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Preface

Niranjan Karak


The mounting ecological and environmental perception has motivated efforts for the development of innovative materials for numerous end applications. Biocomposites enjoy the advantages of weight reduction, environmentally eco-friendliness, and customer satisfaction. Reinforced polymer composite materials offer a number of benefits over conventional metals, alloys, and ceramics for structural applications, especially in aircraft and automobile structures. These include better corrosion and fatigue performance, higher specific strength (particularly for fiber-reinforced biocomposites), and the ability to tailor directional structural stiffness for improved aeroelastic behaviors. However, the development of fully bio-based components containing composites faced many challenges. The composites of macro-, micro-, and nano-reinforcing agents containing polymers with at least one bio-based major component are included as biocomposites and discussed in this book.

Biocomposite is a topic of interest to academia and industry in the current scenario of modern materials because of its extraordinary performance and favorable environmental acceptability. Thus biocomposite materials are ideal for many advanced applications, from commodities to advanced smart biomedical materials including packaging, anticorrosion, structural, and building construction. In addition, the designing and fabrication of biocomposites resulted in sustainable development, as it meets the demands of the present generation without compromising the requirements of future generations, from raw materials to end products. These materials have potential applications in different industries including surface coatings and paints, structural engineering and electronics, biomedical and consumers, and agricultural and chemical. For today’s society, they are the key materials in automobile, aerospace, civil construction, electrical, electronic, energy, sensor, and packaging applications.

Most significantly, the performance of biocomposites is strongly influenced by the nature and functionality of the matrix as well as the reinforcing agent used. In addition, the size, shape, surface chemistry, amount, and alignment of the reinforcing agent in the polymeric matrix along with the interfacial interactions between the matrix and the reinforcing agent are of paramount importance for the ultimate properties of the biocomposites. The fabrication technique and the condition of processing have also influenced the performance. The formation of appropriate biocomposites further addresses the drawbacks such as poor mechanical, thermal, biological, and other important properties of pristine polymer matrixes. Thus biocomposites with different types of reinforcing materials including natural and synthetic fibers, particulates, and nanomaterials provide support to the matrixes for achieving the desired properties that are required for their end applications. Thus this book on Advances in Biocomposites and Their Applications is designed to improve the understanding of the subject by combining the efforts to explore such materials from the academic laboratory to the industry for the ultimate benefit of mankind. It is an ideal foundation in the field of biocomposite materials, from raw materials to industrial applications including processing, characterization, market demands, limitations, and recommendations.

This book is intended to demonstrate the advances in biocomposites, including polymer matrices, reinforcing agents, modifications, manufacturing techniques, properties, and various important applications. Environmentally friendly sustainable biocomposites are obtained by using reinforcing agents including natural fibers, particulates, nanomaterials, and polymer matrices. This book provides a brief account of reinforcing agents used for fabricating these biocomposites. The processing and fabrication methods as well as the important mechanical, thermal, chemical, and biological properties of these biocomposites are also elaborated in depth. The mechanisms of improvements of properties are detailed herein. In addition, the various fields in which these composites find applications include automotive, aerospace, marine, building material, biomaterials, electrical, electronic engineering, and packaging. In addition, the economic impact, safety, toxicity, and future direction of such novel materials are also critically discussed. The focus of the book is on “how research outputs can be used to develop and apply composite materials more effectively in industries.”

This book aims to highlight the basic concepts as well as provide an in-depth understanding of each topic. It presents various reinforcing materials and their biocomposites and discusses the preparation, functionalization, properties, and applications of each, along with a special emphasis on their sustainability issues. This book will be useful to postgraduate students, researchers, academicians, and industry individuals in the fields of polymer science and technology, materials science and engineering, chemical sciences and engineering, environmental science, and biomedical science. A state-of-the-art literature review and recommendations are provided for biocomposites in each chapter of this book.

A brief description of each chapter is given underneath as a ready reference to the audience.

Chapter 1 provides an overview of biocomposites. The fundamental concept, definition, significance, classification, fabrication methods, properties, and various applications of biocomposites are highlighted in this chapter. The pros and cons of such biodegradable and sustainable materials are also mentioned. The potential, challenges, and future directions of biocomposites are also presented concisely.

Chapter 2 demonstrated a clear overview of cellulose-based biocomposites by describing the isolation, and surface modification cellulosic materials, fabrication, properties, and their applications. Interestingly, the chapter shows that such biocomposites are promising alternatives for conventional packaging materials along with others with improved properties.

Chapter 3 provides an overview of biocomposites of natural fibers from basic to in-depth understanding. They have been extensively used in the modern related industries due to their favorable characteristics. The chapter systematically demonstrates the structure, properties, processing, and applications of biocomposites reinforced by various natural fibers. The chapter shows the enhancements of physical, thermal, and mechanical properties through surface treatment/functionalization of the reinforcing agents. Various applications including sports goods, electronics, appliances, and transportation vehicles of such biocomposites are also presented briefly.

Chapter 4 focuses on biocomposites of aramid and nylon fibers. The fabrication, characterization, properties, and applications of such biocomposites are discussed. Different techniques have been used to fabricate polyamide fiber-reinforced biocomposite. Various advanced applications are also discussed for such biocomposites in this chapter.

Chapter 5 demonstrates the biocomposites of graphene derivatives, where graphene, reduced graphene oxide, graphene oxide, graphitic carbon nitride, and graphene nano-oxide dots have been utilized as the reinforcing agents for biopolymers. It briefly describes the reinforcing agents, interfacial interactions of reinforcing agent with polymer matrix, various properties of the nanocomposites, and their potential applications.

Chapter 6 discusses the biocomposites of biopolymers with metals and their derivatives including metals, metal oxides, and metal–organic frameworks as micro- or nano-reinforcing agents. It described the techniques of fabrication and characterization for such biocomposites. The chapter demonstrated different properties, especially physical, thermal and chemical properties, as well as numerous applications including sensors, catalysts, and antimicrobials.

Chapter 7 discusses biocomposites that are suitable as food packaging materials. The chapter demonstrated the multifunctional properties including mechanical, thermal, barrier, antimicrobial, and antioxidant for such biocomposites. This class of biocomposites is a promising candidate to be used as novel biodegradable active packaging materials, especially in the food sector.

Chapter 8 presents an overview of biocomposite materials for their potential applications in automotive industries. It also addresses the potential advances and key advantages for the use of such biocomposites for this application. The market trends and limitations of such biocomposites in the automobile sectors have also been deliberated. The chapter highlights the potential of reinforcing agents like natural fibers and different fabrication processes for this application in different interior and exterior components of automobiles.

Chapter 9 demonstrates the aerospace engineering applications of biocomposites. This chapter focuses on emerging technologies utilized for the fabrication of biocomposites and their application in aerospace industry. It shows that biocomposites with high mechanical strength, durability, flame retardancy, chemical resistance, and thermal stability have been used in aerospace applications for lightweight spacecraft structures, coatings against harsh space environments, and microelectronic subsystems.

Chapter 10 highlights biocomposites for biomedical applications. It provides solutions to present constraints in biomedicine and addresses the major issues in biomedical applications. These biocomposites showed distinctive physicochemical properties and versatility in biological functions including biocompatibility and antimicrobial activity, which are discussed herein.

Chapter 11 describes biocomposites for muscle cells repairing by exploiting the advantageous properties of such biomaterials that can stimulate signals to either host or transplanted muscle cells. It discussed smooth muscle tissue engineering and the vascular smooth muscle cells redifferentiation by incorporating such biocomposites as suitable scaffolds to control the mechanical stimulation. Thus the chapter describes approaches for muscle repair utilizing biocomposites that can stimulate signals to either transplanted or host muscle cells.

Finally, Chapter 12 presented the challenges and opportunities of biocomposites at each stage of their life cycle. The chapter elaborates on the life cycle assessment analysis, thereby providing a probable solution for minimizing the detrimental impacts on such materials. Thus the chapter discusses the advantages and disadvantages of biocomposites with respect to their safety, toxicity, and life cycle assessment analyses.

This book is dedicated to my respected teachers and beloved students through whom I am acquiring knowledge on this subject. I acknowledge with sincere thanks to all the contributors, researchers, and publishers who executed the research and published their results. I am also thankful to my research scholars, namely, Dr. Nandini Dutta, Dr. Jatishmoy Borah, Dr. Sibdas Singha Mahapatra, Dr. Suvangshu Dutta, Dr. Harekrishna Deka, Dr. Uday Konwar, Dr. Gautam Das, Dr. Budhadev Roy, Dr. Rocktatpol Konwarh, Dr. Hemjyoti Kalita, Dr. Sujata Pramanik, Dr. Shaswat Barua, Dr. Beauty Das, Dr. Suman Thakur, Dr. Bibekananda De, Dr. Satyabrat Gogoi. Dr. Rituparna Duarah, Dr. Deepshikha Hazarika, Dr. Aditi Saikia, Dr. Rajarshi Bayan, Dr. Tuhin Ghosh, Dr. Geeti K. Dutta, Ms. Dimpee Sarmah, Ms. Nobomi Baruah, Ms. Annesha Kar, Mr. Samiran Morang, Mr. Ashok Bora. Mr. Kalyan Dutta, Mr. Raghav Poudel, and Ms. Kriti Yadav for their research work in the field and encouragement to edit this book. Special thanks go to my parents (Maya Rani and Late Gopal Chandra), wife (Susmita), and son (Soham) for their blessings, patience, and encouragement, respectively. All the teachers, colleagues, and friends, who directly or indirectly encouraged me to complete this book, are gratefully acknowledged. Last but not least, I offer sincere thanks to Tezpur University and members of Elsevier, especially Mr. John Leonard, senior editor, for their help in publishing this book.
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An overview of biocomposites

Niranjan Karak,    Advanced Polymer and Nanomaterial Laboratory (APNL), Department of Chemical Sciences, Tezpur University, Tezpur, Assam, India




Abstract

The composites with bio-based components are occupying a significant position with the essence of sustainability in different modern applications due to their favorable attributes such as renewability, biodegradability, weight reduction, environmental acceptance, and health issues. Thus, over the decades, a considerable progress has been noticed in the uses of such biocomposites in different sectors from domestic to biomedical including building materials, aerospace, and automotive industries. In this chapter, the author, therefore, demonstrated an overview of biocomposites. It includes the basic concepts to in-depth understanding, significance, major components, fabrication methods, and the properties of biocomposites. The highlights of the different properties of biocomposites along with their applications in the fields of biomedical, construction, aerospace, automobile, and so on, are narrated herein. The pros and cons of such biodegradable materials are also mentioned. The potential, challenges, and future directions of biocomposites are also incorporated in this chapter.


Keywords

Biocomposite; fabrication; property; application; future direction; composite materials; polymers; materials science engineering; materials application; sustainable development; materials property; natural resources


1.1 Introduction

Over the last few decades, the uses of biocomposites are increasing significantly due to their inherent advantages over conventional petroleum-based synthetic composites, especially due to natural renewability, biodegradability, and lightweight among others. The driving forces for their exponential growth are environmental awareness and social concerns arising across the globe, the declining trend of petroleum resources, and imposing stringent rules and regulations for eco-balance. Thus the main importance of biocomposites has been realized from the environmental point of view, as the enforced laws of different countries encourage the use of recycled and/or bio-based materials, and the producers have to take responsibility for their products throughout the life cycle (Li & Geiser, 2005). In recent times, the uses of biocomposites in different industrial sectors including automobiles, coaches of railway, aerospace, biomedical, military items, construction, packaging, consumer goods, and leisure markets are found. This is because of the renewability of raw materials, low cost, recyclability, biodegradability, lightweight with high specific strength, fuel saving, and ease in availability along with environmental awareness, besides other advantages including sustainability (Low et al., 2018; Nabi Saheb & Jog, 1999; Siqueira et al., 2010; Youssef & El-Sayed, 2018). Another most important reason behind this dramatic enhancement of applications of biocomposites is the use of natural renewable fibers as reinforcing agents, which are also low cost, recyclable, eco-friendly, and biodegradable. Their high commercial acceptance is also due to health benefits and safety in their production, and applications, as well as the aesthetic appeal of the produced articles. Thus the composite market is expected to enhance at an exponential rate in the coming decade. As it is found that in the United Kingdom itself, the market will increase to Great Britain pound (GBP) 10 billion by 2030 from GBP 2.5 billion in 2015 (Composite Materials Market Forecast for the United Kingdom UK from 2015 to 2030,15 to 2030, 2016). Basically, the composites are composed of thermoplastic/thermosetting polymer matrixes as the continuous phase and the synthetic or natural fibers/particulates as the reinforcing agents. Thus the composites are engineered materials with superior properties from the individual constituting components of distinctly different structures and properties. They are heterogeneous, as the components retain their own identity on a macroscopic level within the finished structure. However, the structure at the interface between the components in the composites is quite different from the individual components. The biocomposite is a type of composite, where either the matrix or the reinforcing agent or both of them are obtained from bio-based resources. In this biocomposite, the polymeric matrix serves as the continuous phase, which tethered and protected the reinforcing agent from external odds like environmental degradation and mechanical damage as well as helps to transfer the loads from one point to others, while the reinforcing agent provides the structural integrity and strength to the composite. Thus the matrix is the heart, while the reinforcing agent is the muscle of the biocomposites. In general, the matrices are natural/bio-derived polymers such as polylactides, polyhydroxy alkonates, biopolyesters, biopolyurethanes, cellulose, chitosan, and polysaccharides, or even synthetic polymers such as polypropylene, polyesters, epoxies, polyurethanes, polyamides, and polycarbonates. Similarly, the reinforcing agents are also either biofibers, such as jute, cotton, flax, hemp, kenaf, sisal, coir, henequen, recycled wood, wastepaper, regenerated cellulose, wool, silk, and feathers, or synthetic fibers such as carbon fibers, acrylic fibers, and polyamide fibers. Further, these biocomposites are not only biodegradable but also biocompatible, especially when both the components are bio-based. Although the literature advocates enormous advantages of biocomposites, but they also suffer from some shortcomings. These pros and cons of biocomposites are highlighted point by point in Table 1.1.


Table 1.1

The pros and cons of biocomposites.


	Advantage
	Disadvantage



	The major component(s) is/are naturally renewable.
	Natural component(s) is/are hydrophilic, in general.


	The density of reinforcing agents like natural fibers is low, so biocomposites are light in weight.
	Many of them are poor in dimensional stability, particularly with the passage of time.


	Their specific strengths are very high.
	The absorbed moisture is relatively high, in most of the cases.


	Their performance-to-weight ratio is very high, in general.
	Some of them are either soft or brittle in nature.


	They are safe for health as well as environmentally benign.
	Sometimes repairing such materials causes difficulties.


	They are biodegradable.
	Mostly they possess low thermostability.


	The main components are easily available and safe to handle.
	Many of them have low flame retardancy.


	Relatively low cost and easy to modify in most of the cases.
	Some of them may generate microcracks during service.


	Most of the cases they exhibit high corrosion resistance and good outdoor weather resistance.
	Curing is required for thermosetting biocomposites.



However, as the biocomposites possess much more advantages, especially, environmentally friendly and very low or no health risk issues, hence they are highly accepted in modern days for various applications. However, advanced biocomposites can also be produced from bio-based polymer matrixes using synthetic high-modulus fibers such as carbon fibers, aramid fibers, silicon carbide fibers, boron fibers, or others. These biocomposites have been used in aerospace, automobile, and civil construction along with recreational industries. Therefore an overview of biocomposites is demonstrated in this chapter.


1.2 Types of biocomposites

The biocomposites can be divided into two categories, based on the renewable characteristic of the major components used: biocomposites with one bio-based major component and biocomposites with two bio-based major components. Although both these biocomposites are partial to fully biodegradable, latter biocomposites are biocompatible too and more environmentally friendly. Hence the latter biocomposites are more popular and known as green composites (Zafar, et al., 2016). Furthermore, biocomposites are of two types based on the reinforcing agents used. These are fibrous biocomposites, where the reinforcing agents are natural or synthetic fibers, whereas particulate biocomposites are obtained by using particulate reinforcing agents. Furthermore, biocomposites with more than one reinforcing agent are termed as hybrid biocomposites. But for the sake of brevity, all the biocomposites discussed in this chapter are considered as “biocomposites” only (Fig. 1.1).

[image: image]Figure 1.1 Types of biocomposites.


1.3 Materials for biocomposites

As it is already mentioned that the biocomposites are produced by using two main components, namely, polymer matrix and reinforcing agent, so both the major components are briefed herein.


1.3.1 Reinforcing agent

Natural fibers, synthetic fibers, and some particulates are mainly used as the reinforcing agents for obtaining different types of biocomposites. Furthermore, both continuous fibers and staple or short fibers are used in biocomposites for reinforcement purposes. Among them, natural fibers of both plant and animal origins are considered as the most important reinforcing agents for different biocomposites (Akil et al., 2011). Sometimes, mineral fibers like asbestos, graphite, slag wool, rock wool, and glass are also used. Natural fibers like jute, flax, ramie, hemp, banana, and kenaf are used as bast fibers; sisal, abaca, and pineapple are as leaf fibers; seed fibers like coir (coconut), cotton, and kapok are used as plant fibers. Importantly, plant fibers like jute, hemp, and kenaf as core fibers, whereas wheat, corn, rice, bamboo, and elephant grass as reed and grass fibers, as well as silk, wool, and feathers as the animal fibers are used in biocomposites (Mwaikambo, 2006; Siva et al., 2012). Among all these, plant fibers of bast, leaf, and wood are mostly used. Wood powder, metal derivatives, clay, and so on, are also used as the particulate reinforcing agents. On the other hand, some synthetic fibers like carbon fibers, aramid fibers, nylons, polyester fibers, acrylic fibers are also used sometimes to produce biocomposites. Natural fibers, particularly, jute, sisal, silk, and coir fibers, are low cost, plentiful, renewable, lightweight, tough, and most importantly biodegradable, whereas synthetic fibers are nonbiodegradable and nonrenewable (Akil et al., 2011). Furthermore, natural fibers maintain CO2 neutrality and cause no negative impact on human health. The salient features of different reinforcing agents widely used in various biocomposites are tabulated in Table 1.2.


Table 1.2

Salient features of different reinforcing agents.


	Reinforcing agent
	Salient features



	Jute fiber
	Common agriculture-based lignocellulosic fiber, long length (1–4 m), soft, shiny bast fibers, high world production (35–40 lakh metric tons), off-white to brown color, high tensile modulus but low elongation at break, good insulating and antistatic properties, low thermal conductivity, acoustic insulating properties and no skin irritation characteristics


	Flax fiber
	Soft, lustrous, and flexible bast fiber, highly strong, abrasion resistance, poor elasticity, long length (90–125 cm), brownish to gray color, low elongation at break (1.5%–2%), moderate abrasion resistance, good dimensional stability, and good alkaline solution resistance


	Ramie fiber
	Oldest vegetable fiber, silky lustrous, wrinkle resistance, less durable, high strength, less elastic, and abrasion resistance


	Hemp fiber
	Bast fiber, yellowish-gray to deep brown in color, very strong and durable, poorly elastic, highly bright, and excellent resistant to alkali


	Kenaf fiber
	Bast and core fiber, strong but soft, fragile and poorly elastic, most importantly hydrophobic and lustrous, light in weight and smooth, able to absorb huge quantities of CO2, flame retardant, antimicrobial and 20–30 mm in length


	Sisal fiber
	Smooth and straight fiber, yellow in color, good sound, and impact absorbing ability, minimal wear and tear but too tough, fairly coarse and inflexible, high strength, durability long, good ability to stretch, and resistance to saltwater


	Pineapple fiber
	Bast leaf fiber, white in color, shiny but highly hygroscopic, 2%–6% elongation at break, hard but no wrinkling, good antibacterial and deodorization attribute


	Coir fiber
	Fruit fiber, narrow and hollow cells, thick, strong, and high abrasion resistance but less flexible, and resistant to damage by saltwater


	Cotton fiber
	Soft, fluffy, and staple fiber (3 mm), low to moderate elongation (1%–6%) and poor elasticity


	Banana fiber
	World’s strongest natural fiber, incredibly durable, spin easily, high fineness, water-resistant, fire-resistant, tear resistant, and recyclable


	Wheat straw fiber
	Agriculture-based fiber, typical length 1–1.8 mm and width 10–12 µm, carbon neutral product, antibacterial and antiodor, and high strength


	Rice straw fiber
	Agriculture-based fiber, crystallinity 63%, high strength (400–450 MPa), low elongation at break (1.5%–2.5%), and high modulus (22–26 GPa), and easily available


	Corn straw fiber
	Agriculture-based fiber, available readily, low cost, hydrophobic, durable, and recyclable


	Bamboo fiber
	Fastest growing white fiber, fine and soft, antibacterial and UV protective, high tensile strength, good elongation at break (23%), durable and stable, and readily available


	Wood dust powder
	Particulate reinforcing agent, mainly cellulosic nature, contains lignin, and a large and variable number of substances, density 0.4–0.5 g/cc, high water absorption (12%–16%), moderate to high strength but low elongation


	Silk fiber
	Protein-based fiber, smooth, soft texture, very strong, moderately elastic, piezoelectric ability, and durable


	Wool fiber
	Animal fiber, fine but long (50–150 mm) length, uniform and very strong, very warm feeling, moisture absorbent, and durable


	Feather fiber
	Keratin protein fiber, long length (135 mm), high aspect ratio (400–2200), high strength, and good chemical resistance


	Carbon fiber
	Synthetic fiber, extremely stiff, and strong, relatively lightweight, extremely high specific strength, and highly durable


	Aramid fiber
	Synthetic aromatic polyamide fiber, excellent strength, abrasion resistant, chemical resistant, flame resistant, and durable even at elevated temperature


	Nylon fiber
	Synthetic aliphatic polyamide fiber, elastic fiber, durable, resistant to wear, stains, UV rays, heat, chemicals, and moisture


	Polyester fiber
	Synthetic polyester fiber, high mechanical strength, tear resistant, stretchable, moisture resistant, and durable


	Acrylic fiber
	Synthetic polyacrylate fiber, lightweight, luxurious, soft, resistant to shrink, moth, and mildew, low moisture absorbency, fast drying, and durable



Plant fibers are mainly cellulosic, whereas animal fibers contain proteins as the main constituent. All these natural fibers are not only biodegradable and renewable but also biocompatible and “carbon positive” (as they can absorb more carbon dioxide than they released) too. Varieties of agricultural wastes such as wheat husk, rice husk, dry fruits’ shells, bagasse, and so on, can also be directly used as the reinforcing agents for manufacturing biocomposites. In addition, the number of nanomaterials from organic to inorganic including hybrid have also been used in biocomposites.


1.3.2 Matrix

Different types of polymers including both thermoplastic and thermosetting are used as the matrixes for the production of polymeric biocomposites. Here also both synthetic and bio-derived polymers are used as the continuous phase in the biocomposites. The bio/bio-derived polymers such as starch, cellulose derivatives (cellulose acetate, cellulose acetate propionate, and cellulose acetate butyrate), chitin and chitosan, alginate, collagen, polylactic acid (PLA), and polyhydroxyalkanoates are the commonly used matrixes for the biocomposites (Mihoc & Mitu, 2017). Starch obtained from different sources such as corn, rice, potatoes, wheat, yam, and so on, has been used as the inexpensive and readily available bio-based polymer, and the plasticized starch is preferred in biocomposites. However, thermoplastic natural polymers are suffering from high processing viscosity and low elongation at break. In this vein, plasticization with hydroxypropyl, triacetine (glycerol triacetate), and triethyl citrate not only improves the water-resistance properties with reduction of glass transition temperature (Tg) but also helps to process easily for the fabrication of biocomposites (Nättinen et al., 2010). Similarly, poly(furfuryl alcohol) resins are also used as thermosetting bio-based polymers derived from renewable furfuryl alcohol for biocomposites (Hoydonckx, 2007). However, fully bio-based polymers are in general inferior in performance, especially mechanical strength, and hence a combination of bio-derived along with petroleum-based polymers have also been used as the matrixes for biocomposites. Thus both bio-based and petroleum-based polyurethanes, polyesters, and epoxies are used as the matrixes for biocomposites. Even sometimes 100% petroleum-based polymeric matrixes are also used in biocomposites, where the reinforcing agents are bio-based. For example, polycaprolactone synthetic petroleum-based biodegradable polyester is used as the matrix for the production of natural fiber-reinforced biocomposites. In addition, polypropylene, polyethylene, polystyrene, polyether ketones, polysulfones, polycarbonates, and polyvinyl chloride (PVC) as thermoplastics, as well as polyester, polyacrylates, polysilicones, epoxies, phenol-formaldehyde, and vinyl esters as thermosetting resinous synthetic petroleum-based polymer matrixes are also used in biocomposites (Mihoc & Mitu, 2017). Polyurethanes are used both as thermoplastic and thermosetting matrixes, depending on compositions, structures, and molecular weights as well as crosslinking (with or without) status. The bio-derived thermosetting matrixes are more commonly used than the thermoplastic ones, due to the ease of fabrication of biocomposite with the former. For example, bio-derived epoxies like epoxidized vegetable oils and modified epoxies with acrylate, isocyanates, and polycarboxylic acid anhydrides have been used for obtaining different biocomposites. The simplest structures of some important polymers used as the matrixes in biocomposites are shown in Fig. 1.2.

[image: image]Figure 1.2 Simple structures of a few common polymeric matrixes used in biocomposites.


1.3.3 Treatment of reinforcing agent

To enhance the interactions between the reinforcing agent and the matrix, it is necessary to perform different kinds of treatment on the reinforcing agents before their incorporation into the polymer matrix. Such kinds of treatment not only improved the interfacial adhesion between the reinforcing agent and the matrix but also reduced the moisture absorption tendency of the biocomposite. This improved the interfacial interaction resulted in high toughness, mechanical strength, and stiffness along with improvements in other desired properties of the resultant biocomposites. Both physical and chemical modifications are used for this surface treatment of the reinforcing agents, though chemical treatments are stronger, and resulted in much more improvements in the performance of the biocomposites than the corresponding physical ones. The physical treatments include corona and plasma discharges, while the chemical treatments are the treatment of alkali (hydrolysis), silane (silylation), acetic anhydride (acetylation), acrylate (acrylation), isocyanate (urethane formation), and alkaline benzoyl chloride (benzoylation); grafting of acrylonitrile, maleic anhydride, and phthalic anhydride; and oxidation by permanganate, peroxide, and so on. The physical treatment like plasma exposure to oxygen results in roughening the surface of the reinforcing agents. For example, the wettability of wood fibers was found to be improved upon corona treatment (Wallace, 2005), while plasma treatment results in the formation of rough surface morphology with degradation of fibers because of etching, and thereby producing a large contact area (Mukhopadhyay & Fangueiro, 2009). Similarly, chemical treatment with alkali leads to improving the interfacial adhesion of the reinforcing agent to the polymer matrix (Liu et al., 2004). On the other hand, other chemical treatments like silylation, acetylation, grafting, and so on, enhance the surface hydrophobicity of the reinforcing agents and thereby resulting biocomposites with improved moisture resistance properties (Conzatti et al., 2014; Shah et al., 2016; Tserki et al., 2005). Among all these, silane treatment and grafting with maleic anhydride are most commonly used because of the favorable results. However, as an environmental point of view, in recent times enzyme treatment is the most suitable for surface treatment of the reinforcing agents of the biocomposites. As an example, biocomposites were fabricated by using enzymatically treated cellulosic fibers with cellulase (15 U/g) and laccase (20 U/g) and recycled bioplastic PLA by Laadila et al. (2017), where enzymatic treatments resulted in the activation of the hydroxyl groups of cellulose fibers and resulted in good-quality biocomposites with higher thermostability and Young’s modulus than the untreated one. This is mainly due to the better interfacial interactions of the PLA with enzyme-treated fibers (Fig. 1.3) (ALaadila et al., 2020). Subsequently, the combination of more than one treatment results in much more improvement than the use of only one treatment. For example, alkali-treated henequen fibers or bamboo-based cellulose fibers coupled with silane treatment upon treating with aqueous silane solution were found to result in a much stronger reinforcing agent to polymer–matrix interactions (Lu et al., 2013; Valadez-Gonzalez et al., 1999). Furthermore, modification by ionic liquid, didecyldimethylammonium bis(trifluoromethyl-sulfonyl)imide, can improve the adhesion between the reinforcing agent, wood and polymer matrix, polypropylene, and thereby increasing the tensile strength of the resultant biocomposites (Borysiak et al., 2018). Similarly, stearic acid–modified β-tricalcium phosphate in poly(L-lactide) biocomposites resulted in the enhancement of interfacial bonding between the reinforcing agent and the matrix (Ma et al., 2016).

[image: image]Figure 1.3 SEM micrograph of untreated and treated hemp fibers before treatment (A), after chemical extraction (B), and enzymatic activation (C). SEM, scanning electron microscopy. Source: From Laadila, M. A., Suresh, G., Rouissi, T., Kumar, P., Brar, S. K., Cheikh, R. B., Abokitse, K., Galvez, R., & Jacob, C. (2020). Biocomposite fabrication from enzymatically treated nanocellulosic fibers and recycled polylactic acid. Energies, 13(4), 1003. https://doi.org/10.3390/en13041003.


However, the choice of a suitable reinforcing agent for a particular application depends on the service demands of the biocomposite, which are directly related to the properties of the reinforcing agent and fabrication technique used. These include required mechanical attributes like tensile strength, stiffness, elongation at break, thermostability, adhesion between reinforcing agent and polymer matrix, dynamic as well as long-term retention of properties, cost, and processing easiness (Karak, 2021).


1.4 Fabrication of biocomposites

Various fabrication techniques have been utilized to obtain the desired articles of biocomposites. Basically, fabrication of biocomposites can be performed either by open molding or by close molding technique, though the close molding technique is preferred due to its wide acceptance as well as better performance of the resultant biocomposites. However, open molding is easier to operate and has relatively low cost of equipment. Hand layup, spray-up, casting, and filament winding are the open molding, whereas pultrusion, injection molding, vacuum bag molding, vacuum infusion, resin transfer molding, autoclaving, electrospinning, and extrusion are the closed molding methods (Abdelwahab et al., 2019; Bowlby et al., 2018; Felix et al., 2018; Garrido et al., 2016; Manral et al., 2019; Sakthiguru & Sithique, 2020; Zarrinbakhsh et al., 2013; Zolfagharlou Kouhi et al., 2020). The actual technique to be used for the fabrication of a particular biocomposite is determined based on the design architecture of the article to be manufactured and the availability of the equipment. In general, the biocomposites with low contents of reinforcing agent (within 15 vol%) are produced by the hand layup method, while compression molding is used for the biocomposites with medium content of reinforcing agents (15–40 vol%) under mild conditions, or the biocomposites with high content of reinforcing agents (40–60 vol%) under harsh conditions. The giant articles with very high loadings of reinforcing agents (>60 vol%) are fabricated by the vacuum infusion technique, and with medium loadings (within 50 vol%) are produced by the resin transfer molding technique. Fabrication techniques used for producing different biocomposites are tabulated in Table 1.3. However, each of these fabrication techniques has some advantages and a few disadvantages. The process is strongly influenced by the reinforcing agent type, orientation, aspect ratio (length-to-diameter ratio), processing conditions, design of the article, and so on. Most importantly, the processing of long continuous fiber–based biocomposites is easier than the corresponding short fiber. Furthermore, the orientation of fibers is also less difficult in the case of the former than the latter (Alomayri et al., 2014).


Table 1.3

Polymers, fillers, and processing methods for different biocomposites.


	Polymer matrix
	Reinforcing agent
	Fabrication technique used
	Loading of reinforcing agent (wt/vol%)
	References



	Low-density polyethyleneand polypropylene
	Chicken feathers
	Melt mixing in Brabender plasticorder
	20
	Casadesús et al. (2018)


	Polypropylene
	Lignin
	Melt mixing in injection molding
	20–30
	Abdelwahab et al. (2019)


	Sodium alginate
	Wood, recycled cotton fibers
	Fabrication in compression mold
	-
	Lacoste et al. (2018)


	Soybean protein isolate/urea/formaldehyde
	Straw fibers
	High-speed mixing/hot pressing
	-
	Sun et al. (2019)


	PLA
	Flax and jute fibers
	Compression molding
	15 each (total 30)
	Manral et al. (2019)


	Polypropylene
	ANS
	Extrusion
	0, 5, 10, 15, 20, 25, and 30
	Essabir et al. (2016)


	PLA
	Rubberwood sawdust
	Compression molding
	5
	Sungsee and Tanrattanakul (2019)


	PLA
	Eucalyptus fibers
	Melt mixing
	10
	Nanthananon et al. (2018)


	PLA
	Hemp hurd
	Extrusion/Injection molding
	20
	Khan et al. (2018)


	PLA
	Posidonia oceanica leaf
	Melt mixing
	10 and 20
	Scaffaro et al. (2018)


	Soy protein
	Isolate algae waste
	Extrusion/injection molding
	3, 6, and 9
	Garrido et al. (2016)


	PLA
	Oil palm empty fruit bunch fibers/Kenafcore fibers
	Compression molding
	55 and 5
	Birnin-yauri et al. (2017)


	Cassava starch
	Rice husk fibers
	Solution casting
	2, 4, 6, 8, and 10
	Kargarzadeh et al. (2017)


	PHA
	Nanocellulose and chitosan fibers
	Electrospinning
	1, 2, and 3
	Soon et al. (2019)




ANS, argan nutshell; PHA, polyhydroxyalkanoate; PLA, polylactic acid.

Source: Mary et al. (2020). Adhesion in biocomposites: A critical review. Progress in Adhesion and Adhesives, 8(4), 527–553. https://doi.org/10.1002/9781119846703.ch11.



The compression molding was used by Manral et al. (2019) for fabricating flax and jute fiber-reinforced PLA biocomposite sheets, while the biocomposite of hemp hurd (woody core of the hemp stem) was fabricated by extrusion/injection molding by Khan et al. (2018). Subsequently, the biocomposites obtained from recycled polyethylene and plasma-treated kapok fibers exhibited a reduction in the steady-state torque value during the mixing process (Macedo et al., 2020). In addition, multistep fabrication processes resulted in better quality biocomposites with higher performance than a single-stage processing. As an example, biocomposite of PLA with 40 wt% of kenaf fibers was fabricated by carding process followed by needle punching to produce the multilayer webs and then shaped by using compression molding, resulted in the significant improvement in the tensile strength up to 82 N/mm2 (Graupner & Müssig, 2011). Similarly, the biocomposite of algae (pellets) waste-reinforced soy protein was fabricated by using a combination of twin-screw extrusion and injection molding and the resultant material showed high mechanical and barrier properties (Garrido et al., 2016). This combination technique is now employed by the industry for the large-scale production of biocomposites.


1.5 Factors affecting the performance of biocomposites

The performance of biocomposites is superior to their individual components, from which they are produced, as stated earlier. However, the ultimate performance of biocomposites depends on many factors associated with matrix, reinforcing agent, processing and fabrication, curing in case of thermosetting system, and so on (Fig. 1.4). Some of these factors are elaborated on in this section.

[image: image]Figure 1.4 Factors effecting the performance of biocomposites.


1.5.1 Architecture of reinforcing agent

The architecture of reinforcing agents, especially fibers strongly influences the performance of biocomposites. This architecture includes (1) geometry, (2) orientation, (3) packing density, (4) aspect ratio, and (5) volume fraction of reinforcing agent in the final articles of the biocomposites (Hull & Clyne, 1996). It has been found that the performance of biocomposites is improved upon increasing the volume fraction of the reinforcing agent up to a certain value, then level off, while further increase results in a decrease in performance. This is mainly controlled by the favorable orientation, aspect ratio, and packing density of the reinforcing agent, which in turn is decided by the processing conditions of biocomposites and geometry of the reinforcing agent. Furthermore, this geometry and aspect ratio can help to decide the ultimate morphology of the biocomposites, while these parameters of the reinforcing agents are governed by their source, extraction, and isolation process. For example, the chemical and thermomechanical isolation of natural fibers from their source materials produced a higher aspect ratio of the fibers, while hammermilling resulted in fibers with a low aspect ratio (Fowler et al., 2006). Higher aspect ratio, surface area, alignment or orientation, and packing density of the reinforcing agents provide better performance of the biocomposites.


1.
OEBPS/nav.xhtml




Table of Contents





		Cover image



		Title page



		Table of Contents



		Copyright



		List of contributors



		Preface



		1. An overview of biocomposites



		Abstract



		1.1 Introduction



		1.2 Types of biocomposites



		1.3 Materials for biocomposites



		1.4 Fabrication of biocomposites



		1.5 Factors affecting the performance of biocomposites



		1.6 Properties of biocomposites



		1.7 Applications of biocomposites



		1.8 Toxicity, safety, and life cycle assessment



		1.9 Potential and challenges



		1.10 Conclusions and future directions



		References







		2. Biocomposites with cellulosic fibers



		Abstract



		2.1 Introduction



		2.2 Cellulose—a reinforcing material



		2.3 Biocomposite and its type



		2.4 Development of cellulose-based biocomposites



		2.5 Properties of cellulose-fiber-reinforced biocomposites



		2.6 Classification of cellulose fibers-based biocomposites



		2.7 Applications of cellulose fibers-based biocomposites



		2.8 Future aspects of cellulose fibers-based biocomposites



		2.9 Conclusion



		References







		3. Biocomposites with natural fibers



		Abstract



		3.1 Introduction



		3.2 Concept of natural fiber–reinforced biocomposites



		3.3 Natural fibers



		3.4 Extraction and processing techniques of natural fibers



		3.5 Modification of natural fibers



		3.6 Properties of natural fibers



		3.7 Natural fibers as reinforcing agents in biocomposites



		3.8 Biocomposites with different classes of natural fibers



		3.9 Fabrication of natural fiber–reinforced biocomposites



		3.10 Physical properties and characterization of natural fiber–based biocomposites



		3.11 Strategies for enhancement of performance of biocomposites



		3.12 Applications of natural fiber–reinforced biocomposites



		3.13 Conclusions and future directions



		References







		4. Biocomposites with polyamide fibers (nylons and aramids)



		Abstract



		4.1 Introduction



		4.2 Types of biocomposites with nylon and aramid



		4.3 Interactions of polyamides in biocomposites



		4.4 Preparation methods



		4.5 Properties of biocomposites with polyamide fibers (nylons and aramids)



		4.6 Applications of biocomposites with polyamide fibers (nylons and aramids)



		4.7 Conclusion and recommendations



		References







		5. Biocomposites with graphene derivatives



		Abstract



		5.1 Introduction



		5.2 Materials and methods



		5.3 Uses of graphene and its derivatives



		5.4 Interfacial interaction in graphene and derivatives



		5.5 Surface modifications of graphene biocomposites



		5.6 Barrier properties of graphene biocomposites



		5.7 Surface hydrophobicity in graphene biocomposites



		5.8 Challenges associated with the synthesis of graphene and its composites



		5.9 Effect of efficient dispersion on biocomposite preparation



		5.10 Present status and applications of biocomposites with graphene derivatives



		5.11 Conclusion and recommendations



		References







		6. Biocomposites of biopolymers with metals and their derivatives



		Abstract



		6.1 Introduction



		6.2 Fabrication methods



		6.3 Characterization



		6.4 Properties



		6.5 Applications



		6.6 Challenges and future prospects



		6.7 Conclusions and recommendations



		References







		7. Bionanocomposites with hybrid nanomaterials for food packaging applications



		Abstract



		7.1 Introduction



		7.2 Basic understanding and significance of food packaging materials



		7.3 Bionanocomposites with hybrid nanomaterials for food packaging applications



		7.4 Future trends of bionanocomposites with hybrid nanomaterials on food packaging



		7.5 Conclusion and prospects



		References



		Further reading







		8. Biocomposites for biomedical applications



		Abstract



		8.1 Introduction



		8.2 Materials and methods



		8.3 Future outlook and conclusion



		Acknowledgment



		References







		9. Biocomposites for automotive applications



		Abstract



		9.1 Introduction



		9.2 Materials and methods for biocomposites used in automotive applications



		9.3 Testing



		9.4 Characterization of biocomposites



		9.5 Properties of biocomposites



		9.6 Applications



		9.7 Market demands and limitations



		9.8 Conclusion and recommendations



		References







		10. Biocomposites for aerospace engineering applications



		Abstract



		10.1 Introduction



		10.2 Materials and methods



		10.3 Biocomposites for aerospace engineering applications—recent advances



		10.4 Limitation and market demand



		10.5 Conclusions and recommendations



		References







		11. Muscle tissue repair and regeneration: role of biocomposites



		Abstract



		11.1 Introduction



		11.2 Biomaterials for skeletal muscle tissue engineering



		11.3 Cardiac tissue engineering



		11.4 Biocomposites for smooth muscle tissue engineering



		11.5 Mechanisms behind muscle tissue engineering



		11.6 Conclusion and future perspective



		Acknowledgment



		References







		12. Safety, toxicity, and life cycle assessments of biocomposites



		Abstract



		12.1 Introduction



		12.2 Safety of biocomposites



		12.3 Toxicity of biocomposites



		12.4 Life cycle assessment of biocomposites



		12.5 Drawbacks in life cycle assessments



		12.6 Conclusion and recommendations



		References







		Index







List of tables





		Tables in Chapter 1



		Table 1.1



		Table 1.2



		Table 1.3



		Table 1.4



		Table 1.5







		Tables in Chapter 2



		Table 2.1



		Table 2.2







		Tables in Chapter 3



		Table 3.1



		Table 3.2



		Table 3.3







		Tables in Chapter 4



		Table 4.1



		Table 4.2







		Tables in Chapter 5



		Table 5.1







		Tables in Chapter 6



		Table 6.1



		Table 6.2







		Tables in Chapter 7



		Table 7.1







		Tables in Chapter 8



		Table 8.1



		Table 8.2







		Tables in Chapter 9



		Table 9.1



		Table 9.2



		Table 9.3







		Tables in Chapter 10



		Table 10.1







		Tables in Chapter 11



		Table 11.1



		Table 11.2



		Table 11.3







		Tables in Chapter 12



		Table 12.1



		Table 12.2











List of illustrations





		Figures in Chapter 1



		Figure 1.1



		Figure 1.2



		Figure 1.3



		Figure 1.4



		Figure 1.5



		Figure 1.6



		Figure 1.7







		Figures in Chapter 2



		Figure 2.1



		Figure 2.2



		Figure 2.3



		Figure 2.4



		Figure 2.5



		Figure 2.6



		Figure 2.7







		Figures in Chapter 3



		Figure 3.1



		Figure 3.2







		Figures in Chapter 4



		Figure 4.1



		Figure 4.2



		Figure 4.3







		Figures in Chapter 5



		Figure 5.1



		Figure 5.2







		Figures in Chapter 6



		Figure 6.1



		Figure 6.2



		Figure 6.3



		Figure 6.4



		Figure 6.5



		Figure 6.6



		Figure 6.7







		Figures in Chapter 7



		Figure 7.1



		Figure 7.2



		Figure 7.3



		Figure 7.4



		Figure 7.5



		Figure 7.6



		Figure 7.7



		Figure 7.8



		Figure 7.9



		Figure 7.10



		Figure 7.11



		Figure 7.12



		Figure 7.13







		Figures in Chapter 8



		Figure 8.1



		Figure 8.2



		Figure 8.3







		Figures in Chapter 9



		Figure 9.1



		Figure 9.2







		Figures in Chapter 10



		Figure 10.1



		Figure 10.2







		Figures in Chapter 11



		Figure 11.1



		Figure 11.2







		Figures in Chapter 12



		Figure 12.1



		Figure 12.2



		Figure 12.3



		Figure 12.4











Landmarks





		Cover Image



		Title page



		Table of Contents



		Copyright



		List of contributors



		Preface



		1. An overview of biocomposites

































		i



		ii



		iii



		iv



		ix



		x



		xi



		xii



		xiii



		xiv



		xv



		xvi



		1



		2



		3



		4



		5



		6



		7



		8



		9



		10



		11



		12



		13





























































































































































































































































































































































































































































































































































































































































































































































OEBPS/images/publogo.jpg
wpP

WOODHEAD
PUBLISHING

An imprint of Elsevier






OEBPS/images/F000010f01-02-9780443190742.jpg
CH,0R OR
HOH,C
o H
OR H H 0
H
HO i o OH H
H o 0
ROH,C H n
n
R = H, Cellulose B
= OCCHj, Cellulose acetate
CCH,CH, Cellulose propionate R = H, Chitosan
= OCH,CH,CHy, Cellulose butyrate = OCCHj, Chitin
0
)\\/ ? N
o Y
Ry
CHj with L, L configuration = poly (L,L-lactic acid) R; = CH, and R, = CH, poly(3-hydroxybutyratc)

CHj with D, L configuration = poly (D,L-lactic acid) ~ R; = CH,CHj and R, = H, poly(4-hydroxybutyrate)
CHy with D, D configuration = poly (D,D-lactic acid) R, = CH, and R, = CH,CHs, poly(3-hydroxyvalerate)

= CHy and Ry= CH,CH,CHj, poly(3-hydroxyhexanoate)
BIOPOLYMERS
)k e \
N h

X4 =H, polyethylene Ry = (CHy)y and R, = (CHy)s, nylon 6, 6

H, X, = CHj, polypropylene R; =R, = (CHy)s, nylon 6

H, X4 = CgHs, polystyrene R = (CH,), and R, = (CH,),, nylon 4,6

H, X, =Cl, poly(vinyl chloride) R; = (CHy)g and R, = (CHy);, nylon 6,10

X = CH,, bisphenol-F epoxy
X = C(CHj),, bisphenol-A epoxy
X = C(S=0),, bisphenol-S cpoxy

PETROLEUM-BASED POLYMERS





OEBPS/images/F000010f01-03-9780443190742.jpg





OEBPS/images/F000149fm02-9780443190742.jpg
qa Working together
to grow libraries in

asivies | BookAd  Jeveloping countries

elsevier.com « www.bookaid.org





OEBPS/images/9780443190759_FC.jpg
WOODHEAD PUBLISHING SERIES IN COMPOSITES SCIENCE AND ENGINEERING

ADVANCES IN BIOCOMPOSITES
AND THEIR APPLICATIONS

Edited by
NIRANJAN KARAK





OEBPS/images/F000010f01-01-9780443190742.jpg
Biocomposite
with single
component
bio-based

Particulate
biocomposite

Biocomposite

Fibrous
biocomposite

Green
composite

Biocomposite
with both
components
bio-based

Hybrid
biocomposite






OEBPS/images/F000010f01-04-9780443190742.jpg
Reinforcing
agent

Surface
roughness

functional group

Surface area

Factors influence
performance

Nature (thermoplastic/

Combination of
matrix and
reinforcing agent
Active functional
group

Nature of Interfacial \
interfacial interaction
with other Crystalline/
components a hous

Interfacial
area

thermosetting)

Polydispersity






OEBPS/styles/math.js
function mathmlImg() {
	var ps = document.getElementsByTagName('p');
	var divs = document.getElementsByTagName('div');
		for(var i =0; i < ps.length; i++) {
		    var p1 = ps[i];
		    if(p1.className === 'hiddenClass') {
		        p1.className = 'showClass';	            
		    }
		}
		 for(var i=0; i < divs.length; i++) {
		    var s1 = divs[i];
		    if(s1.className === 'showClass') {
		            s1.className = 'hiddenClass';            
		    }
		}
}



