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Abstract 

This study examines the evolution of bio-based polymer nanocomposites using eco-friendly synthesis 

methods to improve mechanical, thermal, and barrier properties. It involves the combination of 

sustainable synthetic polymers with natural polymers in the presence of nanofillers in a green and 

compatible fashion to generate durable nanocomposites. Optimal alignment of nanofillers with the 

polymer matrices can be achieved using solvent casting, melt blending, and in-situ polymerization as 

fabrication methods. Consequently, the prepared nanocomposites are superior in tensile strength, 

Young's modulus, and impact resistance and retain their biodegradability properties. The thermal 

analyses and dynamic mechanical tests prove that the materials offer increased resistance to higher 

temperatures, as well as enhanced oxygen barrier characteristics. The developments make the 

nanocomposites very applicable in any field where functionality and eco-friendliness remains the key 

consideration. They are, for instance, very promising in greener packaging technologies that feature 

improved shelf-life and protection with no use of petroleum-based plastics. They also are currently 

applicable in additional applications in the automotive and biomedical markets where green material 

lightweight, high-performance and high-performance are all the rave. Khan et al. also inferred the 

application of nanocellulose-derived composites in packaging foods, and has shown that the latter can 

enhance the performance of the material. In general, the research featuring the combination of green 

materials, nanotechnology, and advanced composite engineering is successful. These types of bio-based 

nanocomposites are the ones that can become the 

answer to the substitution of the plastics, which are 

widely used, at least in the framework of the 

ongoing task of the climate without damaging the 

environment and fulfilling the functions of the 

circular economy. 
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INTRODUCTION 

Long-term environmental challenges and 

increasing demands of materials that are 

sustainable have instigated a vast amount of 

research regarding bio-based and biodegradable 
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component-based polymer nanocomposites [19]. Nanocomposites offer great advantages over standard 

composites since they offer superior mechanical characteristics and enhanced thermal conductivity with 

reduced gas permeability properties [3]. The plant-based materials in the form of renewable source 

materials are of great interest to scientists who want to use them as the base or matrix materials and as 

reinforcement materials due to their fast production, exceptionally robust material properties and good 

thermal stability [3]. The combination of key characteristics of sustainable polymers with polymer 

nanocomposites in bio-nanocomposites makes them a promising material with the potential of creating 

environmentally friendly high-performance products [34]. 

 

This development towards sustainable materials is due to the decreased reliance on fossil fuels and 

the reduced environmental impact caused by petroleum-based polymers. The major characteristic that 

makes them acceptable worldwide is biodegradability [32]. The production of bio-based products and 

new processing is a significant change in place of fossil fuels with renewable resources [19]. Consumer 

requirements are also fulfilled with sustainable nanocomposites that are non-toxic and safe [26]. 

 

Polymers made of fossil fuel do not break down and lead to extreme plastic pollution. The realization 

of this problem has already increased the transition to a sustainable alternative [20]. Adding biomass 

like kenaf, sugar palm, and water hyacinth to resins will curb issues of degradation [8]. The extensive 

usage of composite materials, however, raises the issue of waste [27]. Plant bio-composites are 

responding to this by breaking down naturally and reducing ecological effects [7]. Biopolymers of 

polysaccharide and proteins do not need the use of fossil fuel resources, and this fact corresponds to the 

standards of green chemistry and the circular economy [5]. This manuscript intends to fill the gap of 

twofold goals of sustainability and advanced performance in polymer nanocomposites. In particular the 

review focuses on the integration of polymer matrix (conventional and bio-based) to nanofillers, to 

create biodegradable yet high-performance mechanical, thermal, and barrier composites. The analysis 

of material choice, synthesis approaches, and lifecycle considerations put the work in the framework of 

making the material selection, synthesis, and lifecycle not exclusive but rather complementary, and 

environmental responsibility, as well as high performance, do not contradict each other [31]. 

 

SUSTAINABLE MATERIALS FOR POLYMER NANOCOMPOSITES 

The Figure 1 below indicates that green synthesis techniques of nanofillers have been used in an 

increasing manner to develop sustainable nanocomposites. The selection of sustainable materials is the 

crucial step of developing environmentally friendly polymer nanocomposites in their design phase. 

Plant, animal, and microbial-based polymers are the renewable bio-based polymers (also known as 

renewable plastics) that can be used as alternatives to petroleum-based polymers [21]. The green 

synthesis of nanoparticles using plant extracts, as it is reviewed by Naikoo et al. is a sustainable method 

of nanofiller production [30]. Polymers that are based on bio-source, such as polylactic acid, 

polyhydroxyalkanoates, and cellulose derivatives are commonly used as nanocomposites. Further 

enhancement of their properties through nanofillers may be employed in improving mechanical 

strength, thermal stability, and barrier properties. Polymer Nanocomposites reinforced with jute, hemp, 

and flax fibers also provide sustainable and cost-effective reinforcement over synthetic fibers. In Table 

1, the comparison of bio-based polymers and petroleum-based polymers in terms of such important 

properties as biodegradability, mechanical strength, and environmental impact is provided. The article 

by Montava-Jordan et al. showed that reactive extrusion can enhance the performance of biodegradable 

polymer nanocomposites [15]. 

 

POLYMER MATRICES AND THE ROLE OF THE POLYMER MATRICES IN 

SUSTAINABILITY 

According to Armentano et al. [2]., biodegradable nanocomposites can be used in packaging 

applications because their mechanical properties have been improved. Thermosets including phenolic 

and epoxy resins are strong and stable in the thermal condition yet, they are hard to recycle as it 

possesses a crosslinked structure. Thermoplastics, such as polyethylene, polypropylene, PET are 



 

Journal of Polymer & Composites 

Volume 14, Special Issue 1 

ISSN: 2321-2810 (Online), ISSN: 2321-8525 (Print) 

 

© STM Journals 2026. All Rights Reserved S1673  
 

recyclable and can be mixed with nanofillers, and thus these could become attractive in the framework 

of the circular economy. Polymers, such as polylactic acid (PLA), polyhydroxyalkanoates (PHA), and 

starch mixtures are bio-based and decrease carbon footprints, but they need to be reinforced to increase 

their longevity. Recyclable matrices giving sustainability and performance have just entered the market 

through chemical depolymerization and re-use. An evaluation of these categories against each other 

proofs of the trade-offs of functionality, recyclability, and eco-efficiency upon which the development 

of nanocomposites occurs [31]. 

 

Plant fibers are used as an alternative to synthetic fibers in making composite since it is inexpensive, 

biodegradable, and possesses good mechanical properties [22]. Cellulosic sources of natural plants, 

microbial, algal, and fungal have also been used to achieve the sustainable potential of nanocomposites 

[35]. Because they can be produced using renewable materials that are readily available and at low cost, 

biodegradable composites are economical [14]. In addition to green nanocomposite fabrication 

methods, solvent-free methods, enzymatic reactions, and supercritical fluid processing contribute 

towards the development of sustainable nanocomposites. Also, green solvents and catalysts are used to 

increase the environmental friendliness of the production process. 

 

Nanocomposites of polymer make a significant improvement in the performance characteristics of 

the polymer. Nanofillers that have been commonly used in sustainable polymer nanocomposites include 

carbon nanotubes, graphene, nanotubes, and nanocellulose nanoparticles. These nanofillers improve 

mechanical strength, stiffness, thermal stability and barrier properties. Nanofiller characteristics like 

composition, aspect ratio, and surface properties have a strong effect on the overall performance of 

nanocomposites [16]. Of these, cellulose fibers have received significant amounts of research attention 

because they possess very good mechanical properties, are environmentally friendly, can be processed, 

biodegradable, biocompatible, non-toxic, cost-effective and fuel efficient [18]. 

 

Nanofiller surface modification increases the nanocomposites performance and dispersion as well as 

compatibility. It is also made greener using epoxidized soybean oil and citric acid as green 

compatibilizers. The strength and stiffness of cellulose nanocrystals make them promising nanofillers, 

as well as biodegradable [6]. 

 

Table 1. Properties of Bio-based polymers vs petroleum-based polymers. 

Property Bio-based Polymers Petroleum-based Polymers 

Source Derived from renewable plant and animal sources Derived from non-renewable fossil fuels 

(petroleum) 

Biodegradability Biodegradable (in most cases) Non-biodegradable 

Environmental 

Impact 

Lower carbon footprint, environmentally friendly Higher carbon footprint, environmentally 

damaging 

Cost Higher initial cost due to raw material sourcing Generally lower cost, mass-produced 

Durability Generally lower durability than petroleum-based 

alternatives 

High durability, longer service life 

Mechanical 

Properties 

Moderate to low strength, flexibility varies by type High strength, excellent durability 

Thermal Stability Lower thermal stability, susceptible to degradation 

at higher temperatures 

High thermal stability, can withstand 

higher temperatures 

Production Process May involve more energy-intensive processes Well-established, efficient processes 

Recycling Often not recyclable, though some can be 

composted 

Easily recyclable but not biodegradable 

Energy 

Consumption 

Generally lower energy consumption in production High energy consumption in production 

Applications Packaging, textiles, agricultural films, bioplastics Automotive, packaging, construction, 

electronics 
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PERFORMANCE OUTCOMES 

The tensile strength, young modulus and impact resistance of nanofillers are very high as compared 

to neat polymers [23]. Uysal et al. established that the addition of nanofillers made of cellulose can 

largely increase the thermal stability of bio-based polymers [24]. The effects of uniform dispersion are 

essential in such improvements [1]. In alumina fillers, especially, mechanical, thermal, and tribological 

properties are enhanced [33]. Since cellulose fibers are efficient nanofillers, Mustapha et al. emphasized 

their use to enhance the mechanical characteristics of polymer matrices [17]. Surface treatment also 

enhances the bond between the polymers and fillers and improves overall performance [29]. Figure 2 

shows the thermal stability increases of nanocomposites especially when graphene and carbon 

nanotubes are added to them. 

 

Figure 3 the correlation between the type of nanofiller and thermal stability of nanocomposites is 

mentioned. 

 

The addition of nanofillers to decrease the gas permeability is shown to be significant, and thus these 

materials are suggested to be used in packing products (Figure 4). 

 

 
Figure 1. Green synthesis methods for nanofillers. 
Reproduce from Naikoo GA et al., 2021 [Ref. 29], Licensed under CC BY 4.0 
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Figure 2 (a–d). Thermal stability (T₅% indicator) of composites with GN (a) and CB (b); 

decomposition peak temperature and residual mass at 595 °C for composites with GN (c) and CB (d). 

Adapted from Zambrzycki et al. [2021, Ref. 28], Material, 14, 4169. Licensed under CC BY 4.0 

 

Incorporation of nanofiller improves thermal stability of bio-based polymers by increasing 

temperatures of decomposition and decreasing weight loss. Nanofillers prevent the degradation of the 

matrix as thermal barriers and enhance the heat resistance of polylactic acid by layered double 

hydroxides. Carbon nanotubes and graphene can also be used as tunable thermal conductivity fillers. 

The resistance to gases and liquids increases due to the decreasing permeability to oxygen, carbon 

dioxide, and water vapor by nanofillers [25]. The twists and turns formed in the polymer network resist 
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Figure 3. Nanocomposite thermal stability vs. nanofiller type. Compiled and redrawn from various 

Sources [7,3,18]. 

 

 
Figure 4. Gas permeability of nanocomposites in packaging applications. compiled and redrawn from 

various Sources [5,8,9,10,11] 

 

gaseous diffusion [30] and reduced permeability is a common consequence of nanofiller incorporation 

[11]. The mechanical properties of PLA-based nanocomposites were observed in Li et al. and they were 

greatly enhanced when reinforced with nanofillers [13]. 

 

CONCLUSION 

 

KEY FINDINGS AND RELEVANCE 

Green polymer nanocomposites are a new path toward high-performance greener materials. The type 

of bio-based polymers, nanofillers, and the fabrication techniques determines their performance. When 

nanoparticles are combined with polymers, scientists realize compounds that are better than their 

constituent materials [12]. They are already used in packaging, automotive, agricultural, and biomedical 

applications as nanocomposites [4, 28]. 

 

ENVIRONMENTAL IMPLICATIONS OF POLYMER NANOCOMPOSITES 

Beyond material performance, it is critical to assess the environmental impact of nanocomposites. 

Production often involves solvent use, energy-intensive processing, and potential nanoparticle release, 

which must be minimized through green synthesis and safer processing routes. During the usage phase, 
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nanocomposites extend product life, reduce material consumption, and improve energy efficiency (, 

e.g., lightweight automotive parts), contributing positively to sustainability [34]. Sharma et al. and 

Liang et al. reviewed numerous articles related to recent developments in sustainable polymer 

nanocomposites and the environment impact [34,35]. However, end-of-life scenarios present 

challenges: most thermoset-based nanocomposites are not recyclable, and uncontrolled incineration 

may generate harmful emissions [33]. Promising strategies include chemical recycling, biodegradation 

pathways in bio-based matrices, and the development of nanofillers that do not persist in ecosystems 

[35]. Thus, a full lifecycle perspective is essential for aligning nanocomposite innovation with global 

sustainability goals. 
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