moving toward 
mandating the use of recycled plastic, with South Korea targeting a 10% share of recycled content in 
packaging by 2026. Vietnam and Indonesia have also established 2026 as a hard deadline for banning 
non-biodegradable plastic bags and single-use items in the retail and tourism sectors (Table 8). 
 
Table 8. Global circular economy policy timelines. 
Region Year Regulation/milestone Specific impact 

China 2025 National Plastic Ban (Hard Deadline) Full phase-out of non-degradable bags.  

EU 2025 PPWR Enforcement Mandatory recyclability & reuse rules.  

S. Korea 2026 Recycled Plastic Mandate 10% target for recycled content.  

Vietnam 2026 Import/Production Ban Ban on non-biodegradable plastic bags.  

Indonesia 2026 Comprehensive Plastic Ban End of single-use plastic usage.  

EU 2030 Circular Economy Act Targets Goal of 24% circularity rate.  

USA (CA) 2032 SB 54 25% reduction in plastic packaging.  
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FUTURE OUTLOOK AND STRATEGIC CONCLUSIONS 

Bionanocomposites stand at the forefront of the material revolution, offering a technically viable and 
environmentally superior alternative to petroleum-based plastics. The transition from fundamental 

research to industrial dominance is being driven by innovations in green synthesis, such as ball milling 
and enzymatic recycling, and by the integration of bionanocomposites into a circular bioeconomy 

through waste valorization. Despite challenges related to production costs and technical complexity, the 
synergy between materials science and biotechnology is creating a roadmap for a carbon–neutral future. 

The use of machine learning (ML) and predictive modeling (e.g., Random Forest algorithms) is further 
accelerating the development of high-performance composites, allowing researchers to optimize 

properties without extensive trial-and-error. As global regulations tighten and consumer demand for 
sustainable products grows, bionanocomposites will play an indispensable role in securing a circular, 

bio-based economy for future generations. 

 
The convergence of nanotechnology, green chemistry, and circular economy principles ensures that 

bionanocomposites are not merely the “materials of the future” but the necessary foundation for a 
sustainable present. Strategic investments in local waste collection, biorefinery infrastructure, and 

advanced recycling technologies will be the key drivers in scaling these innovations to meet global 
sustainability targets by 2030 and beyond. 

 

REFERENCES 

1. Mori R. Replacing all petroleum-based chemical products with natural biomass-based chemical 
products: A tutorial review. RSC Sustain. 2023;1(2):179–212. doi: 10.1039/d2su00014h.  

2. Abu-Zurayk R, Khalaf A, Alnairat N, Waleed H, Bozeya A, Abu-Dalo D, et al. Green polymer 
nanocomposites: Bridging material innovation with sustainable industrial practices. Front Mater. 

2025;12:1701086.  
3. Goodman BA. Utilization of waste straw and husks from rice production: A review. J Bioresour 

Bioprod. 2020;5(3):143–62. doi: 10.1016/j.jobab.2020.07.001.  
4. Kovacevic Z, Flincec Grgac S, Bischof S. Progress in biodegradable flame retardant nano-

biocomposites. Polymers. 2021;13:741. doi: 10.3390/polym13050741.  
5. Krystyjan M, Khachatryan G, Khachatryan K, Konieczna-Molenda A, Grzesiakowska A, Kuchta-

Gładysz M, et al. The functional and application possibilities of starch/chitosan polymer composites 

modified by graphene oxide. Int J Mol Sci. 2022;23(11):5956. doi: 10.3390/ijms23115956.  
6. Bhat AH, Khan I, Amil Usmani M, Rather JA. Bioplastics and bionanocomposites based on 

nanoclays and other nanofillers. In: Nanoclay reinforced polymer composites: Nanocomposites and 
bionanocomposites. Singapore: Springer Singapore; 2016. p.115–39. doi: 10.1007/978-981-10-

1953-1_5.  
7. Deffo G, Temgoua RC, Njanja E, Puzari P. Bionanocomposite materials for electroanalytical 

applications: Current status and future challenges. Nanoscale Adv. 2024;6(19):4736–50. doi: 
10.1039/D3NA01111A.  

8. Chander M, Lovejot. Applications of bionanocomposites in healing & treatment of tendon & 
ligament injuries. Int J Compos Constituent Mater. 2026;12(1).  

9. Bharathi VS, Jayas DS. Evolution of bionanocomposites: Innovations and applications in food 
packaging. Foods. 2024;13(23):3787. doi: 10.3390/foods13233787.  

10. Sinha Ray S. Polylactide-based bionanocomposites: A promising class of hybrid materials. Acc 
Chem Res. 2012;45(10):1710–20. doi: 10.1021/ar3000376.  

11. Botta L, La Mantia FP, Mistretta MC, Oliveri A, Arrigo R, Malucelli G. Structure-property 
relationships in bionanocomposites for pipe extrusion applications. Polymers. 2021;13(5):782. doi: 

10.3390/polym13050782.  

12. Vatieri C, Cirillo T, Esposito F. Waste to worth: Bioplastic synthesis from lignocellulosic food 
waste in the age of the circular bioeconomy. Front Sustain Food Syst. 2025;9:1698348. doi: 

10.3389/fsufs.2025.1698348.  

13. Chander M, Arora DS. Biodegradation of a dye by different white-rot fungi on a novel agro residue-

based medium. Lignocellulose. 2014;3(1):37–50. doi: 10.13140/RG.2.2.34047.83368.  

mailto:10.1039/d2su00014h
mailto:10.1016/j.jobab.2020.07.001
mailto:10.3390/polym13050741
mailto:10.3390/ijms23115956
mailto:10.1007/978-981-10-1953-1_5
mailto:10.1007/978-981-10-1953-1_5
mailto:10.1039/D3NA01111A
mailto:10.3390/foods13233787
mailto:10.1021/ar3000376
mailto:10.3390/polym13050782
mailto:10.3389/fsufs.2025.1698348
mailto:10.13140/RG.2.2.34047.83368


 

 

Bionanocomposites in Green Synthesis of Bioplastics – The Composite Materials of Future        M. Chander et al. 

 

 

© STM Journals 2026. All Rights Reserved 81  
 

14. Rosenboom JG, Langer R, Traverso G. Bioplastics for a circular economy. Nat Rev Mater. 

2022;7(2):117–37. doi: 10.1038/s41578-021-00407-8.  

15. Liu X, Park H, Ackermann YS, Avérous L, Ballerstedt H, Besenmatter W, et al. Exploring 

biotechnology for plastic recycling, degradation and upcycling for a sustainable future. Biotechnol 

Adv. 2025;81:108544. doi: 10.1016/j.biotechadv.2025.108544.  

16. Wani SD, Mundada AS. A review: Emerging trends in bionanocomposites. Int J Pharm Res 

Technol. 2021;11(1):1–8. doi: 10.31838/ijprt/11.01.01.  

17. Nandhini J, Karthikeyan E, Rajeshkumar S. Eco-friendly bio-nanocomposites: Pioneering 

sustainable biomedical advancements in engineering. Discover Nano. 2024;19(1):86. doi: 

10.1186/s11671-024-04007-7.  

18. Panaitescu DM, Ionita ER, Nicolae CA, Gabor AR, Ionita MD, Trusca R, et al. Poly(3-

hydroxybutyrate) modified by nanocellulose and plasma treatment for packaging applications. 

Polymers. 2018;10(11):1249. doi: 10.3390/polym10111249.  

19. Pires JR, Rodrigues C, Coelhoso I, Fernando AL, Souza VG. Current applications of 

bionanocomposites in food processing and packaging. Polymers. 2023;15(10):2336. doi: 

10.3390/polym15102336.  

20. Chander DM, Kumar DR, Salwan R. The synthesis of medicinally important pharma molecules 

from carbohydrates building blocks. Int J Novel Res Dev. 2023;8(5):e133–e148. Available from: 

https://ijnrd.org/viewpaperforall.php?paper=IJNRD2305414  

21. Arora B, Bhatia R, Attri P. Bionanocomposites: Green materials for a sustainable future. In: New 

polymer nanocomposites for environmental remediation. Elsevier; 2018. p.699–712. doi: 

10.1016/B978-0-12-811033-1.00027-5.  

22. Abu-Zurayk R, Khalaf A, Alnairat N, Waleed H, Bozeya A, Abu-Dalo D, et al. Green polymer 

nanocomposites: Bridging material innovation with sustainable industrial practices. Front Mater. 

2025;12:1701086. doi: 10.3389/fmats.2025.1701086.  

23. Rawat S, Phogat P, Sharma S, Jha R, Singh S. Smart and adaptive bionanocomposite materials 

processing and fabrication. In: Advanced bionanocomposite materials: Innovations for sustainable 

development. Singapore: Springer Nature Singapore; 2025. p.125–79. doi: 10.1007/978-981-96-

8225-6_4.  

24. Yadav K, Dutta K, Poudel R, Karak N. Biocomposites for automotive applications. In: Advances 

in biocomposites and their applications. Woodhead Publishing; 2024. p.257–84. doi: 

10.1016/B978-0-443-19074-2.00009-5.  

25. Kharissova OV, Kharisov BI, González CM, Méndez YP, López I. Greener synthesis of chemical 

compounds and materials. R Soc Open Sci. 2019;6(11):191378. doi: 10.1098/rsos.191378.  

26. Mohamed AA. Synthesis of nanomaterials under microwave and ultrasound irradiation. In: Green 

chemical synthesis with microwaves and ultrasound. 2024. p.235–48. doi: 

10.1002/9783527844494.ch9.  

27. Mohamed AA. Synthesis of nanomaterials under microwave and ultrasound irradiation. Green 

Chem Synth Microw Ultrasound. 2024. p.235–48. doi: 10.3390/c13111576.  

28. Rizal S, HPS AK, Mistar EM, Olaiya NG, Muksin U, Marwan M, et al. Functional properties of 

kenaf bast fibre anhydride modification enhancement with bionanocarbon in polymer 

nanobiocomposites. Polymers. 2021;13(23):4211. doi: 10.3390/polym13234211.  

29. Xia L, Gui T, Wang J, Tian H, Wang Y, Ning L, et al. Bio-based coatings: Progress, challenges and 

future perspectives. Polymers. 2025;17(24):3266. doi: 10.3390/poly17053266.  

30. Chander M. Fungal-derived nutraceuticals & bioactive compounds with physiotherapeutic and 

health-promoting properties: A comprehensive review. Int J Fungi. 2025;2(2):1–9. doi: 

10.37591/IJF.v02i02.228797.  

31. Abdelfatah AM, Hosny M, Elbay AS, El-Maghrabi N, Fawzy M. From waste to worth: Upcycling 

plastic into high-value carbon-based nanomaterials. Polymers. 2024;17(1):63. Available from: 

https://www.researchgate.net/publication/387645615  

32. Xu J, Zhang J. Upcycling of waste plastics into value-added chemicals. Sci Energy Environ. 

2025;2(1):4. doi: 10.53941/see.2025.100004.  

mailto:10.1038/s41578-021-00407-8
mailto:10.1016/j.biotechadv.2025.108544
mailto:10.31838/ijprt/11.01.01
mailto:10.1186/s11671-024-04007-7
mailto:10.3390/polym10111249
mailto:10.3390/polym15102336
https://ijnrd.org/viewpaperforall.php?paper=IJNRD2305414
mailto:10.1016/B978-0-12-811033-1.00027-5
mailto:10.3389/fmats.2025.1701086
mailto:10.1007/978-981-96-8225-6_4
mailto:10.1007/978-981-96-8225-6_4
mailto:10.1016/B978-0-443-19074-2.00009-5
mailto:10.1098/rsos.191378
mailto:10.1002/9783527844494.ch9
mailto:10.3390/c13111576
mailto:10.3390/polym13234211
mailto:10.3390/poly17053266
mailto:10.37591/IJF.v02i02.228797
https://www.researchgate.net/publication/387645615
mailto:10.53941/see.2025.100004


 

Journal of Nanoscience, Nanoengineering & Applications 

Volume 16, Issue 2 

ISSN: 2321-5194(Online), ISSN: 2231-1777(Print) 

 

© STM Journals 2026. All Rights Reserved 82  
 

33. Chander M. Biocomposites: Use of lignin as a core material in synthesis of various industrially 

important biomaterials. Int J Adv Eng Manag. 2021;3(8):593–602. doi: 10.35629/5252-

0308593602.  

34. Bano A, Gupta A, Prusty MR, Kumar M. Elicitation of fruit fungi infection and its protective 

response to improve the postharvest quality of fruits. Stresses. 2023;3(1):231–55. doi: 

10.3390/stresses3010018.  

35. Barbhuiya RI, Tinoco NN, Ramalingam S, Elsayed A, Subramanian J, Routray W, et al. A review 

of nanoparticle synthesis and application in the suppression of diseases in fruits and vegetables. Crit 

Rev Food Sci Nutr. 2024;64(14):4477–99. doi: 10.1080/10408398.2022.2142511.  

36. Sánchez-Silva JM, López-García UM, Gutierrez-Martinez P, Flores-Ramírez AY, Ramos-Bell S, 

Moreno-Hernández C, et al. Bionanocomposite coating film technologies for disease management 

in fruits and vegetables. Horticulturae. 2025;11(7):832. doi: 10.3390/horticulturae11070832.  

37. Sánchez-Silva JM, López-García UM, Gutierrez-Martinez P, Flores-Ramírez AY, Ramos-Bell S, 

Moreno-Hernández C, et al. Bionanocomposite coating film technologies for disease management 

in fruits and vegetables. Horticulturae. 2025;11(7):832. doi: 10.1016/j.fpsl.2022.100877.  

38. Su G, Lin Y, Wang C, Lu J, Liu Z, He Z, et al. Expansin SlExp1 and endoglucanase SlCel2 

synergistically promote fruit softening and cell wall disassembly in tomato. Plant Cell. 

2024;36(3):709–26. doi: 10.1093/plcell/koad291.  

39. Shahbazi F, Shahbazi S, Nadimi M, Paliwal J. Losses in agricultural produce: A review of causes 

and solutions, with a specific focus on grain crops. J Stored Prod Res. 2025;111:102547. doi: 

10.1016/j.jspr.2025.102547.  

mailto:10.35629/5252-0308593602
mailto:10.35629/5252-0308593602
mailto:10.3390/stresses3010018
mailto:10.1080/10408398.2022.2142511
mailto:10.3390/horticulturae11070832
mailto:10.1016/j.fpsl.2022.100877
mailto:10.1093/plcell/koad291
mailto:10.1016/j.jspr.2025.102547

