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Abstract. This study investigates the mechanical properties of modified biopolymer-based composites reinforced with organic (collagen, keratin) and inorganic (silicates, cellulose derivatives) additives. Results demonstrate enhanced tensile strength and elongation at break, highlighting the potential of optimized additive concentrations for improving bioplastic durability. These findings contribute to the development of sustainable, high-performance biodegradable materials.
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Introduction
The widespread use of petrochemical-based plastics has significantly contributed to environmental degradation, leading to growing concerns regarding pollution, resource depletion, and long-term sustainability [1, 2]. Conventional plastics, such as polyethylene (PE), polypropylene (PP), polystyrene (PS), and polyethylene terephthalate (PET), are extensively utilized across various industries due to their excellent mechanical properties, chemical resistance, durability, and cost-effectiveness [3]. These materials have revolutionized modern manufacturing, enabling advancements in packaging, construction, automotive, medical devices, and consumer goods. However, despite their functional advantages, the persistence of synthetic polymers in the environment presents severe ecological and health challenges [4].
Non-biodegradable plastic waste accumulates in landfills, oceans, and natural ecosystems at an alarming rate. Global plastic production exceeds 300 million metric tons annually, with a substantial fraction ending up as unmanaged waste [5]. Microplastic contamination in aquatic and terrestrial environments has been identified as a critical issue, posing risks to marine biodiversity, food chains, and human health. Furthermore, the extraction and processing of fossil fuels for plastic production contribute significantly to greenhouse gas emissions, exacerbating climate change [6]. The long-term consequences of plastic pollution have led to increasing regulatory pressures, public awareness, and scientific initiatives aimed at developing sustainable alternatives that maintain material performance while minimizing environmental impact [7].
Biopolymers have emerged as promising candidates for reducing plastic-related pollution due to their renewable origin and potential biodegradability [8]. These materials are derived from various natural sources, including polysaccharides, proteins, and polyesters, making them an environmentally friendly alternative to petroleum-based polymers [9]. Polysaccharides such as cellulose, starch, chitosan, and agar-agar are among the most abundant and widely studied biopolymers, offering excellent biodegradability and renewability [10]. Their hydrophilic nature and ability to form strong hydrogen bonds contribute to desirable properties such as film-forming capabilities and biocompatibility. However, their mechanical strength, moisture sensitivity, and barrier properties often require further enhancement through chemical modifications or blending with other materials [11].
Proteins, including collagen, keratin, casein, and gelatin, are another class of biopolymers that have gained attention for their unique structural properties [12]. These macromolecules are naturally designed to provide mechanical support in biological systems, making them suitable candidates for biopolymer applications. Collagen, the primary structural protein in connective tissues, exhibits excellent tensile strength and flexibility, making it particularly useful for biomedical applications such as wound dressings, scaffolds for tissue engineering, and drug delivery systems [13]. Similarly, keratin, which is found in hair, feathers, and wool, is known for its high sulfur content and disulfide bond crosslinking, leading to increased strength and stability [14]. Casein, the primary protein in milk, has been explored for its ability to form films with moderate strength and elasticity, offering potential applications in biodegradable packaging. Despite their advantages, protein-based biopolymers often suffer from water sensitivity, limited thermal stability, and relatively low mechanical strength, necessitating reinforcement through additives or chemical modifications [15].
In addition to polysaccharides and proteins, biopolyesters such as polylactic acid (PLA) and polyhydroxyalkanoates (PHA) have gained prominence due to their thermoplastic nature and processability [16]. PLA, derived from lactic acid fermentation of plant-based sugars, has mechanical properties comparable to polystyrene and polyethylene terephthalate (PET), making it a popular choice for biodegradable packaging, medical implants, and 3D printing [17]. However, its brittleness and low impact resistance require blending with plasticizers or other biopolymers to improve flexibility. PHA, a family of microbial polyesters produced by bacterial fermentation, offers superior biodegradability and biocompatibility, making it suitable for biomedical and agricultural applications [18]. The diversity of PHA copolymers allows for tunable mechanical and thermal properties, but high production costs remain a significant barrier to large-scale commercialization [19].
Despite their environmental benefits, biopolymers face significant challenges that hinder their widespread adoption in high-performance industries such as packaging, automotive, aerospace, and biomedical fields [20]. One of the primary limitations is their inferior mechanical properties compared to traditional synthetic polymers. Many biopolymers exhibit lower tensile strength, increased brittleness, and limited thermal stability, restricting their application in demanding environments [21]. These weaknesses are particularly problematic for applications requiring high durability, flexibility, or resistance to external factors such as moisture, UV radiation, and mechanical stress [22].
To overcome these challenges, researchers have explored various strategies to enhance the mechanical performance of biopolymer-based materials. These strategies include blending biopolymers with synthetic or natural reinforcements, crosslinking polymer chains, plasticization, and composite formulation with inorganic additives [23]. The incorporation of organic additives such as collagen, keratin, and casein has been shown to improve elasticity and toughness, while inorganic reinforcements such as silicates, calcium phosphates, and cellulose nanocrystals enhance structural rigidity and impact resistance. Furthermore, functionalized nanoparticles and bioactive fillers can introduce additional properties such as antimicrobial activity, UV resistance, and improved barrier performance [24].
Given the increasing demand for sustainable materials, ongoing research efforts focus on optimizing the formulation and processing of biopolymer composites to achieve a balance between mechanical performance, biodegradability, and cost-effectiveness [25]. The development of multi-component biopolymer composites that combine the advantages of different biopolymers and reinforcement materials holds great promise for advancing sustainable plastics and reducing environmental impact. This study aims to investigate the mechanical behavior of modified biopolymer-based composites reinforced with organic and inorganic additives. By analyzing tensile strength and elongation at break, this research seeks to identify the most effective additive compositions that improve the durability and functionality of biodegradable materials. The findings of this study contribute to the ongoing development of high-performance, environmentally friendly bioplastics, offering potential applications in sustainable packaging, biomedical engineering, and structural materials.
Results and Discussion
The mechanical properties of the modified biopolymer composites were evaluated based on tensile strength (TS) and elongation at break (Eb), providing insights into the effects of different organic and inorganic additives on material performance. The results demonstrated significant variations depending on the type and concentration of the additives, with certain compounds substantially enhancing the mechanical stability of the material, while others exhibited a negative impact when used in excessive amounts.
In terms of tensile strength, the most significant improvement was observed in the sample containing 0.1 g of agar-agar, which exhibited a tensile strength 21% higher than the strongest non-modified biopolymer sample. This increase is likely attributed to agar-agar’s ability to enhance interfacial adhesion within the biopolymer matrix, promoting stronger intermolecular interactions. Cellulose acetate at 1 g also exhibited a noticeable reinforcing effect, increasing tensile strength by 15% compared to the base material. Similarly, collagen type II at 2 g demonstrated a 12% improvement, reinforcing the role of protein-based additives in enhancing mechanical robustness. The 0.5 g ortho-silicate sample resulted in a 10% improvement in tensile strength relative to the non-reinforced control, which aligns with previous studies indicating the potential of silicate-based reinforcements in stabilizing polymer networks.
Conversely, certain additives at higher concentrations led to a deterioration in mechanical properties. For instance, increasing the concentration of collagen type II from 2 g to 3 g resulted in a 7% decrease in tensile strength, likely due to phase separation and reduced homogeneity of the composite structure. A similar trend was observed for cellulose acetate, where increasing its content beyond 1 g caused a 9% reduction in tensile strength, indicating that excessive filler content may disrupt the polymer matrix and lead to stress concentration points. These findings suggest that while moderate concentrations of certain additives can enhance material performance, exceeding the optimal threshold can have the opposite effect.
Regarding elongation at break, which measures the material’s flexibility and ductility, Aerosil (0.5 g) exhibited the most pronounced improvement, increasing Eb by 48% relative to the control sample. This suggests that nanoscale dispersion of silica enhances polymer chain mobility, reducing brittleness and improving flexibility. Similarly, 3-aminopropyltriethoxysilane (1 g) contributed to an elongation increase of 32%, reinforcing the role of silane coupling agents in promoting plasticity within biopolymer matrices. Another notable improvement was seen in collagen type III (0.5 g), which improved elongation at break by 27%, likely due to the inherent elasticity of collagen fibers, which facilitate stress distribution across the polymer network.
Interestingly, while some organic fillers improved flexibility, others had a stiffening effect when used in high concentrations. For example, increasing hydrolyzed keratin content from 2 g to 4 g resulted in a 15% decrease in elongation at break, indicating that excessive protein reinforcement leads to a more brittle material. Likewise, high concentrations of cellulose acetate (above 1 g) reduced elongation by 18%, suggesting that an overly rigid polymer network compromises material ductility. These observations emphasize the importance of balancing reinforcement and flexibility to optimize composite properties for specific applications.
Overall, the results indicate that the mechanical performance of biopolymer-based composites is highly dependent on additive type and concentration. Moderate amounts of organic fillers such as collagen and keratin contribute to enhanced elasticity and durability, while inorganic reinforcements like silica-based additives improve tensile strength without sacrificing flexibility. However, excessive filler content can lead to phase separation, decreased homogeneity, and the formation of brittle domains, ultimately reducing material performance. These findings highlight the potential for fine-tuning biopolymer formulations to achieve a balance between strength, flexibility, and biodegradability, paving the way for improved applications in sustainable packaging, biomedical engineering, and structural materials. Future research should focus on refining processing techniques and exploring synergistic additive interactions to further enhance the mechanical properties of biopolymer-based materials.
Conclusions
The results of this study demonstrate that the mechanical properties of biopolymer-based composites can be significantly enhanced through the careful selection and optimization of organic and inorganic additives. The findings indicate that moderate concentrations of agar-agar, cellulose acetate, and collagen type II contribute to improved tensile strength, increasing it by up to 21% compared to the non-reinforced material, while maintaining structural integrity. Similarly, Aerosil and 3-aminopropyltriethoxysilane were the most effective in increasing elongation at break, enhancing flexibility by 48% and 32%, respectively. However, excessive additive concentrations resulted in material degradation, reducing mechanical stability and leading to phase separation and increased brittleness. This underlines the necessity of optimizing filler content to balance strength, elasticity, and processability for specific applications. These insights are crucial for the advancement of sustainable biopolymer formulations, allowing for the development of high-performance biodegradable materials with tailored mechanical properties. Future work should explore long-term durability, environmental degradation behavior, and potential industrial applications to further enhance the practical viability of these composites in packaging, biomedical engineering, and structural applications.
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