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    The editors are pleased and excited to present the book titled Biocarbon Polymer Composites. The title of the book reflects the authors' awareness of the significance of biocarbon-based composites in the modern industrial and manufacturing fields, as well as their desire to introduce readers to one of the most unique classes of materials.




    The 21st century has seen an increasing global demand for materials that are sustainable, ecofriendly, and biodegradable. The growing concerns about the environmental impact of plastic waste have spurred research and development of alternative materials, such as biocarbon polymer composites. Dr. Jane Goodall, the internationally acclaimed environmentalist said that Biocarbon polymer composites have the potential to revolutionize the way we manufacture products, by providing an environmentally friendly alternative to traditional plastics. As said, one of the remarkable features of biocarbon polymer composites is that they have the potential to reduce our dependence on non-renewable resources, mitigate the environmental impact of plastic waste, and create new economic opportunities for rural communities. Biocarbon polymer composites are an exciting new option as we seek out greener alternatives to petroleum-based plastics.




    The book is organized into three sections and has nine chapters in total. The three sections Section I - State of the Art, Section II is the Sources of biocarbon and preparation of polymer composites, and Section III is the Properties and Applications of biocarbon polymer composites. Section I includes Chapters 1 and 2, Section II contains Chapter 3, and Section III contains Chapters 4 through 9. Chapter 1 introduces the use of bio nanocarbon to enhance fiber-reinforced nano biocomposites, addressing challenges in composite properties. It covers biocarbon nanoparticle synthesis and their integration into polymeric composites, with a focus on bio-inspired structures. Chapter 2 explores the circular economy and biochar production from waste, emphasizing its potential as a filler for polymer matrices. Section II, Chapter 3, discusses the use of animal waste-derived biochar in polymer nanocomposites, highlighting improved mechanical and thermal properties. Chapter 4 in Section III delves into biochar's application in thermal energy storage materials. Chapter 5 explores biocarbon extraction from various natural waste sources for 3D printing. Chapter 6 investigates rice husk ash as a sustainable filler for biocomposites, analyzing its impact on tensile properties. Chapter 7 discusses biochar-based nanocomposites and their enhanced electrochemical properties, particularly in agriculture. Chapter 8 focuses on synthesizing high-quality graphitic carbon from coconut shell powder for LDPE composite films with improved properties. Lastly, Chapter 9 emphasizes the environmental importance of polymer nanocomposites and biocarbon-reinforced composites in pollution remediation and sustainability efforts.




    The main aim of this book is to offer a thorough introduction to biocarbon polymer composites, including the most recent research and practical applications of this material. This book brings together contributions from prominent researchers, engineers, and industry professionals in the field of biocarbon polymer composites. The chapters are structured to provide a clear and concise understanding of biocarbon-based composites' fundamental concepts and practical applications. This book is a must-read for anyone interested in the science of these materials and their prospective uses.
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      Abstract




      For applications involving sustainable materials, bio-nanocarbon was examined as a material to improve the properties of fiber-reinforced nano-biocomposite. A thorough investigation has been conducted using nano biocarbon as a filler and reinforcing material. However, the composite's inferior mechanical, physical, and thermal properties are a result of a poor fiber-matrix interface. As a result, in this study, biocarbon nanoparticles were created and used as functional components to enhance the properties of polymeric composite materials. To emphasize the scientific and technological issues that need to be resolved in order to create artificial composites with bio-inspired structures, recent studies of bio-inspired nano-carbon composites are discussed in this study. These include the production techniques for resolving the nano-carbon dispersion problem and creating bio-inspired structures, as well as the microstructure and composite characteristics characterization. In order to reveal natural design principles and serve as a resource for future research, bio-inspired composites and their applications are thoroughly examined and explained.
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      1. Introduction




      Carbon is one of the periodic table's most versatile elements, having unrivaled qualities [1]. The atomic organization and hybridization of carbon determine its properties as an insulator (diamond) or a semiconductor (stacked graphite) or, amorphous carbon in a high-floor location. The ability of carbon to catenate opens the door for expanding the various fields of science such as chemistry, physics,




      and biology to facilitate people’s lives. Carbon nanostructures, including activated carbon (AC), carbon nanotubes (CNT), graphite, fullerene, carbon quantum dots, etc., are low dimensional allotropes of carbon emerging as bright spots in the domains of science and technology. Carbon allotropes are the primary building blocks of biological life. Carbon is used by nature together with other elements to generate a variety of species and offers sustainable ways to change matter and energy. These carbon-based resources, or biomass, have been used as renewable starting materials for the controlled manufacture of carbon compounds, which might minimize the usage of fossil-based fuels and hasten the sustainable growth of human society. Carbon is found in all living organisms, including plants, animals, and humans. So, nature is the best source for deriving carbon from agricultural waste, forest, and household waste. Synthesizing carbon nanomaterials from biomass is cost-effective and environmentally friendly. Many studies have been conducted to transform carbon from bio-resources to nanomaterials for diverse uses. Sugarcane bagasse, bamboo, paper pulp sludge, fruit and vegetable peels, rice husk, oil seeds, coconut shells, and other bioresources have been used as carbon precursors. Lignocellulose in biomass is the primary precursor for synthesizing biocarbon nanomaterials [2]. Biomass can be either lignocellulosic or non-lignocellulosic depending on the composition. Most biomass is lignocellulosic. Cellulose, hemicellulose, and lignin are the three distinct constituents of non-edible biomass generated from agriculture and forest wastes. Carbonaceous materials can also be made from non-lignocellulosic biomass including fruit, animal, and food waste, which is high in carbohydrates, polysaccharides, and protein. It is important to note that the heterogeneous chemical components and structure of biomass make the production of homogenous and controlled carbonaceous materials challenging [3]. The BCMs (Biocarbon materials) made from plant- and animal-derived biomass often had some noticeable variations, particularly in their structural and chemical make-ups. For instance, doping-free wood-based BCMs mostly include C and O and may readily maintain the original biomass structures. The crucial step in synthesizing BCMs with the necessary shapes and morphologies is selecting the appropriate biomass precursors. The majority of biomass resources are made up of complex compounds, and these molecules often have various pyrolysis pathways [4]. BCM topologies and architectures are important factors in determining applications. It depends on whether the BCMs have inherited the original macro- or micro-structures of the biomass. Numerous compounds found in biomass vary in kind and amount from one species to another, and as a result, have unique breakdown pathways. In general, when plant biomass is transformed into BCMs via an hydrothermal carbonization method, the original structure may be preserved since it comprises more crystalline cellulose and less hemicellulose. The majority of chitin biomass may be immediately pyrolyzed into BCMs. Proteins have been routinely employed to create BCMs that include nitrogen since they are necessary for all living things. The ultimate architectures and characteristics of the BCMs can be influenced by a variety of circumstances [5].




      Thermochemical conversion of biomass resulted in the production of biochar and carbon fibers initially. Later on, the possibility of synthesizing carbon nanomaterials from biomass expanded the world of biomass as nanocarbon precursors. CNT, fullerene, quantum dots, graphite and graphene, and carbon nanosphere are also prepared from biomass precursors [5]. Biomass feedstocks go through a sequence of simultaneous events during pyrolysis, including dehydration, decarboxylation, aromatization, and recondensation.




      The surface morphology and porous nature of carbon materials were investigated using FE-SEM images (Fig. 1). The formation of thick and large-sized carbon particles with a smooth surface could be seen in the images. This clearly confirms that the carbonization process at different temperatures from 600 to 800 oC in an Ar or N2 atmosphere could convert the dried biowaste into a valuable carbon product. However, all raw samples were characterized by a dense structure. After the pyrolysis processes, the pores were created. In case of bio-chars from wheat straw, a small amount of pores was observed on the surface. Their amount was increased with increasing the process temperature, but the pores were very small. The SEM images of the all obtained activated carbons show more porous structures. For all samples, the structure was crashed, but the micropores are visible.




      Usually, to make porous carbon nanomaterials, templated-assisted synthesis is used. Anuj et al. reported that carbon nanosphere derived from oil palm biomass precursors has silica content which helps the material to become porous during pyrolysis. Plants absorb silicon from the soil as Si(OH)4 or Si(OH)3O-, which is then used to produce silica to incorporate into their epidermis and cell walls [7]. Biomass with higher lignin concentrations (grape seeds, cherry stones) produces carbon nanomaterial (CM) with a macroporous structure. In contrast, raw materials with a higher cellulose content (apricot stones, almond shells) produce CMs with a primarily microporous structure [8]. These pores serve different functions [9], with macropores acting as ion reservoirs for micro and mesopores, mesopores providing appropriate channels for the transport of ions during the diffusion process, and micropores acting as molecular sieves that regulate ion diffusion to control the material’s capacitance and charge status. Different applications can benefit from these behaviors of porous materials. Physical and chemical treatments are used to decrease particle size and eliminate pollutants from biomass precursors. Powerful acid hydrolysis using HNO3, H2SO4, and HCl is used for chemical treatment, although these strong acids must be neutralized. Particle size refinement can be done with ball milling and grinding. The mesh is utilized to separate particles of various sizes.
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Fig. (1))


      SEM images of the BCMs prepared from different biomass precursors [6].



      The thermochemical process of pyrolysis extracts carbon from biowaste and organic materials. During pyrolysis, the decomposition of organic components and release of the gaseous component from the system will lead to crosslinking of carbons with aromatic ordering [10]. The non-crystalline nature of hemicelluloses and lignins leads to the development of nongraphitic carbons at the pyrolysis temperature [11]. The efficiency of the process is affected by a number of factors, including the composition of the precursor material, the pyrolysis temperature, the amount of time the material spends in the pyrolysis chamber, the particle size, and the physical structure of the material.


    




    

      



      2. Biocarbon for Sustainable Environment




      Commercialization of numerous NCs for a wide range of physical and chemical applications is either imminent or has already begun for various carbonaceous materials such as carbon nanodots (CDs), carbon nanofibers (CNFs), and nanodiamonds [12, 13]. BNCs have already made significant advances in a number of applications including batteries [14], supercapacitors [15-17], solar cells [18], catalysts [19], electrochemical sensors [20], and structural composites (Figs. 2 & 3).
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Fig. (2))


      Application of various biomass precursors.
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Fig. (3))


      Application of bionanocarbon nanomaterials.



      The widespread application of BNCs in physio-chemical research resulted in their growing popularity in the field of biology. Nano-sized carbon dots, tubes and fibers and graphenes are only a few of the main BNCs that are introduced along with the carbonization of biomass sources [21].


    




    

      



      3. Biocarbon for Supercapacitors




      Among the several different energy storage technologies, one of the most advanced and useful devices is supercapacitors (SCs). Biomass-based products have attracted a lot of attention as a potentially sustainable carbon source due to their renewable, abundant, cheap, and environmentally benign characteristics. Other carbon compounds, such as carbon fibers, nanotubes, and carbon generated from biomass, have also been thoroughly investigated and analyzed by prominent research groups [22-24] for the development of flexible electrodes. 2D materials like graphene, MXene, a few layers of BN, etc., with polymeric template have been intensively studied for further increment in the efficiency of electrochemical devices [24-26]. Recently, carbon forms produced from carbonizing agricultural waste biomass as the active electrode material have drawn a lot of interest because they naturally have a high surface area and hierarchical porosity, two characteristics that are necessary for effective energy storage devices [27-29]. Gomaa et al. [17] fabricated an electrode for the development of a superior capacitance supercapacitor by making use of mesoporous carbon nanospheres which are produced from biowaste (onion dry peel). The obtained materials show 2962 m2g-1 of surface area and capacitance of 189.4 at 0.1 A/g in 3 M KOH. Vinay et al. [19] successfully developed a biomass (garlic peel) derived electrode material for high-performance SCs and the device showed a maximum capacitance of 174 F/g at 0.1 A/g in 4.0 M KOH electrolyte, the specific capacitance of 119.2 F/g at 0.1 A/g, and the capacitance retention of 93% was observed after 10000th cycle. These findings indicate the enormous potential of non-activated carbon nanomaterials generated from biomass for effective, reliable high-performance electrodes in electrochemical energy storage applications.


    




    

      



      4. Biocarbon for Medical Applications




      One of the earliest materials to be used industrially is lignocellulosic biomass, and modern society still uses this resource today. Lignocellulosics have been playing an increasingly significant role in the development of pharmaceuticals since they are also rich sources of the natural ingredients required for traditional medicine. These topics, along with the pharmacological and chemical challenges they present, remain highly prominent and are the subjects of ongoing scrutiny within the scientific community [30].




      Suriyaprabha et al. [31] studied in vitro study on animal cells by making use of non-toxic silica nanoparticles which are derived from bamboo leaves. These nanoparticles showed non-toxic nature up to 125 µg mL-1. The blue-green algae Spirulina platensis was used by Kalabegishvili and coworkers to synthesize [32] gold and silver nanoparticles for medical applications. Total gold and silver concentrations found in the biomass revealed that on the first day, the metal ions were quickly absorbed primarily into the cell surface and then slowly moved into bacterial cells. The equilibrium dialysis technique experiments demonstrated the significance of surface processes in the synthesis of metal nanoparticles.


    




    

      



      5. Thermal Conductivity Study of Biocarbon




      Woody biomass fuels are in accordance with a general relationship between material density and thermal conductivity, according to data analysis. It has been demonstrated that the compressed solid matter in torrefied wood has a much better heat conductivity than that of untorrefied wood. It has been demonstrated that black and olive residue pellets have higher thermal conductivities than wood, although herbaceous materials often have lower values [33]. Pownraj et al. synthesized a low cost environmentally friendly green antioxidant-grafted bio-carbon nanoparticle in order to enhance the tribological properties and thermal conductivity of nanofluids [34]. Hung et al. produced biochar from wood waste and incorporated it into a nanofluid using the incipient wetness impregnation method with Cu(NO3)2, 3H2O and HNO3 at varying concentrations. The thermal characteristics of nanofluids with about 2% additive content, when the conductivities of [C4mim][Cl] and [C4mim][BF4 thermal] with and without biochar were compared, it was shown that the biochar can improve the thermal conductivities of ILs. This is due to the biochar obtaining its graphitic structure [35].


    




    

      



      6. Biocarbon Nanomaterials in Solar Cells




      In order to lower the electrode’s price and transporting materials in the development of perovskite solar cells (PSCs), Liguo et al., developed an electrode by using four biomass carbon precursors: corn stalk, peanut shell, phragmites australis, and bamboo chopsticks. These prepared electrodes show good photovoltaic performance and PSCs based on bio-carbon. Carbon electrodes (Ces) were more stable than conventional devices. Briscose et al. developed a sensitizer for ZnO-nanorod-based solid-state nanostructured solar cells from biowaste-derived CQDs [36].


    




    

      



      7. Polymer Nanocomposite




      Polymers (thermoplastics, thermosets, or elastomers) that have been reinforced with a tiny amount (less than 5% by weight) of nanosized particles (fillers) with a high aspect ratio (L/h > 300) are known as polymer nanocomposites (PNCs) [37]. The main components in a polymer nanocomposite are the polymer matrix, nanoscale fillers reinforced with the polymer, and the materials incorporated to enhance the dispersion [38].




      The enthalpic interaction between the filler and polymer influences the stress transfer across the polymer composite. The van der Waals interaction and covalent bond between polymer chains and nanoparticles (filler) define the enthalpic interaction. A large number of fillers have been discovered during the past decades. The chemistry, size, and shape of fillers are significant hallmarks for enhancing polymer nanocomposite properties. The synergy between the polymer and the fillers is inevitable in a polymer nanocomposite study (Fig. 4).
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Fig. (4))


      Polymer matrices for nanocomposite.

    




    

      



      8. Synthesis of Polymer Nanocomposite




      To create polymer nanocomposites, it is crucial to take into account the following information about the constituents in order to comprehend how the new materials behave: (i) Thermal stability of polymers, (ii) Surface area, (iii) Polymer chemical properties, (iv) Semi-crystallinity of polymers, (v) Polymer mass, (vi) Chemical solubility, (vii) Chemical structure and (viii) Dispersion of nanoparticles. The most popular ways to make these nanocomposites are melt extrusion, dispersion of solution (nanoprecipitation and spray drying), in situ polymerization, and solution casting. The interaction and path of the polymer-nanoparticle pair determine the most effective technique. The secret to creating novel materials with compound qualities that synergize is the dispersion and distribution of nanoparticles inside the polymer matrix. The strength of the intermolecular contact between the nanoparticles and the polymer matrix determines how effective this synergism will be. Every process has a unique characteristic. But regardless of the method, the final morphology of all polymer nanocomposites is what matters the most [39, 40]. This depends on interactions between the polymer and the nanoparticles, which will help to evenly distribute and disperse the nanoparticles throughout the polymer matrix.




      

        



        8.1. In-situ Chemical Polymerization




        This method is frequently useful for polymers that cannot be made economically or safely using solution methods because the solvents required to dissolve the polymers are excessively toxic. The nanoparticles in the polymer matrix are effectively dispersed and distributed by this approach [41]. It is necessary to highlight a few key components of this approach. The first has to do with the process's expense, which may necessitate certain modifications from the usual polymer synthesis. The best catalyst must be chosen with care as well. The equipment can be used for polymerization with or without nanoparticles [42].




        As illustrated in Fig. (5), the filler and matrix (polymer) are combined at a high temperature without the use of a solvent, followed by cooling and drying. Nanocomposites with insoluble and thermally unstable matrices (insulating polymers) that cannot be generated by solution/melting procedures are typically created using in-situ polymerization.
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Fig. (5))


        The process of creating conductive and insulating polymers using in-situ polymerization technique [43].

      




      

        



        8.2. Solution Method




        When the solvent being used is less hazardous, this is a useful technique (chloroform, acetone, alcohol or water). Because the solvent and polymer interact well with the nanoparticles in this approach, variable amounts of them can be disseminated. This is the simplest way to make high-quality nanocomposites. The solvent must be handled carefully because it must be entirely removed thereafter [44]. Combining spray drying with solution dispersion is one intriguing technique. After some homogenization time, the dispersion of nanoparticles in the polymer solution is injected into the spray dryer, which dries the substance into a powder. The final yield of the material is this method's main flaw. However, once all the circumstances have been altered and the end product exhibits good dispersion and dispersal, this process takes place in a single step. This method allows for the injection of drugs for controlled or targeted distribution.




        Composite PV membranes are typically created using the solution casting approach. As shown in Fig. (6), this procedure involves dissolving the polymer along with all other components to create a homogeneous solution, which is then cast onto a flat glass plate or Petri dish. The dried membrane is then removed from the glass support when the solvent has completely evaporated. The solution casting approach is not only effective for creating single-layered membranes but is also very helpful for creating multi-layered dense and/or porous membranes by using multiple solutions to coat the glass support. In fact, the casting solution can benefit from the addition of highly volatile solvents with an evaporation step before the phase inversion in a non-solvent bath.
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Fig. (6))


        Solution casting of polymer membrane [45].

      




      

        



        8.3. Melt Extrusion




        As opposed to the other methods, this one has a significant benefit because no solvent is required. However, it's crucial to consider how many nanoparticles will be disseminated. Due to their propensity to aggregate more readily than in other approaches, this method necessitates careful monitoring of the dispersion of the nanoparticles. The equipment is the same as that used to process polymers without nanoparticles. Therefore, the researcher must be mindful of the temperatures employed to prevent polymer degradation during extrusion, as well as the amount of time required for optimum nanoparticle dispersion. The temperatures required for breakdown and melting are quite similar for most natural polymers and some biopolymers.




        By utilizing HME technology, the advancements described here may also enhance how veterinary clinics administer medications. The research also gives a brief summary of the situation of the global market for pharmaceutical HME market from 2016 to 2024. This analysis provides a tabular summary of various medication delivery uses of HME over the last four years (Fig. 7).
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Fig. (7))


        Basic diagram of an extrusion in pharmaceutical applications [46].

      




      

        



        8.4. Sol-gel Method




        The sol-gel method is a bottom-up strategy that operates on the polar opposite of all earlier methods. Sol and gel are the first two steps in a sol-gel relationship. The 3D interconnecting network generated between phases is known as gel, and sol is a suspension of solid nanoparticles in a monomer solution in a colloidal fashion. In this method, a monomer solution is used to disperse solid nanoparticles to create a colloidal suspension of solid nanoparticles (sol). By using polymerization and hydrolysis processes to connect the phases, the gel is created. The liquid is completely covered by the 3D network of polymer nanoparticles. The polymer encourages the development of multilayer crystals and acts as a nucleating agent. The polymer seeps between layers as the crystals grow, creating a nanocomposite.




        The sol-gel method is used to create inorganic oxide nanoparticles in polysiloxane and epoxy matrices. Several studies conducted over the past two decades have evaluated the effects of the synthesis conditions and the reactants utilized on the inorganic structures generated, the interactions between the polymer chains and the inorganic nanoparticles, and the consequent properties of the nanocomposites. The uses of various polymer-inorganic oxide nanocomposites are also briefly reviewed, along with alternate in situ methods (Fig. 8).
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Fig. (8))


        The sol-gel method to create inorganic oxide nanoparticles in polysiloxane and epoxy matrices [47].

      




      

        



        8.5. Melt Blending




        The best method for creating clay/polymer nanocomposites with a thermoplastic and elastomeric polymeric matrix is melt blending [48]. Usually, a banbury or an extruder is used to melt the polymer and blend it with the necessary quantity of intercalated clay. An inert gas, such as argon, nitrogen, or neon, is used during melt blending. Alternately, the polymer and intercalant could be mixed dry, heated in a mixer, and then sheared enough to create the required clay polymer nanocomposites. Compared to in situ intercalative polymerization or polymer solution intercalation, melt blending has many advantages. Synthesis of inorganic nanomaterials via melt blending doesn't use organic solvents, making it environmentally friendly.




        By melting 5 wt% of fumed silica in a polycarbonate matrix at a melt temperature of 280 °C and a screw speed of 30 rpm in a LabTech twin screw extruder (Thailand), PC-FS nanocomposite was created. The LabTech pelletizer was used to further pelletize the extruded fibers. Using a hot press technique and a hydraulic press, samples for dynamic mechanical analysis, the tensile test, and the impact test were created in accordance with ASTM standards (ASTM-D4065, ASTM-D638 and ASTM-D256, respectively). Fig. (9) depicts the full sample preparation process in detail.
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Fig. (9))


        Fabrications of PC-FS Nanocomposite via melt Blending and Hot Press Technique [49].

      




      

        



        8.6. Hand Layup Method




        The hand layup process, which is illustrated in Fig. (10a), involves manually preparing the mold with fabric layers and resin matrix in order to construct the laminate stack. By using hand rollers, the resin in the composite was distributed uniformly in order to prevent air entrapment. The preparation of the mold, covering the gel, laying up the fibers, and post-curing are the procedures in hand layup. Therefore, every step of this operation depends heavily on the operator. The benefits of this approach are its low cost and straightforward operation.
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Fig. (10))


        (a-e) Fabrication Techniques of polymer composite [50].



        The selection of an appropriate construction procedure is quite important when creating composite properties. The ideal form that is free of flaws, shape, size, and preferred composite qualities should all be taken into account during the fabrication process, along with production costs, efficiency, and matrix properties [51-53].


      


    




    

      



      9. Recent Advancements in the Carbon based Polymer Nanocomposite




      For applications in lightweight structural polymer composites, carbon-based fillers are emerging as important components with extraordinary appeal. For example, when combined with polymer materials, Carbon fiber has a very strong reinforcing effect and is less in weight than glass fibre (GF) reinforcement. The successful identification of two new carbon allotropes, graphene in 2004 and CNTs in 1991, boosted the development of carbon materials technology even further [54, 55]. Several carbon-based composite materials' mechanical characteristics, including their tensile strength and Young's modulus, are described in Fig. (11). Carbon fibre reinforced polymer composites (CFRP) have mechanical qualities that can exceed 100 GPa of Young's modulus and 100 MPa of tensile strength. For the most part, CNT and graphene-based materials continue to be used often in the creation and development of composites based on carbon since they exhibit the maximum tensile strength and modulus (upper right quadrant of the Ashby chart). However, in actual applications, the manufacturing conditions for these carbon compounds are seldom ever duplicated. The technology itself has lot of short comings such as the use of a lot of chemical solvents, and the hectic purification procedure. Many researchers have sought to take use of CNTs' hollow nano-fiber behavior in composite materials because it results in a significantly reduced weight, high aspect ratios, and remarkable capacities in terms of mechanical, thermal, electric conductivity, and electromagnetic interference. Like other carbon allotropes like graphite, Strong C-C covalent bonds form a ring structure in the sp2 configuration in CNTs. Although the CNT particles have special characteristics, they are not susceptible to chemical processes or matrix-interface adhesion. Because of this, CNTs require further processing, such as surface modifications, to boost their affinity for plastic surfaces [56]. Despite extensive research on CNT, graphene, and related derivatives as useful polymer fillers, there are yet few practical uses for these composite materials. Owing to their complex, harsh chemical preparation procedure, which results in extremely expensive end-goods. It is still challenging to streamline and lower the cost of producing these high-performance carbonaceous materials [53].




      The search for a replacement and less expensive filler sources, biomass material, has become imperative. Because of their availability, thermal stability, and low energy demand for manufacture, biomass-derived carbon nanomaterials have been regarded as an excellent material for polymers' mechanical strength and thermal enhancement [52].
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Fig. (11))


      Tensile properties for different modern carbon-based materials reinforced polymer composites [57].



      The utilization of hybrid systems that permit the input of large amounts of BC meeting certain industrial criteria is described in US patent 9809702B2 [58]. In particular, the combination of natural fiber, GF, or CF with BC is covered in this document. By its very nature, BC provides the black color to the textiles without the use of Carbon black. Composites with a tiny amount of CF and a mixture of BC are said to function exceptionally well. The necessary performance characteristics for lightweight automotive components were given by hybrid BC fillings with low concentrations of GF and CF. Carbon-reinforced polymers have various applications, including biomedical, sensors and actuators, defense and aerospace, antimicrobial, environmental cleanup, food packaging, and water remediation [59]. Here in the book chapter, we focus on the enhancement of the properties of various types of polymers embedded with bio-nanocarbon.
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