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Preface

The use of renewable biobased carbon feedstock is seriously taken into consideration these days because it offers the intrinsic value of a reduced carbon footprint and an improved life cycle analysis, within the framework of a sustainable and environmental development. That is why new and future chemicals and materials for daily applications are obtained more and more from the biomass. These biobased products with particular chemical architectures succeed as a good alternative to conventional and fossil-based chemical feedstock. Keeping in mind the deteriorating environmental conditions, researchers all over the world are focusing their efforts on biodegradable and biobased polymers. Plastic waste and its disposal is one of the major environmental problems in industrial development. Researchers have focused on biobased materials that can easily be biodegraded and only few publications in book form are available on biodegradable and biobased polymers for the benefit of the greater public. This book is a a unique volume with contributions from many renowned experts in this area of research. It begins with an introduction that summarizes the importance of biodegradable and biobased polymers in the market. The volume covers almost all the topics related to biodegradable and biobased polymers for environmental and biomedical applications. It will prove to be a very useful tool for scientists, academicians, research scholars, polymer engineers and industries. The first chapter describes the most recent researches on applications, and new developments in biomedical and pharmaceutical areas of thermoplastic starch. Application of polyhydroxyalkanoates in agriculture, biodegradable packaging material and biomedical field like drug delivery systems, implants, tissue engineering, development of scaffolds are reviewed in Chapter 2. The third chapter covers the synthesis and elaboration of cellulose microfibrils from sisal fibres and the corresponding PLA biocomposites. The authors suggest the use of such materials for high performance engineering applications in various sectors such as the automotive and aerospace industries, or for building and construction. Chapter 4 summarizes the different classes and chemical modifications of tannins. The main chemical pathways to obtain aromatic materials with specific macromolecular architectures are more particularly presented in this chapter. Electroactivity and applications of Jatropha latex and seed are discussed in chapter 5. Jatropha latex is a high- potential biomaterial for direct generation of power and has high medicinal value. The use of Jatropha latex in various green techniques to develop nanoparticles of metallic compound is also reported here. Chapter 6 deals with synthesis, properties and applications of poly(lactic acid). Chapter 7 focuses on the synthesis, processing and properties of poly(butylene succinate), its copolymers, composites and nanocomposites. The biodegradability and applications of poly(butylene succinate) are also discussed here. Chapter 8 includes the various routes for preparation polymers from vegetable oil. The effects of reinforcement and nano-reinforcement on the physical properties of such biobased polymers are also highlighted in this chapter. The different types of modified drug delivery systems together with the concept of the drug delivery matrix are discussed in Chapter 9. Polysaccharides, modified polysaccharides and cellulose nanocrystals as carriers for drug delivery systems are also reported here. Applications of such drug delivery systems as potential carriers for controlled release of drugs and for antitumor drugs are also discussed. Chapter 10 summarizes the use of nanocellulose as sustainable adsorbents for the removal of water pollutants mainly heavy metal ions, organic molecules, dyes, oil and CO2. Chapter 11 describes the main extraction techniques, structure, properties and different chemical modifications of lignins. Lignin is an interesting and trendy aromatic building block which can be integrated inside the architecture of different macromolecules by chemical means to obtain new aromatic polymers with high performances. Proteins and nucleic acid-based biopolymers are reported in chapter 12. The role of tamarind seed polysaccharide-based multiple-unit systems in sustained drug release is elaborated in chapter 13.

The editors would like to express their appreciation to all chapter authors of this book who have provided excellent contributions. The editors would like to thank their research teams who helped them in the editorial work. Finally, we gratefully acknowledge permissions to reproduce copyright materials from a number of sources.
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Abstract

Thermoplastic starch (TPS) emerged recently as a new polymeric material based on biodegradable and renewable resources. Since its beginning in the 1990s, several researchers described the use of TPS for biomedical applications, which increased recently due to new TPS-based materials such as blends with other polymers, composites and nanocomposites. Its non-toxic, resorbable and biodegradable characteristics make TPS a key material for biomedical applications, allowing its use in implantable materials, opening a new field of research. In this chapter we introduce TPS and we describe the most recent research on its applications and new developments in biomedical and pharmaceutical areas.



Keywords: Thermoplastic starch, processing, biomedical in vivo tests, scaffolds, resorbable material

1.1 Starch as Source of Materials in the Polymer Industry

Thermoplastic starch (TPS) emerged as new class of biodegradable materials in the 1990s and quickly become one of the most studied polymer system in the field of biodegradable materials derived from renewable resources [1–9]. One reason for this interest is the fact that starch is one of the few natural polymers that can be used directly as a thermoplastic material without any chemical modification [9], with possible uses in package and in food and biomedical industries. In this chapter we describe the approach for TPS preparation, as well as its blends, some methods for chemical modification of starch and the most advanced materials prepared from starch for application in pharmaceutical and biomedical fields.

1.2 Starch in Plastic Materials and Thermoplastic Starch

The use of starch in compositions in the plastic industry is not new. Since the 1960s starch has been used in its native form as granule or gelatinized in compositions with other polymers such as rubber [10, 11], polyvinyl chloride (PVC) [10, 12] and in low-density polyehylene (LDPE) as filler [13]. However, further investigations into these processes were not undertaken due to several problems such as the need of drying and poor adhesion of the hydrophilic starch granules to the high hydrophobic polymer matrix.

Relative success in producing films by casting a dispersion of gelatinized starch and poly(ethylene-co-acrylic acid) (EAA) was described by Otey and co-workers [10, 14–16]. However, the high costs involved limited its application in high extension. Other attempts to use starch were also described by the same research group. The main examples consisted of blends of starch and poly(ethylene-co-acrylic acid), which after drying were processed by extrusion-blowing. This blends where plasticized with sorbitol, glycerol, urea, starch-based polyols [17]. These materials where partially biodegradable, which also limited its application.

The fundamentals of TPS preparation have long become well-known because starch gelatinization leads to the same kind of material. The process can be divided into two conditions, in excess of water, and in low water concentrations.

When native starch is heated above a characteristic temperature (known as the gelatinization temperature), in excess of water or of another solvent such as liquid ammonia, formamide, dimethyl sulfoxide and others, it undergoes an irreversible order-disorder transition known as gelatinization or destructuration [9]. The process involves two steps: hydration limited by the diffusion of the solvent through the granule, and melting of the starch crystallites [18, 19]. The phenomenon is characterized either by a large excess of water in a single endotherm peak observed by DTA or DSC, corresponding to the gelatinization temperature; or by an endotherm event, at a higher temperature, in which the maximum temperature depends on the water concentration attributed to the melting of the starch crystallites. When water concentration is intermediate between the gelatinization and the melting, two endothermic transitions are observed. The same final results can be obtained when TPS is produced in limited amounts of water or in the presence of a high boiling point hydroxyl compounds.

Thermoplastic starch behaves as a conventional thermoplastic and may be repeatedly softened and hardened, so that it becomes amenable to moulding/shaping by the action of heat and shear forces. This behaviour allows TPS processing with commonly techniques used in the plastic industry — a very attractive feature, since a low additional investment is required to achieve effective industrial use [1, 20, 21]. The temperature for TPS processing depends on the proportions of starch/plasticizer and, in general, it is between 120 °C and 160 °C. Expanded materials can be obtained when water is used alone or in combination with starch to produce TPS.

Starch granules structure is completely destroyed when it is plasticized to produce TPS. The scanning electron microscopy (SEM) images in Figure 1.1 shows the morphology of native starch granules from two different food sources, potato (a) and regular corn starch (b). Figure 1.2 shows the smooth surface of a TPS film evidencing the complete granules disruption. TPS is processed conventionally by extrusion in wires, strips or in pellets. Figure 1.3 shows samples of extruded TPS in strips and wires before pellet cutting.


Figure 1.1 Starch granules from potato (a – scale correspond to 200 µm) and corn (b- scale correspond to 50 µm).
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Figure 1.2 Scanning electron microscopy of a TPS film.
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Figure 1.3 Extruded TPS (A) and an extruded sheet of TPS (B).

[image: ]


The choices of plasticizer type and concentration are of fundamental importance not only for the processing conditions, but also for the final properties of the material. These can vary from a rigid and fragile material, to a soft and rubbery material at room temperature [22]. The most common plasticizer for starch is glycerol [8, 9] however other such as urea [3], fructose [23], xylitol, sorbitol, maltitol [8, 22, 24], glycols (EG, TEG, PG, PEG) [9], ethanolamine [25] and formamide [26] have also been used. In essence, the plasticizer is any substance capable of forming stable hydrogen bonds at the processing temperatures used for TPS production. The presence of water in the compositions, which works as a “processing” plasticizer is recommended, since it improves the destructuration efficiency, decreases melt viscosity and consequently, reduces starch degradation rate during its processing [27, 28].

Alternatively, starch may be dried before processing and the processes conducted in the presence of glycerol, resulting in materials with superior thermoplastic feature [29].

Although the process to produce TPS is based on the destruction of the crystalline structure of the native starch, TPS is not completely amorphous and undergoes crystallization, especially when stored at temperatures above its glass transition temperature. Crystallization of starch in TPS leads to crystalline forms different from the native starch granule, being the most important the B-, V- and E-forms. V- and E-types can be observed just after extrusion because they are generated during processing [30, 31]. Two sub types of V-type exist, the anhydrous Va-type for materials containing low moisture concentrations and the hydrated form Vh-type for materials containing higher moisture concentrations. The E-type occurs only in samples with low moisture concentrations [32], B-type crystallinity is similar to that observed in native starch from potato and tapioca and is formed slowly during storage [6].

Materials based on starch are biodegradable and biocompatible, widely available at low cost, and irreplaceable in a wide range of applications due to their unique properties. The search for new applications of starch is fast increasing in the last years, and the biomedical uses of such materials represents an important advance in the research field [33].

1.3 Uses of Starch and TPS in Biomedical and Pharmaceutical Fields

Starch is used in packaging, food and pharmaceutical industry for decades and its application field is growing because its singular properties, specially its physicochemical properties, biocompatibility and biodegradability [34, 35]. In pharmaceutical industry starch is an important functional ingredient for formulations of tablets, capsules [36], coatings [37], subcutaneous implants [38] and matrix for drug release systems [33, 39, 40].

Studies related to applications of starch in pharmaceutical and biomedical areas progressed gradually. The earliest focus of the scientific reports regards to the study of food and pharmaceutical uses of starch in its natural form as extracted from vegetables. These studies included structure determination, morphology characterization and the properties as food and drug modifier. In the food industry, starch is extensively used as a thickener, while in the pharmaceutical industry it is extensively used as excipient. However, its special properties have widened its range of applications. Current research is directed toward the development of starch-based materials aiming the improvement of pharmaceutical, cosmetics, and healthy & care formulations. Some important research have been developed with respect to the use of starch as a biosorbable material for temporary implants. The features that make starch interesting for these applications include the combination of its mechanical properties and its hydrophilic and resorbable characters, allowing its use inside human and animal body as implants and other devices. The high degree of chemical functionality of starch, due to the presence of hydroxyl groups allows its chemical modification, generating a wide range of materials with interesting properties for use in biomedical and pharmaceutical areas.

Apart from the demand it enjoys in the research, field, starch has also found a consolidated demand in pharmaceutical industry, mainly for use as excipient in solid formulations like tablets and powder presentations. However, many starch-based products have been developed for uses in tissue engineering, drug delivery and wound healing, including its chemical modification.

1.3.1 Native Starch (Granule) as Pharmaceutical Excipient

Excipients are usually inert and inactive ingredients that make up the vehicle or matrix, used as basic drug carriers in pharmacological formulations. Despite this inactivity they nevertheless fulfil secondary functions as stabilizers, preservatives, buffers, diluents, binders, disintegrants, lubricants, dye and-or flavouring agents. The conventional concept of excipient as a simple, chemically and pharmacologically inert vehicle of a formulation has been changing to an essential functional agent that optimizes and improves the performance of the drug [34]. Excipients can interact with the active molecules from the formulation and affect its dissolution, absorption and bioavailability. In this venue, the drug delivery technology has been improving the pharmaceutical systems and drug bioavailability. Excipients can also help the manufacture processing and disintegration, preventing the fast release of the drug. The hole of starch is remarkable as a pharmaceutical excipient mainly as a diluent and disintegrant agent in tablets and capsules formulations when used as unmodified granules and as a binder, when it is pre-gelatinized.

Several research strategies that have emerged recently as the dominant trends in thermoplastic starch-based materials for biomedical uses, and the use of blends for the development of biocompatible materials and its preliminar tests in biological in vivo systems are described here.

1.3.2 Gelatinized and Thermoplastic Starch in Biomedical Application

Regarding the use of starch for the manufacture of capsules for drug delivery, thermoplastic starch-based polyvinyl alcohol material obtained by extrusion are noteworthy. They were developed as a potential substitute for soft gelatin capsules [41]. Gelatin has been used for decades for capsules preparation because of its physicochemical properties. One of the drawbacks of gelatin for hydrophilic lipid-based formulations is the high content of water of the matrix (up to 35%), which migrates to the active formulation, leading the drug to crystallization and changing its absorption [42]. Among other technical drawbacks, gelatin is obtained from animals, and there is a great interest in an alternative material based on vegetal sources due to commercial reasons (vegetarians diets and religious patients). Capsules produced from starch-polyvinyl alcohol shows additional advantage due to its low deformation character that shortens its manufacturing time [43].

1.3.2.1 Chemically Modified Starch for Pharmaceutical Uses

The properties of thermoplastic starch can be tuned to reach different niches of application, within the biological field. A promising and efficient approach to impact new properties to starch is its chemical modification that is normally performed in a controlled manner to meet the specific needs for the desired application.

The main chemical modifications of starch are its carboxymethylation, acetylation, hydroxypropylation, succinylation and phosphorylation. The chemical modification of starch is easy tanks to the presence of hydroxyl groups within amylose and amylopectin chain structures, which become accessible to electrophilic reactants [44]. The degree of modification (degree of substitution) depends on the condition of the reaction such as pH reaction time, reactant concentration, molecular structure of the substituent, and on the morphology of the granules [45]. Regarding its use inside the body, the chemical modification of starches can be used to confer to it reactive and specific sites that could bind and carry biologically active compounds, and, depending on the modification they trigger less immunological reaction and can be easily metabolized in the human body [46, 47].

Carboxymethylation of starch is reached, using monochloroacetic acid (or its sodium salt) in aqueous organic solvent after the activation of hydroxyl groups with sodium hydroxide solution. The product of the reaction is a structure in which some of the hydroxyl groups are replaced by carboxymethyl groups, the degree of substitution depending on the reaction conditions and changing the properties of the material [47, 48]. Carboxylic group gives additional hydrophilic character to starch, increasing its capability of adsorption of water, swelling and water permeation. These features are responsible for a high rate of disintegration of tablets, increasing the drug release rates.

Acetylation (Acetyl starches) are simply performed in acetic acid and acetic anhydride at high temperature (about 180 °C) [49]. The high temperature leads starch to melt providing its homogeneous chemical modification. The resulting product of the acetylation is a film-forming and water soluble material ready to be used in several pharmaceutical formulations. Although, starch esters have lower tendency to create gels than unmodified starches [47].

Hydroxypropylation reaction is performed in alkaline aqueous/ethanol media in presence of ethylene oxide at 45–70 °C for 24 h [50]. The viscosity of the hydroxypropylated starch decreases as the degree of substitution increases. For high amylose starches, which have high contents of amorphous phase, the modification results in derivatives that are readily soluble in warm water (40 – 50 °C), are clear and behave as high viscous pastes [51]. Hydroxypropylated starches have higher water absorption capacity and reduced porosity, thus enhancing the sustained release of drugs [33, 52].

The succinylation also imparts hydrophilic character to starch, increasing its solubility in cold water, reducing the temperature of gelatinisation and retrogradation and improving the freeze-thaw stability and the resistance to acids [53].

Phosphorylation of starch can result into different chemically modified materials depending on the conditions of the reaction, the monostarch phosphate or the distarch phosphate (its cross-linked derivative). Monostarch phosphate is obtained by esterification of native starch with sodium tripolyphosphate (STPP) [54], while the distarch phosphate is the product of the reaction with phosphorous oxychloride (POCl3) [55] and sodium trimetaphosphate. The remarkable characteristics of monostarches are their high paste clarity, low viscosity and increased water binding capacity. Distarch phosphates shows high resistance to retrogradation, high thermal stability and high resistance to low pH media when compared to native starch [56, 57] thanks to its crosslinked structure.

Another new field of application for hydrophobic starch is the stabilization of pickering emulsions. In pickering emulsions, the surfactant is replaced by particles of micro or nanometric dimensions [58, 59]. In some cases, emulsifiers can cause irritability in susceptible patients, particularly for sensitive skins. Emulsions free of surfactant can avoid this problem and the replacement of surfactants by solid particles is one of the solutions adopted. The behaviour of surfactant molecules in emulsions is determined by a fast equilibrium of the surfactant molecule through the oil–water interface and the bulk phase, adsorbing and desorbing quickly, while solid particles adsorbs irreversibly to the interface, leading to high stability of emulsions [59]. Pickering emulsions can be prepared with inorganic particles like silica [60] or calcium carbonate [61], however the use of biobased particles such as modified starch proven to be one very interesting option. The biocompatibility and the environmentally friendly character of biobased materials constitute a great advance in this kind of product for health care and cosmetics. One of the first biobased pickering emulsions was produced with starch modified with octenyl succinate anhydride [58].

Some starch-based materials used in biomedical applications are presented in Table 1.1.

Table 1.1 Applications of starch-based materials in biomedical field.



	Material
	Uses
	References




	Starch, gelatin-starch blend
	Manufacturing of soft capsules
	[36, 43]




	Starch and PVA blend
	Manufacturing of soft capsules free of gelatin
	[41]




	Blend of starch and PEG-PPG-PEG copolymer
	Bone wax
	[62]




	Starch Hydrogel
	Wound dressing
	[63–66]




	Hydrophobic starch granules
	Pickering emulsions
	[58]




	Starch blends with several polymers
	Scaffolds
	[67–69]




	Starch and/or starch blends
	Biosorbable materials
	[70, 71]





1.3.2.2 Hydrogels

Hydrogels are hydrophilic three-dimensional networks capable of absorb water. The chemical structure of hydrogels allows its interaction with water, normally by electrostatic interaction, in which water molecules are trapped within the tridimensional network, filling the free volume in between the polymer macromolecules, giving rise to its high swelled morphology [63]. Starch has been used recently to produce biobased edible coatings and films hydrogels that are of great interest not only for packaging, but also for pharmaceutical and biomedical applications due to its biocompatibility and safely nature [64, 72].

In wound healing process the abundance of water within the hydrogel matrix keeps the natural skin moisture, protecting against lesions due to external noxae [65, 66] and providing an environment where the cellular activities and nutritional processes can be restored during the healing. Hydrogels wound healing absorb the exudate and retain it within the gel structure. A remarkable feature of the treatment with hydrogels for wound healing is their capability to protect the nerve endings against exposure to the environment, a painful process for injured epidermis [63].

Polysaccharides blends have been used with success for wound healing, however, these blends are commonly soluble in water avoiding the formation of stable hydrogels. Starch blends represents an alternative material to overcome this drawback, especially when using crosslinked starches which are more stable, as described for blends of crosslinked starch with vinyl monomers [73].

Another interesting starch-based material are the superabsorbent starches produced by grafting acrylic acid and/or 2-hydroxy ethyl methacrylate to starch. These materials are capable of absorb 95 g of water per g of grafted starch at pH 8.0. The material is sensitive to pH, changing its swelling degree according to pH, rendering the material a potential candidate as a support for drug release agent [73].

Hydrogels based on starch-ethylene-co-vinyl alcohol copolymer blends can be prepared by free radical polymerization of acrylamide, acrylic acid or bis-acrylamide. The incorporation of acrylic copolymers to starch produces materials with increased resistance to water, showing low swelling degree, about 7–10 %wt, an interesting property for use inside the body. The blends in which bis-acrylamide is associated to acrylic acid give chemically crosslinked hydrogels with improved tensile and compressive properties when compared to thermoplastic starch [63].

1.3.3 Starch-based Scaffolds

Scaffolds are three-dimensional structures designed to support cell growth. Their function is to mimic the natural extracellular matrix allowing the cell growth [74]. The material that composes the scaffold should have an appropriate mechanical property for cells adhesion and the tissue formation, besides an adequate architecture for tissue regeneration. Both architecture features and mechanical properties play significant role in tissue regeneration because the cells require an environment with similar characteristics of their host tissue. The degree of porosity, pore size and permeability are also important parameters in scaffold design. The pore size requires dimensions that permit cells migration, adhesion and growing. The morphology is also a key factor since an adequate architecture for vascularization that allows biological liquids to permeate and to percolate the structure is necessary to carrier nutrients to the growth of cells. An interconnected pore network with pore size higher than 30 μm is a normal morphology for scaffolds. Depending on the tissue and function, the scaffold should degrade and the degradation product should be reabsorbed in variable period of time, normally about three months, the time needed for the formation of most tissues [75, 76]. In this venue, starch and starch-based blends and copolymers presents several potential properties for use as scaffold in tissue engineering. The first strategy to test the performance of the material for scaffold moulding is the processing and the confection of the device (such as scaffolds) and the tests of their mechanical properties, shortly described in the following lines.

Several strategies for assembling starch-based scaffold structures have been developed. For instance, the scaffold prepared by fiber-bonding process consists of cutting and sintering melt-spun fibers of starch-poly(e-caprolactone) blend [69]. Another easily-applied technology is the extrusion process with blowing agents, useful for scaffolds based on starch-ethylene-vinyl alcohol blends or the compression moulding of the same blend with soluble particles of NaCl, which are leached after processing [77]. Both approaches generate materials with uncontrolled pore distribution, but with controllable size pores and porosity. The mechanical properties are dependent on the pore size, porosity and interconnection between pores, which decreases, increasing the porosity.

An example of a more elaborated design is the multilayer scaffold of starch–polycaprolactone blend. The hierarchical morphology is composed of parallel aligned microfibers intercalated with a mesh-like structure of nanofibers with random distribution. The technology is based on assembling only one polymer with two different morphologies, microfibers and a nanofiber mesh. The microfibers are prepared by rapid prototyping in a grid-like and the nanofiber meshes are prepared by electrospinning. The tridimensional structure is obtained by integrating the nanofiber mesh every two consecutive layers of plotted microfibers providing the required mechanical properties stability. The hierarchical structure of the scaffolds mimic the native extra cellular matrix and improve the biological performance of the material, in which osteoblast-like cells are capable of proliferate [78]. The structure of the described scaffold is showed in Figure 1.4.


Figure 1.4 Hierarchical structure of the scaffold based on starch–polycaprolactone blend

(reprinted with permission from [78]).

[image: ]


The design and fabrication of scaffolds based on starch for tissue engineering using the three-dimensional printing (3DP) have been used successfully. An example is the scaffold based on the blend of cornstarch, dextran and gelatin, which display good mechanical properties [67]. Another successful example is the blend of starch-poly-(ethylene-co-vinyl alcohol) copolymer prepared by wet-spinning in tridimensional (3D) structure. The material shows high porous morphology that allows human osteosarcoma cell to infiltrate, to attach to their surface and to proliferate, in in vitro tests. The porosity, pore size and the pores interconnections keep the architecture for tissue ingrowth and liquid percolation. The elastic behaviour of the material represents an advantage when compared to conventional materials used as scaffolds (such as PLA), since they are capable of recover their structure after compression and can be subject to mechanical stimuli during cell culture without affect the cell growth due to scaffold deformation [68].

In general, starch-based polymers offer a wide range of processing methods, including 3D printing. The properties of the starch-based materials allow to control the porosity, pore size, pores morphology and the scaffold shape, generating adequate environments for several cell types to grow, adhere and proliferate [69]. It is also possible to tailor the mechanical properties and degradation rates to suit the applications, an advantage of the starch-based scaffolds.

1.3.4 Starch-based Biosorbable Materials - Degradation Inside Human Body

Damaged tissues can be replaced by permanent materials or temporary materials. The permanent materials are used for replacement of the injured tissue in terms of function for prolonged and undetermined period of time. They are designed to retain the mechanical properties of the tissue in attempt to keep its function [79]. Examples of permanent implant are prostheses, joints, heart valves, screws, among others [80]. Temporary implantable materials are used when the damaged tissue is capable of regenerate its morphology and physiological function. Normally it needs a support for guiding the regeneration process. Materials that degrade and are absorbed (resorbable) by the body are the most indicated for such uses because the slow degradation process happens simultaneously to the healing process, allowing the new tissue fills the space of the degraded material.

The concept of biodegradability inside human body is associated with the chemical degradation or decomposition of the biodegradable material by natural effectors from human/animal body in which the bonds of the macromolecules that constitute the biomaterial can be broken, normally by chemical process, like enzymes and water and then, reabsorbed by body without any adverse effect to the organism [80]. The term biodegradability is used for the degradation of materials in nature, while the degradation of a material inside the body has been called reabsorption and the materials with such property, resorbable materials. Here we assume the term resorbable for the materials that degrade inside the body.

In general, biodegradable polymers are build-up of molecules with hydrolysable groups, such as glycosides, esters, amides, anhydrides, urethanes, ureas, etc. [81–83]. Such bonds are broken inside the body by natural process such as unspecific enzymatic attack and hydrolysis by water. The molecules generated during the degradation process are reabsorbed by the organism, reutilized as precursors for synthesis of new biological molecules or eliminated.

The degradation kinetics depends on many factors, including the nature of the material, its susceptibility to degradation at the conditions of human/animal body, the size of the biomaterial, the porosity, swelling degree, among others. The use of synthetic biosorbable polymers in medicine has grown steadily, mainly because after tissue healing, the implant does not need to be removed, avoiding surgical procedures, many times necessary when the non resorbable materials are used for healing tissue.

Although the high number of reports about the use of implantable biodegradable materials inside human body, its use is limited to small devices to avoid problems related to the presence of the degradation products inside the body. The most successful implantable and bioresorbable material in development in the last decades is poly(lactic) acid (PLA) and its based copolymers and composites. However, some issues related to its degradation also limit its uses. PLA degradation inside the body introduces lactate groups, changes the ion strength and pH surrounding the implant, rendering pH decrease as the predominant factor for the negative effects of the degradation of PLA on cell proliferation, differentiation and cytotoxicity. Besides the degradation products, the kinetics of degradation of PLA is very slow, taking more than six months to fully degrade, even when used as small devices [84, 85]. Such issues limit PLA usages. Despite the vast literature that suggest its use for implants, it has been successfully tested only as a filler in bone repair procedures because it only requires small pieces of material to join the bones together.

In this set of applications, and mainly because its fast degradation and reabsorption, using starch and its derivatives blends, copolymers and composites has been providing an interesting alternative for temporary tissue repair and replacement. Starch is a polymer built up from glucose monomers, which could result in glucose monomer, oligomers and glucose derivatives, such as acids when degraded by biological process inside animal cells. At this time, meanwhile, as the next paragraphs show, little information has been reported in the literature.

The degradation rate of polymers depends on several factors, as described before, but for internal use, the degradation rate has to be predictable and coherent with the tissue growth. Several strategies have been proposed for the control of degradation rates, such as the control of the molecular weight distribution [86], local pH control [87], use of additives to reduce the hydrolytic degradation of polymers such as polyurethanes [88], among others. A strategy already tested is the encapsulation of a specific enzyme into the matrix. Depending on the temperature, local pH and mainly, the enzyme concentration, it is possible to predict the degradation rate. The strategy was already tested for the starch-polycaprolactone blend, in which the enzyme α-amylase was encapsulated into the matrix. In vitro tests resulted in a release of 40% of the enzyme from the matrix after 28 days. With respect to the degradation rate, samples loaded with 5% wt of enzyme, almost completely degraded in one week, while samples loaded with 0.5% wt of enzyme reached a complete hydrolysis after eight weeks of experiment. The results indicate that this approach works well to control the degradation kinetics of the starch-based material, but unfortunately, it was not yet tested in vivo [89].

Starch is efficiently degraded by amylases, that significant concentrations in the human body can be found in the mouth. Based on this fact, a starch-based device was created for use in surgeries to recover stenosis of salivary ducts, which need to be kept open after surgery. The great advantage of the material is its resorbable feature, a simple and great alternative to that type of device, which should be removed if it is not degraded inside the body. The device was tested in vitro and in vivo in a large-animal model (pig). The results showed the feasibility of the material for use as a clinical device for humans. The first technical challenge for these applications is the manufacture of a stent that fitted into the salivary duct, with dimensions of the external diameter varying in the range of 1.5 to 1.7 mm and with lumen of about 0.68 mm with smooth surface to facilitate the insertion into the duct. Another remarkable property of starch for that specific application was its mechanical property, which can be adjusted from a soft to a stiffer material, provided by the amount of plasticizer incorporated. The second technical challenge is to adjust the shape-recovery time in salivary duct conditions after implantation. Starch shows superior capability of shape recovery when compared to PLA based materials. Starch takes only few seconds to shape recover, while PLA takes several minutes at body temperature. Starch-based materials are rapidly hydrolysed by α-amylase and lose integrity 24–48 hours after implantation. This represents a limitation of the material, that cannot prevent restenosis after the treatment of the salivary ducts. Such stents can also be used in organs, even with less α-amylase content in the surrounding medium because of its fast degradation. On contrary, degradation of PLA can last from few months to a year and can cause local inflammatory response, and also represents a limitation [70, 90].

1.3.5 Cell Response to Starch and its Degradation Products

In vitro tests show high biocompatibility of starch-based polymers with osteoblast-like cells and endothelial cells, demonstrated by cytotoxicity, cell proliferation and cell adhesion tests [69, 91–95]. Recently, results obtained by in vivo tests showed promising properties of starch-based materials for biological temporary implantations and the biocompatibility has been demonstrated by several tests [96]. An example is the subcutaneous and intramuscular implantations of starch:polycaprolactone (30:70 % wt) blend. For both, intramuscular or subcutaneous implants, the inflammatory reaction was tested by acute and chronic inflammation tests. The results showed a slightly inflammatory response for short period of time, but a complete integration of the samples into the host tissue after long periods of time (8–12 weeks), with no signals of inflammatory process [91]. The example of the starch-based tubes for salivary surgery, already described in this text, also represents an important advance in in vivo tests of starch-based biocompatible and biosorbable material [70]. The integration of starch:polycaprolactone blends in in vivo tests, forming perfused vascular structures after only 48 h of implantation also represents a great evidence of biocompatibility and low cell response to the starch-based implantable material [71, 95].

1.4 Conclusion and Future Perspectives for Starch-based Polymers

Starch-based materials show characteristics that make them a promising group of materials for the development of new biosorbable devices for internal uses, such as implants, support for drug release, scaffolds and membranes. Among the properties that made starch an interesting material, we can mention its thermoplastic feature, easy chemical modification, ability to form blends with other polymers, fast degradation rate inside the body and the weak immunogenic character of its degradation products. The fast degradation in body conditions can be seen as a drawback that, however, can be minimized when associated with other biocompatible polymers. Starch and its derivatives provide an appropriate environment for cells adhesion and cell proliferation for in vitro and in vivo uses. Besides its biological potential, starch can be conveniently processed by extrusion, injection moulding and other conventional process for moulding thermoplastic materials, including 3D printing. The mechanical behaviour of thermoplastic starch can be tailored by the content and composition of plasticizers. The progressive and sophisticated exploitation of thermoplastic starch has been happening with success in terms of its applications in biomedical field, opening new horizons for the range of biocompatible and biosorbable existing materials.
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Abstract

Polyhydroxyalkanoates (PHAs) are gaining a lot of attention in several areas of research. Biocompatibility, biodegradability and mechanical strength are the major properties of PHAs that are disclosing previously overlooked potential for changing how polymers may be used across a wide range of applications. In the biomedical arena, drug delivery systems, implants, tissue engineering, development of scaffolds, packing material have adapted uses of this major polymer. Increasing numbers of publications and patents in this area prove its potentiality. This chapter reviews this wide-ranging application of of PHAs with the aim of further illuminating their versatility and future capabilities.
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2.1 Introduction

Polyhydroxyalkanoates (PHAs) are a group of polymers obtained from bacteria. Some of the fungi that can count for as much as 80% of the dry weight of the cell [1]. The very first step in developing study of PHAs may have been the observation by Beijerinck in 1888 of PHA as granules inside bacteria. Chemically speaking: these are the polyesters comprising -3,-4,-5 hydroxycarboxylic acids as a basic units. PHAs of bacterial origin are currently in the research limelight due to the excellence of PHAs’ excellent biocompatibility, biodegradability, mechanical strength and other fundamental properties. Discovered by Lemoigne in 1926, one of the PHAs, namely PHB (poly (3-hydroxybutyrate)), although less flexible, revealed other characteristics similar to polyethylene and polypropylene as well as properties similar to conventional thermoplastics such as polypropylene [2–3]. Due to their non-elasticity and high production cost, these polymers are used less for certain applications. Nevertheless, PHAs — whose environmental impact is far more benign than petroleum-based alternatives — are being investigated extensively in a bid to displace the petroleum-based alternatives. Therefore, research regarding PHAs mainly focuses on some major frontiers like improvement of the quality of different PHAs by modifying its functional groups or surface properties, copolymerizing, grafting it with different polymers to achieve desired properties, blending or making composites, adding suitable plasticizer or filler so as to make it more useable. In our earlier chapter 11, of book entitled, “Biopolymers: Biomedical and Environmental Applications Vol. I, we have described about the various polymers obtained from microbes. In one of the section 2.1 we have mentioned their origin and how the different PHAs are being synthesized by various microbes [4–5]. Hence, in this chapter we briefly account their occurrence and applications of different PHAs in various areas.

2.2 Natural Occurrence

PHAs are the natural energy and carbon reserves for the organisms facing starvation condition, particularly when availability of other elements like nitrogen, phosphorus or oxygen sources is in short supply [6]. Depending upon the type of organism and growth conditions, the molecular weight of the polymer chains produced by the micro-organisms range from 2× 105 to 3×106Da,. The diameter of the PHAs granules ranges from 0.2–0.5 μm are localized in the cell cytoplasm. They are more refractive and hence clearly seen by simple staining by sudan black under light microscope and as well under fluorescent microscope or phase contrast microscope (Figure 2.1-a, b, c). Different PHAs are being synthesized by various microbes. The mode of synthesis could be natural or biosynthetic. Among various PHAs, the production of PHB is high in cost, inspite, it is extensively studied and well characterized due to its better properties such as, it is easily mold able, spun into fibers, cast into films and is usable just like the conventional plastics. These properties of PHB attracted the attention of researchers so as to discover about 150 different PHAs till date [7–8]. These are the storage material of different bacteria and are produced under different growth conditions. Few of the important PHAs are enlisted in Table 2.1.


Figure 2.1 PHA granules as inclusion bodies in bacterial cells under different microscopes (a) light microscope (b) florescent microscope (c) phase contrast microscope (d) schematic representation of structure of granule in the bacterial cell, PHA core covered with lipid layer and associated proteins.

(courtesy- Kabilan et al. [11] and Masood et al. [12].)
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Table 2.1 List of PHAs which are used commonly.
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PHA granules are usually found associated with some proteins known as granule associated proteins (GAPs), which surround the main polyester core and consist of enzymes like PHA polymerase, PHA depolymerase, phasins and some regulatory proteins (Figure 2.1d) [9]. These enzymes are supposed to be the controlling factor for formation or utilization of the PHA according to external environmental conditions. Moreover they help the PHA to maintain amorphous nature in the cytoplasm. It is shown that though the nature of isolated PHA is crystalline; in cytoplasm it is present in mobile amorphous phase. Even a mild treatment like centrifugation can remove this coating leading to loss of degradability by depolymerase enzyme and initiating crystallization process. So, this is one of the external factors for initiating crystallinity of PHAs [10].

The mechanical properties of PHB depend on the degree of crystallization, therefore with increase in crystallization the mechanical property increases. It was observed that, the crystallinity of PHB increase on storing at room temperature. Efforts are being made to reduce the crystallinity of PHB, so as to decrease brittleness. Major properties of the PHB can be enlisted as follows:


	Water insoluble and less susceptible to hydrolysis

	Sinks in water and more prone to anaerobic degradation in the sediments

	Resistant to UV but not to acids and alkalis

	Nontoxic and biocompatible so suitable for biomedical applications

	Soluble in chloroform and other chlorinated solvents

	On melting less sticky than other conventional polymers



The different PHAs consisting of various lengths of hydroxy alkanoate as a basic unit are: scl (short chain length) (eg.- PHB, PHV, PHBV), mcl (middle chain length C6-C14 (eg.- PHO, PHN, PHHx, PHHp), and lcl (long chain length) PHAs [13]. Properties of, and behavioral response to, biological surroundings of PHAs depend on the chain length. Accordingly they have been designated as scl, mcl, and lcl. Most scl- PHAs show high crystallinity, but poor mechanical properties, rigidness and brittleness. This makes them difficult to use in biomedical or packaging applications. The exception is scl of P(4HB), which is strong, pliable thermoplastic produced by biosynthetic route. The mcl-PHAs are produced by variety of Gram Negative bacteria and disclose useful mechanical and biosuitable properties. mcl-PHAs show low crystallinity, Tg and Tm. Their tensile strength is low but elongation at break is high [13]. They show very narrow temperature range of elasticity below Tg, above which they loss their flexibility and crystallinity. To attain the required properties, copolymers of the mcl and scl PHAs were tailor made by engineered organisms [14].

2.3 Bio-Synthetic/Semi-Synthetic Approach

The major constraint to use the PHAs on large scale is its high production coast by natural way of microbial metabolism. To reduce the cost researchers are finding alternative methods right from genetic modifications of PHA producing organisms to fermentation techniques using different kind of parameters to get high yield with desired polymer chain length and properties. Accordingly, PHA producing micro- organisms are modified to produce the polymer of interest, for example; polymer type, polymer chain length, hybrid polymers, protein embedded polymers, etc. Along with the genetic modification various fermentation techniques are developed for growing and down streaming the desired product with more superior and accurate techniques of characterization. For example, harvesting time is crucial for any fermentation based industry. Detection of optimum production of PHA in living cell could be done during the fermentation process by a very new direct approach of real time NMR (Nuclear Magnetic Resonance) technique, which is more sensitive than any microscopic or optical detection method. Biopol is one of the commercial biopolymer of PHAs produced on industrial scale by Monsento using fermentation method [15].

Table 2.2 Modified PHAs and their significance.
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There are several PHA-producing sources that can be used for industrial-scale mass production of PHAs. PHAs produced by algae have advantages over those produced by bacteria, including: high product yield, flexible response to a wide range of environmental conditions and the potential use of by-products of the process as bio-fuel. The production of PHAs by microorganisms depends on the basic units incorporated in the polymer of raw material [16]. Different plant oils and animal fats are efficiently utilized by the bacteria and are readily translated into unsaturated fatty acids. For example, inexpensive castor oil is used to produce 3- hydroxy- 10- undecenoate, 3-hydroxy-8-nonenoate and 3-hydroxy- 6-heptenoate. Similarly, oleic acid or linoleic acid gives monomers like 3-hydroxy-6-dodecanoate, 3-hydroxy-5-tetradecanoate and 3-hydroxy- 5,8-tetradecanoate in Pseudomonas putida GPo1. This relationship between the monomers incorporated in PHA chains and raw material supplied in culture media is observed due to their ability of biosynthesis of PHA after saturation β oxidation pathway and the intermediates are thus channelized to PHA production. But this is not the property of every bacteria as P. aeruginosa 44T1 produced mcl-PHA containing epoxy groups when the media is supplemented with normal fatty acids [1].

2.4 Environmental Aspects

Petroleum-based plastics are recalcitrant as wastes; while degradation of their presence in landfills is hazardous to the environment, leading eventually to ecological imbalance. To sustain ecological balance, biodegradable polymers are being studied for potential utility. There are various biodegradable polymers — some derived naturally, others synthetically. Thus we have proteins, polysaccharides, polyhydroxyalkanoates, polylactides, poly-ε-caprolactones, polyglycolides etc. Current studies are examining their maximum utility. Due to their processing inefficiency, however, they are uncompetitive relative to petro-products. Meanwhile, various methods aimed at modifying biodegradable polymers to meet current requirements better are under study. PHAs are biodegradable and are in competition with polyethylene in properties, except that they are brittle in nature. By improving flexibility and moldability, however, non-degradable polymers can be replaced with PHAs, conferring certain benefits on efforts to maintain ecological balance by decreasing the accumulation of non-degradable petro-products in the wider environment. Sincce PHAs originate from microorganisms, there is a possibility that almost all microorganisms may have some capacity to degrade polymer structure and release user-friendly CO2 and H2O. This would complete the recycling of the basic elements in the environment and act as a buffering system for the climate change. For the last several decades, this approach has been taken up more widely with the aim of producing PHAs with desirable properties [17].

Many factors affect the rate of biodegradation of the polymer. These include: moisture, temperature, pH, microbial flora and their activity, exposed surface area, molecular weight of the polymer composition, nature of additives, nature of monomer, crystallinity etc. [3]. M. Artsis et al. performed a large-scale reviewing of the degradation experiments using PHB in different forms like films, plates, threads, microspheres etc., where they explained various enzymatic and non-enzymatic (acid hydrolysis) ways of degradation of PHB with relative efficiency. His studies showed that degradation of PHB by non-enzymatic hydrolysis under normal physiological pH and temperature was a very slow process [18, 19].

Hydrolysis is not an effective method to degrade PHAs. Accordingly, various other methods are now the focus of research into controlled degradation of polymers. Among the better modes of degradation to be considered and to exploit, enzymatic degradation is one of the most common and inexpensive. Various specific (PHA depolymerases) and non-specific (proteases, pronases, hydrolases, lipases) enzymes from different microbial source are available and have been well-studied. The landfill PHAs are degraded by composting din the presence of mixed consortia of organisms available in the soil environment. This is also one of the effective methods for degradation of PHAs into H2O and CO2. Microorganisms such as Pseudomonas, Bacillus, Azospirillum, Mycobacterium, Streptomyces etc., either in isolation or as consortia, assist degradation. At the same time, the presence of impurities, organo-modifiers and plasticizers affect the rate of degradation and stability of polymers. It is therefore recommended that researchers select the required amounts judiciously. Among the more precise and sophisticated methods usually applied on the customized basis for the degradation of functionalized or modified polymers with particular application are: high voltage radiation, ozonization, photodegradation, thermomechanical and oxidative degradation [19]. One of the PHAs, polyhydroxyalkonate, P(4HB) has been approved by FDA for biomedical application (in surgical sutures). However, due to frequent unavailability of the relevant related enzyme, degradation of these polymers in ambient biological conditions is by hydrolysis and not by the enzymatic method. At the same time, as a consequence of the crystalline nature of this polymer, hydrolitic degradation is very slow. To speed the process up, crystallinity is reduced by modifying the PHAs with PLA (poly(lactide)), PEG (polyethylene glycol), PCL (poly (ε-caprolactone)) PGA (poly (glycolic acid)), etc. [20].

2.5 Applications

The reported literature repeatedly comfirms that PHAs are biodegradable, biocompatible and — apart from being non-flexible — they are mechanically strong compared to polyethylene. Hence, they are being extensively studied for various applications like biomedical, food packing, agriculture, etc [3]. PHAs and its derivatives were fabricated in several forms to use them for various applications. Figure 2.2 shows the various forms of PHAs and its derivatives.


Figure 2.2 Different forms of PHAs and their Derivatives.

(courtesy- Dong et al., [21] Babinot et al., [22] Peng et al., [23] and Vergnol et al., [24].)
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2.6 Biomedical Applications

Being of biological origin, in microorganisms. PHAs are biodegradable and biocompatible This guarantees the required stereo-specificity (all chiral carbons in the backbone are in R [-] configuration) for biodegradability and biocompatibility [15]. The first PHA-based commercial product approved by FDA for biomedical application is TephaFLEX as absorbable suture, comprising P(4HB), which was marketed in 2007. This indicates the bright future awaiting PHAs in biomedical and food applications [7]. It is found that P4HB can cross the blood-brain barrier and is a normal component of blood in rats, pigeons and man [10]. Since this discovery, research on these polymers gained importance. As a result, PHAs and their co-polymers are being developed and modified to expand a huge array of medical or non medical devices such as: sutures, nerve repair devices, repair patches, slings, cardiovascular patches, orthopedic pins, adhesion barriers, stents, guided tissue repair/regeneration devices, articular cartilage repair devices, nerve guides, tendon repair devices, bone-marrow scaffolds, tissue engineered cardiovascular devices and wound dressings arcolepsy, chronic schizophrenia, chronic brain syndrome, atypical psychoses, catatonic schizophrenia, neurosis, alcoholism, drug addiction/withdrawal, Parkinson’s disease, as well as hypertension, ischemia, circulatory collapse, radiation exposure, cancer and myocardial infarction, anesthesia induction, sedation, growth hormone production, increase sexual desire, anorectic effects, euphoria, smooth muscle relaxation etc [25].

Several studies on PHAs have shown their safe insertion in the mammalian or more precisely human body as implant, implant coating and drug delivery systems and effect on many cell lines indicating their high level of compatibility. Other PHAs are also being studied and applied in different fields according to their occurrence and properties. Fictionalization or grafting reactions are tried to improve PHAs mechanical, thermal, hydrophilic properties to make them more viable for their end uses [26]. In the following section, we describe the utility of various PHAs in drug delivery, implants, scaffolds, tissue engineering, etc.

2.6.1 Drug Delivery

The drug delivery system is basically a smart application of drugs where they are delivered specifically on target site in controlled fashion with therapeutically optimal rate and dose regimen. In biomedical applications, the polymers are extensively used as a drug delivery system. Basically, any drug delivery system consists of (a) biologically active agent, (b) a polymeric excipient as carrier, and (c) targeting moiety. Sometimes some extra components can be added for more precise targeting or for targeting mobile cells. Such drug delivery systems have some major advantages over more conventional drug assimilations, e.g., (a) a minimum amount of drug works effectively, (b) the polymer material is delivered only to cells in need increasing therapeutic benefits, and (c) its presence minimizes side effects on other healthy cells and tissues. Drugs used to treat a wide array of diseases starting from anticancer or antiviral to contraceptives may be carried by these delivery systems.

Different polymers are being used as excipients for drug delivery either orally or intravenously. The polymers used for this application should be biocompatible and preferably degradable. Currently natural and synthetic polymers such as proteins, cellulose derivatives, PEG, polyacrylic acid, PLA, PLGA (poly (lactide-co-glycolic acid)), and PCL are approved. Like-wise, PHAs are also being studied extensively, as excipients to deliver the drugs [27]. To produce easily detectable nanoparticles of PHB for the targeted drug delivery, E. coli is genetically modified. Here PHA synthase gene is linked with green fluorescent protein (GFP) gene for easy detection and single chain variable fragment (A33scFv) of antibody for precise targeting. After translation of this modified gene the fusion protein is formed which later gives nanoparticle by simple click chemistry. The amphiphlic micelles loaded with anticancer drug forms the hydrophobic core of a nanoparticle, while the targeting antibody fragment forms a shell which works precisely for colon cancer therapy (Figure 2.3) [28]. The nanoparticles were fabricated from a coplymer of PHBV. The anticancer drug ellipticine was loaded in the nanoparticles and studied in vitro drug release using cancer cell line. The rate of inhibition of cancer cells is twice greater when treated with nanoparticles loaded with ellipticine (rather than by ellipticie alone) [12]. A new composite material was prepared using PHBV with 6% of 3-hydroxy valerate and natural rubber by solvent casting. This material was tested as a delivery system using flurbiprofen as a model drug. The variation in natural rubber content influenced the drug release rate [29]. The pendent groups of hydrophobic polyhydroxy octanoate (PHO) was modified to carboxylic acids to enhance hydrophilicity. This polymer was incorporated with doxorubicine and evaluated the drug release and cell proliferation studies, which showed better cell prolifiration with increased rate of drug release [30]. PHAs were also studied for releasing nucleic acids, and proteins for example; cationic polyhydroxy alkonate was synthesized to attain poly(-hydroxyoctanoate)-co-(-hydroxy-11-(bis(2-hydroxyethyl)-amino)-10-hydroxyundecanoate), which was immobilized with plasmid DNA and was utilized for the delivery of plasmid DNA [31], medium chain length of inactive extracellular PHA depolymerase was used for immobilization of proteins to poly[(3-hydroxyoctanoate)-co-(3-hydroxyhexanoate)] and used for delivery of proteins [32]. High-performance polyhydroxyalkonates comprising of monomers, 3-hydroxyhexanoic acid and 3-hydroxyoctanoic acid were investigated as transdermal drug delivery systems. These polymers in presence of dendrimers enabled crystallization and better dissolution of drugs. The drugs such as ketoprofen, clonidine, and tamsulosin were used for monitoring the release studies [33–34]. Rods of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) and poly(3-hydroxybutyrate-co-4-hydroxybutyrate) immobilized with drug were fabricated to use them to treat as implant-related osteomyelitis in rat model. The microcapsules were made up of PHBV to encapsulate enzyme catalase as a drug for the cancer therapy, known as anti- metastatic therapy. Where catalase filled polymer coated microcapsules were prepared that offers protection of inner sensitive material from the external conditions and delivery on target site in active state [35].


Figure 2.3 Schematic representation of gene manipulation for the production of nanoparticles of PHB with fused green fluorescent protein as imaging moiety and antibody fragment as targeting moiety. Therapeutically active molecules are encapsulated in the hydrophobic core by simple click chemistry.

(courtesy- Kwon et al. [28].)
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2.6.2 Implants and Scaffolds

The suitable properties of PHAs like high mechanical strength, biodegradability and biocompatibility have enabled them to use as implants and scaffolds. As mentioned above, the crystalline PHAs are non-enzymatic and are very slowly degraded by hydrolysis by surface erosion method. This property is advantageous for PHAs to be considered for use in implant applications. As a result they are being investigated for bone, nerve repair, and as supporting material for bone implants [32]. These thermoplastic PHAs are melt-processable, therefore, more advantageous to mold into desired shapes of the implants. Hydrophobicity is a limiting factor for PHAs to be used as implants because extensive blood contact will lead to encapsulation by thrombi formation. To enhance compatibility and hydrophilicity, the PHAs are being blended or copolymerized with hydrophilic polymers like polyethylene glycol (PEG). As a result, the crystallinity of PHAs is reduced and the rate of hydrolysis will be increased [36].

PHAs are mostly investigated for bone implants and scaffolds. PHAs can be used for hard tissues like bone cartilage, ligaments and meniscus as well as the soft tissues like nerve, blood vessel, intestine etc. [37]. Different PHAs and its derivatives were studied by in vitro and in vivo methods. Implants of PHB blended with PHBHHx showed positive response to chondrocytes and deposited calcium and phosphorus in adequate amounts, which is similar to the proportion shown on natural hydroxyapetite material. Therefore, it is concluded that the PHB and PHBHHx blends are suitable for the effective physiological function of cartilage for regeneration and is competitive candidate for the tissue engineering [38]. The PHB and PHBV matrices are tested for cell adhesion properties of different cell lines like fibroblast, epithelial cells, hepatocytes with direct contact. The cells showed high adhesion rate with proliferation, suggesting it as a good material for the in vitro growth of these cells. Moreover PHBV substrate was proven compatible for the growth of retinal pigment epithelial cells which may be used for subretinal transplantation and-or replacement of diseased or damaged retinal pigment epithelium [25]. PHAs are hard and brittle, so — to make them softer and elastic — composites of PHAs were studied using inorganic materials like, hydroxyapetitie, bioglass, clay etc. These composites showed good mechanical properties with increased hydrophilicity and rate of degradation. As a result, they are suggested as one of the best compositions for biomedical applications [20–21]. The composites of PHB or HBV with HA were studied for bone implant application. These implants recorded 62MPa compression strength which is equal to the bone strength of human. Scaffolds of similar combinations of PHBV with calcium phosphate, collagen and porous composite with sol-gel bioactive glass were developed and studied (in vivo) for bone tissue engineering [25]. Porous scaffolds were developed in combination of PHB with natural corals to grow osteoblast cells and recorded high cell viability. For growing the cells, PHB and PHBV are studied as a matrix support. Polymers like, PHB, PHBV and PHBHHx were grafted with various other polymers (such as collagen, chitosan, gelatin and acrylic acid), and their potential as bone implants studied. Scaffolds of gelatin modified with PHB were studied for proliferating adrenocortical cells. The results indicated that the scaffolds were well-suited for tissue engineering. PHBV in bulk and nanoform were developed and studied to understand the more suitable form as scaffolds. As expected, the nanoform was more suitable to grow rabbit derived chondrocytes than films because of its nano size, large surface area and better interaction with cells [25]. The copolymers of one short chain length and one medium chain length repeating units of PHA was investigated for tissue engineering. The properties of this copolymer resembles to that of the petroleum derived polymers [39]. The salt incorporated PHBV polymers became more porous due to leaching of salt and were degraded faster. The porous scaffolds were more favorable for cell proliferation. The degradation of this polymer was further enhanced with incorporation of chitosan and sodium alginate [40]. Generally, the faster cell proliferation on PHA films speculated the possibility of tumor formation. However, Si-Wu Peng et al. studied cell prolifiration using rat osteoblast cells on the films of various PHAs like PHB, PHBV, P3HB4HB, PHBHHx and PHBVHHx. The degradation products and the leached out fractions are checked aginst the model genes for cancer induction like c-Fos, p53 and Ki63. Figure 2.4 explains the real time polymerase chain reaction (PCR) results for these genes’ expression in the p3 and p8 osteoblast cell lines and UMR 108 cell line as a control. The results confirmed that the PHAs are suitable as biomaterials and without inducing tumor at gene level [23]. The other examples for cell proliferation studies include oligo 3-hydroxybutyrate, oligo 3-hydroxy-co-4-hydroxybutyrate, oligo 3-hydroxybutyrate and 3-hydroxyhexonate were studied among which, oligo 3-hydroxybutyrate and 3-hydroxyhexonate. These polymers too showed good viability for cells [41].


Figure 2.4 Real time PCR study of transcripts of carcinogenic genes Ki67, p53 and c-Fos against osteoblast cell lines p3 and p8. UMR 108 is control cell line. The activity is checked against the films of TCP, PLA, PHB, PHBV, P34HB, PHBHHx and PHBVHHx.
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2.7 Biodegradable Packaging Material

Petroleum-based products are being extensively used as packing materials in various forms, and after utility, they are being disposed into oceans and soil. As these products are non-degradable, they pose a serious threat to ecological balance, environment and general health. To minimize land- and ocean- fills, recycling of the products is also practiced. However, the harmful components leached during the process are causing more problems to living beings. Therefore, for the past two decades, biodegradable polymers poly (lactide), poly (vinyl alcohol), poly(ε-caprolactone), starch, cellulose, chitosan, sodium alginate, gelatin, soy protein, etc) are gaining importance and are being investigated to displace petroleum-based polymers. Biodegradable naturally-derived polymers lack the thermal, mechanical properties compared to synthetic polymers of non-renewable sources, and research to improve these properties is being carried swiftly. Over the past decade, biodegradable polyhydroxyalkonates have been studied more as packing material. Though they are expensive to produce from microbes, some excellent properties of these materials are driving several companies to produce commercially by using viable methods. The various companies that are producing different PHAs are given in Table 2.4. As reported, based on the composition of monomeric units, PHAs can exhibit mechanical properties from those of hard and crystalline polyesters (PHB) to more elastic materials (PHO/P3HO). [2, 82]. Although modulus and tensile strength of PHB are comparable to polypropylene (PP), the elongation at break is much less, while thermal stability in molten state is also low, limiting its melt processing ability. [83–84]. To improve these properties, blends and nanocomposites of PHAs are studied using other biodegradable polymers including: PLA, starch, cellulose, poly (vinyl alcohol), PCL and inorganic fillers (montmorillonite, layered double hydroxides, cellulose nanowhiskers, carbon nanotubes, claoisite 20A organoclay, natural Brazilian green polycationic clay, etc) [85]. A polymer which can provide such properties as, high thermal stability, better mechanical, barrier, migration properties, and permeability to water vapor comparable to polyethylene and polypropylene, are considered suitable as food packing material.

Table 2.3 Various PHAs developed for various applications.
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Table 2.4 Suppliers of Commercially available PHAs in worldwide
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Several studies are in progress to improve the properties of PHAs to utilize them as packing materials, herein we would like to present some of the reported examples. The different compositions of polyhydroxybutyrate-valerate (PHBV)/beer spent grain fibers (BSGF) composites are studied and observed that the strength of the blown films depend on the content of BSGF and conditions of processing. The films showed better gas and water vapor barrier properties that are attractive for food packaging applications [86]. Sustainable biocomposite materials based on the combination of polyhydroxyalkanoate with a keratin additive derived from poultry feathers were successfully developed by the melt-mixing technique. These materials offer significant potential in fully renewable packaging application based on polyhydroxyalkanoates with enhanced barrier performance [15]. PHA synthesis regulated proteins like, PhaR and Pha associated with PHA are excellent bio-surfactants with emulcification ability for making good films. And as well bactericidal for both Gram positive and Gram negative bacteria. These PHA associated proteins are stable even at elevated temperatures (≤ 95 °C). However these are yet to be exploite [87].

A different kind of food packing material was designed using a combination of polyvinyl alcohol and polyhydroxyalkonates, where PVA was used as a core layer and PHA as outer skin layer, and produced by co-extrusion process. Adhesion and peeling ability are essential properties for the food packing materials; therefore researchers grafted PHA with maleic anhydride. As a result of grafting, the material showed increase in peeling strength by two folds with good adhesion property. The oxygen transmission property for multilayer sample was more ideal than monolayer poly (vinyl alcohol). The multilayer material of PHA with poly (vinyl alcohol) showed better mineralization property than single layer [88].

2.8 Agriculture

In agriculture, PHAs are being used as natural composites that can degrade in soil naturally. Composites of PHAs with 10 wt% distiller’s dried grains (DDGS) degraded better than the PHAs without DDGS. The composite of PHA and DDGS showed good mechanical and biodegradation properties and degraded in soil as organic matter (Figure 2.5) [89]. Research on PHBV bioplastic based coated on the seeds had no influence on germination activity in soil during the degradation process [90]. Mulch films of PHAs are being used for agricultural purposes manufactured by Procter & Gamble produced as NodaxTM. It was used in the field for the conservation of moisture to improve quality of soil and fertility. NodaxTM is a copolymer of scl PHA and small quantities of mcl PHAs, P(3HB). The degradation of this co-polymer is by anaerobic methods; therefore it can be used in rice fields to coat fertilizers and pesticides. Controlled release of pesticides is one of specialized applications in agriculture, for example; P(3HB-3HV) was formulated in the pellet, where it is sown in the field and release by the degradation of the polymer by bacteria present in the soil. The degradation and release considered to be simultaneous with good efficiency [91]. PHAs can also be used in bacterial inoculants which are added to soil to increase nitrogen fixation in plants. The purpose of these cultures is to help bacterial culture to withstand stressful environments. The main purpose of the research in this area has focused on the addition of elements that can increase the quality of carriers for prolonged survival. From studies carried out on Azospirillum brasilense inoculants, which are commonly known for their ability of nitrogen fixation as well as intracellular PHA production, the plant growth was more constant for inoculants containing high amounts of intracellular PHA in the same organism. The experiments were carried out in Mexico on maize and wheat, where it was observed that better consistency with increasing crop yield by using inoculants of PHA-rich Azospirillum cells. Hence, intracellular PHA is important for improving the shelf life, efficiency and reliability of commercial inoculants [92–94].


Figure 2.5 Degradation of materials of pure PHA and composite of PHA/DDGS (90/10) in soil.
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2.9 Other Applications

Matrine et al. reported oligomers of PHAs (Hb, HHx, HV, HO, HHp combinations) can be used orally or intravenously for various applications like as a nutritional or dietary supplement. They are also useful for the increase in concentration of ketone bodies in the blood plasma which in turn useful for seizure control, control on metabolic diseases, reduction in protein catabolism, suppression of appetite, parenteral nutrition, increasing cardiac efficiency, for the treatment of diabetes and resistance to insulin and also in neurodegenerative disorders and epilepsy. Three types of PHAs were studied for their oil-absorbing property: poly(3-hydroxybutyrate) [P(3HB)] homopolymer, poly[(3-hydroxybutyrate)-co-(3-hydroxyvalerate)] [P(3HBV)] containing 5 to 20 mol-% 3-hydroxyvalerate, and poly[(3-hydroxybutyrate)-co-(3-hydroxyhexanoate)] [P(3HBHx)] containing 5 to 10 mol-% 3-hydroxyhexanoatePHAs as oil blotting films [95]. One of the interesting application of PHAs was, it was used for sensing the extent of pollution. For example; the concentration of PHAs in native or unpolluted land ranged from 0.12 to 0.40 mg g−1 but environments impacted by anthropogenic activity displayed concentrations 14 to 40 times higher. The results suggest that PHAs can be utilized as bioindicators of pollution. It is possible that some relationship between PHA concentration and the nature/extent of pollution can be established and used to monitor environmental health. Such a relationship is currently under investigation [96].

2.10 Scope of PHAs

The biodegradable PHAs are being investigated extensively to develop the suitable composition for biomedical and packing applications. The research in this area is encouraged, because biodegrading polymers are needed for better living. The scope for PHAs in near future is quite large. The breakthrough research would be development of suitable material as per the requirement. Production cost of PHAs may not be an issue, if a desired product is created. Therefore we anticipate that the studies on PHAs may escalate remarkably.

2.11 Conclusions

After extensive review of PHAs, it is understood that they are more eco-friendly and versatile than conventional polymers. Therefore, research on PHAs is growing at a greater pace to increase their commercial applications. The breakthrough of research would be reducing the production cost and improving the flexibility of PHAs close to polyethylene. So, investigations to produce modified PHAs either by chemical or biological methods to meet the desired properties suitable for commercial applications are being focused.
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Abstract

Cellulose is one of the strongest and stiffest fibers available and it has a high potential to act as reinforcing agent in biopolymers. Cellulose-based polymer composites are characterized by low cost, desirable fiber aspect ratio, low density, high specific stiffness and strength, biodegradability, flexibility during processing with no harm to the equipment, and good mechanical properties. In this chapter cellulose microfibrils (CMF) from sisal fibers (SF) have been isolated chemically and reinforced with PLA. PLA reinforced with cellulose microfibrils (CMF) based biocomposites were fabricated employing melt blending technique is discussed. The biocomposites were subjected to various thermal, mechanical, dynamic mechanical and morphological tests to investigate the effect of CMF addition within the PLA matrix. These materials can be effectively utilized for high performance engineering applications in various sectors such as the automotive and aerospace industries, and for building and construction. A brief thought on various types of applications of these biocomposites has also been provided.
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3.1 Introduction

Cellulose is one of the abundant materials in nature. Compared to other inorganic reinforcing fillers, it is a renewable and biodegradable material, available widely and at low cost, with a low-energy consumption profile and good mechanical properties such as high modulus. Another advantage of cellulose is its fibrous nature, which can be aligned and oriented easily. Its lesser weight and tough and fibrous nature support mechanical properties that are an improvement on clay-based fillers. Due to its nonabrasive nature, it can also be easily processed, allowing high filling levels which in turn generate significant cost savings. Cellulose composed of crystalline and amorphous phase at nanometer range [1] is readily hydrolysed when subjected to strong acid hydrolysis and mechanical force. Acid hydrolysis is able to eliminate amorphous region as well as reduces the degree of polymerization of the cellulose chain with almost no weight loss [2].

These hydrolysed materials are referred to as microcrystal or Cellulose Micro-Fibrils (CMF). CMF is well known as a biodegradable material, which is used for packaging food products and extensively used in different industrial fields, such as automotive, pharmaceuticals, cosmetics, medical applications and food processing. The CMF are tremendously tough and inflexible due to the presence of hydrogen bonds. At present CMF is commercially available in different grades and can be obtained on an industrial scale through hydrolysis of wood and cotton using dilute mineral acids. CMF is characterized by a high degree of crystallinity, and the values typically in the range between 55% and 80% as determined by X-ray diffraction. The characteristic features of CMF depends on the origin of the cellulosic sources and processing variables, such as reaction temperature and duration, mechanical agitation of the slurry, and drying conditions [3]. The use of CMF as novel green filler in polymer matrices using polypropylene / polyethylene terephthalate / polytrimethylene terephthalate blends to develop environmental friendly composites have been reported [4]. Chuayjuljit and co-workers show an increase in tensile strength and Young’s modulus when CMF used as reinforcement in polyvinyl chloride. Mathew and co-workers reported the use of CMF as filler in Polylactic acid (PLA) using twin screw extrusion process [5].

There are different methods that have been used to extract highly purified CMF from the cell wall. They are generally based on successive chemical and mechanical treatments. Chemical treatments with alkaline solution at different concentrations were used to isoloate CMF from sugar beet and potato tuber cells [6, 7], both cladodes and spines from opunita ficus - indica [8], sisal [9] and hemp fiber [10]. These treatments led to partial separation of the microfibrils from the cell wall, taking advantages of its relatively low lignin and hemicellulose content. However, none of these works analysed the influence of several alkaline solutions at different concentrations on the structure and morphology of isolated CMF. In addition, to improve the individualization of the microfibrils, several mechanical treatments such as cryocrushing have been used, yielding high percentage of individual CMF [11].

Among all biodegradable polymers, polylactic acid (PLA) has a great potential to replace petroleum-based plastics because of its high stiffness and strength, which are comparable to polystyrene and polypropylene. PLA is a versatile polymer made from renewable agricultural raw materials that are fermented into lactic acid. Based on stereo chemical structure, PLA can easily be modified by polymerizing a controlled mixture of L and D isomers to yield high molecular weight amorphous or crystalline polymers. In the crystallized state PLA has thermo mechanical properties at high temperature superior to PLA in an amorphous state. However, a long annealing time is required to fully crystallize PLA.

In the polymer industry, PLA can be processed in similar way to polypropylene. However, low heat resistance, brittleness, and a slow crystallization limit the wider application of PLA. CMF reinforcement can recover the limitation of PLA. The reinforcement of PLA using CMF has been studied with the goal of obtaining fully biobased composites with enhanced performance characteristics.

3.1.1 Industrial Applications

The automobile company Toyota has led in using eco-friendly material based on 100% bioplastics in developing various components of its vehicles. The natural fiber reinforced green composite was used in the RAUM 2003 model in the spare tire cover. The exterior component was made of PLA-based biocomposites reinforced with sugar cane, kenaf fiber. Also the interior components was made of bamboo fibers and a plant-based resin polybutylene succinate (PBS), and floor mats made from PLA and nylon fibers for Mitsubishi motors [12]. Toyota added the Matrix and RAV4 models to the list of vehicles using soy-based seat foams in the summer of 2008 [13].

Recently, Ford selected wheat straw as reinforcement for a storage bin and inner lid in its 2010 Flex crossover vehicle while BMW, for the 7 Series sedan used prepreg natural fiber mats and a unique thermosetting acrylic copolymer for the lower door panel [14]. Ford had used eco-friendly material based on bioplastics earlier in 1941 [15]. Lately, Toyota developed an eco-plastic made from sugar cane and will use it to line the interiors of the cars [14]. There are remarkable trends towards the replacement of established materials by several types of plant fibers embedded in plastic matrices. The automotive industry is using flax, hemp, jute, sisal, kenaf, wood or grain based products as reinforcement. The most commonly used plastic matrix is polypropylene although many polyurethane (PU) applications are emerging. Less weight in comparison to glass fiber filled materials and no net carbon dioxide release make the new materials attractive for car manufacturers. Interior trim components such as dashboards, and so called ‘Green Door Panels’ using PP and natural fibers (hemp, kenaf) are produced by Johnson Controls Inc., for Daimler Chrysler. Soft trim parts made of PUR systems using natural fiber reinforcements were developed by Bayer. Interior panels of Audi’s energy efficient A2 are made of natural fiber (flax, sisal or hemp) filled PU that has an extremely low mass per unit, but very high dimensional stability [16].

This chapter focuses on the extraction of CMF and applications of the CMF in the area of biocomposites. A clear presentation of their properties and characterization studies are reported in the discussion.

3.2 Natural Fibers: Applications and Limitations

Natural fibers are subdivided based on their origins, plant, animal or mineral. All plant fibers are composed of cellulose while animal fibers consist of proteins (hair, silk, and wool). Plant fibers contain bast (or stem or soft sclerenchyma) fibers, leaf or hard fibers, seed, fruit, wood, cereal straw, and other grass fibers. Natural fibers can be considered as naturally occurring composites consisting mainly of cellulose fibrils embedded in lignin matrix. The cellulose fibrils are aligned along the length of the fiber, which render maximum tensile and flexural strengths, in addition to providing rigidity. The reinforcing efficiency of natural fiber is related to the nature of cellulose and its crystallinity. The main examples of natural fibers are cotton, jute, hemp, flax, ramie, sisal, coir, and kapok etc. and the main components of natural fibers are cellulose (α cellulose), hemicellulose, lignin, pectin and waxes [17]. Natural fibers can be a renewable and cheaper substitute for synthetic fibers, such as glass and carbon and have numerous advantages, such as low cost, low density, high toughness, acceptable specific strength properties, ease of separation and biodegradability. The largest advantages to using natural fibers in composites are the cost of materials, their sustainability and density. Natural fibers can cost as little as $0.50/kg, and can be grown in just a few months [18]. They are also easy to grow and have the potential to be a cash crop for local farmers. Natural fibers are also significantly lighter than glass, with a density of 1.15–1.50 g/cm3 versus 2.4g/cm3 for E-glass [19].

Despite the advantages mentioned above, the use of natural fiber in thermoplastic matrices has not been extensive. Possible reasons that contribute to unsatisfactory final properties of the bio-based composite include: (1) Limited thermal stability & fire resistance [20–25.] at typical melt processing temperature of about 200 °C. This limits the type of thermoplastic that can be used with the fibers, (2) poor dispersion characteristics in the non-polar, thermoplastic polyester melt due to strong hydrogen forces between the fibers [26, 27, 28], (3) Limited compatibility with many thermoplastic matrices [29, 30] due to their highly hydrophilic nature [31], resulting in poor mechanical properties of the biocomposite, (4) High moisture absorption of the fibers [32–33.] that can affect the dimensional stability of the biocomposite [34] and the interface bond strength; and [35] high biodegradability when exposed to the environment. This limits the service life of biocomposites, particularly in outdoor applications.

It is difficult to entirely eliminate the absorption of moisture without using expensive surface barriers on the composite surface. If necessary, the moisture absorption of the fibers can be dramatically reduced through chemical modification of some of the hydroxyl groups present [36] in the fiber but with some increase in the cost of the fiber. Good fiber-matrix bonding can also decrease the rate and amount of water absorbed by the composite. It is important to keep these limitations in perspective when developing end use applications. We believe that by understanding the limitation and benefits of these composites, these renewable fibers are not likely to be ignored by the plastics/composites industry for use in the automotive, building, appliance and other applications.

3.3 Plant-based Fibers

Plant fibers are constitutes of cellulose fibers, consisting of helically wound cellulose microfibrils, bound together by an amorphous lignin matrix. Lignin keeps the water in fibers, acts as a protection against biological attack and as a stiffener to give stem its resistance against gravity forces and wind. Hemicellulose found in the natural fibers is believed to be a compatibilizer between cellulose and lignin [37]. The cell wall in a fiber is not a homogenous membrane. Each fiber has a complex, layered structure consisting of a thin primary wall which is the first layer deposited during cell growth encircling a secondary wall. The secondary wall is made up of three layers and the thick middle layer determines the mechanical properties of the fiber. The middle layer consists of a series of helically wound cellular microfibrils formed from long-chain cellulose molecules (Figure 3.1). The angle between the fiber axis and the microfibrils is called the microfibrillar angle. The characteristic value of microfibrillar angle varies from one fiber to another. These microfibrils have typically a diameter of about 10–30 nm and are made up of 30–100 cellulose molecules in extended chain conformation and provide mechanical strength to the fiber [38].


Figure 3.1 Structural constitutional of natural fiber (a) Fiber cell [48]. (b) Cellulose - β 1, 4 glucan chain Cell wall.
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Among all the available natural fibers, Sisal fiber has been found to have highest percentage of cellulose, which makes it mostly chosen natural fiber for biocomposites applications. Sisal with the botanical name Agave sisalana is a species of Agave native to southern Mexico but widely cultivated and naturalized in many other countries. The largest producers of sisal in the world are Tanzania and Brazil. It is sometimes referred to as “sisal hemp”, because for centuries hemp was a major source for fiber, and other fiber sources were named after it. The sisal fiber is traditionally used for rope and twine, and has many other uses, including: paper, cloth, wall coverings, carpets, and dartboards.

3.4 Chemical Composition, structure and Properties of Sisal Fiber

Sisal fibers can be considered as naturally-occurring composites consisting mainly of cellulose fibrils embedded in lignin matrix. The cellulose fibrils are aligned along the length of the fiber, which render maximum tensile and flexural strength, in addition to providing rigidity. It is possible to extract the cellulose from sisal fiber by acid hydrolysis in which the lignin, hemicellulose, pectin and wax will wash out. It contains 43–78% cellulose, 10–13% hemicellulose, 4–12% lignin, 0.8–2% pectin and wax substances into its leaf part of sisal plant.

3.4.1 Cellulose Fibers

Cellulose fibers are a natural polymer consisting of D-anhydroglucose (C6H11O5) repeating units joined by 1,4- β-D-glycosidic linkages at C1 and C4 position depicted in Figure 3.2 [39]. The degree of polymerization (DP) is approximately 10,000. Each repeating unit contains three hydroxyl groups. These hydroxyl groups and their ability to hydrogen bond play a key role in directing the crystalline packing and also manage the physical properties of cellulose [40]. Solid cellulose forms a microcrystalline structure with regions of high order i.e. crystalline regions and regions of low order i.e. amorphous regions. Cellulose fibers are also formed of slender rod like crystalline microfibrils. The crystal nature (monoclinic sphenodic) of naturally occurring cellulose is known as cellulose I, which exists in parallel strands without inter sheet hydrogen bonding. Cellulose II is thermodynamically more stable and exists in antiparallel strains with inter sheet hydrogen bonding. The difference in properties of cellulose I and II arises due to change s in crystal structure [41]. Cellulose is resistant to strong alkali (17.5 wt%) but is easily hydrolyzed by acid to water-soluble sugars. Cellulose is relatively resistant to oxidizing agents. Sisal fiber contains 43–78% of cellulose.


Figure 3.2 Chemical structures of cellulose, hemicellulose and pectin.
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3.4.2 Hemicellulose

Hemicellulose belongs to a group of heterogeneous polysaccharides which are formed through biosynthetic routes different from that of cellulose shown in Figure 3.2. Like cellulose most hemicellulose function as supporting material in the cell wall. Hemicellulose is not a form of cellulose and the name is a misnomer.

Hemicellulose differs from cellulose in three aspects. Firstly, they contain several different sugar units whereas cellulose contains only 1,4–β-D-glucopyranose units. Secondly, they exhibit a considerable degree of chain branching containing pendant side groups giving rise to its non crystalline nature, whereas cellulose is a linear polymer. Thirdly, the degree of polymerization (DP) of hemicellulose is around 50–200 [42].This is 10–100. times lower than native cellulose. Hemicellulose is very hydrophilic, soluble in alkali and easily hydrolyzed in acids [43].

3.4.3 Lignin

Lignin is a complex hydrocarbon polymer with both aliphatic and aromatic constituents shown in Figure 3.3. They are fully insoluble in most solvents and cannot be broken down to monomeric units. Lignin is totally amorphous and hydrophobic in nature. It is the compound that gives rigidity to the plants. It is a complex, three- dimensional copolymer of aliphatic and aromatic constituent s with very high molecular weight. Hydroxyl, methoxyl and carbonyl groups have been identified [44].


Figure 3.3 Chemical structure of lignin.
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Lignin has been found to contain five hydroxyl and five methoxyl groups per building unit. It is believed that the structural units of lignin molecule are derivatives of 4-hydroxy-3-methoxy phenyl propane. The main intricacy in lignin chemistry is that no method has been established by which it is possible to isolate lignin in its native state from the fiber. Lignin is considered to be a thermoplastic polymer exhibiting a glass transition temperature of around 90 °C and melting temperature of around 170 °C. It is not hydrolyzed by acids, but soluble in hot alkali, readily oxidized, and easily condensable with phenol [45].

3.4.4 Pectin

Pectin are a collective name for hetero polysaccarides. They give plants flexibility. The chemical structure of pectin is shown in Figure 3.2. Waxes make up the last part of fibers and they consist of different types of alcohols [46]. Natural fibers can be considered to be composites of hollow cellulose fibrils held together by a lignin and hemicellulose matrix. The amorphous matrix phase in a cell wall is very complex and consists of hemicellulose, lignin, and in some cases pectin. The hemicellulose molecules are hydrogen bonded to cellulose and act as cementing matrix between the cellulose microfibrils, forming the cellulose - hemicellulose network, which is thought to be the main structural component of the fiber cell [47]. The structure, microfibrillar angle, cell dimensions, defects, and the chemical composition of fibers are the most important variables that determine the overall properties of the fibers. Some of the important natural fibers are listed in Table 3.1 [48].

Table 3.1 Chemical composition list of important natural fibers [48].
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3.4.5 Bio-based and Biodegradable Polymers

Biomaterials refers to a material that upon placement within the human body starts to dissolve (resorbed) and slowly replaced by advancing tissue (such as bone) shown in Figure 3.4. Common examples of biomaterials are tri calcium phosphate [Ca3(PO4)2], Poly amino acid (PAA), Polyvinyl alcohol (PVA), Polyglycolic acid (PGA), Poly lactic acid (PLA), polylacticpoly glycolic acid copolymers polycaprolactone (PCL), Polyethylene oxide and polybutylene adipate coterephthalate (PBAT). Calcium oxide, calcium carbonate and gypsum are other common materials that have been utilised.


Figure 3.4 Chemical Structures of Biodegradable Materials.
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PLA is a most interesting biopolymer. It is a versatile polymer made from renewable agricultural raw materials, which are fermented to lactic acid. The lactic acid is then via a cyclic dilactone, lactide, ring opening polymerised to the wanted polylactic acid. The polymer is modified by certain means, which enhance the temperature stability of the polymer and reduce the residual monomer content. The resulting polylactic acid can be processed similarly as polyolefines and other thermoplastics although the thermal stability could be better. The polylactide is fully biodegradable. The degradation occurs by hydrolysis to lactic acid, which is metabolised by micro-organisms to water and carbon monoxide. By composting together with other biomass the biodegradation occurs within two weeks, and the material has fully disappeared within 3–4 weeks [49].

3.5 Biocomposites

Biocomposite is a composite material formed by a matrix (resin) and a reinforcement of natural fibers. These kind of materials often mimic the structure of the living materials involved in the process keeping the strengthening properties of the matrix that was used, but always providing biocompatibility. The matrix phase is formed by polymers derived from renewable and non renewable resources. The matrix is important to protect the fibers from environmental degradation and mechanical damage, to hold the fibers together and to transfer the loads on it. In addition, biofibers are the principal components of biocomposites, which are derived from biological origins, for example fibers from crops (cotton, flax or hemp), recycled wood, waste paper, crop processing by products or regenerated cellulose fiber (viscose/rayon). The interest in biocomposites is rapidly growing in terms of their industrial applications (automobiles, railway coach, aerospace, military applications, construction, packaging etc.) and fundamental research, due to its great benefits (renewable, cheap, recyclable, and biodegradable).

3.6 Classification of Biocomposites

3.6.1 Green Composites

Research efforts are currently being harnessed in developing a new class of fully biodegradable “green” composites by combining (natural /bio) fibers with biodegradable resins. The major attraction about green composites are that they are environmentally-friendly, fully degradable and sustainable, i.e. they are truly green in every way. At the end of their life, they can be easily disposed of or composed without harming the environment. e g. Toyota uses the renewably sourced polyester Dupont TM sorona (R) EP to produce the vent louvers of the Toyota prius.

Another important biocomposite category is based on agro polymers matrixes, mainly focused on cellulosic materials. Cellulose extracted from plant fiber and modified into microfibrils and again the cellulose microfibrils have used to reinforce the PLA matrix through melt blending technique. Unfortunately, cellulose shows some drawbacks such as a strong hydrophilic character (water sensitive), rather poor mechanical properties compared to conventional polymers and an important post processing variation of the properties. To improve these material weaknesses, cellulose microfibrils is usually associated with other compounds. Green composites have been used in many applications such as mass produced consumer products with short life cycle or product intend for one time or short time use before disposal. Green composites may also be used for automobiles, marine and indoor applications with useful life of several years (Figure 3.5).


Figure 3.5 Natural fiber reinforced Green biocomposites in (a) Aerospace (b) housing (c) Construction (d) Automobiles.
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3.6.2 Hybrid Composites

The incorporation of several different types of fibers in to a single matrix has led to the development of hybrid biocomposite. An alternative is to combine two or more existing materials so as to allow a superposition of their properties—in short, to create a hybrid [50] (Figure 3.6). The behaviour of hybrid composites is weighed sum of the individual components in which there is a more favourable balance between the inherent advantage and disadvantages. Also, using a hybrid composite that contains two or more types of fiber, the advantage of one type of fiber could com lament with what are locking in the other.


Figure 3.6 Schematic presentations of types of hybrid material [50].
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Hybrid materials combine the properties of two (or more) monolithic materials, or of one material and space. They include fibrous and particulate composites, foams and lattices, sandwiches and almost all natural materials. One might imagine two further dimension: those of shape and scale.

As a consequence, a balance in cost and performance could be achieved through proper material design. The properties hybrid composite mainly depend upon the fiber content, length of individual fiber, extent of intermingling fiber, fiber to matrix bonding and arrangement of both the fibers. The strength of the hybrid composite is also dependent upon the failure strain of the individual fibers. Hybrid composites can be designed by the combination of a synthetic fiber and a combination of two natural fibers in a matrix.

3.7 Biocomposites of CMF Reinforced of Poly (Lactic Acid)

3.7.1 Extraction of Cellulose Microfibrils from Sisal Fiber

Cellulose fibers are generally produced from lignocellulosic feed stock (wood, straw, grass etc.) and they can be extracted and/or purified depending on the final targeted application [51]. The promising performance of cellulose microfibrils and their abundance encourages the utilization of agricultural waste residue, which acts as the main source of cellulose [52]. Plant based cellulose micro fibers have generated a great deal of interest as a source of micro meter sized fillers because of their sustainability, abundant availability, and the related characteristics such as a very large surface to volume ratio, high tensile strength, high stiffness, high flexibility, good dynamic mechanical, electrical and thermal properties as compared with other commercial fibers [53–55.]. The use of nanoreinforcement in the polymer matrix has been shown to give improved properties compared to the neat polymer and micron (sized, filled) composites based on the same fibers [56]. Therefore, it is of great interest to examine the possibilities of cellulose based micro fibers as reinforcing elements [57]. Stable suspension of rod like cellulose microfibrils can be prepared by acid hydrolysis of native cellulose with sulphuric acid. The rod like cellulose suspension, like many other rod like particles, forms the liquid crystalline phase above a critical concentration and usually shows the chiral nematic texture [58]. Acidic hydrolytic cleavage is dependent on the acid species, the acid concentration, the time for hydrolysis and the temperature of the hydrolysis reaction. Under controlled conditions, cellulose micro crystals can be obtained using sulphuric acid hydrolysis. This process induces the grafting of the sulphate groups, randomly distributed on the cellulose microfibrils surface, providing a negative electrostatic layer, covering the microfibrils. The different treatments of these charged micro crystallites, such as mechanical dispersion or ultrasonication, permits the dispersion of the aggregates and finally produces colloidal suspensions [59].

Several methods are used to extract highly purified microfibrils from the plant cell wall. They are generally based on successive chemical and mechanical treatments. Cellulose microfibrils are the structures typically having fiber lengths ranging 100nm to several hundred nanometres and diameters of 3 to 20nm. In wood cell walls, the cellulose microfibrils bundle of 12–16 nm in width exist encased by the embedding matrix. However, the drying process in typical pulp production generates strong hydrogen bonding between the bundles after the removal of the matrix, which makes it difficult to obtain thin and uniform cellulose microfibrils [60]. Delignification is a multi-step process wherein two types of chemicals are used: 1) oxidants which degrade and decolourise lignin. and 2) alkali which degrade lignin by hydrolysis and cause lignin dissolution [61, 62]. Because of its high cellulose content, cellulose extraction from these fibers could lead to high quantity of microfibers. The percentage of cellulose, hemicellulose, lignin, pectin and wax in sisal fiber are 67–78%, 10–14%. 9–14%, 10% and 2% respectively. It has density 1.45gm/cm3 and the microfibriller angle 10–22.0 [44]. Effects of this process on biomass generates cleavage of accessible glycosidic link, β ether linkage of lignin, lignin – carbohydrate complex bonds and minor chemical modification of lignin and carbohydrates [57].

The main goal of this research to isolate cellulose microfibrils from sisal fibers by using chemical treatment method and to investigate the effect of alkali treatment and acid hydrolysis process on the structure and surface of the fiber using different characterization techniques. X-ray diffraction (XRD), dynamic light scattering (DLS), Fourier transform infrared (FTIR) spectroscopy, scanning electron microscopy and transmission electron microscope (TEM) have been employed to study the morphological characteristics of the CMFs. Both differential scanning calorimetry (DSC) and thermo gravimetric analysis (TGA) carried out in order to investigate the thermal properties of the produced CMF.

3.7.2 CMF Extraction Process

The extraction of CMF from SF has been carried in stepwise procedure in accordance with the process described by Zuluaga et al. (Figure 3.7) [63]. SF, in the form of bundles were scoured in mild detergent solution at 30 °C for about 24 hrs to remove dust and other impurities. Finally, the fibers were washed in distilled water, dried in air for 2 days and cut into 2–5 mm length using an electronic fiber cutting machine.


Figure 3.7 Isolation of cellulose microfibrils.
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Subsequently, mercerization of the detergent washed SF was carried out by immersing the fibers in 0.5 (M) NaOH (1:10) solution under mechanical stirring at 30 °C for18 h. The insoluble residue obtained, was treated with 0.5 (M) NaOH and bleached with 3 wt% H2O2 solution at 45 °C for 14 h. In the second step, the residue was again treated with 2 (M) NaOH solution at 55 °C for 2 h to remove mineral traces. The alkaline solution treatment was carried out to solubilise the pectin and the hemicelluloses. Bleaching treatment was performed to breakdown the phenolic compounds or molecules having chromophoric groups present in lignin for removal of the by-products of such breakdown and to whiten the pulp. During bleaching, lignin was oxidized and became soluble in the alkaline medium. At each step of the different treatments, the insoluble residue was extensively washed with distilled water for several hours, until the pH was neutral [64]. The systematic reaction mechanism can be understood by Figure 3.8.


Figure 3.8 Reaction mechanism of acid treatment of sisal fiber.
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The centrifuged residue was then subjected to controlled acid hydrolysis to provide the required CMF. Acid treatment of the fibers were carried out by immersing the fibers in 50 wt% sulphuric acid (H2SO4) solution under mechanical stirring at 45 °C for 3 h. After hydrolysis, the mixture was diluted ten-fold with distilled water and neutralised with an alkaline (NaOH) solution, followed by centrifugation. The aqueous suspension of the residue was dialyzed against deionized water and sonicated for 30 min in an ultrasonic bath. This suspension was freeze dried using the process reported by Silviya Elanthikkal et al. 2010 [65]. Figure 3.9 depicted the images of Sisal fiber plant, Untreated Sisal fiber (UTS), mercerized sisal fiber (MSF) and acid hydrolyzed sisal fiber (CMF).


Figure 3.9 Images of Sisal fiber (a) Sisal fiber plant (b) UTS (c) MSF (d) CMF.
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The CMF fibers were further broken down into fragments by the mechanical treatment using high shear high energy transfer and high impact. The purified residue obtained from the chemical process was dried at 60 °C for 24 h, followed by ball milling in a 50 ml cap, 5 gm of samples were milled for 10 min to obtain the cellulose microfibrils (CMF) [66]. In the process of CMF obtained from sisal fiber, UTS, MSF and CMF has taken for further characterization.

Further, isolated CMF from sisal fiber has evaluated its reinforcing ability within the PLA matrix. A low concentration of CMF was preferred to modify the brittle nature of PLA biocomposite. Chemical grafting onto the cellulose microfibrils has been carried out to improve the compatibility between the CMF and the matrix. The morphological analysis studied using scanning electron microscopy (SEM) and Atomic force microscopy (AFM). Both thermogravimetric analysis (TGA) and thermal analysis (TA) were carried out in order to investigate the thermal properties of the produced biocomposites. The visco-elastic properties of the biocomposites were also evaluated employing dynamic mechanical analysis.

3.7.3 Fabrication of PLA/CMF Biocomposite

Prior to compounding, CMF and PLA were pre dried at 60 °C and 80 °C in a vacuum for 12 hrs. Subsequently, the microfibrils 5wt% and PLA was melt blended in a micro compounder (DSM, Xplore 12ml, Netherlands) with different plasticizers such as Maleic Anhydride (MA), triacetyl butyl citrate (ATBC) and polyethylene glycol (PEG) respectively. The mixing was carried out at 180 °C with a rotor speed of 50 rpm for 4 minutes. The melt mixes obtained were cooled to room temperature and specimens were prepared employing mini injection jet (DSM, Netherlands) for maintained at from feed to die zone and the corresponding temperature profile along the barrel was 170/180/180 °C, the temperature at the die was 171 °C.

3.8 Effect of CMF Reinforcement on the Mechanical Properties of PLA

The mechanical properties of virgin PLA, and CMF reinforced biocomposites with MA, PEG and ATBC, are presented in Table 3.2. Incorporation of CMF into the PLA matrix did not show any improvements in both tensile strength and elongation at break of the composites as compared to Virgin PLA due to poor adhesion between the fibrils and matrix which result in poor stress transfer from the matrix to the fibrils. In case of CMF with MA shows small increment in tensile strength from 59.69 to 62.33 due to the improved dispersion and H bonding between CMF and PLA matrix. However the Elastic modulus was increased from 1958 MPa to 2300 MPa. The increase in modulus CMF loading in PLA can be explained by increased in hydrogen bonding, stiffening effect and high crystallinity index of the CMF which is a typical characteristics CMF/PLA biocomposites [67]. As reported in XRD section, the relative crystallinity index of CMF obtained was 85% of cellulose which may have also contributed to the increase in the Elastic modulus of PLA/CMF composites [68]. The figure clearly reveals that the tensile strength of the PLA/CMF composites decreased with PEG and ATBC due to its plasticizing effect. The low tensile strength for the composites may be attributed to aggregation of the CMF due to Vander Waal’s forces [69]. The result is in agreement with an earlier work reported by Qu, Goa, Wu, and Zhang (2010) [70].

Table 3.2 Mechanical properties of PLA and its biocomposites.
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The percentage of elongation at break of virgin PLA was found to be 5.62% which decreased with the incorporation of CMF, as observed in all filled systems due to heterogeneous dispersion. From the above analysis, it could be seen that MA with CMF reinforced biocomposites achieved best toughness. Particularly, MA grafting PLA reveals moderate effects on improving both strength and toughness compared with other reports [71].

3.9 FT-IR Analysis of Untreated Sisal Fiber (UTS), Mercerized Sisal Fiber (MSF) and Cellulose Microfibrils (CMF)

The FT-IR analysis of UTS, MSF and CMF Obtained at various stages prior to CMF generation depicted in Figure 3.10. During acid hydrolysis of most clean cellulose sources via sulphuric acid [72], acidic sulphate ester groups are likely formed on the microfibrils surface [73, 74]. The size of microfibrils formed varies depending on the isolation procedure and cellulose source. It can be seen that in case of untreated sisal fiber the peak corresponding to 1611 cm−1 can be attributed either to the acetyl and uronic ester groups of the hemicelluloses or to the ester linkage of carboxylic group of the ferulic and p-coumeric acids of lignin and/or hemicelluloses. The peak at 1611cm−1 shows presence of lignin, hemicellulose (C-O) and O-H bond of water present in the untreated sisal fiber which got disappeared after the mercerization process. The bands at 1611cm−1 and 1237 cm–1, attributed to the stretching vibrations of C=O and C–O groups respectively got disappeared or decreased after mercerization which indicates removal of lignin content in the mercerized sisal fiber [75]. The sharp peak observed at 1330 cm−indicates -C-H - asymmetric deformations.


Figure 3.10 FTIR Analysis of Sisal fibers (UTS, MSF, CMF).
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The peak corresponding to 1425 cm−1 in the spectrum represent C=C stretching of the aromatic rings of lignin whereas the peak at 1237 cm−1 is due to the -CH2 bending deformation. The absence of these bands at 1611, 1425 and 1237 cm−1 implies the effective removal of lignin, pectin and hemicelluloses in all the treated fibers. In all spectra, the band near to 1023 cm−1 (C-O-C stretching) is due to presence of xylans associated with hemicelluloses. The percentage of hemicellulose also decreased with the mercerization. The increase in intensity of the band at 1023 cm−1 in treated fibers shows the increase in the cellulose content. The 885 cm−1 band in the FT-IR spectrum of the chemically treated sisal fibers is typical of the structure of cellulose representing the glycosidic -C1-H- deformation with a ring vibration contribution. The peak at 2289 cm−1 is related to alkynes region for carbon –carbon multiplicity. The peaks in the region from 1200–885 cm−1 is due to (-C-O-C-) pyranose ring skeletal vibration which gives a prominent band at 1023 cm−1. MSF and CMF of sisal fiber leads to increase in the absorbance of the characteristics regions of -OH reactions. Regions around 2800–3500. cm−1 and 1010–1149. cm−1 reveal the vibrational stretching for C=O and–C-O- respectively [76].

The other bands are corresponding to cellulose, in a particular a large band at 2900–3500.cm−1 related to O-H groups or the C-H band at 2900cm−1 and peaks between 885cm-1 and 1500cm−1 were also observed [77].

3.10 Crystalline Structure of UTS, MSF and CMF

The crystallinity and crystallite size were characterized using wide angle x-ray diffraction (WAXD). The Bragg angle was scanned from 5 to 400. Sharp peaks are observed at 2θ = 22.5o and a shoulder is observed around the region 2θ = 12 to 17 in UTS, MSF and CMF respectively. These peaks correspond to the cellulose structure [78]. hkl (plane) values of cellulose crystal are determined as per the monoclinic cellulose crystal lattice parameters (a=7.8, b=8.2, c=10.3 Ao).

Crystalline peaks of UTS were observed at 2θ values of 12.96o and 22.25o corresponding to (001) and (111) whereas for MSF, peaks observed at 2θ values of 15o, 16.29o and 22.5o corresponds to (001), (010), (101) plane respectively. Similarly, crystalline peaks for CMF were noticed at 2θ values of 13o and 22.5o indicating (001) and (111) plane respectively. Other peaks of CMF at 32o and 34o may be due to contamination or presence of traces of metal particles magnetised due to high reactivity of cellulose. In addition to this peak intensity was also found to be increased in case of MSF as compared with UTS and CMF.

Mercerization of the natural fibers leads to the swelling of the fiber and subsequent increase in the absorption of moisture. Treatment with alkali leads to the removal of cementing materials like lignin, hemicellulose and pectin which will result in the increase of percentage crystallinity of the fiber [79]. With the higher intensity of the diffraction peak at 2θ = 22.5°, the peaks that are more prominent and sharp for the cellulose by acid treatment indicate an increase in crystallinity, which confirmed that the break-down of an amorphous region of the hemicellulose existed during the acid treatment. Meanwhile, the MSF present distinct diffraction peaks centred at 2θ=15° and 22.5o, corresponding to a typical form of cellulose II, showing high crystallinity as a result of strong chemical hydrolysis of the amorphous region [62]. Natural cellulose (cellulose I) mostly exhibits monoclinic type of the unit cells. Cellulose II has been rarely found in nature but it can be produced artificially from cellulose I by regeneration of mercerization [80]. The large difference in the XRD graphs is due to the removal of the amorphous portions of the sisal fibers. In Figure 3.11 shows sharp peaks due to improved crystallinity of the fiber. Percent crystallinity UTS was observed to be 52.74% and after mercerization MSF shows upto 62% whereas in case of CMF, the same drastically increased to 85%. Also CMF shows more sharp peaks than UTS and MSF. The increase in the crystallinity of CMF is due to removal of hemicellulose and lignin during the chemical treatment of sisal fiber. The increase in the number of crystallinity regions increases the rigidity of cellulose [81].


Figure 3.11 Wide angle X- Ray diffraction (WAXD) analysis of sisal fiber (UTS, MSF, CMF).
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3.11 Particle Size Determination: Transmission Electron Microscopy (TEM)

CMF prepared from sisal fiber were examined by TEM to determine their size and shape shows in Figure 3.12. The CMF exhibited a rod shape with a diameter of 28 nm and a length of 300 nm, with an aspect ratio of 1:11. Depending on the source, these CMFs offer a wide variety of aspect ratios (L/d, L being the length and d the diameter), from almost particulate fillers (L/d) 1) to about 100. TEM micrograph results indicating that nano arrangement of CMF playing important role to organize through intramolecular hydrogen bonding and providing more mechanical strength in cellulose fiber. In other words integration of cellulose microfibrils providing micro disc layered structured through intramolecular hydrogen bonding which is responsible for more efficient mechanical strength of cellulose fiber [82].


Figure 3.12 TEM analysis of Cellulose micro fiber.
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3.12 Thermal Properties

3.12.1 Differential Scanning Calorimetry of CMF Reinforced PLA Biocomposites

Figure 3.13 dipicts the DSC heating and cooling thermograms of virgin PLA, PLA/5% CMF, PLA/5%CMF/5% MA, PLA/5%CMF/5% PEG and PLA/5%CMF/5%ATBC biocomposites. Corresponding glass transition tempereature (Tg), melting temperature (Tm), crystallization temperature (Tc) and enthalpy of fusion is also summarized in Table 3.3.


Figure 3.13 DSC analysis of CMF reinforced PLA biocomposites (a) Tg, (b) Tc and (c) Tm determination of composite Compositions.
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Table 3.3 DSC data on PLA and biocomposites obtained by heating and cooling scans.
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As observed from the Figure 3.13 (a), (b) and (c) the virgin PLA matrix exhibits Tg, Tcc and Tm at 64.61 °C, 123 °C and 153.41 °C respectively. PLA/5%CMF biocomposites showed Tg, Tcc and Tm at 60.77 ° C, 117.76 °C and 155.48 °C respectively. It is evident that incorporation of 5wt% of CMF within the PLA matrix, results in marginally lower Tg and Tcc. This behaviour possibly because of presence of low fraction of cellulose fibers which contribute negligibly towards segmental immobilization of the matrix chain at the interface [83]. Additionally, presence of 5wt% of MA, PEG and ATBC within the PLA matrix shows Tg at 63.81 °C, 53.30 °C and 52.51 °C. This depression in Tg in case of biocomposites with PEG and ATBC is primarily due to the plasticization effect.

Figure 3.13 (c) shows the double melting behaviour of PLA which can be linked to the formation of different crystal structure due to recrystallization. The α form (pseudo- orthorhombic, pseudo hexagonal or orthorhombic), melting at high temperature where the β form (orthorhombic or trigonal) [84] that melts corresponding to the endotherm at lower temperature. Tm1 – β form in case of PLA, PLA/5% CMF, PLA/5%CMF/5%MA, PLA/5%CMF/5%PEG and PLA/5%CMF/5%ATBC was observed at 144.62, 150 °C, 140.79 °C, 148.29 °C and 146.24 °C respectively. The shoulder or low temperature peak- β form is probably formed on the melting endotherm of the original crystallites [85]. Whereas the imperfect crystals that have melted at this temperature recrystallize to give crystals at higher temperature. α form-Tm2 in case of PLA, PLA/5%CMF, PLA/5%CMF/5%MA, PLA/5%CMF/5%PmE2 G and PLA/5%CMF/5%ATBC was noticed at 153.41 °C, 155.48 °C, 153.83 °C, 155.05 °C, 153.62 °C, but as one can see the melting peaks are more wider due to increase in melt crystallization enthalpies. This increase in melting temperature shows the reinforcing effect of CMF within PLA matrix in case of all biocomposites.

The degree of crystallinity (Xc%) calculated using equation 1 is higher for PLA biocomposites than virgin PLA depicted in Table 3.1. It is confirmed that % Xc has increased in CMF reinforced PLA biocomposites because of transcrystallization. Transcrystallization morphology is formed by a dense heterogeneous nucleation of PLA crystals at CMF surface [86]. The DSC data and the degree of crystallinity (Xc) are reported in Table 3.3.

3.12.2 Thermo Gravimetric Analysis of CMF Reinforced PLA Biocomposites

The thermal stability of virgin PLA and its biocomposites is depicted in Figure 3.14 (a), (b). Table 3.4 shows T10, T50, Tf and % residual weight % at 600 °C of virgin PLA and its biocomposites. T10 refers 10wt% loss, while T50 refers 50wt% loss decomposition temperature, and Tf is the final decomposition temperature. As observed from the TGA/DTG thermogram of Figure 3.14 (a), (b) virgin PLA and its biocomposites a single step degradation pattern was observed. Virgin PLA shows T10, T50, and Tf at 311 °C, 339 °C and 359 °C. However in case of biocomposites the weight loss started at 100–110. °C in all the samples which is primarily attributed to residual moisture which present in CMF. Incorporation of 5 wt% of CMF within PLA matrix enhanced the thermal stability of virgin PLA. PLA/5%CMF biocomposite displayed the T10, T50, and Tf at 319 °C, 349 °C, 468 °C respectively, which indicated intermolecular H bonding between the OH groups in CMF and >C=O groups in PLA matrix. In case of the PLA/CMF biocomposites with 5%MA, 5%PEG and 5%ATBC, T10, T50, and Tf were observed at comparatively lower temperature. This phenomenon can be related to the presence of MA, PEG and ATBC to the tune of 5wt%. The initial peak temperature of PLA/CMF biocomposites marginally reduced to 306 °C, 312 °C and 307 °C with the incorporation of MA, PEG and ATBC. Similarly the T50 as well as Tf also reduced in the biocomposites but it was considerably higher than the boiling temperature and nearer to the decomposition temperature of MA, PEG and ATBC. The weight loss related to Tf peak is consistent with the amount of MA, PEG and ATBC 5wt% addition, so it was assessed that there was practically no loss of plasticizers during processing, via volatilization [80]. The CMF acts as heat barrier over matrix, which enhances the thermal stability of PLA biocomposites as well as assist in the formation of char after thermal decomposition. In all biocomposites, the percentage char was more than virgin PLA, which also indicated improved flame retardancy of matrix PLA in presence of CMF. The PLA/5% CMF biocomposites displayed highest char residue of 2.37% as compared with the biocomposites. This behaviour is probably due to the presence of CMF [87]. From Figure 3.14 it can be concluded that all PLA biocomposite produced, are thermally more stable than virgin PLA.


Figure 3.14 Thermal degradation behaviour of PLA and its biocomposites (a) TGA of PLA and its biocomposites (b) DTG of PLA and its biocomposites.
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Table 3.4 TGA results of PLA biocomposites.
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3.12.3 Dynamic Mechanical Analysis (DMA) of CMF Reinforced PLA Biocomposites

3.12.3.1 Storage Modulus (E’)

The variation in E’ as a function of temperature of virgin PLA and its biocomposites are given in the Figure 3.15 (a). In all the cases, CMF loading was kept constant at 5wt%. It is evident that the E’ of the biocomposites is higher than the PLA matrix, which due to the increase in the stiffness of the matrix with the reinforcing effect imparted by the CMF that allowed a greater degree of stress transfer at the interface. As observed from in Figure 3.15 (a), the virgin PLA, PLA/5%CMF, PLA/5%CMF/5%MA, PLA/5%CMF/5% PEG and PLA/5% CMF/5% ATBC shows E’ of 2609 MPa, 3202MPa, 3011 MPa, 2957 MPa and 3097 MPa respectively at 30 °C. This behaviour is attributed to improved interfacial adhesion between the PLA matrix and the CMF. The E’ decreased with the increase in temperature in the all cases, and there was a significant fall in the regions between 55 °C and 70 °C which is probably the Tg region of matrix. The decrease of modulus around Tg is due to α-relaxation of amorphous structure [83]. PLA/CMF based biocomposites displayed optimum E’ as compared with those with MA, PEG and ATBC. This fact further confirms the plasticizing effect of the later within the PLA/CMF biocomposites. PLA/5% CMF biocomposites results show important variations of primary relaxation temperature, which can be linked both, to interactions resulting in a decrease of chain mobility and to the reinforcing effect of the fibrils. The results are consistent with the static mechanical behaviour, which vary according to the CMF content.


Figure 3.15 Variation of E’ (a) and tan δ (b) of PLA and its biocomposites.
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3.12.3.2 Damping Factor (Tan δ)

Change in temperature effect the tan δ peak was also found to get shifted depending on the modification in matrix. Tan δ peaks of virgin PLA shows at 69.04 °C. Similarly, PLA/5%CMF and PLA/5%CMF/PEG biocomposites located as higher values at 71.45 °C, 71.45 °C. PLA/5%CMF/5%ATBC and PLA/CMF/MA has lower peak at 67.79 0C and 69.18 °C respectively as shown in Figure 3.15 (b) and Table 3.5. The shift in temperature is small but it does indicate that the reinforcement of CMF have been able to affect the segmental motions of the PLA matrix. The CMF contribution to the damping is extremely low as compared with that of the PLA matrix. This suggests that the combined attenuation of CMF reinforced composites would be mainly caused by the molecular motion of PLA and the interaction at the fibre / matrix interface. The intensity of the tan δ peak for the PLA/5%CMF/5%PEG biocomposite decreased as compared with virgin PLA which is indication of the less polymer chains are participating in this transition [88]. PLA/5%CMF/5%MA and PLA/5%CMF/5%ATBC has low tan δ value due to plasticization between PLA and CMF. Without any compatibilizer tan δ value is high. The shift in the Peaks is indicative of the CMF/PLA interaction in presence of plasticizers. It has been noted that the tan δ peak shifts to higher temperatures for biocomposites indicating a reduction in segmental motions of polymer matrix [89]. It shows good dispersion due to large surface area of CMF available for interaction throughout of the virgin PLA matrix. As a result, the biocomposite have received an increase temperature of use compared to virgin PLA.

Table 3.5 E’ of PLA and its biocomposites.
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3.13 Scanning Electron Microscopy

3.13.1 Surface Morphology of Sisal Fiber (USF, MSF and CMF)

Natural sisal fibers consist of multi microtubes which are called tracheids (elongated cells in the xylem) and are separated by a middle lamella. Figure 3.16 (a, b) shows the SEM micrographs of the cross-sectional image of single sisal fiber. Sisal fiber has a V shaped groove along its axis and a lot of tracheids which consist of a lumen and thick wall. The cells have polygonal cross section with thick cell walls and well defined lumen which varies in size. The lumen is often packed with tiny globules and is polygonal in cross section with rounded ends [62] Figure 3.16 (c, d, e) exhibit SEM images of Untreated, Mercerized and sulphuric acid treated fiber. Scanning Electron Microscopy carried out to determine the cellulose fiber size and roughness of the surface of fiber to adhere the surface of the matrix. The surface smoothness should have a negative effect on the interfacial properties between the fiber and a matrix since it precludes physical bonding.


Figure 3.16 SEM photomicrographs of the cross-sectional image of single untreated sisal fiber (a) magnified view of cross- section image of SF (b) Cross-section image of SF (c) UTS (d) MSF (e) CMF.
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Figure 3.16 (c) shows the SEM micrographs of the untreated raw Sisal fiber. Figure 3.16 (d) shows the SEM micrographs of the 2M mercerized sisal fiber. The clear demonstration of the defibrillation and depolymerisation in mercerized fibers can be observed from figure 16. (e) Each fiber is composed of several microfibrils with diameters in the range of 3–12 μm. Each elementary fiber shows a compact structure; exhibiting an alignment in the fiber axis direction with some non-fibrous components in the fiber surface.

During the mercerization most of the lignin and hemicellulose were removed from the inner part of the fiber via depolymerisation and defibrillation. Fiber diameter was additionally reduced in the acid hydrolysis and pure cellulose fiber with a diameter of less than 100 nm was obtained. Thus cellulose microfibrils of the original fibers were separated from each other to produce fibrils with diameters around 10–50. nm. The size distribution of the cellulose micro fibrils in the dispersion of sisal fiber is calculated and found that majority of the CMF present in the dispersion are in the range of 15–25 nm in diameter irrespective of the type of the fibers.

3.13.2 Surface Morphology of CMF Reinforced PLA Biocomposites

Figure 3.17 a, b and c reveal the SEM micrographs of impact fractured specimens of VPLA, PLA/5%CMF and PLA/5%CMF/5%MA biocomposites. The fractured surface of VPLA Figure 3.17 (a) could be categorised as smooth and brittle fracture in which molecules are detached neatly where as the biocomposites shows more surface roughness and some aggregations. As observed from Figure 3.17 (b) a typical fractographic feature of a brittle fracture and agglomerated CMF can be easily seen with the irregular surface and holes indicated as arrows. This is a clear indication of poor dispersion of CMF within the PLA matrix. However, incase of PLA with 5%CMF and 5%MA in Figure 3.17 (c) a good dispersion of CMF within the matrix polymer was observed which indicated improved interfacial adhesion [90].


Figure 3.17 SEM images of CMF reinforced PLA and its biocomposites (a) VPLA (b) PLA/5%CMF (c) PLA/5%CMF/5%MA.

[image: ]


3.14 Atomic Force Microscopy (AFM)

3.14.1 AFM Analysis of Cellulose Microfibers

Figure 3.18 shows the 3D topographical view of raw, mercerized and acid treated sisal fibers. As shown in Figure 3.18 (a), the raw sisal fiber exhibits a rough topography due to the presence of hemicellulose, lignin and waxy components present in the fiber. From Figure 3.18 (b), we were able to confirm that the mercerization treatment facilitate the removal of the majority of the waxy materials, hemicellulose, lignin and pectin substances from the fiber surface to result in smoother fiber surface in general. From Figure 3.18 (c) shows the acid treatment assists the development of much sharp and wider peaks which support the visibility of fine crystalline cellulose components present in the fiber structure. The AFM study substantiate the dissolution of the non cellulosic components present in the fiber cell wall by acid treatment process and widens the applicability of extraction of secreted crystalline cellulose components present in fiber. Figure 3.18 (c) illustrates the growth of two dimensional nanofibers cellulose structure during the acid treatment.


Figure 3.18 AFM analysis of (a) Sisal fiber, (b) Mercerized sisal fiber, (c) Cellulose microfibrils.
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The total area of scan (A), and measuring the surface area (A’) of the fiber, relative roughness measurements of the fibers were calculated by dividing the surface area (A’) by the scanned area (A), An A/A’ ratio of 1 suggests a surface that is absolutely flat, devoid of irregularities [91]. The raw fibers exhibit an A’A ratio of 1.54. The mercerized fibers exhibit increase in A’/A ratio around 1.80 indicating roughness of raw fiber surface during treatment with sodium hydroxide and dimethyl sulfoxide. The acid treated fibers reflects highest A’/A ratio 1.97 proving increased pits on the surface which consecutively increases surface area (A’) to maximum proving the individualization of the fiber surface to nano dimensions.

3.14.2 AFM Analysis of PLA/CMF Biocomposites

The atomic force microscopy technique is a powerful tool for studying surfaces and has been used to provide qualitative and quantitative information about biopolymers at the nanometres scale that are often inaccessible by any other experimental techniques [92]. AFM was used to examine the actual surface characteristics of VPLA and PLA/CMF biocomposites. The surface model of different samples including VPLA is depicted in Figure 3.19 (a) and (b). Surface topological evaluation of samples confirmed the overall results that were obtained by SEM. VPLA has a smooth and uniform surface with an Rrms roughness of 1.624 nm. Addition of CMF increased by Rrms roughness of samples by the smoothness of biocomposite 1.624 – 217.055 for samples filled with 5% CMF and showed a flatter surface comparing to other composites due to the better compatibility between CMF and PLA matrix.


Figure 3.19 AFM image of surface of (a) PLA, (b) PLA/CMF.

[image: ]


3.15 Suggested Applications

Figure 3.20


Figure 3.20 Applications of Bio composites in Automobiles (a) Mercedes-Benz (2008) http://www.mercedes-benz.com.br (b) Hemp fiber reinforced automobile body (c) propeller (d) indoor panel, seat back panel.
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3.16 Conclusions

The work presented in this chapter shows a great deal of promise regarding the use of cellulose fibers and its reinforcement with PLA matrix for the use of biocomposites for structural applications. An extensive survey of literature indicates that there was much less work in the area of CMF reinforced biocomposites. Hence, the work that is presently done can also be used as a reference in substituting the glass, carbon, aramid etc fiber reinforced biocomposites with nanoclays and evaluating the performance characteristics. CMF extracted through acid hydrolysis to improve the interface with PLA matrix. Transmission electron microscopy analysis shows that the extracted CMF has rod like structure in which the length ranged from 200nm–300nm and the diameter was ≥30nm. The biocomposites were prepared using melt blending technique with different plasticizers and compatibilizers were added within PLA/CMF biocomposites. Dynamic mechanical finding revealed an increase in storage modulus with incorporation of CMF whereas addition of plasticizers as PEG, ATBC and compatibilizer as MA reduced E’ of PLA/CMF biocomposites. DSC analysis showed reduction of Tg and enhancement in Tc in all biocomposites. TGA analysis confirms thermal stable biocomposites of PLA with CMF. Thus, CMF can be used as potential nanofiller for enhancing the mechanical as well as thermal properties of PLA matrix for structural applications.
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Abstract

Tannins are after lignins the most abundant source of natural aromatic biomolecules and can be an alternative feedstock for the elaboration of chemicals, building blocks to develop polymers and materials. Tannins are present in all vascular and some non-vascular plants. One of their major issues is the versatility according to their botanical origin, extraction and purification processes. During the last decades, tannins have been exploited and chemically modified for the development of new biobased polymers, thanks to their functionality brought by phenolic and aliphatic hydroxyl groups. After an historical overview, this review summarizes the different classes of tannins. Some generalities concerning the extraction techniques of tannins and the corresponding properties are also described. The review provides the detail of the different chemical modifications of tannins which have been previously reported, with corresponding pathways and applications. Finally, the main chemical pathways to obtain polymeric materials are more particularly presented.
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4.1 Introduction

After cellulose, hemicellulose and lignin, tannins are the most abundant compounds extracted from the biomass. Tannins are after lignins a major source of polyphenolic components with 160,000 tons potentially biosynthesized each year all over the world [1]. Tannins are found in various proportions in all vascular plants and in some non-vascular plants, such as algae. Their role in vascular plants is the defense against mushrooms or insects aggression [2]. In addition, the natural astringency of tannins makes the plant not easily digestible by animals [3]. In non-vascular plants, phlorotannins are oligomers of phloroglucinol (1,3,5-trihydroxybenzene) and are found mostly in brown algae (2% of dry mass) [4, 5] and in some red algae [6]. Their chemical structures are similar to those of vascular plant tannins [7]. Phlorotannins have different metabolic roles [8], such as cell wall construction,[9] marine herbivore defense e.g. against worms [10] and UV protection [11].

Tannins are present in each cytoplasm of all vegetable cells [12]. Contrary to lignins, tannins are mainly in soft tissues of the plant such as sheets, needles or bark [13]. According to the botanical resource, tannins are stored in different zones of the plants [12]: as the bark in pine (Pinus sp.), oak (Quercus sp.) or mimosa (Acacia mearnsii), the sheets in gambier (Uncaria Gambier), or the wood in quebracho (Schinopsis sp.) and chestnut (Castanea sp.). Some tannins are very well known in everyday life, such as tannins from tea and wine [14–17].

4.2 Tannin Chemistry

4.2.1 Historical Outline

The term “tannin” indicates a plant material which allows the transformation of hide into leather [12]. The history of tannins has mainly began between 1790 and 1800 [18]. At that time, there was no differentiation between tannin and gallic acid [19]. In 1787 Scheele discovered the acid gallic from oak bark. Dizé continued researches on galls in 1791 and Deyeux in 1793. They agreed that the isolated substance was a mixture of acid gallic, a green coloring compound and other molecules. In 1795, Seguin did tanning experiments with oak-bark and developed the tanning principle [20]. He concluded that when he boiled hide water with an oak-bark infusion, he obtained a light-colored precipitate. The latter was insoluble in water and became dark after light exposition. Thereafter, Berzelius prepared almost pure tannin in 1798. He used a decoction of galls which formed a yellow precipitate after an addition of tin dichloride. The precipitate was decomposed in water with sulphuric acid forming metal sulfide which precipitated leaving the astringent component in solution. Finally in 1834, Pelouze observed the formation of crystalline gallic acid from tannin after being boiled with sulphuric acid. In 1891, Trimble defined “tannin” as the whole class of astringent substances. Nowadays, the common definition of tannin is the one given in 1962 by Swain and Bate-Smith [21], i.e., tannins are water-soluble phenolic compounds with molecular weights between 500 and 3000 g.mol−1.

Tannin structures were studied in order to find their chemical organizations. The most difficult step was to obtain a pure substance, free from sugars. The early purified substances corresponded to digallic acid. In 1912, Fischer and Freudenberg showed that tannin structure was pentadigalloyl glucose which is the pentahydroxy gallic acid ester of glucose [22]. Nowadays, there are still investigations to elucidate the chemical structures of different tannins [23–36].

4.2.2 Classification and Chemical Structure of Vascular Plant Tannins

The word “tannin” is used to define two classes of phenolic compounds with different chemical natures: hydrolysable tannins and condensed tannins [37]. Hydrolysable tannins are subdivided into gallotannins and ellagitannins. Another class can also be considered: the complex tannins[38]. All these different classes are presented in Figure 4.1.


Figure 4.1 Tannins classification [39].
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4.2.3 Hydrolysable Tannins

Hydrolysable tannins are a mixture of phenols such as ellagic acid and gallic acid, esters of sugars (i.e., glucose), gallic acid or digallic acid [40]. These tannins are divided into two families: the gallotannins which produce gallic acid and its derivatives from hydrolysis; and the ellagitannins which produce ellagic acid after hydrolysis (Figure 4.2). These tannins are mainly used in the industry of tanning. The most used are tannins of chestnut and tara. They present a weak nucleophilicity. They also present a low availability with a limited worldwide production (less than 10% of the world’s tannin commercial production) and a relative high price which makes them less attractive compared to condensed tannins [41].


Figure 4.2 Gallic and ellagic acids.
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4.2.3.1 Gallotannins

The gallotannins are simple hydrolysable tannins resulting from polyphenolic and polyol residues. Although the nature of the polyol residues can vary, most gallotannins are attached to saccharides. The hydroxyl functions (OH) of this polyol residue can be partly or completely substituted by galloyl units. If this substitution is partial, the remaining OH can be substituted or not by other residues. For example in Figure 4.3, the gallotannins 2,3,4,6-tetra-O-galloyl-D-glucopyranose (TGG) and 1,2,3,4,6-penta-O-galloyl-β-D-glucopyranose (β-PGG) which are present in many plants, are key intermediaries in the biosynthesis of the hydrolysable polyphenols [42].


Figure 4.3 Structures of TGG (1) and β-PGG (2).
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4.2.3.2 Ellagitannins

The ellagitannins constitute the most known class of tannins with more than 500 identified natural products [43]. They are formed by gallotannins which lead to a monomeric unit with an axis of chirality after an oxidative coupling between at least two galloyl units. The basic monomer is the hexahydroxydiphenol (HHDP) presented in Figure 4.4.


Figure 4.4 Monomeric units of HHDP having different chiralities.
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The observed chirality is caused by the presence of bulky substituents located in the ortho positions of the biaryl axis and by the isomerism caused by the restricted rotation polyol (generally D-glucopyranose) is at the source of this chirality (Figure 4.5)


Figure 4.5 Examples of ellagitannins resulting from D-glucopyranose coupled with HHDP units.
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4.3 Complex Tannins

Complex tannins are formed from an ellagitannin unit and a flavan-3-ol unit [44]. An example of this kind of tannins is acutissimin A (Figure 4.6), which is composed of a flavagallonyl unit connected to a polyol derived from D-glucose by a glucosidic connection in C-1 and three other ester bonds [45].


Figure 4.6 Molecule of acutissimin A.
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4.4 Condensed Tannins

Condensed tannins represent more than 90% of the worldwide production of commercial tannins [37]. From 3 to 8 flavanoid repetition units are needed to call a compound condensed tannin. These tannins are also made up of associated precursors (flavan-3-ol, flavan-3,4-diol), of carbohydrates as well as amino and imino acid traces [46]. These tannins are generally complexed with proteins [47, 48]. Their faculty of complexation changes according to their chemical nature[49]. Each flavanoid is composed of two phenolic rings having different reactivities [12].

The structure of monoflavanoide in Figure 4.7 shows that it is possible to have two configurations for each ring: with or without OH in positions 5 and 5’.


Figure 4.7 Structure of monoflavanoid.
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These various configurations generate four possibilities (Figure 4.8) and four corresponding basic building blocks from condensed tannins [50].


Figure 4.8 Structures of the four monoflavanoid building blocks [39].
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The flavanoids from condensed tannins are mostly derived from flavan-3-ol and flavan-3,4-diol [51]. The type of connection between the various flavanoid units depends on the nature of the rings. A resorcinol type A-ring (substitution by an OH in the meta position) of the flavan-3,4-diol as well as the oxygen in the heterocycle create high nucleophilicity on C6 and C8 positions. Thus, the units of condensed tannins are mainly connected through C4-C6 or C4-C8 bonds. C4-C6 is prevalent in tannins mainly composed of profisetidins and prorobinetidins. C4-C8 is prevalent in tannins mainly composed of procyanidins and prodelphinidins [52].

In a flavanoid, nucleophilic centers of A-ring are generally more reactive than those of B-ring. This is due to the position of the OH present on the rings, which are at the origin of this difference in reactivity. In the case of A-ring, they involve a located activation due to resonance structure leading to highly reactive nucleophilic center contrary to the case of B-ring [40].

4.5 Non-vascular Plant Tannins

Phlorotannins are present in non-vascular plant tannins. They are formed by the polymerization of phloroglucinol (1,3,5-trihydroxybenzene) and have a large range of molar masses between 126 and 650,000 g.mol−1 [4]. However, the molar mass generally varies between 10,000 to 100 000g.mol−1 [53]. Phlorotannins can be easily compared to condensed tannins from vascular plants. Their roles are relatively similar as well as their chemical reactivity. For example, phlorotannins can be associated to metal ions or various biomacromolecules such as proteins, glucides or nucleic acids. However, phlorotannins are not produced by the same biosynthesis way compared to other conventional tannins. That is because phloroglucinol derives from the condensation of acetate and malonate via an enzymatic reaction.

Phlorotannins can be subdivided in four classes according to the type of linkage between the phloroglucinol units (Figure 4.9). There can be either ether bonds (fuhalols and phlorethols), phenyl bonds (fucols) or both (fucophlorethols). Finally, the last type of linkage is dibenzo-p-dioxin connection (eckols and carmalols) [6].


Figure 4.9 Phlorotannins classification.
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4.5.1 Phlorotannins with Ether Bonds

This category is composed of fuhalols and phlorethols, which both derive from phloroglucinol units connected together by aryl-ether bonds. The corresponding molecules can be linear or not. In case of the phlorethols, compounds are strictly made of phloroglucinol units. In the case of the fuhalols, the phloroglucinol units are connected by ether bonds having regular sequences in ortho and para positions and containing in all the rings an additional OH (Figure 4.10) [54].


Figure 4.10 Examples of phlorethol and fuhalols.
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4.5.2 Phlorotannins with Phenyl Bonds

This class is made of compounds formed by phloroglucinol units which are only connected by aryl-aryl bonds. This group is essentially composed by fucols (Figure 4.11).


Figure 4.11 Examples of fucols.
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4.5.3 Phlorotannins with Ether and Phenyl Bonds

Some compounds are made of phloroglucinol units which are connected by ether-aryl and aryl-aryl bonds. These molecules are called fucophlorethols (Figure 4.12).


Figure 4.12 Examples of fucophlorethol.
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4.5.4 Phlorotannins with Dibenzo-p-dioxin Links

This class is made up of two types of molecules. The eckols are made of at least half a molecule of dibenzo-p-dioxin substituted by phloroglucinol in C4 position. Carmalols are composed of half of a dibenzo-p-dioxin molecule and phlorethol derivatives (Figure 4.13).


Figure 4.13 Examples of eckol and carmalol.
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4.6 Extraction of Tannins

Plant preparation and extraction processes have a great influence on tannin extract composition. Phenolic compounds can be extracted from fresh, frozen or dried plant. Generally, after drying treatment, plants can be milled and homogenized [55, 56]. Drying methods have a strong impact on the final composition of the tannin extracts, with e.g., bonding with other compounds [57–59]. Under anaerobic conditions, the free tannin content increases slightly with the temperature, whereas under aerobic conditions, there is a strong decrease in the free tannin content. Lyophilized samples are similar to those dried at a lower temperature (25 and 45 °C). Compared with other drying methods, freeze-drying seems to be one of the best methods for preserving the molar masses of the condensed tannins [60], extracting high levels of phenolic compounds [61] and preserving the native structures [62].

Extraction methods are usually based on solvents. The industrial method of extraction traditionally used to recover tannins starting from vegetable substances is based on boiling water. The corresponding solution is then concentrated by evaporation [63]. Wood shavings are loaded in a series of autoclaves functioning by counter-current. This system of autoclaves is used in order to solubilize tannins contained in strong concentration in fresh wood shavings. This treatment, called scrubbing, is generally carried out with water at a fixed temperature (50–110 °C) and pressure (maximum 0.8 bar) in each autoclave during several hours (6–10 h) for a ratio water/wood equal to 2–2.4 in mass. Generally, this process leads to a solution containing 4–4% in weight of tannins with an extraction yield around 60–65%. After clearing by decantation, the tannin solution is concentrated by several evaporations under vacuum, to limit the oxidation of tannins, until obtaining the desired concentration (in general, 40–50% in weight). This last solution can be stored after addition of a stabilizing agent or it can undergo other treatments like being reduced to dry powder by atomization, i.e. by spraying with hot air (90–96% of dry mass). Water can be used alone, but most of the time organic solvents with or without water such as ethanol [64–66], methanol [67–69], acetone [58, 70–73], ethyl acetate [74] or mixtures of these solvents[75] are used to increase the extraction efficiency [76]. To improve the extractive yield, alkaline solutions are also used. The most studied species is pine wood [77–83]. Effects of alkaline solution extraction is also the same on chestnut and eucalyptus species[84] or on cranberry pomace [85]. Another technique to increase the yield is acidic solvent. Strong acid like hydrochloric acid or weak acid like formic acid can be used [71, 76, 86, 87]. However, these extractions methods need large volumes of organic solvents as well as long extraction times. That is why new methods have been developed over the past few years such as microwave-assisted extraction (MAE) [88–92], ultrasound-assisted extraction (UAE) [93–96] and pressurized liquid extraction (PLE) also called accelerated solvent extraction (ASE) [97, 98] with water (subcritical water extraction: SWE) [99, 100] or solvent (supercritical fluid extraction: SFE) [101, 102]. These new methods bring strong improvements in the tannins extraction.

The chemicals used depend on plant parts [103, 104] or species [25, 65] with variation of physical properties like polarity or solubility [105]. There are no universal extraction conditions. Each plant sample has an optimized solvent and extraction procedure [106]. The yield and the composition of extracts [107, 108] rely totally on the type of solvents (polarities) [109–111], extraction time and temperature of process [99, 112, 113] and sample / solvent ratio [69, 111].

Most of the time, tannins are bound with other plant components such as carbohydrates or proteins, and during extraction, various plant components can be also extracted such as sugar or organic acids. Currently, these impurities are the biggest hindrance limiting a global and successful development of tannin as the biobased resource to develop aromatic building blocks. To obtain “pure” tannins, additional and costly treatments are necessary to purify the extracted mixture like liquid-liquid extraction procedures or solid phase extractions [55].

4.7 Chemical Modification

4.7.1 General Background

This section will be mainly focused on the chemical modification of condensed tannins. A wide variety of modifications, linked with their chemical structure, can be performed with these tannins. As presented in Figure 4.14, the main chemical modification can be classified in three main categories. The heterocycle can be opened and can lead to rearrangements of the chemical structure. Reactivity of nucleophilic sites, created by OH groups present on the aromatic rings, lead to electrophilic aromatic substitutions. Lastly, reactions can also take place directly with the OH. In each category, there are different reactions leading to new building blocks which have a great interest for polymer synthesis.


Figure 4.14 Various types of reaction with catechin, applicable to condensed tannins [39].
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4.7.2 Heterocycle Reactivity

In both acidic and alkaline conditions, catalyzed rearrangements such as hydrolysis and autocondensation are common reactions for tannins (Figure 4.15). The cleavage of the interflavonoid bond can be also acid-catalyzed or induced by sulfonation reaction.


Figure 4.15 Summary of the chemical reactions from tannin heterocycle [39].
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4.7.2.1 Hydrolysis and Autocondensation

In strong acid condition, hydrolysis or autocondensation can occur. Degradation under acidic media leads to the formation of catechins and anthocyanidins. The example of biflavanoid is illustrated in Figure 4.16 [114].


Figure 4.16 Degradation of tannins in catechins and anthocyanidins [39].
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The second type of reaction is the condensation after heterocycle hydrolysis (Figure 4.17). The formed p-hydroxybenzylcarbonium ions condense on the nucleophilic sites of another tannin unit. Phlobaphens or red tannins are obtained.


Figure 4.17 Acid autocondensation by hydrolysis of the heterocycles [39].
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In the same way, in alkaline conditions different rearrangements are common. These rearrangements are based on the rupture of the interflavonoid C4-C8 bond. The reactivity depends on the nature of tannins. The formed products can autocondense, giving an alkaline condensation (Figure 4.18) [115].


Figure 4.18 Alkaline autocondensation [39].
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The second type of reaction is based on the opening of the heterocycle which increases the reactivity, resulting in a partial autocondensation, as for catechin monomers (Figure 4.19) [116].


Figure 4.19 Catechin rearrangement [39].
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4.8 Heterocyclic Ring Opening with Acid

The cleavage of the interflavonoid bonds can be acid-catalyzed. This leads to a heterocyclic ring opening with the formation of a carbocation (Figure 4.20), which can be captured by a nucleophile such as phenol, resorcinol, phloroglucinol or the phenolic rings of other flavonoid units present. Different acids were tested such as hydrochloric acid [117] or acetic acid catalyzed with benzyl mercaptan [118, 119].


Figure 4.20 Treatment of mimosa tannin with acid [39].
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To open the heterocycle, it is also possible to treat tannins with trichloroacetic acid [120, 121] which is added in an aqueous solution of tannins, and then heated at 86 °C during 2 hours. After cooling, the reaction medium is neutralized by addition of a sodium hydroxide (NaOH) solution.

4.9 Sulfonation

It is also possible to open the heterocycle by a sulfonation reaction [122–124]. The reaction takes place in the presence of sodium hydrogen sulfite or sodium hydrogenosulfate with insertion of a sulphonic group in position 2 after the heterocyclic ring opening (Figure 4.21). This polar group increases the solubility and decreases the viscosity of tannins.


Figure 4.21 Sulfonation reaction of tannin [39].
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This reaction is often used to facilitate the tannin extraction. Sulfited tannins can be used to produce formaldehyde resins [125]. However, sulfated tannins are moisture sensitive. When they are submitted to strongly alkaline conditions, the sulphonic group can be substituted by a OH in the presence of strong alkali via a bimolecular nucleophilic substitution (SN2) reaction (Figure 4.22).


Figure 4.22 Substitution of sulphonic group by OH [39].
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4.9.1 Reactivity of Nucleophilic Sites

Nucleophilic sites are present in the tannin structure due to the phenol groups. Indeed, electrophilic aromatic substitutions can occur. In fact, OH is an electron donor which can be intensified under basic conditions in which a phenoxide ion is formed. Bromination reaction was studied to understand this reactivity. Then, different modifications were investigated to tune the tannin structure. Modifications were performed with hexamine, furfuryl alcohol, ethanol-amine and different aldehydes. Due to the aromatic structure, the coupling reaction can also occur with carboxylic acid and aldehydes. All these modifications are presented in Figure 4.23.


Figure 4.23 Summary of the chemical reactivity of tannin nucleophilic sites [39].
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4.9.2 Bromination

To study the reactivity as well as the accessibility of the flavanoids, some model molecules resulting from phloroglucinol and resorcinol have been selectively brominated in pyridine [50]. Phenol groups are ortho and para directing. Thus, on A-ring, C6 and C8 are both activated by the phenol groups. In the case of (+)-tetra-O-methylcatechin, bromination is done preferentially in C8 position. When this site is occupied, substitution is performed in C6 position since the B-ring is less reactive. In the case of an excess of the bromination reagent, the reaction can slightly take place in C6’ position. Thus, the sequence of bromination is the following: C8, C6, and then C6’. However, for equivalent resorcinol forms, such as (-)-tri-O-methylfustin, the bromination sequence is different with C6, C8 and finally C6’. Preferential sites are presented Figure 4.24 depending on the flavonoids.


Figure 4.24 Bromination reactive sites of flavonoids [39].
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This preferential substitution in C8 vs. C6 is certainly related to the accessibility of the sites for each type of flavanoids (phloroglucinol and resorcinol, respectively).

4.9.3 Reactions with Aldehydes

In the case of adhesives and foams preparation, formaldehyde is the most commonly used aldehyde (see sections 4.5.1 and 4.5.2). With condensed tannins, formaldehyde reacts mainly with A-ring to form methylene interlinks. When A-ring is resorcinol type, the reactive site is in C8 position, whereas, when A-ring is phloroglucinol type, the reactive site is in C6 position (Figure 4.25) [122]. When alkaline conditions are used (at pH = 8), the nucleophilicity of tannins phenols is activated with the formation of phenoxide ions.


Figure 4.25 Formaldehyde reactive sites [39].
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The B-ring (pyrogallol or catechol) is less reactive compared to A-ring. Indeed, activation due to the presence of phenol groups on the B-ring is not located on a carbon contrary to A-ring whose activated sites are on C6 and C8. However, at high pH (approximately 10), the B-ring can be activated by anion formation. Different tannins varieties and wastewater from tanning process have been successfully tested [79, 125–130]. Thus, it is possible to carry out this reaction regardless of the type of tannin.

The reaction between A-ring and the formaldehyde (Figure 4.26) leads to the creation of a cross-linked three-dimensional network with a decrease of the molecules mobility. With a small degree of condensation, the size and the configuration of the molecules do not allow the creation of extra methylene bonds because the reactive sites are too far apart.


Figure 4.26 Reaction between tannin and formaldehyde [39].
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The kinetic differences between formaldehyde and other aldehydes were studied on tannins of pine and mimosa [126]. Formaldehyde exhibits the fastest kinetics compared to other aldehydes (acetaldehyde, propionaldehyde, iso-butyraldehyde, n-butyraldehyde or furfural) due to their steric hindrance.

4.9.4 Reaction with the Hexamine

To avoid the toxic formaldehyde, hexamethylenetetramine, also called hexamine, was studied as a substitute. When in acidic conditions, hexamine is decomposed into formaldehyde and ammonia[131] whereas in alkaline conditions, it decomposes into formaldehyde and triethylamine [132]. However, in certain conditions, it is possible to avoid the production of formaldehyde from hexamine. When molecules with nucleophilic sites such as tannins are present in the medium, amino-imines groups are formed and react with the phenolic compounds (Figure 4.27). The very fast reaction between amino-methylene bases and tannins prevents the formation of formaldehyde [133]. This reaction leads to the formation of benzylamine bonds on the tannins molecules.


Figure 4.27 Decomposition in alkaline conditions of the hexamine in methylene imineamine, which reacts with tannins [39].
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The decomposition of the hexamine strongly depends on pH which also has an influence on tannin reactivity. A study was also performed on autocondensation between hexamine and mimosa (condensed tannins) or chestnut tannins (hydrolysable tannins). It was shown that pH has a great influence on the reactivity[134]. At high pH, hexamine decomposition is faster than its reaction with tannin. In this case, it is possible to form formaldehyde due to the decomposition of amino-methylene.

4.9.4.1 Reaction with Furfuryl Alcohol

Tannin can react with furfuryl alcohol to give intermediates for further synthesis with e.g., formaldehyde. Furfuryl alcohol is a bio-sourced heterocyclic alcohol derived from hemicellulose. The reaction was studied on catechin and was carried out in the presence of acetic acid at 100 °C. The acidity of the reactive medium is necessary because at low pH, furfuryl alcohol reacts mainly on itself [135]. After purification, two products were obtained. Catechin is substituted by the furanyl group in C8 position and in C6 with a yield of 4 and 1.5%, respectively (Figure 4.28).


Figure 4.28 Products of the reaction between catechin and furfuryl alcohol [39].
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However, these reactions show low yields. This is due to the self-condensation of furfuryl alcohol in acid conditions, leading to poly(furfuryl alcohol) [136].

Some studies used formaldehyde and furfuryl alcohol to improve the alcohol reactivity [137]. Indeed, furfuryl alcohol can be converted into 2,5-bis(hydroxymethyl)furan by formylation. This latter is commonly used mixed with tannin as reactive to produce foams.

4.10 Mannich Reaction

Under strong acid conditions, tannins can react with ethanol-amines according to the Mannich reaction (Figure 4.29), and then give amphoteric tannins, which are water soluble [122]. These new compounds have flocculating properties and are used in water treatment plants to eliminate clay suspensions. After a Mannich reaction and an alkylation, the quebracho tannins have flocculating properties necessary to bleach waste waters [138].


Figure 4.29 Mannich reaction with tannins [39].
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To understand the reactivity of this system, a study was performed on quercetin with various secondary amines such as diethylamine or piperidin. Depending on the ratio amine/formaldehyde used, it is possible to obtain mono- or di-(aminomethyl) quercetin (yield: 45% and 46%, respectively) [139].

4.11 Coupling Reaction

4.11.1 Michael Reaction

Phenylpropanoids can be grafted on A-ring of catechin (Figure 4.30). This synthesis is based on a two-step pathway. A dienone-phenol rearrangement is followed by a Michael reaction type coupling [140].


Figure 4.30 Dienone-phenol reaarangement and reaction between catechin and caffeic acid [39].
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The reaction is catalyzed by trifluoroacetic acid (TFA) and sodium acetate (NaOAc). The best yields were obtained for a mixture of tetrahydrofuran (THF)/Benzene 1/1 (v/v). Others compounds were tested such as cinnamic acid or p-methoxycinnamic acid but the coupling reaction did not occur. This was due to the absence of the p-hydroxyl group on these molecules, which would have provided the formation of the intermediate through dienone-phenol rearrangement (tautomerism). This intermediate would then react with flavan-3-ol as a Michael acceptor.

4.11.2 Oxa-Pictet-Spengler Reaction

This reaction is derived from Pictet and Spengler reaction which consists of β-arylethylamine cyclization after condensation with an aldehyde in presence of an acidic catalyst. In the case of the reaction oxa-Pictet-Spengler, the nitrogen is replaced by an oxygen atom (Figure 4.31). This reaction was done with different ketones and catechins [141, 142].


Figure 4.31 Oxa-Pictet-Spengler reaction of catechin and various ketones [39].
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The conventional catalyst is boron trifluoride etherate (BF3O(Et)2). Catechin, ketone and catalyst are mixed during 48h at room temperature under nitrogen atmosphere to form β-arylethylamine cyclization.

4.11.3 Functionalization of the Hydroxyl Groups

Phenolic and aliphatic hydroxyl (OH) groups are reactive functions which can be modified to obtain several tannin derivatives. Tannin can be modified to increase the OH chemical reactivity or its solubility in organic solvents, or to improve its processing. Two main strategies are possible to obtain new building blocks from tannin: (i) changing the nature of the reactive sites or (ii) increasing the hydroxyl group reactivity. The phenolic hydroxyl groups are the most active groups. Different modifications such as acylation, etherification, substitution by ammonia and reactions with epoxy groups or with isocyanates were performed and investigated (Figure 4.32). The reactivity and the availability of phenolic functions can be increased by modification into epoxy, which can be then transformed into aliphatic hydroxyl groups.


Figure 4.32 Summary of the chemical reaction with tannin OH groups [39].
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4.11.4 Acylation

Acylation of tannins is a well-known method usually employed for the tannins characterization. After reaction with acetic anhydride in pyridine, tannins become soluble in organic solvents [143] and then, can be analyzed e.g., by NMR [144]. All OH (phenolic and aliphatic) are subjected to acylation [145]. Whatever the level of acylation, the derivate of tannin loses its water solubility and melts at around 150 °C.

Acylation agents are either carboxylic acids, or more reactive derivatives, such as acyl chlorides or acid anhydrides [146]. Esters can also be used for transesterification reactions. If an acid is used, it is possible to form the corresponding anhydride in-situ in the presence of N,N’dicyclohexylcarbodiimide. Solvents generally used are toluene, pyridine, chloroform or acetone to solubilize, at least partially, the polyphenolic compound. The reaction was carried out in the presence of a base in order to activate the hydroxyl groups. Bases were selected from organic bases, such as pyridine, or inorganic bases, such as potassium carbonate, when another solvent was used. The reaction preferentially takes place at solvent reflux temperature until full esterification. This reaction is considered as an opportunity to enhance the lipophilicity of tannins. For example, Figure 4.33 presents the reaction between quercetin and lauroyl acid chloride, in pyridine at 100 °C during 6 hours.


Figure 4.33 Acylation of quercetin by lauroyl chloride [39].
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A complete study was performed on quercetin acetylation [147]. In most cases, the reaction is carried out with acyl chlorides in 1,4-dioxane at 60 °C.

Tests were carried out directly on pine and quebracho tannins. In these cases, acylations were performed with stearoyl chloride and 1-methylimidazole as catalyst in acetone [144]. The maximum degrees of substitution increased with the stearoyl chloride/tannin ratio, for quebracho and pine tannins. The corresponding substitution degrees are 4.0 and 5.1, respectively.

As previously mentioned, tannins can be modified with fatty acid. Quebracho and pine tannins were esterified with lauroyl chloride to give the corresponding laureate ester [148]. Partially substituted derivatives have been obtained with a preference for substitution on the B-ring, with the formation of mono- and di-esters. The same tannins have also been esterified with acid, linoleate and acetate groups to produce tannin-fatty esters [149]. Linoleic acid is firstly modified in linoleic acid chloride which reacts with the tannins.

Pine tannin esterification using anhydrides (acetic, propionic, butyric or hexanoic anhydride) was investigated as a route to synthesize tannin esters possessing varying ester chain length and degree of substitution [150]. These tannin derivatives were used as plastic additives in e.g., poly(lactic acid) as anti-UV.

Tannins can be regioselectively benzoylated according to the Schotten-Baumann method (Figure 4.34) [122] to decrease the number of OH per flavonoid unit. Besides, they precipitate in aqueous solution to easily separate sugars from tannins.


Figure 4.34 Benzoylation of tannin of mimosa according to Schotten-Baumann method [39].
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Adipoyl dichloride is used to introduce a carbonaceous chain between tannins molecules. The highest yield (around 75%) is obtained for molar ratios adipoyl dichloride:tannin equal to (6–10):1. The reaction is carried out at 75 °C during 120 min in a mixture of chloroform and 1,4-dioxane.

Various carboxylic acids were grafted (Figure 5.35) on the OH in position 7 of the 5,7-dihydroxy-6-methoxy-2-phenylchromen-4-one (oroxyline A) [151]. A solution containing a carboxylic acid, 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDAC) and hydroxybenzotriazole (HOBt) in dichloromethane is maintained at 0 °C during 20 min under nitrogen atmosphere. Oroxyline A, solubilized in dichloromethane (DCM) and dimethylformamide (DMF), is then added. The reactional medium is then stabilized at room temperature during 4–5 hours under nitrogen atmosphere.


Figure 4.35 Synthesis of oroxyline A derivatives [39].
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Recently, synthesis of urethanes groups from non-isocyanate reactions were performed from hydrolysable chestnut tannins. By an aminolysis way, condensed tannins reacted with dimethyl carbonate and then with hexamethylenediamine (Figure 4.36) [152, 153]. These promising pathways bring new routes to safely synthetize high performance polyurethane materials, without toxic isocyanates.


Figure 4.36 Synthesis of urethanes groups from non-isocyanate reactions with condensed tannins [39].
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4.12 Etherification

The polyphenols can react by etherification with halogenoalkanes. Alkylation of quercetin in DMF in the presence of tetraethylammonium fluoride (Et4NF) gives tetra-o-ethyl-3,7,3’,4’-O-ethyl[3H]-5-quercetin (Figure 4.37) [154]. The same product can be obtained by reaction of quercetin with ethylene carbonate. Depending on quercetin/ ethylene carbonate ratio, synthesized products were more or less substituted [155].


Figure 4.37 Synthesis of tetra-O-ethyl-3,7,3’,4’-ethyl[3H]-5-quercetin [39].
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Quercetin was also alkylated with 1-chloro-2-propanol in the presence of potassium carbonate in DMF. Then, various hydroxypropylquercetin could be obtained [156]. It is also possible to methylate OH from the rings. The reaction was studied on chrysin with iodomethane (MeI) and K2CO3, as presented in Figure 4.38 [157].


Figure 4.38 Methylation of chrysin [39].

[image: ]


In the same conditions, this reaction is often used for specific methylation of certain OH after the protection of some others. For example, in the case of the catechin, after protection of B-ring hydroxyls, it is possible to methylate catechol with dichlorodiphenylmethane[158]. When the targeted OH is methylated, deprotection can be performed. The reaction was carried out on quercetin to obtain 7-O-methyl quercetin (Figure 4.39) [159].


Figure 4.39 Synthesis of 7-O-methyl quercetin [39].
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Other experiments were completed with a mixture of halogenoalkanes (MeI and ethyl bromide) on oroxylin A in the presence of K2CO3 in acetone under reflux to develop new antibacterial agents [151]. However, many fastidious steps are necessary to produce the corresponding targeted molecule. Then, this pathway is not really industrially viable.

Investigations were directly performed on tannins. Pine and quebracho tannins were carboxymethylated by chloroacetic acid, or chloroacetate sodium. A base is added in the reactional mixture: either NaOH if the reaction takes place in water, or K2CO3 if the reaction takes place in acetone. The best results are obtained when chloroacetic acid is used in acetone with K2CO3 (Figure 4.40) [160].


Figure 4.40 Carbomethylation of pine tannin by chloroacetic acid [39].
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In addition, tannins react also with the 1-bromooctane in DMF with potassium carbonate at 60 °C. The OH reacting groups percentage varies between 15 and 93%. These etherified tannins are insoluble in water [160].

4.12.1 Substitution by Ammonia

Amination reactions with ammonia (NH3) were studied. It is possible to convert a part of phenolic OH into amine functions. A study showed that amination of pyrogallol B-ring by an ammonia solution, without catalyst and under soft conditions is regioselective [161]. In the case of Acacia mearnsii tannin composed of pyrogallol B-ring, amination in the presence of dioxygen produces 4’-amino-3’,5’-dihydroxybenzene on B-ring. In the case of catechol B-ring of quebracho tannins, amination reaction does not take place neither with nor without O2.

Different amination conditions were tested [162, 163]. A NH3 solution containing tannins is stirred during one hour. The mixture becomes very viscous, and then placed during one day under hood at room temperature. The solid obtained is washed with water and dried. Analysis showed that a multiamination took place on a majority of phenolic hydroxyls regardless of the ring, A or B. On the other hand, an oligomerization occurred due to the formation of imine bonds between various units involving a tanninammonium gelation of the mixture (Figure 4.41).


Figure 4.41 Example of structure obtained after amination of catechin by NH3 [39].
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4.12.2 Reactions Between Tannin and Epoxy Groups

4.12.2.1 Reactions with Epoxy Groups

Tannins can react with various epoxies. Hydrolysable tannins were used to make ion-exchange resins after reaction with epoxy resin. Tannin OH react with epoxy groups [164]. Condensed tannins can also react with epoxy [165]. It is in particular the case of pine tannins with diglycidyl ether or polyglycidyl ether (Figure 4.42).


Figure 4.42 Reaction of pine tannins with ethylene glycol diglycidyl ether [39].
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4.12.2.2 Addition of Epoxy Groups

Currently, companies want to substitute bisphenol-A because of its toxicity. This compound used in epoxy-polyphenolic resins was substituted by catechin. After reaction of catechin with epichloridrin (Figure 4.43), the compound thus formed can then replace bisphenol A diglycidyl ether usually used [166].


Figure 4.43 Reaction of catechin glycidylation [39].
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4.13 Alkoxylation

As other biobased resources such as lignin [167], tannins can be oxypropylated (Figure 4.44). This reaction is a ring opening polymerization (ROP) of propylene oxide by the hydroxyls of the polyphenols. To optimize the conditions of synthesis, the reaction with resorcinol was used as model. The best parameters of synthesis were applied to catechin, pine and quebracho tannins [160]. The syntheses were in mass in a reactor with triethylamine (TEA) as catalyst at 110 °C, during 24 hours. The influence of the propylene oxide content was investigated. With the increase in the load of propylene oxide, the percentage of weight gain of tannin during alkoxylation increased as well.


Figure 4.44 Alkoxylation of catechin with propylene oxide [39].
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Oxypropylation was tested on pine barks at room temperature in aqueous alkaline solution. Different degrees of substitution were obtained, always holding secondary hydroxyl groups at the end chain of poly(propylene oxide) [168].

Oxypropylation were also tested directly on gambier tannins with propylene oxide and butylene oxide with potassium hydroxide as catalyst at 150 °C in a reactor [115, 169]. In both cases, the reaction occurred and by adjusting the reaction parameters, such as oxide/tannin ratio, the length of polyether grafted chains can be controlled. Alkoxylation with butylene oxide offered the advantage to produce fully biobased polyols and was also successfully carried out with different tannins such as gambier, mimosa or pine [169]. For both oxides, whatever the tannin species, all OH present from molecules reacted. Nowadays, alkoxylation reaction is an encouraging way to increase the value of tannins, leading to reactive polyols.

4.13.1 Reaction with Isocyanates

To understand tannin reactivity with isocyanates to form urethane groups, catechin was studied as tannin model with phenyl isocyanate [170]. The reaction is performed with acetonitrile under inert atmosphere at 30 °C, during 24 hours.

This study showed that OH from A-ring do not react with isocyanate. It is quite surprising that only OH present from B-ring can take part in this reaction (Figure 4.45) [170]. This is probably due to a lower electron densities at the oxygen atoms in the A-ring compared to those in the B-ring. This suggests that only phenolic hydroxyl groups on the B-ring of a condensed tannin molecule participated in its reaction with isocyanate.


Figure 4.45 Reaction of catechin with phenyl isocyanate [39].
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4.14 Toward Biobased Polymers and Materials

4.14.1 Adhesives

As mentioned, the main aldehyde to form adhesives is formaldehyde [171]. However, the resulted adhesive formaldehyde-tannins have a small number of methylene bonds which explains the brittleness often observed. To improve the adhesive, phenol or resorcinol molecules can be added to create bonds between distant tannin sites through methylene links [121, 172] with a decrease of the viscosity of the mixture. Tannins can be used in adhesive particle board resins with another natural component such as starch. A study proved the industrial viability of using cornstarch-mimosa tannin-urea formaldehyde resin in a classic adhesive formulation in order to replace the conventional urea-formaldehyde system[173]. The tannin-based resin has been prepared without changes of the physical and mechanical properties of boards, when cornstarch and mimosa tannin are added up to 10 and 4%, respectively. Other additives can be used to improve the adhesive properties. A study was made with glyoxal because it is not toxic and produced at an industrial scale [174]. Tests were carried out on wood panels which were glued with an adhesive formulated with tannin pine and glyoxal. Glyoxal reactivity with phenol, urea and melanin, is lower than the reactivity of formaldehyde. This study also showed that cohesion between these panels was lower compared to those glued with a tannin-paraformaldehyde adhesive. However, in the case of formaldehyde prohibition, the glyoxal can be a potential substituent. Chestnut tannins were used for wood adhesives with formaldehyde, tris(hydroxymethyl) nitromethane, and with glyoxal and hexamine as hardeners [127]. This study was done in order to substitute formaldehyde. The curing enthalpy for the adhesive with hexamine as hardener was the highest, due to a high crosslinking density. But the highest rate of chemical curing was achieved using paraformaldehyde as hardener to achieve complete chemical curing. Another option to synthesize adhesives without formaldehyde is with hexamine. For mimosa tannins, good adhesives for wood panels can be obtained at pH = 10. Composite materials with good properties have been elaborated starting from non-woven fiber of hemp and flax fibers with a tannin mimosa resin containing 5% of hexamine [134]. Thus, it is possible to make multi-layer compounds by binding fibers together with the resin [175]. These composites made with tannin resin reinforced with flax fibers can be used for automotive applications [176].

Although formaldehyde gives adhesives good properties, the corresponding volatile organic compounds (VOC) are a strong issue due to their ecotoxicity. Then, some studies were developed with new adhesives starting from acetaldehyde, propionaldehyde, n-butyraldehyde or furfural. These aldehydes were formulated with mimosa tannins as adhesives for wood panels [177] which showed poor adhesion properties. However, a partial substitution of formaldehyde by nbutyraldehyde can be carried out. The latter is water resistant due to hydrophobicity of the carbon chain of n-butyraldehyde. To increase the properties, in addition to tannins and aldehydes, the formulation can contain urea such as monomethylol or dimethylol urea [178]. Another substitute of the formaldehyde which was recently studied and which gives satisfactory adhesion results is furfuryl alcohol [179], which is often used for tannin-based foams.

The acylation is also a useful chemical modification to decrease the brittleness of materials based on tannins and formaldehydes. Adipoyl dichloride is used to introduce a carbonaceous chain between tannins molecules. This inter-chain brings more flexible materials [180].

4.14.2 Phenol-formaldehyde Foam Type

As phenol-formaldehyde foams, it is also possible to synthesize porous structures from tannins. A customary foam formulation is the following: tannins, furfuryl alcohol (used as exothermic agent) and formaldehyde. Foams were first elaborated with catechin in acid conditions [135]. The first foams based on tannins were synthesized with mimosa tannin and catalyzed by p-toluene sulphonic acid [181]. Since, several studies were reported to analyze different parameters such as the acid and alkaline catalysis [182], the use of boric or phosphoric acid to increase the fire resistance [183], the influence of the foam carbonization [184], the effect of the pre-activation of tannins [185], the addition of hydroxymethylated lignin, polyurethane or industrial surfactant [137]. The processing conditions have been also investigated. Microwaves were e.g., tested to accelerate the reaction and led to foams which have comparable properties with those obtained under hot-press procedure [186]. Thus, microwaves-based systems can be considered as more appropriate processes for industrial applications because of the corresponding reduced production times. Different extracts of tannins were tested [137]. In the case of tannins with low degree of polymerization; it is not possible to obtain foams. It is in particular the case of the gambier tannin which contains too great proportion of mono flavonoid [187]. The reactivity varies according to the nature of tannin. For instance, pine tannins are very reactive. This strong reactivity involves a shorter time of freezing which does not leave time to the foaming agents to evaporate. Only recently a formulation was successfully developed, based on propylene glycol [188].

Glyoxal was also used for foam applications as formaldehyde substituent to prepare tannin/furanic rigid foams [189]. Glyoxal can completely substitute formaldehyde in pine foams. The corresponding insulation materials have low thermal conductivity and good mechanical resistance [190]. As previous mentioned, furfuryl alcohol can react with tannins to give tannin-furanic foams. This study investigates the integration of tannins into industrial processes to obtain light porous materials with good properties. Tannins open-cell foams had good sound absorption / acoustic insulation characteristics, compared to industrial foams.

A new foams structure can be prepared from emulsion based on tannin, hexamine, vegetable oil and surfactant. After the reaction of the resin, oil is extracted and the remaining structure is pyrolysed [191]. These foams have more open structures with smaller pores and higher mechanical properties, compared to tannin-formaldehyde carbon foams [192]. A study shows that the initial concentration of tannins controls the porosity, the average cell size and the cell wall thickness of the foam [193].

With the previous formulations, the tannin foams are either rigid, or semi-rigid. Tests were carried out to synthesize flexible foams. During the preparation, glycerol is added with tannins, furfuryl alcohol and formaldehyde [194]. Glycerol acts as a non-volatile and non-toxic plasticizer.

4.15 Materials Based on Polyurethane

4.15.1 Polyurethanes Foams

Polyurethane foams were obtained starting from mimosa tannins and diisocyanates, such as the methylene diphenyl diisocyanate (MDI) [195]. To increase reactivity, tannins are initially treated by a liquefaction process based on polyethylene glycol and glycerol. Liquefaction takes place at 120 °C, during 1 h. Then, the catalyst and other additives are mixed with tannin derivatives before the addition of MDI. In another study, condensed tannins are used to make flexible and open cells polyurethane foams. Quebracho was tested with ethoxylated fatty amine and polymeric MDI [196]. Foams are composed of copolymerized amine/isocyanate/tannin oligomers. From 30 up to 50% of tannins can be added with the reticulating agents. These foams slow down burning compared to conventional polyurethanes foams.

Closed-cells foams were also obtained from oxypropylated tannins [197]. Oxypropylated glycerol was replaced progressively up to 100%. The used of tannins increased the properties e.g., compressive strength and closed-cell content leading to a reduction of the thermal conductivity.

4.15.2 Non-porous Polyurethane Materials

It is also possible to form polyurethane films with partially benzoylated mimosa tannins (Figure 4.46) [122]. Benzolation is performed via the Schotten-Baumann method (section 5.4.4.1, Figure 4.34). Bifunctional isocyanates are then used to elaborate reticulated films, which are bright with strong scratch resistance.


Figure 4.46 Reaction between partially benzoylated mimosa tannins and isocyanates [39].

[image: ]


Crosslinked polyurethanes membranes were also prepared from oxypropylated gambier tannins by a two-step procedure with isocyanate-terminated prepolymers [198]. These latter were prepared from MDI with poly(propylene)glycol (PPG) or with a polyester diol from fatty acid dimers. Oxypropylated gambier tannins offer the potential of preparing a wide range of products. The nature of isocyanate-terminated prepolymer and the isocyanate/hydroxyl groups molar ratio impacted the behaviour (thermoplastic vs. thermoset), the morphology (different crosslink densities) and the properties of the final polyurethane materials. For example, a high elongation at break with a low modulus are obtained for the membranes with the longest grafted PPG chains [198].

4.16 Materials Based on Polyesters

As previously mentioned, tannins can be modified with fatty acids and it is possible to obtain fully biobased polyester thermosets. Vegetable oil is used afterwards as crosslinking agent to obtain films [149]. Tannins were esterified with linoleic acid and then crosslinked. The oxidation copolymerization was promoted with cobalt/zirconium metal driers as catalyst. Tannin derivatives provided rigidity through polyphenolic aromatic rings and unsaturated chains as crosslinker. A similar study was carried out with oleic acid and provided soft, flexible rubber-like materials have been produced [199].

4.16.1 Materials Based on Epoxy Resins

Hydrolysable tannins can also act as crosslinking agent for epoxy resins. The corresponding resins have great resistance properties while being easily decomposable for the recycling [200]. These resins can be dispersed in solvent and used as coating to protect metals from corrosion [201]. Condensed tannins can also react with di-epoxy to form resins [165]. Resins were synthesized with pine tannins with diglycidyl ether or polyglycidyl ether. The effect of the pH has been explored and e.g., it was shown that epoxy opening is favored in basic condition with an increase of the reaction kinetics. Recently (2014), a new project called “Green Epoxy”, from Bpifrance and FUI (France), was recently launched to develop nontoxic industrial alternative to rigid epoxy resins derived from the forestry industry.

As previously mentioned (section 5.4.4.4.2), tannins can be modified by epichloridrin and then formulated with amines or anhydrides reticulating agent [202]. Resin based on green tea extract were functionalized with epichlorohydrin in the presence of benzyltriethylammonium chloride as phase transfer catalyst [203]. To obtain epoxy resins, tannin epoxy derivatives were cured with isophorone diamine. Thermal and mechanical properties of tannin based epoxy resins are high due to a high crosslinking density.

4.17 Conclusion

Tannins are an abundant natural aromatic resource that has not yet be fully exploited as a renewable source to elaborate new macromolecular architectures for novel materials. The specific chemical structures of tannins allow bimolecular nucleophilic substitution giving the opportunity to convert them into several promising aromatic chemicals and building blocks. Neat or modified tannins permit the elaboration of adhesives, foams, polyurethanes and epoxy resins… with interesting performance. However, the intrinsic properties of tannins, the resource variability, polymerization degree and chemical hyperbranched structures have hampered the development of tannin derivatives. Thus, to obtain high value tannin products, a preliminary investigation into the chemical structure of the tannins as well as the use of high purity tannins are primordial.

Tannin price varies between 0.7 and 1.5 €/kg, according to the extraction, purification and drying process, and depending on the botanical resource and the product purity. Such a price can be a limitation for some low-cost applications compared to some other renewable resource.

In summary, all these current developments highlight the great potential of tannins to create innovative and efficient material in agreement with the emergent concept of sustainable development. Tannins as an aromatic building block for a green chemistry to develop biobased polymers represents an important field of research. Tannins become an encouraging and interesting renewable aromatic resource for the next decades.
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Abstract

The present work is dedicated on the investigation of application potential of plant latex as a new renewable energy source. Jatropha latex is exuded from a multipurpose plant Jatropha curcas, spreading over the globe. The Jatropha curcas, is popular due to production of biodisel from its seeds. Jatropha latex is a colloidalsuspension-like liquid with high pH (about 3.0), exhibiting ionic liquid behavior. After prolonged sun-drying, the latex becomes ‘mica’-like flake which can be ground to form a dry powder of Jatropha latex. The electro-active nature of the dry Jatropha latex (pH 3.8) is like that of a supercooled ionic liquid. The electro-active material potential of Jatropha latex is thus exploited to develop an illustrative electric cell for power generation. This qualifies dry Jatropha latex as a high potential biomaterial for directly generating electric power. Jatropha Latex may be used, as part of a low-cost, green synthesis technique, to develop nanoparticles of metallic compound. The latex also manifests high medicinal value.
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5.1 Introduction

Conventional and some non-conventional energy sources being directly or indirectly dependent on biomass, the identification and realization of renewable energy sources has become an important task in science and technology. Accordingly, a wide range of bio-material from mostly plant ingredients have come to be investigated for these properties. The present work specifically examines the application potential of plant latex as a new renewable energy source.

Biopolymers occupy a leading position in materials science. The functional advantage of this class of material makes it superior. There exist many reports and works discussing its development and application [1]. Biopolymer includes a variety of biomaterials of which plant latex is the focus of attention here. Gums and latex are plant exultant and extracted from living plants.

5.2 Plant Latex

Latex is a plant exudant, polymeric in nature and is secreted from laticifer cells of plants [2]. It is a suspension type milky translucent fluid available from stem, root, fruit and branch of flowering plant. Often latex may exhibit colors also. In general latex contains organic molecules like alkaloids, gums, starches, oils, tannins, resins, sugars, and proteins. The presence of polymer nano/micro particle latex exhibits coagulation upon exposure to air. Latex plays important roles in plant biology and psychology [3], with wide-ranging important applications in pharmacy, medical sciences, preparation of adhesives and allied fields. The most important use of rubber latex [4] is in the field of material science and engineering. The chemistry of latex is very important for uncovering further useful modifications and applications.

The approximate chemical composition [3] of latex is a complex compound of carbon, hydrogen and nitrogen with approximate empirical formula C3H3N. The chemistry of any given latex latex is dependent on nature of generic plant species and their geo-physical location.

The focus attention here is the Jatropha latex. It exuded from a multipurpose plant Jatropha curcas, shown in Figure 5.1, spreading over the globe. The Jatropha curcas is popular due to the production of bio-diesel from its seeds. Details of the application potential of Jatropha products may be found in the literature [4, 5]; details of its production and future prospects as a plant product are discussed at length at [5]. The mentioned works and updated reports paid most attention to utilising its seeds for biodiesel production. To date, meanwhile, by comparison, details of latex from Jatropha curcas with regard to its electro-activity and applications potential has been paid relatively little attention.


Figure 5.1 Photograph of Jatropha Plant.
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5.3 Jatropha Latex

5.3.1 Chemistry

Crude Jatropha latex contains a wide range of organic and inorganic ingredients. The major constituents are glycerol-based fatty acid, phenolic complex, proteins, and thiol-based complex with other organic and inorganic molecules. The major protein molecules in it are curcacyline A and curcacyline B. Curcacyline A is a cyclic octapeptide curcain. Cyclic peptides are formed into a ring via amide ester or disulfide bonds [6]. Because of non-exposure of C,N-terminal groups to exopeptides, they remain substantially stable in the presence of enzymatic degradation. Cyclic peptides found to exhibit a wide range of activities like antibiotic, anthelmintic etc a broad discussion may be found in literature [7] and references therein. Curcacycline B, a cyclic nonapeptide, enhances rotamase activity of cyclophillin. It also contains Curcain -a protease, molecules.

5.4 Jatropha Seed

The seeds of physic nut are a good source of oil, which can be used as a diesel substitute. However, the seeds of J. curcas are, in general, toxic to humans and animals. Curcin, a toxic protein isolated from the seeds, was found to inhibit protein synthesis in vitro studies. The high concentration of phorbol esters present in Jatropha seed has been identified as the main agent responsible for Jatropha toxicity [8, 9].

5.5 Material Preparation

Jatropha latex is collected from the site of marked injury on the stem of the plant. Upon exposure to air, the oozed white milky fluid as latex exhibits a light violet colour which may vary with geographical location and climate of plant location.


Figure 5.2 Photograph of green Jatropha Seeds.
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After prolonged sun-drying under large surface-to-volume ratio, the latex becomes ‘mica’ like flake shown in Figure 5.3. The developed flakes are grinded to form dry powder of Jatropha latex shown in Figure 5.4. Specimens are also produced from Jatropha seeds which have a black outer coating. Cushing and elimination of outer shell of the seed give a white mass which is used for Bio-diesel production. The dried oil seeds are crushed to form large grained powder for experimental specimen.


Figure 5.3 Photograph of Jatropha Latex Flakes.
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Figure 5.4 Photograph of Jatropha Latex Powder.
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5.6 Microscopic Observations

5.6.1 X-ray Diffraction

XRD study of Jatropha latex powder is of high importance in regard to structural homogeneity, crystallinity and effect of water content in it. In this study, XRD analysis (Rigaku Miniflex, Japan) provided good structural and morphological information on Jatropha latex powder characterization. The XRD pattern of Jatropha latex powder specimen is shown in Figure 5.5. The smoothed XRD pattern of Jatropha latex powder provides an interesting feature of intensity distribution. The existence of peak structure in the XRD patterns indicates and confirms its micro-crystalline structures over an amorphous background. The background intensity variation with diffraction angle is the indicator of radial distribution function due to amorphous/liquid-like material aspect.


Figure 5.5 XRD Pattern of Jatropha latex powder.
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It shows the micro-crystalline structures with overall amorphous background. The intensity peak corresponds to 2θ = 25.35o is the peak in Radial Distribution Function (RDF). The Debye-Scherrer equation given in Equation (5.1) is employed to compute coherent length:

(5.1) [image: equation]

Where λ is the wavelength of X-radiation (λ = 1.5418 Å for Cu-Kα), θΒ is the glancing angle, Δ2 θΒ is the difference in angle at the two ends of full width at half maximum (FWHM). The coherence length is the measure of average grain size in direct space and was estimated in Equation 5.1 as 3.54 Å. The peaks in XRD pattern of Jatropha latex powder at 2θb values 25.04, 26.56, 27.96 degrees and higher values are due to Bragg’s peak due to crystalline fraction in the specimen. The corresponding d- values for the crystalline fraction estimated from Bragg’s law are 3.55 Å, 3.35 Å and 3.18 Å respectively. The XRD pattern provides an interesting feature of intensity distribution. This is an indication of growing anisotropy in liquid latex specimen due to solidification and crystallization. The otherwise amorphous Jatropha latex powder contains crystalline fraction probably due to presence of Jatropholones A and B [10]. The observed Bragg peaks may be attributed to the crystalline fraction in the given specimen of Jatropha latex powder.

5.6.2 Electronic or Vibrational Properties

The physical appearance of Jatopha latex was often found to exhibit colour; therefore their optical absorption characteristics in the UV-VIS region were studied in order to investigate their optical absorption, absorbance region, and the photo-charge separation therein. The optical absorption in the UV-VIS region was measured for coloured liquid and its dried powder. The UV-VIS spectroscopy is an important technique for biomaterial characterization [11]. Figure 5.6 shows the UV-VIS absorption spectrum (Shimadzu UV VIS Model 2450, Japan) of the latex powder. There exists no characteristics absorption signature in visible region; however there exist characteristics of bio-molecular UV absorption peaks around 215 nm and 265 nm indicating UV affinity of biomolecules.


Figure 5.6 UV-VIS spectroscopic result of Jatropha latex powder.
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Fourier transformed infrared spectroscopy for use as a powerful technique to extract molecular information such as energy difference (i.e. absorption of infrared frequency due to bond bending and bond stretching). The latter are the finger print of the functional group/ligand associated with a molecule.

An infrared (IR) spectrum only appears if the vibration produces a change in the permanent electric dipole of the molecule. The more polar a bond, the more intense the infrared spectrum arising from vibrations of that bond will be. Fourier transformed infrared (FTIR) spectroscopy for use as an emerging analytical tool capable of monitoring the IR spectrum of a biomolecule and hence the chemical information, with high signal-to-noise at high spatial resolutions. In an n-atom nonlinear molecule there are 3n-6 possible vibrational modes. The vibration includes bond bending and bond stretching. The energy difference between vibrational states corresponds to the energy level of infrared radiation (IR). Normally the two major regions in the IR spectrum of a molecule are the functional group region (7000 Cm–1 – 1500 Cm–1) which includes the X-H stretching region and fingerprint region (1500 Cm–1 – 350 Cm–1). The latter region is very important in biomolecular dynamics [12] and may provide much relevant information about the internal motion of the molecule and its related biomolecular function in living systems. The objectives of the FTIR spectroscopic [13] study are (i) to recognize the most reliable absorption frequencies for a particular functional group of a biomolecule, (ii) to use the group frequencies to distinguish the spectra of the sample, and (iii) to understand the factors which complicate (e.g., overtone and combinational bands, Fermi resonance, and most important for a biomolecule – hydrogen bonding) IR spectra and to be able to recognize the effect that these have on the spectra. The work presented in the work [14], vibrational characteristics of gum Arabica along with its change in its polymerization effect are studied. In the following will be a brief discussion on the FTIR absorption spectra (recorded by FTIR Model, IR Affinity 1, Shimadzu, Japan, at a resolution 0.5 cm–1 in a KBr window) of prepared specimen of Jatropha latex powder.

The Figures 5.7 and 5.8 show the FTIR absorbance spectra of Jatropha latex powder. Peaks corresponding to wave numbers 3245, 2950, 1655 and 1507 cm−1 are the characteristics absorption of Curcacycline A and that at 3440, 3250, 2954, 1700, 1502 and 1200 cm−1 are due to the absorption of Curcacycline B. The results obtained are comparable to the studies by [7], The absorption band at 1640 cm−1 corresponding to –C = O bond stretching in amide II due to carbonyl stretch in proteins. The absorption peak around 1360 cm−1 due to –C–N bond stretching in aromatic amine group. The absorption peak at 3440 cm−1 is characteristics of –N–H bond stretching of amide I band. The absorption peaks around 2,950 cm−1 was assigned as the stretching vibration of –C–H in methyl. Peaks at 1430 and 1,327 cm−1 are mostly belong to proteins and others due to –O-H, thiol and other functional groups in the constituents of Jatropha latex. Besides theses mentioned absorption peaks there are peaks due other constituents in the crude Jatropha latex.


Figure 5.7 FTIR spectroscopy of Jatropa latex powder between wave number 1200 to 1800 cm−1.

[image: ]



Figure 5.8 FTIR spectroscopy of Jatropha latex powder between wave number 3000 to 4000 cm−1.
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5.7 Electroactivity in Jatropha Latex

The electrical transport in a material is the hallmark of electroactivity. Electrical conductivity of polymers in general is a material property which may vary over a wide range. Biopolymers are a subclass of organic conductors. Electrical conductivity in what is otherwise a biopolymer originates from motion of either electrons or ions or both. The electrical conductivity of biopolymer may be expressed by equation (5.2),

(Eq 5.2) [image: equation]

Where, qi, ni and μi are the respective charge, concentration, and mobility of the ith species of conducting carrier. The carrier mobility is the carrier drift velocity in the field direction per unit electric field. Electronic conduction in a biopolymeric system is possible where unsaturated or π-type chemical bond exists.

Normally polymer electrolytes (PE) are ion conducting in nature and conducting polymers are electronic conductors due to π-electronic transport. These two categories form EAP however the later class often termed as intrinsic conducting polymers (ICP). The materials, which often belong to electro-active polymers, receive considerable attention in the recent periods due to their tremendous application potential. The biopolymers have some functional characteristics, which are in general absent in synthetic polymers. Some of the water-soluble natural plant gum, i.e. natural polysaccharides, also belongs to EABP category [15]. Details of biomaterials exhibit electroactivity may also be found in mini review [16]. In an early work [1] electroactivity and application of gum Arabica was discussed at length.

5.7.1 Ionic Liquid Property

Ionic liquids (ILs) are systems of salt in liquid form which contains both neutral molecules and ions. They often exhibit many interesting properties which make the material very attractive for device application with ions and electroactive polymer (EAP) [17].

Ionic liquid-based biopolymer electrolytes are found to exhibited lower glass transition temperature. Green bio-degradable eco-friendly materials are point of interest to researchers and the role of ionic liquid-based biopolymer electrolytes are gaining interest in the field of material research. Ionic liquid based polymer electrolytes have the potential to replace conventional toxic polymer electrolytes in various electrochemical applications, e.g. power storage device. Room temperature Ionic liquid may be regarded a system of molten organic salt with large organic cations with delocalize charges and organic or inorganic anions [18]. The systems have many novel physical and chemical properties like high electrical conductivity non-volatility, low-melting point, lower toxicity, and high thermal along with a wide electrochemical window [18-20].

5.8 Electroactivity in Jatropha Latex

For electrical measurement polished and clean copper plates were pressed on both surfaces of the biopolymeric specimen to ensure good electrical contact. The ion transference number of mobile ions (mostly hydronium/di- hydronium) in the biopolymer was estimated following blocking electrode method [21] technically known as Wagner’s polarization technique [22]. In the present measurement polarization current was recorded as a function of time across a Cu/electrolyte/Cu proto cell and was recorded by a Keithley 2400 electrometer.

Figure 5.9 shows the variation of polarization current as a function of time. The ionic transference number of mobile species in the Jatropha latex powder has been estimated by Wagner’s polarization method [23]. The total current i consist of both ionic current (iion) and the electronic current (ie). The ionic transference number was obtained by using standard [21] formula given by equation (5.3)

(5.3) [image: equation]


Figure 5.9 Polarization current of Jatropa latex powder in Cu-Cu electrode. Specimen geometry of the pellet (Area-, Thickness- 0.9mm.) Applied voltage- 2.0 V.
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The ionic transference number (τion) was found to be 0.95 so one may consider that the observed specimen of Jatropha latex powder exhibits ionic character like other solid electrolytes

Figure 5.10 shows the variation of charging current of Jatropha latex powder in cu-cu electrode with time. The result shows a slow rate of growth of current through the specimen. It is signature of typical ionic solid like aspect.


Figure 5.10 Charging current of Jatropha latex powder in cu-cu electrode with time. Geometry of the pellet (Area-, Thickness- 0.9mm.) Applied voltage-0.0V.
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The ionic mobility of mobile species of the Jatropha latex powder was determined by using transient ionic current technique. The sample was subjected to a D.C. electric field across Cu/sample/Cu cell to polarize it. The transient ionic current was then recorded as a function of time by reversing the polarizer electric field. The said reversal was however done by using a Keithley 2400 sourcemeter. The current was recorded by a computer interfaced data acquisition system. Figure 5.11 depicts Transient Ionic Current (TIC) variation which provides important information about the electroactivity of a material. Figure 5.12 shows TIC of Jatropha latex powder. An initial decrease in TIC and subsequent increase with few fluctuations is observed. This unusual nature in TIC are not observed EAP or in ionic solids. The observed fluctuation in later part corresponds to multiple conducting ion species in Jatropha latex powder with moderate mobility. Figure 5.12 shows TIC of liquid Jatropha latex. Fluctuations are observed over almost a steady value of TIC. It is a typical characteristic of liquid electrolytes of ionic liquid type and again it is showing a signature of presence of multiple conducting species with high ionic mobility.


Figure 5.11 Transient ionic current (TIC) measurement of powder latex with cu electrode.
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Figure 5.12 Transient ionic current measurement of liquid latex with Zn electrodes.
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Figure 5.13 shows that the capacitance (C) of the developed proto-cell and hence the dielectric constant the biomaterial varies with impressed voltage (V). It is also observed that the capacitance also exhibits an initial decrease and then its increase with increase in charging time. Figure 5.14 shows the corresponding change in C of the Jatropha liquid latex specimen. Unlike the solid specimen the variation is follows an initial decrease to a final oscillating nature and is due to high ionic mobility in it. In liquid specimen electronic conduction is substantial compared to that in sold specimen. The said variation of C with V is also observed in other IL systems e.g. Aquivion film, containing 40% 1-ethyl-3-methyl imidazolium trifluoromethanesul fonate (EMI-Tf) [24].


Figure 5.13 Applied voltage vs capacitance of Jatropa latex powder (– —–best fit).
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Figure 5.14 Applied voltage vs capacitance of Jatropha latex in liquid form. (best fit).
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The variation of complex impedances and loss angle were also studied for better information of a.c. conductance of the biopolymer solid Jatropha latex specimen. Impedance spectroscopy [25] describes the response of a circuit to an alternating current or voltage as a function of frequency. It is the most popular technique of investigating electro-activity in EAP. The overall feature of the electro-activity of a material is best understood from the alternative current (a.c.) experiment. In a.c. theory following Ohm’s law given in Equation (5.4),

(5.4) [image: equation]

Where, E is impressed a.c potential difference and Z is defined as impedance, the a.c. equivalent of resistance. The real and imaginary components of complex impedance Z were estimated from the measured parameters. The measurement was done by an impedance analyzer (HIOKI 3522 LCZ meter, Japan) between frequencies 10 Hz to 100 kHz. Impedance plot is a popular format for evaluating impedance data, known as the Nyquist plot. This format is also known as Cole-Cole plot or a complex impedance plot. The negative imaginary part of impedance component Z is plotted against real impedance component Z at each excitation frequency.

Figure 5.15 shows the nature of total electrical conduction of Jatropha latex powder at RT through the Cole-Cole plot. It shows a depressed semi-circular nature with presence of constant phase element. The electrical conduction is dominated by ionic conduction. The estimated electrical conductivity is ~ 10–6 S/cm. The result is comparable to pure EAP and other biomaterials [1]


Figure 5.15 Cole-Cole plot of Jatropha latex powder. Sample thickness-1.65mm., Area-1.32sq cm.
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5.8.1 DC Volt-ampere Characteristics

The study of volt-ampere (I-V) characteristics of a material is important with regard to electronic conduction in it. The nature of I-V characteristics provides information [26] electron and ‘hole’ contribution to the total electronic conductivity. In the following paragraph, the D.C. I-V characteristics of Jatropa latex powder have been discussed. Figure 5.16 shows the nature of D.C. I-V variation in Jatropha Latex powder specimen with temperature as parameter. It is clear from the Figure 5.16 that D.C. electrical conductivity of the material increases with increase in temperature. The results also shows that open circuit voltage (OCV) of the proto-cell remains independent of temperature however short circuit current (SCC) increases with increase in temperature. The overall DC I-V nature of the material is due to Arrhenus mechanism in solid electrolyte. The said measurement was carried out with Cu-Cu electrode. This is an important result towards electric cell application of the material.


Figure 5.16 V-I characteristics of Jatropa latex pellet, temperature as parameter. (Thickness-0.55mm Area-1.32sqcm, At RT (22.9C) OCV-0.9V, Isc-.0441microA). • at (65.5 °C), • at (60.7 °C), • at (54.7 °C), • at (50.1 °C), • at (45.4 °C), • at (40.1 °C), • at (35.2 °C), • at (30.2 °C), • at (25.6 °C), • at (22.9 °C).
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5.8.2 Temperature Variation of AC Conductivity

Figure 5.17 shows the temperature variation of total (AC) electrical conductivity estimated from the results of a.c. measurement on latex powder. The increase in conductivity unto 55 C is due to Arrhenus mechanism in solid electrolyte and the declining value of the electrical conductivity is due to chemical decomposition in the latex powder.


Figure 5.17 AC resistant VS Temparature at 10 KHz Frequency. (Thickness- 0.55mm, Area-1.32sq cm).
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Figure 5.18 shows the nature of total electrical conduction of Jatropha seed powder at RT through the Cole-Cole plot. It shows an appearance of overlapped depressed semi-circles signifies existence of multiple conducting species. The electrical conduction has a dominated ionic conduction. The estimated electrical conductivity is found to be ~ 10−7 S/cm, one order less compared to that in latex powder.


Figure 5.18 Cole-Cole plot of Jatropa seed Powder. Sample Thickness-1.42mm, Area-2.268 sq cm.
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The V-I characteristics of Jatropha seed with Redox pair electrode (Zinc-Graphite) is shown in Figure 5.19. Like latex the Jatropha seed powder also exhibits the action of electro-chemical cell. The open circuit voltage or emf of the cell is measured to 0.85 Volt. The presence of long chained organic oil molecule in the seeds the cell has lower current density compared to that in latex powder.


Figure 5.19 V-I characteristics of Jatropa seed with Redox electrode (Zn-Gr). Sample dimension (Thickness-1.42mm, Area- 2.268 sq cm).
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5.9 Applications

Jatropha has many potential applications. However, until now only a few have been realized on a reasonable and large scale. Jatropha is primarily cultivated for its oil. However, this oil is not the only usable product from the plant. During the process of extracting the oil, many useful by products are created, as well. Here, first the oil applications are discussed, followed by the applications for the by products. Jathropha oil can be used in several ways. The pure (untreated) oil can be used as fuel or for soap production. Jathropha oil can also serve as a resource for the production of biodiesel. First the applications of the raw oil are discussed, followed by the oil refining to biodiesel.

An electric cell is an electrochemical device that can generates electrical energy from chemical energy produced by electro-chemical reactions in the Cell. The most of the popular unit of battery for common use of this type is known as a Galvanic cell. Jatropha latex is a colloidal suspension like liquid with high pH value about 3.0. The Jatropha oil seed is a potential ingredient for bio-diesel production. Jatropha latex is used as electrolyte to develop simple electric cell. The developed cell uses the simple Znic-Gaphite redox pair electrodes. Figure 5.20 shows the characteristics of the developed Cell. The emf of the developed cell is measured as 1.4 V at 25 oC (room temperature RT). The current density in the cell in operation found to 30 A/m2. The use of depolarizer results an overall improvement of the cell operation that is increase in both emf and current density of the developed cell.


Figure 5.20 V-I characteristics of liquid latex (black), latex+kerosin(red), using redox electrode Zn-gr. For black (Vocv=1.41v,Isc=.3514mA), for red (Vocv=1.22v, Isc=.3791mA).
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Due to Galvanic corrosion process Zn electrode is found to degrade electrochemically. In fact this is a major difficulty in a cell with liquid electrolyte. Liquid Jatropha latex exhibits ionic liquid property and it is capable to attack metallic electrodes. A cell is also developed using solid electrolyte namely dry Jatropha latex. The dry latex is essentially behaves like electroactive biopolymer (EABP). The EABP nature of the dry Jatropha latex (pH 3.8) is like that of super cooled ionic liquid. The developed electric cell with dry Jatropha latex as electrolyte and Znic-Gaphite redox pair electrodes with appropriate depolarizer (e.g. MnO2) the emf and current density of cell found to be 0.8V and 6 A/m2 respectively at RT. The electrochemical potential is thus develops an electric current which electrolytically dissolves the less electrode material. Thus dry Jatropha latex is a high potential biomaterial for direct generation of power. The scope of further development of the eco-friendly dry Jatropha latex based electric cell is open.

Theoretical estimation of emf is based on the assumption that all chemical reactions are in equilibrium. In practice whenever current flows in the circuit, desired equilibrium are not achieved and the cell emf will usually be reduced by various mechanisms [27]. In case of this new biopolymeric electric cell it has been observed that when the electrolyte concentrations increased the cell voltage is reduced and hence dry Jatropha latex as electrolyte exhibits lower cell emf. The emf produced by cell is also the developed cell is found to be temperature dependent.

Jatropha latex may be used to develop a low-cost, green synthesis technique for obtaining nanoparticles of metallic compound. It has been successfully used to develop ZnS nanoparticles [28] by 0.3 % latex solution. It has been found that cyclic peptides like curcacycline A -an octapeptide, or curcacycline B -a nonapeptide and curcain -an enzyme are reducing and stabilizing agents present in Jatropha latex. The latex contains cysteine or thiol in enzyme curcain donates the sulphide (S-2) ions.

It has been also reported [29] that Silver nanoparticles are synthesized following green synthesis using renewable latex of Jatropha curcas. The latex found to act as reducing agent for the synthesis and as an effective surfactant to cap the nanoparticles. The latex of Jatropha curcas has tremendous application potential in pharmacy and medical applications [7].

5.10 Conclusion

Jatropha Latex is an electroactive medicinal biopolymer, and this conducting biomaterial has a substantial ionic contribution like other solid protonic conductors. The overall material characteristics of it investigated so far is found to be very interesting. The presence of an organic acid unit along with phenolic complex in the molecular structure provides high electrical conduction. The presence of proteinous complex as photo-absorbing group induced charge separation provides high carrier concentration. The electrochemical property of liquid latex is also very interesting. Jatropha latex is a colloidal suspension-like liquid with high pH value about 3.0. The Jatropha oil seed is a potential ingredient for bio-diesel production. Jatropha latex may be used as electrolyte to develop electric cells. Liquid Jatropha latex exhibits ionic liquid property and it is capable to attack metallic electrodes. Jatropha Latex may be used to develop a low-cost, green synthesis technique for obtaining nanoparticles of metallic compound. The latex contains cysteine or thiol in enzyme curcain in the latex donates the sulphide (S−2) ions and hence it provides a good path way for synthesis of metallic sulphide nanopartiles.
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Abstract

Poly(lactic acid), PLA, is one of the biopolymers already available in large quantities produced by industrial fabrication in a number of different commercial grades. It has promising properties, which make it suitable for different types of applications in the biomedical and technical field. This chapter will focus on PLA properties, which are major for applications in high volume markets, such as technical applications or packaging. Main focuses are the production of lactic acid, the synthesis, physical-chemical properties, the degradation and the biodegradation of PLA. The knowledge of the relationships between the process and the polymer properties allows for the tailoring of the final material for a given application. The main fields of technical applications of PLA are reviewed in pointing out its main advantages and limitations.
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6.1 Introduction

Polylactic acid, or polylactide, PLA was first reported in 1932 by Wallace Carothers and coworkers, all chemists at DuPont. Their work showed the dimerization of polycondensated lactic acid into lactide and the Ring Opening Polymerization (ROP) of lactide [1]. Further work by DuPont, patented in 1954, yielded a high-molecular weight product due to improved lactide purification processes [2]. However, the aliphatic polyester PLA was abandoned because it was considered not sufficiently stable at this time due to its susceptibility to hydrolytic degradation. It was only in the 1960s that interest was renewed because of the advantages of hydrolysable structures perceived for biomedical applications. In 1972, high-strength, biocompatible fibres for medical resorbable sutures were introduced by Ethicon. Since the 1970s the biomedical applications of PLA are fields of active research and brought about a number of major developments in controlled drug release or implants. The high cost of lactic acid, and therefore of the resulting polymers, restricted however commodity applications. In the late 1980s advances in the fermentation technique for obtaining lactic acid, enabled a substantial increase in world-wide production and a substantial decrease in cost. In 1992, Cargill Inc. patented a solvent-free process and novel distillation technique to convert lactic acid into high-molecular weight polymers based on ROP. The first industrial production plant of PLA started production in 2002 and today PLA is the most produced bioplastic. PLA is already successfully applied in the biomedical field, and commodity applications, such as textiles or packaging.

6.2 Production of PLA

6.2.1 Production of Lactic Acid

The basic constitutional unit of PLA is lactic acid. Lactic acid (2-hydroxy propionic acid) is an α-hydroxy acid with an asymmetric carbon atom and exists either as L (+) or D(-) stereoisomer, as shown in Figure 6.1.


Figure 6.1 Stereoisomers of 2-hydroxypropionic acid (lactic acid).
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The L- isomer is produced in humans and other mammals, whereas both the D- and L-enantiomers are produced in bacterial systems. Lactic acid can also be derived chemically from renewable resources such as ethanol or acetaldehyde or from chemicals coming from coal (e.g. acetylene) or oil (e.g. ethylene) [3]. However, the large majority of lactic acid produced today is obtained by bacterial fermentation of simple sugars, using homofermentative strains of the genus Lactobacilli. The homofermentative pathway yields 1.8 moles of lactic acid per mole of hexose, and conversion rates of glucose are higher than 90 % [4]. Processing conditions are generally batch fermentation at pH of 5.4–6.4, temperature around 40 °C and low oxygen concentration. Lactic acid produced is neutralized with Ca(OH)2 or CaCO3. Strains such as L. amylophilus, L. bavaricus, L. casei, L. maltaromicus, and L. salivarius produce exclusively L-lactic acid, while strains such as L. delbrueckii, L. jensenii, and L. acidophilus yield mixtures of both, L- and D-lactic acid. Main carbon sources are glucose and maltose form corn, sugar beet, sugar cane or potato, supplemented with other complex nutrients, supplied by complex sources, such as corn steep liquor or yeast extract [5]. Down-stream processing includes filtration of the culture broth to remove insolubles and biomass, evaporation, recrystallization, acidification of the calcium lactate by sulphuric acid to yield crude lactic acid. The insoluble calcium sulphate is discarded, which generates one metric tonne of waste (CaSO4 called gypsum) per metric tonne of lactic acid. For use of lactic acid in food and pharmaceutical applications, further purification by distillation is required [6, 7].

Main bottlenecks of the process are inhibition of bacterial growth at pH lower than 4, while the pKa of lactic acid is 3.78 causing the need for continuous neutralization of the culture medium. The cost of pre-treatment of raw materials is high because of the need for saccharification to obtain simple sugars, and the cost and waste generation during downstream processing. To address these points optimization of production strains and downstream processing is required.

Recombinant strategies have been employed to generate more pH tolerant lactic acid bacteria and to enable the use of complex carbon sources, such as starch or cellulose, or to generate lactic acid producing strains of other microorganisms, such as Escherichia coli, Corynebacterium glutamicum or yeasts. Okano et al. [8] published recently a review over different strategies for strain optimization, showing for example a result of their group in redirecting metabolic pathways in L. plantarum DldhL1 able to use arabinose coming from hemicellulose in order to obtain efficient production of lactic acid and decrease significantly the by-production of acetic acid. The use of E. coli and C. glutamicum seem to be promising. E. coli is for example able to grow on simple mineral salt media without the need for expensive nutriments such as vitamin B but yield needs to be improved [8].

A complementary strategy to increase the efficiency of the lactic acid production is process intensification. Continuous removal of lactic acid or lactate is required, which can be achieved by adsorption, extraction, and membrane separation. Membrane separation has been the object of intensive research in the last years, because it cumulates the advantages of not requiring process steps for regeneration and recycling as well as offering the possibility of cell recycling into the bioreactor to maintain high cell densities. Main techniques are microfiltration, ultrafiltration, nanofiltration, reverse osmosis and electrodialysis. One of the main challenges is membrane fouling by microbial cells and proteins. Furthermore, a selective separation of lactic acid is desirable, which allows also for recycling of not used nutrients into to bioreactor. However, the retention of neutral solutes, such as glucose, by nanofiltration or reverse osmosis in the presence of charged ones generally decreases, probably because of increased membrane charge density in the presence of charged solutes [9]. To overcome these drawbacks, multi-stage systems are probably required. A proposition is a two steps process with first microfiltration, less susceptible to fouling, and second nanofiltration, capable to separate in the permeate stream lactic acid and to retain useful solutes for recycling into the bioreactor [9].

6.2.2 Synthesis of PLA

Lactic acid based polymers can be synthesized by different routes, as shown in Figure 6.2. Globally, there are two routes to obtain high molecular weight polymers: direct lactic acid condensation, often including the use of coupling agents to increase molecular weight and ROP of lactide [10]. The nomenclature used in literature for those polymers is sometimes contradictory. Polymers derived from direct polycondensation should be referred to as poly(lactic acid) and polymers synthesized by ROP of lactide as poly(lactide). Both types are generally named PLA. In function of stereochemistry of polymer chain, different types are obtained and summarized in Table 6.1.


Figure 6.2 Main routes for the synthesis of PLA.

Adapted from ref. [4].
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Table 6.1 Stereoisomers of PLA.



	PLA form
	Structure



	Isotactic poly(L-lactide), PLLA
	LLLLLLLL



	Isotactic poly(D-lactide), PDLA
	DDDDDDDD



	Random optical copolymers
	Random level of meso or D-lactide in L-lactide or D-lactic acid in L-lactic acid



	Stereocomplex PLLA/PDLA
	LLLLLLLL mixed with DDDDDDDD



	PLLA/PDLA stereoblock complexes
	LLLLLLLLDDDDDDDD



	Syndiotactic poly(meso-lactide)
	DLDLDLDL

Al-centered R-chiral catalyst



	Heterotactic poly(meso-lactide)
	LLDDLLDDLLDD



	Atactic poly(meso-lactide)
	No stereocontrol



	Atactic poly(lactide), PDLLA
	No stereocontrol




PLA polymerization by direct polycondensation (route 1 in Figure 6.2), the least expensive route, yields low molecular mass polymers [11], having mechanical properties which are insufficient for most applications. To increase molecular weight, chain coupling agents, such as anhydrides, epoxides or isocyanates, are added. They react preferentially with the hydroxyl or the carboxyl group leading to different reaction rates. A purification step has to be performed to remove unreacted coupling agents and prepolymers [10].

Azeotropic dehydration and condensation polymerization (route 2 in Figure 6.2) yields directly high molar mass polymers. The procedure, patented by Mitsui Toatsu Chemicals [12, 13], consists in the removal of condensation water via a reduced pressure distillation of lactic acid for 2–3h at 130 °C. The catalyst (in high amounts) and diphenyl ester are added and the mixture is heated up to reflux for 30 - 40 h at 103 °C. Polycondensated PLA is purified to reduce residual catalyst content to the ppm range [4, 10, 14].

ROP of lactide (route 3 in Figure 6.2) is nowadays by far the most employed route to obtain high molecular weight polymers. This route requires several steps. First, a direct polycondensation reaction is carried out to produce a low molar mass prepolymer [15]. The prepolymer is depolymerized in order to obtain lactides (3,6-dimethyl-1,4-dioxane-2,5-dione), being dehydrated cyclic dimers, which are the starting material for ROP into high molar mass polymers. Depolymerization is done under reduced pressure, high temperature and distilling of the lactide product. Three forms of lactide: L,L-lactide, D,D-lactide and D,L-lactide (meso-lactide) (Figure 6.3) are obtained in function of the stereochemistry of the feedstock, temperature and catalyst [10]. Polymerization through lactide formation is currently used by Cargill (NatureWorksTM), which patented a continuous process [16, 17].


Figure 6.3 Stereoforms of lactide (3,6-dimethyl-1,4-dioxane-2,5-dione).
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ROP is carried out in solution, in the melt, in the bulk or in suspension. The involved mechanism can be ionic (anionic or cationic), coordination-insertion or free-radical polymerization [18]. Using cationic or anionic ROP can be accompanied with side reactions such as back-biting or racemisation. ROP by coordination-insertion is less prone to side reaction and offers the second benefit to be feasible in the bulk. For a large scale production, the melt and bulk polymerization is preferable to the solution process. Tin [19], zinc, iron [20], aluminium [21] or other heavy metal catalysts with tin(II) and zinc are used to produce the high molecular mass polymers. The best results are obtained with tin oxide and octoate at 120 – 150 °C with conversions above 90 % [10]. Stannous octoate (or Stannous-2-ethyl hexanoate) is an efficient catalyst for PLA, FDA approved due to its low toxicity, and capable to induce the production of high mass polymers with low racemisation [10].

In the case of biomedical applications, metallic impurities coming from the organo-metallic catalysts of ROP may be of concern, because they can accumulate within matrix remnants after degradation [22]. Therefore several non-metallic catalysts have been synthesized such as phosphines, n-heterocyclic carbenes, guanidines, etc. [23].

Another strategy to reduce such problems and to shift polymer synthesis further towards green chemistry is the use of enzymes as catalysts. Kobayashi and Makino [24] published a general review on the topic and Albertsson and Srivastava [25] focused more precisely on ROP. In most cases, as in the case of PLA, enzymes used are lipases. Lipases are the most versatile class of biocatalysts for the synthesis of organic compounds, because they can work with a wide variety of substrates, are stable in organic solvents, and at elevated temperatures. Being part of the hydrolase family, lipases catalyse the hydrolysis of fatty acid esters. In organic solvent, they can be used for the catalysis of esterification and transesterification reactions. Matsumura et al. [26] reported the PS lipase catalysed ROP of lactide in the bulk yielding molecular weights (Mw) up to 1.26 x 105 g. mol−1. Meso-lactide gave higher molecular weight than L,L-lactide or D,D-lactide. Recently, Novozyme 435 was used as a catalyst in toluene solution. The enantioselectivity of the enzyme enabled the selective polymerization of D,D-lactide, but no polymerization of L,L-lactide or meso-lactide occurred. However, molecular weight was quite low (Mn = 3300 g.mol−1) [27]. Novozyme 435 seems to catalyze the ROP of L,L-lactide in ionic liquids. In [HMM] PF6] at 90 °C, yields up to 65 % could be obtained, but still molecular weight remained low (max. Mn = 3.78 x 104 g.mol−1) [28]. Generally speaking, the use of lipase in ROP suffers still from low yields and/or low molecular weights.

Whole-cell synthesis of lactate containing polyesters is a new route (route 4, Figure 6.2) research being at the beginning. Taguchi et al. reported in 2008 [29] the discovery of a lactate-polymerizing enzyme, being a PHA synthase with acquired polymerizing activity of the lactide in lactide-CoA. PhaC1PSSTQK is an engineered class II PHA synthase from Pseudomonas sp. and is able to form a co-polymer P(LA-co-3HB) inside engineered Escherichia coli. Polymer cell content in E. coli amounted to 51 % of the dry mass and LA molar fraction in the polymer to 28 %. While at this stage yields and lactide fraction appear moderate, groundwork has been laid for the future mutation/selection or modified strategies of selection in similar enzyme lines for generating a lactide enriched polymer, and eventually a PLA homopolymer. Ionic Liquids might be one of the alternatives for overcoming solubility and enzyme activity issues, but for the moment yields and macromolecular size are still low [30]. Reactive extrusion is a continuous process to polymerizing the lactic acid by ROP following the coordination-insertion mechanism in the molten state in one single process step. This method requires a fast reaction rate, which is determined by the residence time in the extruder (typically 7 min). The extruder presents a special design of screw, which makes it possible to achieve the blending and the shearing in the molten state. A common design is an intermeshing co-rotating twin-screw extrusion [31]. To limit side reactions at high temperatures (185 – 185 °C) and increase catalyst efficacity a Lewis acid, triphenylphosphine in an equimolar complex with Sn(Oct)2 is generally used [32–34]. Jacobsen et al. showed that the number average molecular weight, around 80 000 g.mol−1, the polydispersity and the degree of conversion vary according to the mass flow rate and the screw speed [33].

Branching permits to modulate rheological and mechanical properties of PLA addressing some of its drawbacks, such as low melt strength or low degradability in biomedical applications. Synthetic routes and effects of branching on PLA properties have been recently reviewed [35]. Molecular architectures can be changed into comb-like structures, which allow for changing the hydrophobic/hydrophilic balance in using polar backbones like polysaccahrides or PVA [35]. Hyperbranched chains can lower intrinsic viscosity and crystallinity degree, and dumbbell shaped chains increase entanglement in melts. They are also a means to increase inherent hydrophilicity. Both synthesis are commonly based on ROP with different branching units (hyperbranched) or on combinations of ROP and other methods, such as, e.g., Atom Transfer Radical Polymerization (ATRP) or click chemistry [35]. Most attention has been received by star-shaped PLA, because of its utility in biomedical applications. Star-shaped PLAs have lower glass transition, melting and crystallization temperatures but higher dynamic viscosity and viscoelastic moduli than linear macromolecules [36]. Perry and Shaver [37] showed the importance of the rigidity of the core and the number of arms on the physical properties of PLA stars. Higher number of arms afforded higher Tg values at comparable molecular weight, while the rigidity of the core lowered crystallization temperature and increased thermal stability.

Stereocontrol of the macromolecular chain (Figure 6.4) induces large changes in the thermal stability and crystallization behaviour of PLA. Since the first work of Spassky et al. [39], much effort has been made for increasing the stereo-control of PLA synthesis, as reviewed by Stanford and Dove [38]. The metal-mediated coordination-insertion mechanism involves the coordination of the lactide to the metal centre by the carbonyl oxygen. The activated carbonyl is attacked from the alkoxide chain end. The environment created by the ligands and the growing chain can significantly influence the insertion rate of a novel monomer allowing for direct stereo-control [38]. Often salen (tetradentate iminophenolate) and salan (aminophenolate) aluminium complexes are employed giving also the possibility of stereo-control of star-shaped PLA [38]. Isono et al. [40] showed recently the synthesis of stero-miktoarm star-shaped PLA using azido and ethynyl-functionnalized PLLA and PDLA which were coupled by clickchemistry. Step-wise ROP enables to reach block copolymers of PLLA and PDLA, where in a first step a prepolymer of either stereochemistry is produced. It follows a purification step to remove residual lactide and the polymerization of the second block in presence of the first prepolymer. The shorter block needs to be synthetized in the first step in the aim to avoid solubility issues. A concentration range of 85/15 to 15/85 of each block seems to be accessible by this method [23].


Figure 6.4 PLA microstructures from the stereocontrolled ROP of lactide for (a) raclactide and (b) meso-lactide.

Reproduced from Ref. [38] with permission from the Centre National de la Recherche Scientifique (CNRS) and The Royal Society of Chemistry.
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6.3 Physical PLA Properties

PLA properties are strongly dependent on the molecular weight [10] and stereochemistry [41]. Indeed a PLLA or PDLA homopolymer can develop a crystalline structure whereas a polymer whose L-lactic acid content is below 93 % remains amorphous. The tacticity of the macromolecular chain has a large influence on thermal stability and crystallization. Enantiopure PLLA and PDLA can form a stereocomplex, caused by stereoselective interactions (mostly van der Waals forces) locking the chains into a novel material with largely changed physical properties, such as changed crystalline form and higher thermal stability. The sterocomplexation of PLA has been described for the first time by Ikada at al. in 1987 [42]. It is achievable by blending of PLLA and PDLA, where a drawback is the limit of molecular weight of the polymer chains imposed by the miscibility limit. Furthermore, in blended systems often the homo-chiral crystallization and the stereocomplex crystallization occur together. Therefore, a large effort to afford stereo-block (sb)-copolymers is undertaken, where the macromolecular parameters impose selectively stereocomplex crystallization.

The polymer structure, crystalline or amorphous form, can be at the origin of modification in the thermal, optical, physical, mechanical and barrier properties of PLA.

Few values of density of PLA are shown in the literature. Auras et al. reported that the density of amorphous PLLA is 1.248 whereas it is 1.290 for the crystalline PLLA [4, 14, 43]. NatureWorks LLC gives, according to the polymer type and the L-lactic acid content, a density value between 1.24 and 1.25 for its amorphous PLA grades [44]. In agreement with these values, Auras et al. measured 1.240 ± 0.002 for poly(98% L-lactide) and 1.243 ± 0.002 for poly(94% L-lactide) [4].

The solubility of PLA is dependent on the molar weight and the crystallinity degree of the polymer. For the enantiopure PLA, chloroform and other chlorinated organic solvents, furan, dioxane, dioxolane and pyridine are good solvents. In addition to these organic solvents, the non enantiopure PLA is soluble in ethyl acetate, dimethylsulfoxide, tetrahydrofuran, acetone, xylene, methyl ethyl ketone, ethyl lactate and dimethylformamide. Calculation of solubility parameters [45] and studies with aromatic molecules [46] showed the high affinity of PLA for aromatic structures. However, lactic acid based polymers are not soluble in water, alcohol (ethanol, methanol, e.g.), isopropyl ether and unsubstituted hydrocarbons (cyclohexane, heptane, e.g.) [18].

The optical properties of PLA have been measured. Its refractive index is characteristic of its structure and is directly correlated to its isotropy. Tsuji et al. [47] measured the refractive index at 25 °C and PLA concentration of 1 g.L−1 in chloroform at 589 nm to -156° and 156° dm−1 g−1 cm3 for PLLA and PDLA respectively. In the range 190 – 800 nm, PLA has been compared to other standard commercial films. Experimental results are given in Figure 6.5.


Figure 6.5 Transmission versus wavelength for LDPE, PLA(98% L-lactide), Cellophane, PS and PET.

Copyright Wiley-VCH Verlag GmbH & Co. Reproduced from [4] with permission.
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The infrared spectrum of commercial PLA was determined by Fourier Transform Infrared (FT-IR). Table 6.2, which contains data published in the review paper of Auras et al. [4] and by Furukawa et al. [48], summarizes the main PLA absorption bands. Two bands are related to the crystalline and amorphous phase of PLA (98% L-lactic acid): one band at 871 cm−1 which is assigned to the amorphous phase and one band at 756 cm−1 which is related to the crystalline phase [4]. As shown in Table 6.2 Furakawa et al. [48] showed that some other bands are linked to the crystallinity of PLA.

Table 6.2 Infrared Spectroscopy peak band assignment for PLA.
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6.4 Microstructure and Thermal Properties

6.4.1 Amorphous Phase of PLA

The glass transition temperature (Tg) of amorphous PLA lies between 55 and 60 °C [4, 18, 49, 50] and is function of the PLA molecular weight and stereochemistry. An endothermic peak, the average enthalpy of which is approximately 1.5 J.g−1, is usually superimposed on the glass transition. This enthalpic relaxation is due to the secondary molecular relaxation in the amorphous phase. It disappears when the sample is heated over the glass transition temperature [51–53]. The Tg of semi-crystalline PLA shifts to higher temperatures compared to amorphous PLA, being between 60 and 80 °C. The change in heat capacity of PLA at the glass transition (ΔC0p) varies according to the authors, and the PLA grade. Arnoult et al. [54] measured 0.48 J.g−1.K−1 for a PDLLA with an estimated D -lactide content of 0.4 % and Pyda et al. [55] measured 0.608 J.g−1.K−1 for a PDLLA with 1.5 % of D-lactide.

The amorphous phase microstructure of PLA has been studied recently in application of the three phase model, assuming that two phases can be distinguished in the amorphous phase, a mobile fraction (MAF) and a rigid fraction (RAF) having a Tg shifted to higher values [56]. Arnoult et al. showed that RAF increased upon crystallization up to 25 % [54] of the sample mass whereas according to del Rio et al. the RAF fraction increases with the annealing time to reach almost 50 % of the sample mass [57]. Deeper investigation of cooperative motions in PLA at the glass transition showed the existence of a confined amorphous phases between crystalline lamellae and this confinement effect was accentuated by the occurrence of the RAF [58]. Furthermore, it has been shown that upon cold drawing, PLA aligned into a mesomorphic phase by strain induced ordering. This mesomorphic phase, although metastable, proved to be almost as cohesive as the crystalline phase [59]. It can be identified via a well-defined WAXS reflection having constant values of both angular position and fullwidth at half-maximum. It is also detected in DSC measurements as an endotherm right after the glass transition, which is insensitive to physical aging. Upon heating it evolves into a crystal structure but without prior melting [60].

6.4.2 Crystalline Structure of PLA

The crystalline phase of poly(lactic acid) has been mainly studied in the case of PLLA, while only few data is available on PLA with different D-lactic acid contents or PDLA. Nevertheless the homopolymers present probably a similar polymorphism but their handedness of molecular chains in the crystal lattice is opposite [61]. Crystallization properties of PLA have been reviewed by Saeidlou et al. [62]. PLLA crystallizes under three main forms, dependent on the preparation conditions: α (α’ or δ, α”), β and γ. The different unit cell parameters are summarized in Table 6.3.

Table 6.3 Reported data relative to the crystalline structures of PLA and its stereocomplex.
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The α-form is the most common form of PLLA. It expands in normal crystallization conditions, such as crystallization from molten, glassy state or in solution [63]. The α-form is characterized by two antiparallel chains in a left-handed 103 helix conformation [63–65]. As given in Table 6.3, the chains are stacked in an orthorhombic or pseudo-orthorhombic crystalline unit cell. A notable structural feature of the α-form is the distortion of the helix conformation and the crystal structure change. According to the authors referenced in Table 6.3 the interactions between closest neighbour chains, that is to say the electrostatic dipole-dipole interactions, are the cause of these changing data.

The α’-form was first described as a disordered α-form [74]. This crystal presents the same conformation than α-form but the stacking seems to differ and the interlamellar space is higher. At annealing temperatures lower than 100 °C the α’-form is predominant, while between 100 and 120 °C a mix of α and α’-form is observed [63, 64, 74, 81, 82]. The α–form is obtained by annealing at high temperature (120–160 °C), meaning the unit cell becomes more compact [74, 83, 84]. Novel investigations of the disordered α-form (being α’) changed the unit cell dimensions [75]. Simulation of X-ray diffuse scatterings suggested furthermore a multidomain structure in the case of α’-form, where upward and downward chains mismatch in the relative height between domains. Therefore, the phase transition from α to α’-form corresponds to a conformational ordering and to a chain packing regularization between mismatched neighbor domains [75]. This phase transition was shown to be a solidstate phase transition, which for it can be concluded that the α’-form was actually independent from the α-form. That is why the author group around Wasanasuk who did the investigation of the α’-form proposed to re-label the α’-form into δ-form. To integrate this proposal, the former α’-form will be named in the following using both propositions, i.e. α’/δ-form.

The α”-form has been discovered by Marubayashi et al. [85]. The α”-form is a disordered α-form due to the exposition to high-pressure CO2 below Tg. So below 40 °C, for a pressure between 3 and 15 MPa, only the α”-form is obtained. This α”-form presents a poor chain packing and a lower crystal density, compared to α- and α’/δ-form [85].

The β-form was detected the first time by Eling et al. in the beginning of 80’s upon hot-drawing the melt-spun or solution spun PLLA fibres to a high draw ratio [86]. Generally this form is obtained upon high temperature and high draw ratio stretching [63]. The β-form is characterized by a chain number varying according the author with a 31 helical conformation. The γ-crystalline form, discovered by Lotz et al. has been the subject to only a few studies. It is obtained by epitaxial crystallization [61, 63, 64] on hexamethylbenzene (HMB) substrate but the formation mechanism is still to be determined.

PDLA and PLLA can co-crystalize as a stereocomplex [42], where each unit cell contains a PDLA and a PLLA chain. The melting temperature of the sterocomplex is about 50 °C higher than the one of the homocrystal.

6.4.3 Crystallization Kinetics of PLA

The PLA crystallization kinetics has been widely investigated, and most of the studies have been carried out on PLLA. The PLA crystallization, isothermal or non isothermal, is related to the L-lactic acid content [41, 87, 88], the molar weight of the polymer [10] and the cooling or heating rate and depends on the thermal history of the sample and the presence of nuclei in the matrix [89, 90]. In the appropriate conditions (crystallization time and temperature) [91, 92] the crystallinity degree of PLLA can reach 70 % [93], whereas a PLA with a L-lactic acid content close to 93 % can crystallize up to 45 %. The crystallinity degree is calculated from DSC scans using the enthalpy of melting per mol of repeating unit of the perfect crystal of infinite size [image: ]. This latter feature has been estimated by Fischer at 93 J.g−1 [94] for PLLA. This value is the most often used but other values can be found in literature (146 J.g−1 [95], 91 J.g−1[55]).

PLA crystallizes usually between 85 and 150 °C but its fastest rate of crystallization occurs between 95 and 115 °C [96]. The value of the crystallization half time (t1/2) in the temperature range 95 to 115 °C the t1/2 of PLLA for crystallization from the melt varies between 1.5 min to 5 min [92, 93, 97, 98]. The optimum is obtained at around 110 °C for isothermal crystallization from melt (Figure 6.6) [93] Upon isothermal crystallization from the cold state, t is below 2 min [92, 99, 100]. Eventually upon non isothermal crystallization, t1/2 lies also around 2 min [99, 101–103].


Figure 6.6 Half-time of crystallization (t1/2) of PLLA as a function of isothermal crystallization temperature Copyright Wiley-VCH Verlag GmbH & Co. KGaA.

Reproduced from ref. [93] with permission.
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Upon isothermal crystallization, the spherulite growth rate of PLA (96 % L) is between 0.2 and 3 μm.min−1 according to the crystallization temperature and the authors [89, 100, 104–106] with an optimum around 115 °C [89]. Moreover when the molecular weight is divided by a factor 5, the maximal growth rate increases from 3 to 7 μm.min−1 at 115 °C [107]. The spherulite growth rate is increased by the stereoregularity of PLA. Di Lorenzo et al. showed, in Figure 6.7, two optima, one at 117 °C where the rate reaches 10 μm.min−1 and another at 130 °C where the rate is 7 μm.min−1 [93]. These two optima but at different temperature where also observed by others. In their case, the first optimum is 5 μm.min−1 at 108 °C and the second one is at 4 μm.min−1 at 130 °C [62].


Figure 6.7 Spherulite growth rate of PLLA measured in isothermal and nonisothermal conditions.

Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced from ref. [93] with permission.
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The isothermal crystallization kinetics is studied mainly with the Avrami equation. Data showed that na is around 1.8–2.6 between 80 and 135 °C [100, 108, 109]. Lai et al. observed a na of 3.98 at 124 °C [110]. In the same manner, the crystallization rate constant varies widely between 5.84×10–5 and 0.9 min−1 [99, 100, 109].

Crystallization kinetics largely depends on the stereochemistry of the PLA chain. The introduction of some D-units acts like an impurity in the crystal formation and reduces the crystal growth rate. Interestingly, the use of meso-lactide at equal final D-unit content reduces more the growth rate than the use of D,D- lactide [62]. In the aim to speed crystallization kinetics, plasticizers and nucleating agents are used. The most prominent are talc, clays (nanoclays), some organic substrates and the stereocomplex. For example, blending PLLA with 3 % PDLA reduced the crystallization half time by a factor 10 to less than one minute. The length of the PDLA chain is important for the nucleation efficiency, where a optimum seems to amount to 14 kg/mol [111]. Plasticizers increase chain mobility in the amorphous phase and allow therefore for increasing growth rate and decrease optimal crystallization temperatures. Among plasticizers, polyethylene glycols (PEG) and citrate esters are very often prominent [112]. The efficiency of PEG seems to be linked to its termination. It was found that amine-terminated PEG allowed for the fastest crystallization kinetics at the lowest concentration (10 wt%) [110]. Synergistic effects between nucleating agents and plasticizers can be achieved. For example, Courgneau et al. [103] showed the reduction of t1/2 by 30 % for a talc/acetyl tributyl citrate system and Li and Huneault the efficiency of the talc/acetyl triethyl citrate [113]. The sterocomplex can also be combined with plasticizers and nucleants. The blending of PLLA with 5 % PDLA and aromatic phosphonate showed that the organic phosphonate caused the reduction of the half time of the stereocomplex formation from 12.6 min to 0.58 min and addition of PEG reduced the half time further to 0.27 min [114]. This points to the importance of kinetic limitations in the stereocomplex formation, which need to be overcome by optimized formulation.

6.4.4 Melting of PLA

The melting temperature (Tm) of PLA occurs between 130 and 180 °C according to the L-lactide content and the crystals formed during crystallization. The presence of meso-lactide in the PLA structure induces a decrease in the melting temperature which is well described with the Baur model, where the slope lies between -5.5 and -5.0 °C per 1 % of D-units [62]. The dependency of the melting temperature on the molecular weight according shows an asymptotic value after approximately Mn >100 kg/mol, where it reaches around 185 °C [62]. The melting temperature of the PDLA/PLLA sterocomplex is increased by 40 – 50 °C up to 215 °C [115]. Branching and formation of star-shaped structures lower generally the melting temperature and specific effects were summarized by Corneillie and Smet [35].

The PLA melting peak is simple or double according to the crystalline forms and the lamellae thickness of the spherulites by the Gibbs-Thomson relation is given by the Equation 6.1.

(6.1) [image: equation]

The melting temperature for the thermodynamic equilibrium, [image: ], representing the melting point of an infinite size and molecular mass crystal, equals to 207 °C for PLLA [10]. The crystal density, ρc, is reported as 1.29 and the surface energy for the extremity of the lamellae, σe, is 53.6 × 10–11 J.m−2.

Two particularities of the melting peak can be found in the DSC scans of PLA melting. In some cases a small exothermic peak can be observed just before melting. This is caused by the transformation of α’/δ crystals into α crystals by a direct solid state transition [63] in case of PLA crystallization was carried out at low temperature. Furthermore, a double melting behaviour can be observed, when the crystallization was carried out in a temperature region where a mix of both crystal forms, α and α’/δ was obtained.

6.5 Mechanical Properties of PLA

The mechanical properties of PLA, extensively studied, are dependent on the production process and the amorphous or semi-crystalline state of the sample. PLA, being glassy at room temperature, has brittle fracture behaviour. Amorphous PLA presents a tensile modulus between 2.05 and 3.25 GPa [50, 116–121]. The yield stress and the strain at break lie between 32 and 68 MPa and between 3 and 20 %, respectively. The crystallization of neat PLA modifies slightly the mechanical properties. According to Kulinski and Piorkowska [104], the cold crystallization induces a slight decrease in the yield stress and strain at break. However Perego et al. [122] did not notice this modification in the stress and strain whereas they showed an increase in the modulus of elasticity and in the impact resistance, presumably due to the crosslinking effects of the crystalline domains. Perego et al. [122] also showed an influence of the molar mass of the amorphous polymer on the impact resistance and the flexural strength which are multiplied by 1.5 to 2 when the molecular mass was raised from 23 000 to 66 000 g.mol−1. These evolutions are the same when the samples are annealed.

The comparison of two grades of PDLLA, one for general purpose and the other one for injection, showed a possible difference in the modulus, which can be due to a molecular mass discrepancy. Moreover the comparison of the mechanical properties of oriented and unoriented films depicted an increase in the elongation at break with orientation.

At room temperature, the mechanical properties of PLA are close to the one of PS but smaller than the one of PET (Table 20.5). Polyolefins present reduced stress at yield than PLA but the strain at break of LDPE and HDPE are largely higher than the one of PLA. Compared to an other biobased polymer, poly(hydroxybutyrate) (PHB), PLA shows better mechanical properties with higher modulus of elasticity and stress at yield.

The influence of plasticizers on the mechanical properties of PLA has been extensively studied and recently reviewed [112, 128]. Various plasticizers have been tested with PLA such as, e.g., glycerol, PLA oligomers, poly(ethylene glycol) monolaurate [116], triacetine [129, 130], diethyl bishydroxymethyl maionate [131], poly(1,2-butanediol), dibutyl sebacate, acetyl glycerol monolaurate [117], poly(propylene glycol) [132, 133] and polyadipates [120, 129, 134]. However, only a few substances brought about substantial improvements of mechanical properties. The two most used plasticizers are poly(ethylene glycol) (PEG) [49, 104, 116–119, 135, 136] with variable molecular masses and citrate derivatives, in particular acetyl tributyl citrate (ATBC) [49, 129, 130, 136–139]. To observe significant modifications of the mechanical properties, the plasticizer content in PLA needs to amount to approximately 20 wt%. After plasticization, the modulus of elasticity and the yield strength decrease whereas the stress at break increases dramatically. At 20 % ATBC content in PLA, the material presents a strength at break between 23.1 and 30 MPa, a modulus of elasticity between 0.1 and 0.27 GPa and a strain at break above 298 % [49, 129, 137]. As ATBC, PEG induces an increase in the stress at break and a decrease in the strain and the modulus of elasticity. The higher the molecular weight, the lower the plasticizer content is at which a phase separation is observed. For this reason, the low molecular mass of PEG is preferentially used for plasticization. The addition of PEG at 20 %, whose molecular mass is 400 g.mol−1, leads to a strength at break around 16 MPa, a strain at break between 21.2 and 71 % and a modulus of elasticity around 0.5–0.6 GPa [49].

In the aim to preserve claims on biodegradability and biobased carbon content in PLA although using plasticizers in high concentration, research has been carried out screening biobased and biodegradable molecules. Chemically modified vegetable oils were investigated, because ester or epoxy groups can be degraded by micro-organisms [140]. Polymerized soybean oil caused increase ductility after melt-blending with PLA [141]. Improvements were also obtained upon blending PLA with conjugated soybean oil and compatibilizing with unsaturated triglycerides [142]. Epoxidized soybean oil [143–146] and epoxidized palm oil [146–148] also showed some positive effects on PLA toughness. More recently, it was shown that the use of deodorization condensates of the vegetable oil industry had also a very important impact on PLA ductility, increasing elongation at break up to 130 % [149].

6.6 Barrier Properties of PLA

6.6.1 Gas Barrier Properties of PLA

The oxygen permeability of amorphous PLA has been reported between 1.3 and 2.0 ×10–18 m3.m.m−2.s−1.Pa−1 at 30 °C depending on the L/D ratio. Indeed the increase in the L-lactide content, between 50 and 98.7 %, causes an increase in the solubility coefficient leading to the increase in the permeability [150, 151]. However, this modification of the permeability coefficient seems to be insignificant between 94 and 98 % L-lactide content at 25 °C [123, 152]. Table 6.5 summarizes the oxygen barrier properties of PLA are intermediate between low oxygen barrier film (LDPE, PS) and good oxygen barrier films (PET). The oxygen transport coefficients of PLA, whatever the L/D ratio, are sensitive to the measurement temperature and water activity. Auras et al. [123] showed that the increase in the temperature leads to an increase in the oxygen permeability and solubility coefficients in dry conditions. However the increase in the water activity induces also an unexpected decrease of these two coefficients [123]. On the contrary the diffusion coefficient shows an increase with the water activity at each temperature [52]. This behaviour is attributed to the plasticization effect on the amorphous phase by water molecules.

Table 6.4 Comparison of mechanical properties of PLA to synthetic polymers.
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Table 6.5 Comparison of oxygen (P(O2)), carbon dioxide (P(CO2)) and water vapour permeability (P(H2O)) of PLA to synthetic polymers, adapted from ref. [4, 123, 136, 150,153,154, 156, 165,170, 231].
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The effect of crystallinity on PLA oxygen barrier properties has been studied by several authors [98, 153, 155–157]. Surprisingly the gas barrier properties did either not increase or only merely augment when PLA was crystallized at high crystallinity degrees (up to 55 %). This behaviour was also found for other glassy polymers, as shown by Kanehasi et al. [158]. Guinault et al. [156] proposed that the tortuosity increases inside PLA due to the creation of crystalline lamellae by quiescent thermal crystallization was not sufficient to counterbalance changes in the transport properties of the amorphous phase. They showed, that in the case of crystallization of PLA in α’/δ-form high percentages of dedensifed RAF are created, which yielded a pathway of accelerated transport around the crystalline lamellae. An equivalent mechanism is expected by the addition of plasticizers used for improvement of mechanical properties, which leads to an increase in the oxygen permeability coefficient due to the higher mobility of the polymer chain and higher free volume [98, 120]. Low molecular weight molecules can also fill in free volume, in which case they are positive for the barrier properties. This was demonstrated by the use of low molecular weight lactic acid oligomers. The blending of PLA with 25 wt% of lactic acid oligomers reduced the oxygen permeablitiy by 22 % [159]. For counteract free volume effects, tortuosity of the diffusive pathway of gaz inside PLA needs to be strongly improved. An excellent result was obtained by Bai et al. [160] who succeeded in the creation of parallel-aligned shishkebab like crystals, a structure which allowed to increase the PLA barrier properties 500 times.

The dispersion of nanoclays in PLA makes it possible to divide the permeability coefficient by 2 or 3 depending the type of the nanoclays (e.g. organomodified montmorillonite, cloisite 25A or 30B, organomodified synthetic fluorine mica) and exfoliation [161–163].

The carbon dioxide permeability coefficients are given in Table 6.5 together with the ones of other common polymers. It observed to increases with the L content in PLA and the temperature [123]. The crystallization of the PLA matrix induces a decrease in the carbon dioxide permeability coefficient [151, 164]. According to Sawada et al. [157] the effect of crystallinity on CO2 permeability was only increased at a crystallinity degree higher than 40 %.

The nitrogen transport coefficients of PLA are lower than those for oxygen [151]. The reported value of nitrogen permeability, around 3.8 ×10–19 m3.m.m−2.s−1.Pa−1 [150], is lower than the value for crystalline PS and LDPE (5.9 and 7.3 ×10–18 m3.m.m−2.s−1.Pa−1) [150, 165] at 25 °C but higher than the one of not plasticized PVC (8.9 ×10–20 m3.m.m−2.s−1.Pa−1) [150]. The L/D ratio did not affect the nitrogen permeability of PLA [166]. The crystallinity effect has also been evaluated for this gas and it seems that the nitrogen permeability coefficient decreases with the increase in the crystallinity degree of PLA [157].

The gas selectivity in PLA membrane depends on the chosen gas. Lehermeier et al. [152] showed that the separation factor of CH4 and CO2, equal to 10, is not crystallinity and L/D ratio dependent. Only change in temperature made it possible to increase this factor. Sawada et al. [157] confirmed the inefficiency of the crystallinity on the permselectivity but also showed that the diffusivity and the solubility selectivity are not influenced by crystallinity. The gas permselectivity in PLA is larger than 120 for H2/N2, 6 for O2/N2, 23 for CO2/N2, 27 for CO2/CH4 and 1 for CH4/N2 [157]. The permselectivity of PLA is two-fold larger than those of LDPE and PVC for O2/N2 and CO2/N2 [150].

6.6.2 Water Vapour Permeability of PLA

The water vapour permeability of amorphous PLA varies from 1.8 to 2.3 ×10–14 kg.m.m−2.s−1.Pa−1 at 25 °C [123, 167–171]. As shown in Table 6.5, the PLA data are always lower than the one of PCL but higher than the one of PET, PS and PHBV. There are some contradictory results in literature on the effect of temperature and relative humidity on PLA water vapour permeability. Auras et al. [123] showed a decrease of the permeability with the temperature whereas Shogren highlighted an increase [172]. Siparsky et al. [167] showed that the diffusion coefficients increase and the solubility coefficients decrease with the temperature at 90 %RH which is contradicted by Holm et al. who showed higher values of moisture sorption at higher temperature [173]. Furthermore, the effect of the crystallinity degree on barrier properties also depended on the study, where higher crystallinity degree can cause a sight improvement of barrier properties [146, 169, 172] or not [167]. There is interplay of diffusion coefficient and water clustering inside the polymer. Davis et al. [174] described non-Fickian diffusion of water in PLA. At small times, the water transport is driven by the diffusion coefficient, while at long experiment times non-Fickian diffusion occurs due to slow polymer relaxation and swelling by water sorption. Diffusion coefficients were shown to be constant with water activity and concentration and increased with temperature. Delpouve et al. [171] showed that biaxial stretching had a positive impact on the PLA water vapour permeability, in that it reduced the diffusion coefficient at high stretching ratios. However, if a thermal annealing treatment was added after biaxial stretching, the positive effect on barrier was lost. Similar than in the case of oxygen barrier properties, quiescent crystallization was not efficient enough to induce sufficient tortuosity in the permeant pathway to counterbalance free volume effects. The slackening of orientation in the amorphous phase after thermal annealing of the biaxially stretched samples could be one reason for the regression of barrier properties observed between oriented and annealed PLA [175].

6.6.3 Permeability of Organic Vapours through PLA

The transport of organic compound in PLA has been the subject to only a few studies, but is of importance in food packaging applications. Ethylene, a compound accelerating fresh food ripening, plays an important part in the storage of fresh fruits. The ethylene permeability of amorphous PLA has been tested and evaluated at 6.8 ×10–18 m3.m.m−2.s−1.Pa−1 [152]. This value is lower than the ethylene permeability of PET (3.0 ×10–20 m3.m.m−2. s−1.Pa−1) [152] but higher than the value of LDPE (2.2 ×10–17 m3.m.m−2.s−1. Pa−1) [165]. Increasing the crystallinity in PLA induced a decrease in the ethylene permeability [152, 157].

The transport coefficients of ethyl acetate, an aroma booster found in a large variety of aroma formulations, have been calculated from sorption of ethyl acetate in PLA experiments. The ethyl acetate permeability of PLA is 5.34 ×10–19 kg.m.m−2.s−1.Pa−1 at 30 °C and 0.3 activity. It is higher than the one of PET but lower than those of PP and LDPE. However the ethyl acetate solubility coefficient in PLA, equal to 6.17 ×10–3 kg.m−3.Pa−1 at 30 °C and 0.3 activity, is higher than the other polymers [176]. This result is comparable to the value reported by Colomines et al. for an amorphous PLA with 99 % L-lactide content at 25 °C and 0.5 activity [153]. Moreover increasing the crystallinity of PLA provoked a decrease of the ethyl acetate solubility coefficient at 0.5 and 0.9 activity [98, 153].

The permeability of limonene through PLA, has been estimated at a maximal value of 9.96 ×10–21 kg.m.m−2.s−1.Pa−1 at 45 °C and with a limonene partial pressure of 258 Pa. The permeability value of this more hydrophobic molecule is lower that of ethyl acetate in PLA and is lower than those measured for PET, PP and LDPE [176, 177].

The study of scalping aroma compounds by PLA during high-pressure treatment highlighted the lower PLA uptake of organic molecules than the one in LDPE. Indeed ethyl hexanoate and limonene are more sorbed in the more apolar matrix, LDPE, than in PLA. On the contrary the more polar molecules, 2-hexanone and ethyl butanoate, are more sorbed by the more polar polymer matrix, PLA [46, 178, 179]. Furthermore, compounds containing aromatic functions are also highly sorbed in PLA, which induces plasticizing and crystallization potentially changing PLA barrier properties [179].

6.7 Degradation Behaviour of PLA

Degradation behaviour of PLA has been subject to extensive study, because it is one of the primary functions of the polymer in a number of applications. Hence, degradation can be either desired, in the case of biomedical applications or for biodegradation, or unwanted when it takes place during processing. Degradation of PLA can be either abiotic or biotic, the latter is defined as a process involving biocatalysts.

6.7.1 Thermal Degradation

Thermal degradation is an abiotic process, taking place mainly during processing, and is therefore highly unwanted. Generally speaking, aliphatic polyesters as PLA have no high thermo-stability. Degradation processes can already start at temperatures as low as 215 °C [180], while main degradation is observed by thermogravimetric analysis to extent between 215 and 370 °C [180–182]. The thermal decomposition peak lies at approximately 360 °C [180, 182]. Carrasco et al. [182] evidenced moreover, that thermal stability increased with increasing molecular weight. In the case of the α-hydroxyester PLA, it was concluded that the carbonyl-carbon – oxygen linkage was the most likely to break upon heating [183] and the kinetics being first order [181]. The mechanisms of the thermal degradation are rather complex, involving thermohydrolysis by trace amounts of water, zipper-like depolymerisation, inter- and intra-molecular transesterification, and oxidative random main chain scission [18]. Moreover, reactive end groups, residual catalyst [180, 184], unreacted starting monomer and impurities have been reported to enhance the PLA thermal degradation [180, 185]. Hydrolysis of PLA during processing is one of the main factors of decrease in molecular weight, as has been evidenced by several authors [186–188]. Careful drying of PLA granules is thus of importance in the extrusion process, as minimizing process temperature and residence time. Kopinke et al. [180] proposed that PLA degrades moreover though intra- and interchain transesterification, in accordance with the results of McNeill and Leiper [189], through cis-elimination and through radical and non radical reactions, which yields CO, CO2, acetaldehyde, methylketene, acrylic acid and acyclic oligomers. McNeill and Leiper [189] and Jamshidi et al. [95] showed the importance of non radical backbiting ester exchange involving terminal hydroxyl groups. Additives, such as deactivators of remaining catalysts or the derivation of hydroxyl end groups can increase PLA melt stability [95, 189, 190]. Tsuji and Fukui [191] showed that the formation of a stereocomplex PDLA/PLLA enhances the thermal stability below 260 °C. Beyond that temperature, no advantage of the blended films was found, which the authors attributed to the breaking of the stereocomplex, and thus to returning to the properties of single PLA chains.

6.7.2 Hydrolysis

Hydrolysis is the main route to PLA degradation. It can be either (i) abiotic and undesired, as in the case of thermohydrolysis during processes, or (ii) abiotic and desired, as in the case of hydrolysis under physiological conditions in biomedical applications, or (iii) biotic and desired, as in the case of biodegradation by microorganisms. Hydrolysis kinetics of PLA in mild temperature conditions (T < 40 °C), as they exist in a physiological environment, are of dramatic importance for the design of products, such as surgical implants or drug delivery devices. Upon immersion in aqueous environment, water penetrates only into the amorphous phase, and cannot penetrate the crystallites. This yields primary degradation of amorphous domains, therefore hydrolysis is considered to be a bulk erosion process [192]. In the presence of water and a catalyst, ester hydrolysis occurs, bringing about decrease of molecular weight. Once oligomers are small enough to dissolve, mass loss of the polymer sample is observed [193, 194]. Ester hydrolysis can be either acid- or base-catalyzed. De Jong et al. [195] studied recently the degradation of PLA oligomers in function of pH. The proposed the following mechanism shown in Figure 6.8


Figure 6.8 Suggestion for hydrolysis mechanisms of PLA in alkaline solution (A) and in acid solution (B) [195].

Copyright © 2001 Elsevier Science Ltd. Reproduced from ref. [195] with permission.
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Before the polymer sample looses weight, carboxylic acid end groups accumulate in the amorphous phase, which have an autocatalytic effect. The degradation of amorphous samples proceeds therefore more rapidly in the centre than at the surface of the specimens [193]. Degradation kinetics are furthermore dependent on initial crystallinity and, of course, temperature. Moreover, degradation induces crystallization of PLA [193]. As an example, the complete degradation of PLLA Bioscrew can take 4 years [196]. PLLA rod specimens were tested in vivo and in vitro under physiological conditions. No weight loss was obtained in vivo for 44 weeks [197], while the polymer was degraded in 25 days at 70 °C and similar pH in vitro [198]. However, the use of high temperatures in order to predict the degradation kinetics needs to be carefully validated, because activation energies change significantly beyond the glass transition of the polymer [199].

Enzymatic degradation, where the main mechanism is hydrolysis, has been evidenced for microbial proteinases, esterases and lipases. Different enzymes are described in a recent review [43]. MacDonald et al. [200] investigated the effects of stereochemistry and crystallinity on the degradation of PLA by proteinase K. The enzyme showed a large substrate tolerance. Amorphous films of PDLLA with L-lactide contents ranging from 80 % to 95 % exhibited film weight loss rates that were nearly identical. Proteinase K was, however, sensible to the unit distribution of the D and L stereoisomers. Films prepared by L-lactide/meso-lactide copolymerization showed slower weight loss rates compared to L-/ D-lactide copolymerizations. Moreover, proteinase K proved to be very sensitive to crystallization, which decreased strongly the degradation kinetics. Biaxial orientation has also a retarding effect on the enzymatic degradation of PLLA by proteinase K, which seems additionally to be more important than the effect of crystallinity [97]. Different hypotheses were formulated to explain this observation: a diminished attachment of the enzyme to strained chains, decreased cleavage of strained chains or the observation that the action was located exclusively at the surface, while in non-oriented samples degradation proceeded beneath the spherulitic crystalline residues [97].

6.7.3 Biodegradation

Biodegradability of polymers is a multifunctional property referring to end-of-life options of materials in different biological environments (composting, anaerobic digestion, e.g.). According to the ATSM standard D-5488–94-d, the biodegradation is defined as being “a process which is capable of decomposition of materials into carbon dioxide, methane, water, inorganic compounds, or biomass in which the predominant mechanism is the enzymatic action of microorganisms, that can be measured by standard tests, in a specified period of time, reflecting available disposal conditions.” Biodegradation can therefore involve different mechanisms, such as dissolution, hydrolysis and enzyme-catalyzed degradation, but also oxidation, photolysis or radiolysis. In the case of PLA, an abiotic (catalyzed) hydrolysis step leads to the decrease of the molecular weight of the polymer. Once oligomers formed, they are able to dissolve and to be attacked and assimilated by microorganisms, which metabolize them to CO2 and water under aerobic conditions [4, 194]. Biodegradation of PLA has been studied in soil, in sea water and in compost. It has been found, not surprisingly, to depend on the structure (molecular weight, stereochemistry) and the crystallinity of the polymer. Increase in molecular weight and crystallinity slow biodegradation considerably [201]. Furthermore, environmental conditions, such as temperature and water availability have a strong influence on biodegradation time. Biodegradation of PLA has been studied in different environments. In soil, activation time can be very long. For example, in one study no degradation was observed within 6 weeks [202], in another study a weight loss between 20 and 75 %, in function of PLA stereochemistry, was found after 20 weeks [203]. Tsuji et al. [204] investigated the degradation of aliphatic polyesters in seawater. In static laboratory conditions no weight loss of PLLA could be observed in 10 weeks, where else the weight loss was accelerated upon immersion directly in the sea inside mesh grids. However, loss of particles due to mechanical shear and breakdown could not be excluded in this case [205]. Many studies of PLA biodegradation in composting environment were carried out. Ghorpade et al. [206] showed full degradation of PLA in compost mixed with yard waste within 30 days at 52 °C, although high PLA concentration (30 %w/w) retarded the biodegradation because of the drop in pH in the compost. Figure 6.9 shows the biodegradation of PLA bottles in real compost conditions [207]. PLA bottles were shown to biodegrade to 80 % upon 58 days at 58 °C under simulated composting conditions according to ASTM and ISO standards [208]. Furthermore, creating of composite structures with PLA has been shown to accelerate biodegradation. Examples are the increase of the biodegradation kinetics for PLA/wheat straw and PLA/ soy straw composites [209] or PLA/ layered silicate nanocomposites [210].


Figure 6.9 Biodegradation of PLA bottles in real composting conditions.

Copyright © 2001 Elsevier Science Ltd. Reproduced from ref. [207] with permission.
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However, although the initial chemical hydrolysis process has been extensively studied and well accepted, a clear understanding of the microbial degradation processes is still missing [211]. It has been suggested that PLA degradation may even be an entirely abiotic process [212]. A study of the kinetics of abiotic degradation and biodegradation revealed almost identical kinetics. The abiotic degradation step is therefore probably the rate-limiting step of PLA biodegradation [213]. Suyama et al. [214] investigated microbial populations from soil capable to degrade aliphatic polyesters, such as PHB or poly(caprolactone). However, no PLA degrading strain was found. This suggests that PLA degrading microorganisms are not widely distributed in natural environments. In a mini-review Tokiwa and Calabia [201] published a list of several PLA degrading strains, being among others actinomyces or thermophilic strains of the genera of Bacillus. Sangwang et al. [211] proposed recently a study indentifying PLA-degrading microorganism from PLA enriched compost with the help of molecular ecological techniques, showing the importance of fungi of the genera Thermophylospora, Thermomonospora, and Paecilomyces. This study suggests also that a several number of PLA degrading strains might not be readily cultivable with laboratory techniques and are therefore difficult to identify. Further work will be certainly required using both, screening isolation strategies as well as molecular ecological techniques for direct identification in order to gain understanding of PLA degradation and exploit the microbial potential for biotechnological applications.

6.8 Processing

PLA processing has been subject to an excellent review by Lim et al. [215]. PLA has been processed by a large variety of transformation methods: extrusion, extrusion film sheeting, extrusion casting, extrusion blowing, injection moulding, stretch blow moulding, thermoforming, foaming, and fibre spinning. A general point of alert for thermal processing of PLA is its susceptibility to thermal hydrolysis. Therefore, PLA pellets need to be carefully dried, typically to less than 100 ppm [215]. Suppliers recommend drying to at least 250 ppm moisture content before extrusion. Commercial PLA resins can be processed on conventional extruders equipped with a general-purpose screw of L/D ratio of 24–30, or on screws for PET processing. The recommended compression ratio is 2–3, and heater setpoint usually between 200–210 °C [215]. PLA has low melt strength, therefore horizontal roll stack configurations are preferred for film extrusion, and relatively high roller temperatures are required to prevent lactide condensation (25–50 °C). To high temperatures should be avoided, however, to prevent sticking to the rollers. For the extrusion blow process, viscosity enhancers, mostly coupling agents are used. Additives are generally proprietary and not disclosed in open literature. One commercial example is a coupling agent of styrene, copolymerized with methyl methacrylate and glycidyl methacrylate [216].

The mechanical properties of PLA can be enhanced by orientation, generally in machine direction orientation with a draw ratio from 2 to 3, and in transverse direction with a draw ratio from 2 to 4 [215]. Especially, toughness can be dramatically improved, to give an example, elongation at break in machine direction can be increased to 160 % upon biaxial orientation [217]. PLLA showed strain-induced crystallization upon drawing above glass transition temperature [217, 218]. Stress-strain curves show furthermore strain-hardening behaviour, which is sensitive to the draw temperature. Structure investigation of uniaxially drawn samples showed the occurrence of a mesomorphic phase at low drawing temperature (70 °C) starting at 130 % strain. At higher draw temperatures (90 °C) a well defined crystalline phase developed at strains higher than 250 %. In the mid-temperature range (80 °C), both phases coexisted [59].

A strategy to improve PLA properties and/or to reduce material costs is blending with other polymers or compounding for the fabrication of composites. Polymer toughening agents have been reviewed in ref. [128]. A number of articles have been published treating PLA blends with polymers such as starch [116, 219], poly(hydroxyalkanoates) [220–223], poly(butylene succinate) [224–226], or ternary blends [227, 228]. Blends PLA/ thermoplastic starch suffer from low adhesion between the phases, causing modest mechanical properties [116]. PLA/poly(hydroxybutyrate) blends are immiscible within a wide range of conditions, and an improvement of mechanical properties can be observed [229]. Small quantities of NodaxTM, being a poly(hydroxybutyrate) copolymer [220] or of chemically modified poly(hydroxyalkanoates) [221] improved toughness of PLA. PBS was found to have a nucleating effect on PLA upon blending, yielding higher crystallinity and enhanced cold crystallization [224, 225].

Various composite materials of PLA have been prepared in order to overcome mechanical limitation and to decrease material costs. Among different filler materials, minerals and materials derived from renewable resources, such as natural fibres [230], have received large interest. The reinforcing effect of a filler depends mainly on interfacial adhesion between filler and matrix and on its dispersion in the polymer matrix. The effective dispersion requires in most cases twin screw extruders mixing. For example, PLA-cellulose composites [231] were produced with microcrystalline cellulose, cellulose fibres and wood flour by twin screw extrusion and injection moulding. Wood flour and microcrystalline cellulose had a better nucleating effect on PLLA than cellulose fibres, resulting in very high crystallinity degrees upon slow cooling and reheating (66 %) [232]. Microcrystalline cellulose composites maintained also transparency of the PLA film and enhanced barrier properties [233, 234].

Fibre spinning of PLA has been done by melt spinning, solvent spinning, and electrospinning [235]. Lim et al. give a good overview of the different spinning conditions and fibre properties [215]. In general, solution spun fibres have superior mechanical properties compared to melt spun fibres, which is attributed to the lower chain entanglement in the solution state compared to the melt state.

Foaming of PLA is an active research field, because the replacement of polystyrene foams in a range of commodity applications (insulation, packaging, cushioning, e.g.) would bring an environmental advantage. Furthermore, PLA foams can be used in biomedical applications as scaffolds and for tissue engineering. Nofar and Park reviewed advances in the field in an interesting paper [236]. They show that main challenges of PLA foaming (CO2 or N2 are main blowing agents) are low melt strength and slow crystallization kinetics. The low melt strength leads to cell coalescence and cell rupture during growth. Induction of crystallization or nucleation before foaming by means of extrusion foaming or tandem extrusion lines showed positive results, as crystals enhanced PLA melt strength and acted as foam cell nucleation sites. Another strategy was the use of nanoparticles as nuleants for foam cells and chemical improvers of melt strength. PLA chain branching by using chain extenders or branched PLA grades was also positive for the foaming ability, as it improved the melt strength [236].

6.9 Nanocomposites

A large number of articles have been published in the last years on nanocomposites of PLA, and they have been extensively reviewed [237–241]. Therefore only some main examples are summarized here. There are three types of nanofillers having i) a single nanoscale dimension (platelets such as layered silicates, graphene sheets), ii) two nanoscale dimensions (nanofibers such as cellulose nanocrystals, carbon nanotubes), and iii) three nanoscale dimensions (spheres such as silica particles, metal oxydes, silver nanoparticles, polyhedral oligomeric silsesquioxane). All types of fillers have been used in PLA. For distribution of nanofillers in PLA and in polymers, four major ways can be distinguished: i) solution casting or precipitation, ii) melt mixing by direct blending or masterbatch, iii) in situ polymerization from monomer/nanoparticle solutions, and iv) template synthesis where synthesis is done from a precursor solution using the polymer as template.

The use of layered silicates (clays) has been receiving main research interest. The major difficulty is the dispersion and exfoliation of the nanoclays in the polymer matrix. Melt blending was extensively used but with moderate success [241] yielding materials with often merely improved properties. The most efficient method seems to be in situ intercalative polymerization, by forming covalent bonds between PLA and molecules covering the clay surface of organosilicates [241]. Grafting-from procedures were employed as the give rise to less steric hindrance and afford higher surface grafting density. For example high molecular weight PLA – clay nanocomposites were synthesizes by ROP yielding exfoliated structures [242]. In situ intercalation of PLA by ROP was also done using the hydroxyl-functionalized ammonium organomodifiers of Cloisite 30B [243].

The preparation of fully organic nanocomposites by the use of nanocelluloses was largely investigated in literature. One main challenge is to increase compatibility between cellulose nanocrystals (CNC) and the polymer matrix. Extensive research on CNC surface modification was already carried out [244]. Melt mixing is still an open challenge, although several methods using pre-cast masterbatches or solvent feeding of CNC suspensions in the twin-screw extrusion were proposed [245, 246]. The successful distribution of CNC increased PLA modulus and heat deflection stability. Carbon nanotubes (CNT) are of high interest because of their outstanding mechanical and electrical properties. They were distributed in PLA using melt blending with masterbatches by twin screw extrusion [241, 247]. Wu et al. [248] showed that a higher aspect ration of CNTs is beneficial for the rheological and mechanical properties, as well as for the electrical conductivity of PLA nanocomposites. They suggested that CNTs with higher aspect ratio are more flexible and form therefore a more compact percolated network. Due to the low solubility of CNT in PLA chemical modification before melt blending is required [249]. This need can be used to in the same time confer novel properties to the material. For example, Yu et al. [250] functionalized CNT with a phosphorus containing flame retardant, which in the same time improved dispersion. Another strategy consists in making use of self-assembly of CNT with cations for distribution inside polymer matrixes. PLA was for example functionalized with ω-imidazolium or, in a different work, a six-arm PLA star was synthesized from an triphenyl core. These molecules are able to from complexes with CNT which allows for very efficient dispersion of the nanotubes in melt processing [251–253].

For obtaining antimicrobial properties of PLA materials targeted on food applications, silver nanoparticles and CNC were distributed inside the matrix [233, 254, 255]. Except the expected antimicrobial (bacteriostatic) actions, the PLA films had also improved mechanical and barrier properties. This example and others show that there is still much property improvement to expect from the use of nanocharges and their combinations.

6.10 Applications

Legislative instruments are a significant driver influencing the adoption of bioplastics. In Europe and Japan, the automotive and packaging sectors are most affected by legislation. The Packaging and Packaging Waste Directive 94/62/EC and the End of Life Vehicle Directive 2000/53/EC are two examples of such legislative drivers. Increasing oil prices, depleting oil reserves, biodegradability/total life cycle impact from sustainable resources and the use of legislative instruments are major driving forces for the use of biopolymers by corporations. Moreover the suitability of material properties for converters, the technical feasibility of processing options, the versatility of applications and ultimately, commercial viability of production and processing are the key factors, which will decide actual use of biodegradable polymers.

In this context, PLA is the most mature and versatile polymer derived from natural source that can be processed by the existing technologies used for petroleum–based polymers. By tuning the molecular weight and its copolymerisation with other polymers, by controlling several factors affecting the lifetimes and degradation rates, including molecular mass, crystallinity, additives, tailoring of PLA properties can be achieved leading to a large range of applications.

In 2010, the European Polysaccharide Network of Excellence (EPNOE) prepared a research road map vision to 2020 focused on polysaccharides used in material structuring [256]. This report was completed with a market study on biomass-based polymers and products reviewed by Shen et al. [44]. Future and present applications have been reported for the two leading producers of PLA (Natureworks LLC and Purac) at the horizon 2020. It clearly appears that the most promising sectors are textiles, automotive and building, and electronics, which require durable PLA products. An actual photo of PLA applications can be found on the website of European Bioplastics [257], showing the importance of packaging and textile applications. In the past and nowadays, biomedical and food packaging applications sectors have been sources of numerous developments:

6.10.1 Biomedical Applications of PLA

One of the main routes to degradation of PLA is cleavage of the ester linkages by hydrolysis leading to a successive reduction in molecular weight. This degradability coupled with its biocompatibility are the reasons why PLLA has been extensively used in the past four decades for medical applications purposes including suture and scaffold for tissue engineering. High molecular weight PLLA was used for orthopedic products such as bone fixation material [258, 259]. Low molecular weight with narrow molecular weight was especially wanted for rapidly degrading biomaterials such as those used for short-duration parenteral drug delivery systems [260].

Drug delivery microsphere in particular smart systems with controlled release have been developed with PLA and its copolymers with glycolide and to produce poly[(D,L-lactic acid)-co-(glycolic acid)]. Since the year 80’s until nowadays, numerous works report the versatile interest in pharmaceutical field of using PLA and copolymers polymers for sustained release parenteral formulations, and performance in drug release in a controlled manner from microspheres [261, 262].

6.10.2 Packaging Applications Commodity of PLA

While the rapid hydrolytic degradation of the PLA is an advantage for medical uses, this property becomes a main drawback for food packaging applications [263]. PLA meets many requirements as a packaging thermoplastic and has been suggested as a commodity resin for general packaging applications [264]. Since the 1990’s for extending PLA applications, the properties like impact strength or flexibility, stiffness, barrier properties, thermal stability, are studied. The extensive research to improve PLA for food packaging purposes were well reviewed by different authors [4, 14, 265]. A particular attention was developed on the barrier properties against water vapour and oxygen by Mensitieri et al. [266] who showed that PLA like others biopolymers has lower oxygen barrier performances than petrochemical polymers coupled to its moisture susceptibility. To improve the barrier properties of biopolymers, several approaches are available [264]: i) use of coating with materials which would add hydrophobicity to the packaging material, ii) lamination of two or more biopolymers (co-extrusion), and iii) development of blends of biopolymers with different properties. Some examples include PLA – polyethylene glycol blends, PLA– polyhydroalkanoates blends and PLA – polycaprolactone blends. Supplementary possibilities are v) chemical and/or physical modification of biopolymers, vi) development of micro and nanocomposites based on biopolymers [237, 267].

Another major limitation of PLA relative to PET widely used in food packaging applications is due to its poor barrier properties mainly against oxygen and CO2. For food industry, the prediction and control of the ageing of the packed food are a major goal in order to reach the expectation of the consumers. Packaging contributes to this final quality of the product by appropriate barrier properties. However the interaction of packed food and oxygen is very complex and depend on residual oxygen in the freshly packed food, and of the oxygen tolerance of the food. Figure 6.10 presents a superposition of barrier requirements of different foodstuffs with barrier properties of common polymers.


Figure 6.10 Correspondence between barrier demand of foods and barrier properties of current packaging materials,

adapted from [291].
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The packaging industry has been constantly looking to replace glass with polymeric materials and recently focuses on biobased polymers. However for very delicate food products such as beer or coffee, there is a challenge to keep the freshness of the food that is related to the lowest increase of oxygen into the pack. A rough estimation of the shelf life can be done when the oxygen tolerance of the foodstuff is known in the aim of optimize packaging [268, 269]. The Figure 6.10 shows furthermore that some food products do not require high oxygen barrier properties, which are therefore primary targets of PLA based packaging. Haugaard et al. [270] showed that cups based on PLA were found to be as effective as high-density polyethylene cups in protecting an orange juice simulant and a dressing from quality changes during storage. Moreover, the properties of PLA may even be better with respect to the packaging of yoghurt due to the lower oxygen permeabilities of PLA cups compared to PS cups. These authors claimed that the use of PLA for packaging has been demonstrated by Danone in Germany and Valio Ltd, a Finnish dairy company. These studies show that PLA has the potential to replace largely used polymers in food applications, polyolefins and PS, in particular for small containers which are not recycled today.

One other drawback of PLA in the packaging sector is the Heat Deflection Temperature at 50–60 °C that will provoke poor resistance to heat and lumping of pellets during transport, storage, and processing, as well as cause deformation of trays, preforms, bottles, and cups during food conditioning. The melting temperature of PLLA can be increased by 40–50 °C up to 200 °C and its heat deflection temperature can be increased from approximately 60 °C to up to 190 °C by forming a PDLA/PLLA stereocomplex. The temperature stability is maximised when a 50:50 blend is used. At lower concentrations of PDLA (3–10 %), PDLA acts as a nucleating agent and increases the crystallization rate. New PLA stereocomplex grades with enhanced heat-stability will widen the applicability in higher value applications, where hot-filling of foodstuff is required (bottles, cups) or for microwable trays [43].

Active packaging has been one of the major innovations in food packaging in the past years. It aims to respond to consumer expectations for freshness and high quality foodstuffs. Contrary to passive, inert packaging, active packaging promotes interactions with the food in order to extend shelf life, to improve sensorial properties, or to inhibit the spoilage by microorganisms [271]. Antioxidant active packaging is a promising technology for the preservation of fat-containing foods. Lipid oxidation, in dairy products, is a major cause of deterioration during processing and storage with appearance of sensorial defects. Active packaging with natural antioxidants such as α-tocopherol has been developed in the past based on petrochemical polymers and more recently with PLA and its copolymers. Two modes of action were tested either by limiting the penetration of oxygen into the package [272, 273] or by a controlled release into the food in contact. Poly(lactide-co-glycolide) films loaded with natural and synthetic antioxidants, α-tocopherol, or butylated hydroxytoluene (BHT) were tested in contact with milk powders and food simulating liquids. The antioxidant release was driven by hydrolytic degradation of PLGA in the first case, or by volatilisation with solid contact. This work showed valuable result on dry milk products [274].

Antimicrobial PLA films were also developed by loading nisin onto PLA film surface [275], melt incorporation of lysozyme, thymol, lemon into the PLA films [276], or solvent casting with propolis being a natural active agent having antibacterial, antifungal and antioxidant activities [277]. The use of melt extrusion based processing is however difficult because of the temperature sensitivity of most antimicrobial compounds, wherefore coating techniques are often employed [266].

A right balance has to be found between the durability of the packaging wanted for the preservation of the packed food during shelf-life and the expected biodegradability at the end of the life cycle. Addition of nanocomposites in PLA can improve barrier properties for food applications and increase degradation in compost conditions [278]. In the opposite way, plasticizers is commonly added to promote flexibility of PLA but degradation increases, and food shelf life is often negatively affected by increasing plasticizer content [104].

6.10.3 Textile Applications

Ease of melt processing, unique property spectrum, renewable source origin, and the possibility of composting and recycling causes growing interest for PLA fibres and acceptance in a range of commercial textile sectors. In the form of fibres and non-woven textiles, PLA also has many potential uses, for example as upholstery, disposable garments, awnings, feminine hygiene products, and nappies. Textile, fibres and fabrics represent a sector that is forecasted to become the first sector of use for Natureworks LLC and Purac’s productions [44]. Since a few years, the polymer is available on the market and its applicability has already been proved in a number of processes and final applications. However, to date its breakthrough is slower than expected in textile applications. Technological challenges to solve were reviewed by Avinc and Khoddami [279, 280]. PLA fibres can be dyed with disperse dyes, like PET fibres. However, a variety of wet processing applications (pretreatment, dyeing, clearing, and subsequent finishing treatments) impart the chemical and physical stresses on the PLA fibres. The development of the PLA stereocomplexes with higher thermal stability has the potential to limit -shrinkage PLA fibres and fabrics during drying or ironing.

A special attention has been focused on the flammability and fire stability of PLA needed during ironing. Solarsky et al. [281] showed that the incorporation of 4 wt % organomodified layered silicate (Bentone 104) improves the shrinkage properties and reaction to fire of PLA filaments. They concluded that this “nano effect” can be considered as permanent (i.e. the separated nanoplatelets are imbedded within the matrix), in contrary to some classical textile finishes, which are sensitive to washing.

PLA fabrics exhibit the comfort and hand of natural fibres such as cotton, silk and wool while having the performance, cost, and easy care characteristics of synthetics. PLA fibres demonstrate excellent resiliency, outstanding crimp retention and improved wicking compared with natural fibres. Fabrics produced from PLA are being utilized for their silky feel, drape, durability and water vapour permeability bringing breathability suitable for sport clothing applications [282].

6.10.4 Automotive Applications of PLA

Since 1950’s, the automotive corporations have great interest in synthetic polymers (PS, PA, Polyurethanes, PP) and nowadays plastic materials represent 50 to 55 % and 25 to 30 %w/w of the total mass of a car in the passenger compartment and the body of a car, respectively. In the last decade, composites of synthetic polymers with glass or carbon fibres appeared coming from aeronautic sector and penetrated the automotive sector in the aim of reduction of vehicle weight. However these composites with non organic fillers are not easy to recycle. Driven by environmental concerns and triggered by EU legislation on the End of Life Vehicle (Directive 2000/53/EC), biocomposites have been developed that offer certain environmental advantages at the end of the use cycle when composites are landfilled or incinerated. European Union legislation implemented in 2006 says that 85 % of a vehicle must be reused or recycled by 2015. Japan requires 95 % of a vehicle to be recovered (which includes incineration of some components) by 2015 [283].

Car manufacturers and part manufacturers turned their attention on natural fibres to reinforce plastic polymers. The most used natural fibres are hemp, sisal, flax, wood, and kenaf used in a biodegradable or non-biodegradable matrix. However, combining the biofibres with a biodegradable and renewable resource based polymer such as PLA allows to create a completely biobased solution. One impediment in creating good biocomposites is a lack of interfacial adhesion between the natural fibre fillers and polymer matrix. Many approaches towards enhancing interfacial adhesion have been pursued including the use of grafting agents such as maleic anhydride, and chemical modifications [283–285].

Purac [286] has developed a PLA compound with heat stability and impact strength comparable to poly(acetonitrile butadiene styrene) (ABS) in injection moulding applications based on the stereocomplex technology.

6.10.5 Building Applications

To date, biopolymers are very rare in building sector, although the sector might prove promising for PLA development in the future. As shown for textile applications, carpet tiles and moquettes can be made with PLA fibre and will be useful in non perennial uses such as salons and expositions. Expandable foams are traditionally produced from fossil-based polymers (for instance polystyrene or polypropylene) and largely used for insulation in building. In 2010, the Dutch company Synbra in collaboration with Purac and Sulzer started the production expandable PLA named BioFoam®, a biodegradable and biobased alternative to EPS-foam in a variety of application areas, in particular insulation for building. PLA has also been used in France by Buitex to serve as the binder in Isonat Nat’isol, a hemp fibre building insulation. Bourbigot and Fontaine [287] reviewed the flame retardancy of PLA taking into account that the polymer should substitute traditional polymers used for transportation and electric and electronic equipment sectors where fire hazard is an issue and flame retardancy is required. Solution and approach used for flame retarding PLA such as blending, use of conventional flame retardants or nanoparticles, and ingredients of intumescence were discussed. The authors concluded that the mechanism of action remains similar to those observed in other polymers when incorporating the same kind of additives but more scientific papers exploring specifically the flame retardancy of PLA and its mechanisms are needed. In particular combined with nanofillers of graphite and silica, PLA could present good mechanical and thermal properties associated to improved flame retardant properties of PLA [278].

6.10.6 Other Applications of PLA

Polylactic acid (PLA) has been suggested for the production of horticultural materials to reduce the environmental problem as a large quantity of plastic is used in this sector and use as a matrix for controlled release of herbicides. Chang et al. [288] evaluated the impact of PLA in growth stimulation and yield improvement of soybeans. Greenhouse studies confirmed that both lactide and PLA increased soybean leaf area, pod number, bean number and bean and plant dry weight. Low molecular weight polylactic acid was used as a matrix to formulate biodegradable matrix granules and films with bromacil using a melt process [289]. Low molecular weight PLA based formulations were shown to be useful for the application of pesticides to sensitive systems such as seeds. PLA as an encapsulation matrix for herbicides or pesticides could help to reduce environmental impact. Within the field of durable applications, Japanese companies are using PLA and other biopolymers in cell phone, computer housings, CD and DVDs [282]. The market of 3D printing machines for a large public is actually in expansion and PLA is today the most used 3D printing filament [290] using the fused filament deposition method.

6.11 Conclusion

PLA is today a major bioplastics featuring properties, biodegradable and biobased, although the volume percentage of PLA in the plastics market is still small. PLA applications can be found in short-term use, such as packaging, and long-term uses, such as automotive parts. Progress in industrialization of the PLA synthesis and transformation bring today in some applications price-competitiveness with other high-volume polymers. Furthermore, the last years an enormous research effort has been put into design of the macromolecular structure of PLA and the creation of nanocomposites. Both strategies allow for increasing the properties spectrum of the polymer in terms of rheological, mechanical and barrier properties, as well as designing for degradation. These efforts will help the establishment of PLA in different applications, which will put forward the use of renewable resources in the plastics sector.
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Abstract

Poly(butylene succinate) PBS is a biodegradable synthetic aliphatic polyester whose properties are often favorably compared to LDPE or PP. It is one of the newest biopolymers, currently produced by combining succinic acid and 1,4-butanediol, both either petrol- or bio-based. The market for this biopolymer is still small, limited by capacity and price. However, it is expected to grow as demand for biodegradable plastics increases and also because of the versatility of potential applications —including a range of end applications via conventional melt processing techniques — stenming from its superior mechanical properties. New interesting areas of development are also now emerging via PBS’ blending and copolymerization with other thermoplastic polymers and/or monomers and through the formulations of composites and nanocomposites. The present chapter focuses on the production of the monomers, as well as the synthesis, processing and properties of PBS, its copolymers, composites and nanocomposites. The biodegradability, industrialization and applications of PBS are also discussed.
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7.1 Introduction

A wide variety of petroleum-based polymers have been increasingly produced worldwide for over 50 years. Global production in 2013 rose to 299 Mtonne, with a 3.9% increase as compared to 2012 [1]. Polymers have become indispensable in everyday life given their wide range of applications in various fields such as packaging, building and construction, automotive, electrical and electronics, agriculture, medical appliances, aerospace materials, etc. However, remarkable amounts of such polymers are introduced in ecosystems as industrial waste products, and worrisome environmental issues as well as the deepening threat of global warming, caused by the non-biodegradability of most of these polymers, have raised concern all over the world. Moreover, limited fossil fuel resources created awareness and drove governments, companies and scientists to search for alternatives to crude oil for the development of biomass-based chemicals and materials. Biodegradable and biomass-based plastics represent a relevant contribution towards reducing the dependence on fossil fuels, with all related environmental impacts. In fact, as far as the chemical industry is concerned, the market volume of plastics is by far the largest while the plastic industry is witnessing a number of developments aimed at taking new steps to go from petrochemicals to renewable raw materials.

Up to now only a small percentage of the biomass is being used as raw material for chemicals: approximately 5% of all chemicals is biobased [2]. Among bio-plastics, PBS is increasingly gaining attention due to its biodegradability and the possibility to synthesize it from both petrol- and biobased resources. PBS is a linear aliphatic polyester that can be synthesized by the melt polycondensation of SA and BDO; its molecular structure is reported in Figure 7.1.


Figure 7.1 PBS molecular structure.
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A pioneering work on the synthesis of PBS and other aliphatic polyesters was started by Charothers in 1931. However, flowing from the low molecular weight of PBS obtained (less than 5,000), it seemed too weak and-or brittle for any practical application [3].

Thanks to new catalysts and coupling reaction, meanwhile, PBS with a molecular weight high enough for practical applications has been produced since the 1990s. In 1993, Showa HighPolymer Corporation built a semi-commercial plant with a capacity of 3,000 ton/year to manufacture petrol-based high molecular weight PBS (Mw 40,000 – 1,000,000) under the trade name Bionolle [4]. In the meantime, the production of PBS by Showa increased to 6,000 ton/year and, as from 2015, they have also begun producing bio-based PBS.

PBS’ thermal and mechanical properties are well-balanced and ensure its ready processability. By means of copolymerization with other dicarboxylic acids or diols, its properties can be modulated over a wide range of applications, further diversifying its range feasible uses. So far, PBS has found applications, for example, in agriculture as mulch films and foamed cushioning, in fishery as rope and lines, in packaging as film, bags or bottle. With further developments, PBS can be expected to be applied in the engineering fields, i.e. automotive components, electrical industry and aerospace industry, due to its ecological and economical advantages. In this chapter an in-depth overview on the evolution of this new material will be provided.

7.2 PBS Market

The market of emerging bio-based plastics has been experiencing rapid growth. The global production capacity for bioplastics, including also non biodegradable plastics, amounted to around 1,6 Mtonne in 2013. Following the technical trial facilities in the early 1990s and the subsequent upscaling phase, industrial-scale capacity was finally achieved. As more facilities go on-stream, the production of bioplastics is planned to increase to approximately 6,7 Mtonne by the year 2018, suggesting that bio-based polymers are definitely the polymers of the future. Figure 7.2 [5] reports the global production capacities projection of bioplastics.


Figure 7.2 Global production capacities of bioplastics.
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Among bio-based and biodegradable plastics, starch-based plastics, PLA and PBS, as the world’s three major types of biodegradable plastics, currently take up about 90% of the total capacity. The earliest starch-based biodegradable plastics features the most mature technology, accounting for approximately 41% of the world’s total biodegradable plastics capacity. However, as it does not perform as efficiently as PLA, PBS, PHA and others and, given the advances in technology research and development, it is expected that PLA, PBS and others will usher in a gradually swelling market, as reported in Figure 7.3 [6], which shows a projection of all the bio polymers production capacity differentiated by type of polymer.


Figure 7.3 Global biopolymers production capacity projection (2018).
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Nevertheless, for the time being, the bio version of PBS is off to a slow start since so far nobody has built large scale fermenters for bio-monomers. Most PBS-related industrial activities make use of petrochemical feedstock, and are located in Asia. In fact, several Japanese and Korean companies have produced small amounts of petro PBS for years. Showa Denko K.K., Tokyo [7], marketed Bionolle in the 1990s, to develop automotive compounds. Mitsubishi Chemical Corp., Tokyo [8], introduced GS Pla in 2003 for biodegradable agricultural sheet and film and automotive compounds; now they launched PBS with the tradename BioPBS together with PTT Public Company Ltd. IRe Chemical Ltd., Seoul, makes EnPol [9] for biodegradable fish nets; and SK Chemicals Co. Ltd., Korea, makes Skygreen [10]. The largest PBS capacity, however, is Chinese, mostly in swing plants, which can produce either PBS or PBS copolymers, built with Chinese government grants targeting export of biodegradables to the U.S. and Europe. Table 7.1 [7–17] lists the major manufactures of PBS and its copolymers together with production capacities. As can be seen, bio PBS reactors are also being built and all petro PBS capacity is important because it could convert quickly to bio succinic acid once bio is largely available at a lower price.

Table 7.1 Manufacturers of PBS and PBS copolymers [7–17].

[image: ]

7.3 PBS Production

PBS being a polyester can be synthesized by polycondensation of SA or dimethyl succinate and BDO, by ring-opening polymerization or by enzymatic polymerization. The monomers, as already mentioned, can be petrol- or bio-based. The next paragraphs will provide an overview on the SA and BDO production developments together with the main preparation processes of PBS.

7.3.1 Succinic Acid Production

The conventional process for SA production (ca. 25,000 tonnes per year) is carried out from petrochemical raw materials starting from n-butane or butadiene. Butane is first oxidized to produce maleic anhydride releasing roughly half the raw material as CO2, after which maleic anhydride is hydrogenated catalytically to succinic anhydride and then a final hydration step leads to succinic acid [18]. Petrochemical production has remained stable for years, but recent advances in fermentation from different glucose sources and in purification technologies succeeded in making bio-based SA economically attractive. SA has emerged as one of the most competitive bio-based chemicals. The US department of energy has included SA among the top 12 value-added bio-based chemicals [19]. In fact, it is an intermediate in several chemical processes and is used in the production of various products in a fragmented industry featuring several players in this production process. Currently, the fermentative SA production has overcome its conventional production, and most likely its market will reach approximately 699,449 Mtonne in 2020, growing at a CARG rate of 24% from 2014 to 2020 [20]. As a matter of fact, the prices of bio-SA seem to be more stable and show a decreasing trend in the near future, also taking into consideration that one of the goals of manufacturers is to move from 1st generation biomass (food) to 2nd (non –food) and 3rd generation biomass (industrial waste). The major drivers for the growth of this market are the increasing applications and the trend of the chemical industry towards bio-based sustainable chemicals. On the other hand, fermentation producers require large capacities (due mostly to high dilution of substrates and products) and, in most cases, much longer reaction times. They also imply large amounts of aqueous solutions of salts, which represent an ecological and economical problem. Moreover, most of the fermentation methods used at present showed unsatisfactory product yield and purity. Therefore a solution to all such problems, the high processing cost and the intensive competition in the market are big challenges to be met.

The global SA market is segmented on the basis of a very wide range of applications, including industrial applications (57.1%), pharmaceuticals (15.91%), food & beverages (13.07%), and others (13.92%). All such applications have a huge growth potential that ultimately leads to a growth of the succinic acid market. Among industrial applications BDO, PBS and PBS copolymers and PUs have the largest market share [21]. Figure 7.4 depicts the value chain of SA.


Figure 7.4 Value chain of SA.
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Currently, the main producers of SA are DSM, Gadiv Petrochemical Industries, Mitsubishi Chemical, Kawasaki Kasel Chemical, Nippon Shokubai, along with several Chinese producers such as Anqing Hexing Chemical, Lixing Chemical and Anhui Sunsing Chemicals, and some producers from India. Up to now, the main producers of bio-based SA are BioAmber (30 kton/year), Succinity (25 kton/year), Myriant (14 kton/year) and Reverdia (10 kton/year). BioAmber has been producing SA with a high level of purity (350,000-L scale fermentor) in France since 2010. The raw materials used are sugars from sugar beet and wheat. As of 2013 BioAmber has been producing SA on a global scale in its North-American plant (Sarnia, Ontario) with an initial production capacity of 17 kton/year, in a joint-venture with Mitsui. Plans are also in progress to expand the capacity at the Sarnia facility to 35 kton/year [22] and at the two other facilities (Thailand and North America/Brazil) to achieve a total SA production of 170 kton/year.

In 2008 Myriant started producing (D)-lactic acid on a commercial scale in Spain in collaboration with Purac (part of CSM) [23]. The process used by Myriant for the production of bio-based SA is derived from this lactic acid production, thus granting the company substantial savings on the development costs of the SA process. Myriant’s SA biorefinery with 14 kton/year production from starch as raw material will be the largest in the United States (Lake Providence), Myriant is also working on SA from lignocellulose.

Succinity, a joint-venture between BASF and Purac, in 2010 announced the production of SA at an existing facility in Spain. The plant is already equipped with machinery for fermentation and downstream processing on an industrial scale [24] and has a fermentation capacity of 25 kton/year.

Reverdia [25], a joint-venture between DSM and Roquette, is producing SA from starch as renewable raw material via a unique low pH yeast process by means of fermentation. In the first months of 2010, the two companies opened a demonstration factory in Lestrem (France) and the facility is currently fully operational. In 2011 they announced the construction of a factory on the premises of Roquette in Italy with a capacity of 10 kton/year.

SA is an intermediate of the TCA cycle (tricarboxylic acid cycle, citric acid cycle) and one of the fermentation end-products of anaerobic metabolism. The fact that CO2 is needed by the microorganisms for SA production is another interesting feature.

Many different microorganism like fungi [26–28], yeast [29,30] and bacteria have been screened and studied for SA production.

Most of the natural SA producers are bacteria isolated from the bovine rumen, where SA is produced and utilized to generate propionic acid [31], and from human and animal feces, where succinate is the major fermentation product [32]. Anaerobiospirillum succiniciproducens [33] and Actinobacillus succinogenes [34] were the first identified natural SA overproducers and together with Mannheimia succiniciproducens [35–37] and mutations of Escherichia coli are the most widely used bacterial strain for SA production [38]. These microorganisms can metabolize a wide range of C5 and C6 sugars either in pure form or as sugars derived from agricultural or industrial wastes, such as lignocellulosics, crude glycerol and wheat. Other microorganisms, including Corynebacterium glutamicum, Bacteroides fragilis, Saccharomyces cerevisiae, Lactobacillus plantarum were recently introduced as succinate platform strains but only Corynebacterium glutamicum seems the most promising [39,40].

Presently, A. succinogens is considered one of the best biocatalysts for industrial succinate fermentation thanks to its ability to convert a variety of carbon sources contained in biomass. Nevertheless, the main problem connected with the fermentation of this microorganism is the high concentration of byproducts such as acetic acid, propionic acid and pyruvic acid, leading to high costs for product separation. To be used as building block for chemistry, bio-sourced succinate obtained by fermentation should undergo various purification technological steps to eliminate proteins and organic acids present in fermentation broths. Various methods of purification and recovery have been reported. An environmentally friendly process with a high potential of industrialization consists in electrodialysis combined with ion-exchange columns for SA separation [41,42]. The downstream purification cost normally amounts to more than 60% of the total production costs; to make the process more attractive this limiting condition must be overcome. A partial solution could be to convert SA immediately, without complete purification, to high-value-added products. Some alternatives are now becoming feasible. In fact, for example, recent studies have shown that for some applications, e.g. PBS synthesis, a direct recovery of SA from the fermentation broth is possible when an ultrafiltration membrane is integrated during the fermentation and separation process [43].

7.3.2 1,4-Butanediol Production

BDO, is an intermediate chemical used in a wide variety of applications, polymers like PBT and PUs, the solvent THF, GBL and fine chemicals. THF is the largest application market for BDO, which took up the largest share of BDO markets. Currently BDO is produced in large volumes from petrochemical maleic anhydride (Davy Process Technology) [44,45], but other conventional processes are still employed: the acetylene and formaldehyde route, known as Reppe process and adopted by BASF, Dupont and others [46], the 1,3-butadiene acetoxylation technology by Mitsubishi [47–49] and the propylene oxide multistep process by Lyondell Basell [50]. The major players in the BDO market are BASF SE (Germany), Dairen Chemicals (Taiwan), Lyondell Basell Chemicals (The Netherlands), Shanxi Sanwei Group (China), International Specialty Products (U.S.), Invista (U.S.), and Mitsubishi Chemicals (Japan). The global BDO market was 1,725.0 kton in 2011 and is estimated to reach 2,548.5 kton by 2017, growing at a CAGR of 5.5% from 2012 to 2017. Asia-Pacific is leading, accounting for more than 55% of total volume consumed in 2011 [51]. As for SA, for the production of BDO as well new developments based on renewable resources are emerging. Many large companies and consortiums are working on the developments and up-scaling of bio-based BDO. Most of them, as shown in Figure 7.5, focus on the production of bio-based SA, which can be subsequently converted to BDO through catalitic reduction, using conventional means. BioAmber has licensed DuPont’s hydrogenation catalyst technology to make bio-based BDO and THF from bio-SA [52]. Novamont and Genomatica have created a joint-venture for the first industrial plant for BDO in Europe from renewable feedstocks (sugars), employing genetically engineered E. coli. The plant is now on a commercial scale, with a production capacity of 18 kton/year. Larger BDO plants are under construction (> 45 kton/year) by partners licensing the Genomatica process in the United States and Asia [53]. Another company, Metabolix, announced that it will form a joint development deal for its PHA-based C4 chemicals with Korea-based industrial biotechnology company, CJ Cheil Jedang [54].


Figure 7.5 Developers of bio-BDO.
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7.3.3 Synthesis of PBS

PBS can be chemically synthesized like all other polyesters, the best known being PET, via a two-step melt polymerization in the presence of a catalyst. A typical polymerization can be carried out through direct esterification of SA and BDO or through transesterification starting from the methyl ester of SA and BDO, followed by polycondensation of the oligomers to remove BDO in excess and to get high molecular weight PBS.

The synthesis (see Figure 7.6) is usually performed with a stoichiometric amount of SA, or dimethyl succinate, and BDO or with an excess of BDO not above 15%. During the first step, conducted at 150–200 °C, under stirring and nitrogen atmosphere, the removal of water or methanol must subsequently be carried out, and high vacuum and higher temperatures (220–240 °C) are necessary in order to increase the molecular weight. At the industrial level, direct esterification is employed, since it is faster and the side reaction of BDO to THF is compensated by using an excess of BDO [55–57].


Figure 7.6 General scheme of PBS synthesis from SA and BDO.
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Usually long reaction times and high temperatures are necessary to achieve high molecular weight polymers through polycondensation. But heating at a high temperature for a long time could cause side reactions such as the decomposition of the glycol to form aldehydic products, or thermal decomposition of the polymer to form oligomers, H2O and CO2 through random degradation of ester chains [58]. These side reactions may result in decreasing, rather than increasing, the molecular weight of the polyester prepared, therefore many research groups focused their attention on the study of efficient catalysts.

PBS synthesis is mainly carried out with titanium (IV) isopropoxide [59,60], titanium (IV) isobutoxide [61] or titanium (IV) n-butoxide [62,63]. Recently, new catalysts based on rare-earth metals, such as scandium Sc(OTf)3 or Sc(NTf2)3 have been developed [64]. Such catalysts can achieve polymerization under mild conditions and can also be recovered and reused by solubilization in chloroform and extraction with water, but reaction times are very long and the final molecular weight is not high enough. Stannic components, such as distanoxannes [65], or tin salts [66] have also been studied for the synthesis of PBS in solution and, although relatively high molar masses were obtained [65], the use of solvents and long reaction times (24–80 h) did not make this process industrially interesting. More recently, Buzin et al. reported the use of bismuth-based compounds which are particularly interesting because of their very low toxicity characteristics, but values of Mn up to 30,000 were obtained after over 48 h at 80 °C [67].

Industrially, several strategies were suggested, the most common being the use of an efficient catalyst, such as titanium, in a relatively high amount (Ti: 100–360 ppm, Sb: 350–450 ppm, and Sn: 450–1500 ppm) [68,69] and an as limited as possible exposure of the polymer to high temperatures. This method prevents degradation inside the reactor and, therefore, the coloration of the material. However, the polymer so obtained often displays low thermal stability, a characteristic caused by the large amounts of degrading metal atoms during polymer processing [60]. Some patents suggest a different strategy, that is the use of chain extenders. In these methods, the relatively low molar mass polyesters, obtained after a long transesterification stage (9 h at 190–210 °C to reach Mn 25,000) using a low proportion of catalyst (10 ppm of Ti), are extended using diisocyanates to reach a Mn of 70,000 [70]. Other coupling agents, such as diphenylcarbonates [71,72], biscaprolactamates [73] or cyclosilazane [74], oxazoline [75] and epoxy compounds have been suggested. The molar masses from Mn = 30,000 to 200,000 have been obtained, but most of these modified polymers lose their desirable biodegradability characteristics. The most promising alternative to chain extenders is to select catalysts that display high efficiency combined with low degradation. To this purpose, authors recommended the use of germanium oxide [76,77]. Germanium oxide is well known in PET synthesis for its good catalytic efficiency and desirable thermo-oxidative stability, but it is quite expensive [78]. Jacquel et al. [79] have compared various types of catalysts for PBS synthesis: Ti(OBu)4, Zr(OBu)4, Sb(OBu)3, Sn(Oct)2, Hf(OBu)4, Bi(ODec)3, GeO2, Sb2O3, and the following metal ranking was highlighted Ti > Ge > Zr ~ Sn > Hf > Sb > Bi. Although their comparison revealed the high efficiency of Ti-based catalyst, they also observed important degradation formation outlined by the carboxylic end-groups formation, the yellowness indexes and reduced viscosities. Therefore on the basis of these aspects they concluded that Zr- and Ge-based catalysts are the most interesting substitute for the commonly used titanium. Recently Lai et al. [80] have also investigated the use of a heterogeneous Sn-based catalyst (attapulgite-supported Sn catalyst) and they found that the rate of polymerization is considerably faster with respect to SnCl2 catalysts. Degradation phenomena were not evidenced in the final polymer and, taking into account its price and environmental friendliness, it represents a very promising catalyst.

In order to reduce side reactions, solution polymerization was also investigated by several authors and different catalysts were tested [65,66,81]. This technique employs lower temperatures, but reaction times are consistently longer. The monomers are usually dissolved in xylene or decahydronaphthalene. Ishii et al. [65] have reported the use of refluxing decalin and claimed the achievement of high molar mass PBS.

Another green method for the controlled synthesis of aliphatic polyester was developed by Wang and Kunioka [82]. They presented the ring-opening polymerization (ROP) of cyclic monomers, such as succinic anydride and THF, catalyzed by aluminum triflate. The molecular weight of PBS obtained after 48 h at 100 °C was not high (Mn= 4,900). Instead Lee et al. [83] developed a very interesting method based on PBS oligomeric by-products, always present in the step growth polymerization and accumulated in large amount in factories. They isolated such oligomers with recrystallization procedures using acetone and then applied ROP with tin octanoate as catalyst. The short polymerization time and the high Mn reached (95,000) make this procedure particularly interesting. The ROP route of cyclic butylene succinate lactone was also covered by Labruyère et al. [84]. The cyclics were prepared by catalytic depolymerization of PBS oligomers using ZnO and then re-polymerized for 24 h with Sn(Oct)2 to a final PBS with a molecular weight (Mw) of 65,000.

Enzymatic esterification is another possible route for PBS synthesis extensively covered in the past few years as it provides many advantages, such as the possibility to carry out the reaction under low temperatures with nontoxic media. Moreover good-quality polymers can be obtained. The above mentioned features are the reason why this technique has been regarded as an environmentally friendly synthetic process. According to literature, researchers focus on enzymatic polymerization using lipases and the most popular lipase for that purpose is the immobilized lipase B derived from Candida Antarctica (Novozym 435, N435). The drawback of this process is currently the low molecular weights obtained [85–87].

7.4 Properties of PBS

PBS is a highly crystalline polyester. Compared to other aliphatic polyesters, such as poly(ethylene succinate), poly(ethylene adipate), poly(butylene adipate), PBS features a higher melting temperature (above 110 °C), which is crucial for applications at a high temperature range. Table 7.2 summarizes the thermal properties of PBS compared with some aliphatic polyesters [88–95].

Table 7.2 Thermal properties of PBS compared with other aliphatic polyesters (TD, Tg, Tm, crystallization degree XC) [88–95].
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The crystals structures and the degree of crystallinity influence the properties and the processability of PBS and therefore several studies were carried out to investigate its crystallization and melting behaviour [96–98]. PBS crystallizes from the melt in the 70–95 °C range and forms spherulites [99]. In particular, the effects of molecular weight on the crystallization rate were recently reported in the literature [100]. A faster crystallization rate and a higher temperature of crystallization were observed for very high molecular masses (Mn> 50,000) due to the polymer memory effects. The effect of deformations during processing on the crystal phase was also investigated [101,102]. PBS shows two crystalline modifications depending on the crystallization conditions: α form appears when PBS is crystallized from melt, whereas the β form occurs under tensile deformation [102].

The physical properties of PBS are directly comparable to those of traditional and non-biodegradable polymers such as PE and polypropylene, as shown in Table 7.3 [103].

Table 7.3 Physical properties of PBS compared with polyolefins (heat distortion temperature, tensile strength, elongation at break, Izod impact strength) [103].
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In particular PBS shows:


	good tensile strength

	good impact strength

	moderate rigidity and hardness

	typical tough polymer properties



However, PBS has a glass transition temperature of -31 °C [89], not high enough for its use in rigid packaging (for example in cosmetic and beverage bottles) where stiffness and thermal resistance are priority requisites.

As to the properties in molten state, PBS shows a low melt strength and a low melt viscosity because of the high linear chain structure, which limits its application in thermoplastic processing, foaming and filming [104].

Moreover, molecular weight is a very critical parameter concerning the mechanical properties and processability of this polyester. PBS with a Mw less than 10,000 can be extruded or injection-molded but the material turns out to be brittle. In contrast, PBS with Mw at more than 180,000 is ductile and can be processed via blowing [105]. In particular, the role of entanglements on the rheological properties of a wide molar mass range of PBS has been elucidated by Garin et al. [106].

PBS is sensitive to physical forces, such as heating/cooling, freezing/thawing or wetting/drying, which can cause mechanical damage and decrease its molecular weight, thus affecting tensile strength, melt strength and processability.

The advantage of aliphatic polyesters, such as PCL and PHB, is their biodegradability, hydrolysability and biocompatibility in the human body. More specifically, the biodegradability in the form of enzymic hydrolysis is controlled by several factors (chemical structure, occurrence of specific bonds along the chains, functional end groups, molecular weight, etc.). It is also well known that the degree of crystallinity may be a crucial factor when it comes to biodegradability, since enzymes mainly attack the amorphous domains of a polymer [91]. Therefore, the high crystallinity of PBS provides good mechanical properties but involves a low biodegradation rate. Moreover, on account of the linear hydrophobic chain structure, the lack of hydrophilicity restricts its further possible applications as new biomedical material.

The properties of PBS have been tailored through different strategies, depending on the target. The modifications to the PBS backbone reported in the literature have been made to achieve the following main objectives:


	high molecular weight

	increase of glass transition temperature

	improvement of mechanical properties

	improvement of processability

	enhancement of thermal stability

	increase of biodegradation rate



The first aim (high molecular weight) can be obtained through a chain extension method, widely used to increase the molecular weight of aliphatic polyesters, [73,107–109] or by different synthesis approach (for example synthesis via direct esterification [110] or ring-opening polymerization [83]). Other targets are typically obtained by copolymerization.

7.5 Copolymers of PBS

Copolymerization is one of the relevant methods applied to modify the physical properties of PBS. Several examples of random copolymerization with different types of comonomer units have been reported in literature and copolymers with adipic acid, terephthalic acid and lactic acid are already on the market [105].

Depending on the properties to be modified, different approaches can be used:


1. copolymerization with other dicarboxylic acid, diols or hydroxyacid to obtain random linear copolyesters

2. preparation of block copolymers by chain extension, polycondensation or reactive blending

3. introduction of long chain branches into the linear backbone



Copolymerization makes it possible to obtain polymeric materials with properties that can be varied over a wide range. In general, random copolymerization can be useful to increase the biodegradation rate, elongation at break and impact strength, while leading to a decrease in melting temperature, crystallization degree and other mechanical properties such as tensile strength and modulus. An improvement of physical properties can be obtained by incorporating aromatic units, which, however, causes biodegradability to slow down. To overcome this problem, researches are now underway to replace comonomers based on terephthalic acid with rigid bio-based and likely biodegradable building blocks. Materials with good thermal and mechanical properties can also be obtained by block copolymerization. In particular, in recent years researchers focussed their attention on the preparation of block copolymers by chain extension method. Finally, the aim of improving the melt strength can be achieved by long-chain branching.

All these techniques and the related targeted properties will be further discussed in the next paragraphs.

7.5.1 Random Copolymers

Random copolymerization with different types of comonomer units has been taken into account to tailor design the physical properties of PBS [88–89,111–136]. Table 7.4 summarizes the data of physical properties of some copolyesters that were synthesized more recently. More specifically, a comparison between the properties of the samples containing 20 mol% of different comonomeric units has been reported, with the aim to underline the effect of the chemical structure on the properties.

Table 7.4 Physical properties of some PBS random copolymers containing 20 mol% of comonomeric unit.
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The incorporation of biodegradable monomers into the PBS backbone was widely used to increase the biodegradation rate [89,111–121]. It is indeed expected that biodegradable comonomeric units have a relevant impact on the biodegradation rate, with the additional consequence of reducing the crystallization degree.

Copolymers synthesized from BDO, SA and adipic acid have been usually prepared to increase the biodegradation rate of PBS. Tserki et al. [89] studied the properties of poly(butylene succinate-co-butylene adipate) random copolymers (PBSA) with different succinic acid/adipic acid molar ratios (from 80/20 to 20/80) and reported a general improvement of the biodegradation rate for all compositions. However, a decrease in crystallinity, heat distortion temperature and tensile strength with respect to neat PBS were observed. The best balance between biodegradability and thermal and mechanical properties was reported for the 80/20 sample.

A series of aliphatic poly(butylene succinate-co-DL-lactide) copolyesters were also synthesized for this purpose [111]. The results have shown that the crystallization of the copolyesters was restricted by the incorporation of lactide (LA) units, with consequences on biodegradability. Indeed, the enzymatic study showed that the copolyesters with a higher content in LA units degrade faster, beginning in the amorphous region.

1,3-propanediol is an interesting monomer as it can be obtained from biological fermentation. Moreover, it is known that the “odd-even” effect of the number of methylene groups in the chemical repeating unit may result in different properties of the polyesters [137]. For example poly(propylene succinate) (PPS) is a biodegradable polymer featuring a higher biodegradation rate as compared to PBS, due to its low crystallinity. Therefore, an increase of the biodegradation rate of PBS could be achieved by copolymerization with 1,3-propanediol. Many studies have been carried out to examine the effect of propylene succinate (PS) units on the crystallization behaviour of PBS in poly(butylene succinate-co-propylene succinate) (PBPS) random copolyesters [112–115]. In general, the results obtained through DSC, WAXD and optical microscope observations have shown that the incorporation of PS units into the PBS backbone inhibits the crystallization behaviour of PBS. The relationship between crystallization behaviour and biodegradability for PBPS samples has been reported by Papageorgiou et al. [116]. The faster biodegradation rate of copolymers compared to PBS homopolymer has been attributed to the lower crystallinity degree and their lower melting points. The morphology, the reduced spherulite size and also the characteristics and the composition of the amorphous phase might also play a role.

Azelaic acid (AzA) is another interesting bio-based building block used to modify the PBS properties [117]. Aliphatic polyesters were prepared by incorporating AzA into PBS backbone to modulate the thermal properties, to obtain bio-based and biodegradable copolyesters.

It is known that poly(butylene succinate-co-diethylene glycol succinate) copolymers feature a faster degradation rate compared to neat PBS. In recent studies [118,119], the modification of PBS by incorporation of minor contents of diethylene glycol (DEG) units (mole fraction of DEG less than 25%) was investigated. It is reported that even a small amount of DEG units plays an important role in the properties. However, the samples are still semicrystalline, which is of interest for practical application. Although Tm did not depress markedly, the presence of polyethers raised another problem, that is their long-term instability under environmental conditions, since the oxidative reaction of ether bonds could be initiated by thermo-, photo- or γ-radiation [138].

The addition of aliphatic [120] and cycloaliphatic diols [121] was also investigated in order to better understand the relationship between structure and properties of biodegradable polymers. In the case of copolyesters containing 1,3/1,4-cyclohexanedimethanol, surface hydrophilicity of material, rather than crystallinity, was the predominant effect on enzymatic hydrolysis [121].

In all examples examined, the crystallization ability of copolyesters becomes lower compared to homopolymers, as expected in general for random copolymers. However, in some cases, an increase of the crystallization degree and of the crystallization rate with respect to those of PBS has been reported [105,122]. This behaviour could be interesting for the positive effect on the mechanical properties of copolymers. In particular, the amount of butylene adipate (BA) units in the PBSA copolyesters plays a significant role in determining the properties of copolymers [105]. A higher degree of crystallinity and tensile strength with respect to PBS was obtained for PBSA with 5–15 mol% BA content. Moreover, the biodegradation rate of PBSA film in activated sludge was enhanced through the increase of BA contents from 0 to 20 mol%.

A study on poly(butylene succinate-co-butylene fumarate) [122] found that the melting point of the samples increases linearly with the increase of the molar ratio of butylene fumarate. Moreover, the introduction of unsatured comonomer into PBS can enhance the total crystallization of the copolymers due to the nucleating effect. This behaviour was explained by a phenomenon of isomorphism.

In the last few years, the improvement of the physical properties of aliphatic polyesters has become a challenging task. As a first strategy, the introduction of aromatic units appeared to be interesting for the synthesis of polyesters, as it combined improved mechanical properties, thermal stability and biodegradability. Aromatic-aliphatic polyesters have thus attracted great interest from many research groups. In particular, many studies report the synthesis and characterization of poly(butylene succinate-co-terephthalate) (PBST) with different amounts of terephthalic units [88,123–128].

A series of PBSTs was synthesized and characterized to investigate the effect of comonomer sequential structures on thermal behaviour, thermal stability and enzymatic degradation [88,124–125]. The samples showed a homogeneous amorphous phase and a crystalline phase in the whole range of composition. The crystals lattice structures shifted from the monoclinic crystal phase of PBS to triclinic lattice of PBT, according to the composition. Enzymatic degradability is also affected by the amount of butylene terephthalate (BT) units. A maximum weight loss was observed for samples containing 10 mol% of BT units because of the balance between crystallization degree and presence of non-biodegradable units [125]. Thermal stability was substantially enhanced by increasing the BT amount, an important result for the processing [88]. The dependence of mechanical properties on the crystallization degree was also reported and a high tensile strength has been observed for PBST samples with aromatic comonomer up to 20 mol% [105].

As to their applications, the interest in the PBST copolymers was mostly towards materials rich in BT units. In particular, the experimental results showed that the PBST sample with 70 mol% of BT units possesses excellent thermal and mechanical properties as well as good biodegradability [88–105,124,125]. Then many studies have been carried out on this composition to investigate the structure development during the processing.

PBST fibers, prepared through the melt-spinning process of a high molecular weight PBST resin, have displayed better flexibility, compared to PBT fibers, and higher melting temperature, compared to other biodegradable polyesters, useful for textile processing [126]. Moreover, it was found that the combination of soft butylene succinate (BS) unit and hard BT unit for as-spun PBST fibers contributed to a better elastic recovery rather than the PBT fibers ones [127]. In a recent paper, the structural developments of PBST at the lamellar level during uniaxial stretching and subsequent heating have been elucidated using in situ SAXS with thermo-mechanical coupled equipment [128].

Recently, studies were also carried out on aliphatic-aromatic copolyesters with propylene terephthalate (PT) and ethylene terephthalate (ET) units [129,130]. Poly(butylene succinate-co-trimethylene terephthalate) random copolymers were prepared by reactive blending to investigate the possibility of cocrystallization [129]. If two crystallizable components of the copolymers can coexist in their crystal lattices, the thermal and mechanical properties of the copolymers can be controlled without a significant loss of crystalline properties [139]. DSC and WAXD results showed that the copolyesters exhibited isodimorphic cocrystallization, as expected for comonomers having dissimilar chemical structures. This may help to design copolyesters with the desired crystals forms, melting temperature values and mechanical and degradation properties.

Copolymers based on PBS and postconsumer poly(ethylene terephthalate) (PET) were synthesized in order to develop sustainable materials [130]. Copolyesters with tunable properties ranging from semicrystalline polymers possessing good tensile modulus and strength to nearly amorphous polymer of high elongation were prepared by polycondensation of BDO and SA, followed by melt reaction with postconsumer PET in bulk.

More recently, the idea of replacing the comonomers based on terephthalic acid with bio-based units was considered. The use of other rigid monomers such as 2,5-furandicarboxylic acid (FDA) might be a promising alternative and some examples of copolyesters have been reported in the literature [131,132].

Bio-based aliphatic-aromatic copolyesters from BDO, SA and FDA were synthesized in a full range of compositions [131]. The properties of poly(butylene succinate-co-butylene furandicarboxylate) (PBSF) were very close to those of PBST with the advantage that FDA is a biobased monomer. All the composition tested have shown excellent thermal stability and single glass transition temperature (Tg) in agreement with the random sequences structure validated by 1H NMR. As expected for random copolymers, the crystallizability and Tm of PBSFs were found to be lower than those of PBS homopolymer and, consequently, the tensile modulus and strength decreased and the elongation at break increased with the amount of FDA. Thus, depending on composition, the behaviour of PBSFs can be tuned ranging from crystalline thermoplastics to amorphous elastomerlike polymers.

PBSF copolymers were also prepared by Jacquel et al. with the goal of obtaining aliphatic-aromatic polyesters dedicated to biodegradable film applications [132]. As expected, the glass transition of the copolymer increased due to the incorporation of rigid comonomer and the effect on the temperature was greater for the addition of butylene furandicarboxylate (BF) units rather than BT units (for example, TgPBSF20 = −17 °C and TgPBST20 = −27 °C). To evaluate the processability, copolymers with 5, 10, 20 mol% of BF units were processed on a film blowing extruder. The presence of BF units has the effect of increasing the melt strength but the low crystallization rate was a limiting factor to the blowing technique. Considering biodegradation under composting conditions, it was shown that PBSF copolyesters with FDA content up to 15 mol% were compostable according to EN 13432.

The usual decrease of crystallinity due to the random copolymerization involves the worsen of mechanical properties related to the crystalline phase. Good mechanical properties can be achieved by significantly increasing Tg of the material. The replacement of BDO by another diol of renewable origin, capable to increase the too low Tg of the aliphatic polyesters, would be a strategy for increasing the sustainability of PBS and expanding its field of applications. Some recent papers report the synthesis of aliphatic polyesters using rigid diols derived from carbohydrate [132–135].

Copolyesters containing isosorbide have been reported by Jacquel et al. [132]. The polycondensation rate was negatively affected due to the low reactivity of the isosorbide secondary endo hydroxyl function and samples with high molecular weight were obtained only for poly(butylene succinate-co-sosorbide succinate) (PBIS) containing 5, 10 and 20 mol% of isosorbide [132]. The ability of the copolymer to crystallize was drastically reduced by the addition of the comonomer, while a significant increase in the Tg was observed. Comparing the effect of the incorporation of isosorbide into PBS chain with that of terephthalate or 2,5-furandicarboxylate, it was found that the Tg increment due to the addition of isosorbide was more pronounced (see Table 7.4) [132]. The inclusion of larger amounts of isosorbide may also have negative effects on the thermal stability. An important decrement of thermal decomposition temperature was reported for samples rich in isosorbide unit [133]. Few results have been reported on the biodegradation rate of these copolyesters. The work by Tan et al. [133] showed that the rigid cyclic structure of isosorbide is the main factor influencing the enzymatic degradation rate with comparison to the degree of crystallinity, and a low degradation rate of the copolymers has been reported. Jacquel et al. suggested that PBIS could be a promising biodegradable polymer under composting conditions, by comparing the previous results obtained on poly(isosorbide succinate) (PIS) homopolymer [140–141] in which the biodegradability of PIS has been tested.

In a recent paper, the carbohydrate-based diol 2,4:3,5-di-O-methylene-D-mannitol (Manx) was used to obtain bio-based random copolyesters [134]. In terms of stiffness such monomer is comparable to the isosorbide, but it affords the additional advantages of being much more reactive in polycondensation and capable of producing stereoregular polymers with fairly high molecular weight. A series of random copolyesters were synthesized using mixtures of Manx and BDO with dimethyl succinate. The Tg of copolymers and, consequently, their elastic modulus and tensile strength increased with the content in Manx units and the enzymatic degradation was faster for the copolymers with respect to PBS.

The Tg of PBS was increased by using comonomers derived from tartaric acid [135]. In particular, the two cyclic acetals, 2,3-di-O-methylene-L-threitol and dimethyl 2,3-di-O-methylene-L-threarate, were used for the synthesis of two series of PBS random copolyesters. The physical properties of the novel copolyesters varied widely depending not only on their composition but also on the type of unit that was replaced. Generally, they showed higher Tg, lower Tm and crystallinity compared to the PBS homopolymer. Moreover, the presence of units from tartaric acid increased the hydrolytic degradability of PBS, more so especially with the concourse of enzymes; the degradation was found to take place preferentially through hydrolysis of ester groups directly associated to tartaric acid units.

A recent study on random copolymers with ricinoleic acid has been reported. The aim of the work was to develop a bio-based material with antimicrobial activity [136].

7.5.2 Block Copolymers

The preparation of random copolymers allows to achieve some goals, such as an increase of the biodegradation rate. As already discussed, the presence of comonomeric units prevents the crystallization of PBS with positive consequences on the biodegradation but negative ones on the mechanical properties and melting temperature. On the other hand, blending can be affected by the immiscibility of the components and properties may be worsened by the discontinuity at the interface. Therefore, the preparation of block copolymers may represent an attractive means to modify the properties of crystalline polymers without reducing the crystallinity too. Block copolymers, owing to their special microphase separated structure and morphology, demonstrate extraordinary thermal and mechanical properties, higher than their corresponding random copolymers. This approach has been widely tested with PBS and many block copolymers were prepared by polycondensation, reactive blending or chain extension method.

Block copolymers with poly(ethylene glycol) (PEG) received great attention with the aim to modify some properties of PBS by using the superior properties of PEG, such as flexibility, hydrophilicity and biocompatibility. The crystallization kinetic, morphology and crystals structure were investigated in depth to understand the relationships between crystallization and biodegradation behaviour [142–144]. Studies carried out on block copolymers synthesized from SA, BDO and PEG with Mn = 2,000 have shown an increase of hydrophilicity due to the incorporation of PEG blocks and a good in vitro hydrolysis degradation performance [142].

An interesting route to synthesize diblock (PBS-PEG) and triblock (PBS-PEG-PBS) copolymers with high molecular weight by ring-opening polymerization was also recently reported [83]. In particular, copolymers having controlled sequences were synthesized by using cyclic oligomers from PBS byproducts in the presence of mono- and di-hydroxyl-functionalized PEG as macro-initiators.

Sodium sulfonated polyethylene glycol (SPEG) has been used to investigate the effect of ionomeric groups on crystallinity, dynamic mechanical properties and susceptibility to enzymatic hydrolysis on PBS based block copolymers synthesized by polycondensation [145]. An improvement of physical properties was observed due to the intermolecular interactions between ionic groups, while the crystallinity decreased considerably when increasing SPEG contents because ionic interaction led to retardation of chain folding. However, the presence of ionic groups improved hydrophilicity on the copolymer surface and, consequently, helped increase enzymatic hydrolysis.

Block copolymers of PBS containing diethylene succinate and thiodiethylene succinate sequences were prepared via reactive blending from PBS and poly(diethylene succinate) or poly(thiodiethylene succinate) respectively by Gigli et al. [146–147]. The properties were compared to those of corresponding random copolymers to investigate the effect of molecular architecture. The results showed that the random distribution involves a faster biodegradation rate, due to the lower melting point and amount of crystal phase of random copolymers. Moreover, the replacement of oxygen atoms with sulfur atoms in the polymer chain can increase the biodegradability of block copolymers.

In some cases, the block copolymerization allows to combine the properties of polymers that would otherwise be immiscible due to their different chemical structure. For example, to improve its thermal and mechanical properties, PBS was reactively blended with PA6I6T in the molten state [148,149]. The copolymers generated by the exchange reactions act as compatibilizers and reduce the interfacial tension of the two phases. The study on sample 70/30 has shown that the PA6I6T (hexamethylene isophthalamide-co-hexamethylene terephthalamide) blocks hinder the crystallization of PBS, leading to low crystal growth rates and higher activation energy. When increasing the ester-amide exchange reaction extent, the crystalline morphology of the samples changes significantly. The size of spherulites decreases and the interface between spherulites becomes indistinct.

The chain-extension method was widely used in the last few years to prepare block copolymers. It is a simple but very efficient way to synthesize high molecular weight block copolymers with controlled physical and mechanical properties by the composition. This method has the advantage of avoiding thermal degradation of the materials that could instead occur during the reactive blending and allows greater control of the sequence length. Moreover, in this way it is possible to prepare block copolymers that could not be produced by polycondensation because transesterification reactions occur under usual polymerization conditions. In the last few years many studies have been reported on the use of a chain extender based on diisocyanate [150–159].

The possibility of obtaining microphase separated typical of block copolymer has been investigated by Zheng et al. [150–152]. Copolymers comprising butylene succinate and 1, 2-propylene succinate (1,2-PS) blocks were prepared in order to obtain a material with crystalline hard segments and amorphous soft segments. The data of DSC and mechanical testing indicated that block copolymers possess excellent thermal and mechanical properties with an extraordinary impact strength achieving up to 1900% of pure PBS. The incorporation of 1,2-PS amorphous soft segments imparted high-impact resistance to the copolymers without decreasing the Tm [150]. The molar ratio of chain extender to polyester-diols (R) was an important factor that affected the properties. Multiblock copolymers at different R-values were also synthesized to clarify the structure-property relationship [151]. The microstructure and the deformation process of these copolymers were then investigated to explore the effect of chain composition on the stress-induced crystal transition and to further understand the micromechanical deformation mechanism of semicrystalline polymers [153]. Transition from α to β crystal was observed for all samples and the critical stress for the α-β transition of copolymers was shown to be the same as that of pure PBS. The single-microfibril-stretching mechanism has been proposed.

The introduction of appropriate amounts of 1,2-propylene terephthalate (1,2-PT) amorphous segment was tested to improve tensile strength without decreasing other mechanical and thermal properties [154]. The best compromise was achieved when the 1,2-PT content was 5 wt%. The same result was obtained about crystallization and enzymatic degradation rate.

To combine the advantages of both aliphatic and aromatic polyesters, block copolymers based on PBS and poly(ethylene succinate-co-ethylene terephthalate) were prepared via chain extension [155]. The thermal and tensile properties were improved with respect to those of random copolymers with the same composition previously studied [160].

Block copolymers with separated microphase structure were obtained by chain extension of PBS and PCL [156]. In this case, a double crystalline phase was observed with PBS as the hard segment and PCL as the soft segment. The decrement of melting temperatures, observed for the corresponding random structures [161], was less pronounced for block copolymers and this behaviour could be important for applications of such materials.

The use of this method has overcome the problem of incompatibility of two components. For example, block copolymers with butylene carbonate as a soft phase have been obtained by chain extending of PBS and poly(butylene carbonate) (PBC) [157].

A new class of multiblock copolymers bearing reactive sites on the main chain, composed of PBS and poly(butylene fumarate) (PBFu), was synthesized to enhance the biodegradability of PBFu [158]. These copolymers presented an interesting behaviour in that the two segments are compatible in both the amorphous and crystalline region and form cocrystals, with positive consequences on thermal and mechanical properties. Moreover, the degradation rate of PBSFu was accelerated through the copolymerization with PBS. The presence of unsaturation (C=C) on the main chain offers the possibility for further functionalization.

PBSA random copolymers were used as a soft segment in block copolymers with poly(L-lactic acid) (PLLA) with the aim of increasing elasticity and toughness of rigid PLLA [159]. A modified chain extension/coupling method using binary chain extenders was used to prepare high molecular weight multiblock copolymers. The results showed that tensile modulus and strength decrease while the elongation at break and impact strength increase as the amount of PBSA is increased. Then, the mechanical properties can be tuned from toughened thermoplastics to thermoplastic elastomers.

7.5.3 Chain Branching

The thermoprocessability of semicrystalline polymers depends on thermal stability, viscosity, melt strength, crystallization rate, etc. As pointed out in the description of the properties, PBS exhibits low melt strength and low melt viscosity due to its linear chain structure. The literature reports that branched polyesters exhibit melt rheological properties that are unobtainable with a linear chain [162]. Branching has been proved to be effective in enhancing processability in the processes involved with elongational flow, such as fiber spinning, film blowing, vacuum forming and foaming. Moreover, branching increases the melt strength and confers a tensionhardening property on the polymer, which is of help for a uniform extension in the polymer processing in which a high degree of orientation is required.

The improvement of rheological properties (decreasing in shear thinning onset and increasing in zero-shear viscosity (η0)) is attributed to a higher entanglement density of the branched chains [162]. In the case of short chains, it is possible that the branches are not long enough to form entanglements and, consequently, shear thinning and η0 enhancement are not observed [163]. The melt viscosity of the branched polyesters was lower than that of the linear polyester due to the reduced hydrodynamic volume of the branched chains.

Branched PBS copolymers were synthesized by a polycondensation process from SA and different molar ratios of BDO and 1,2-octanediol and an improvement of some rheological properties was reported [164].

The use of a multifunctional monomer can be exploited to form branched structures. In particular, 1,2,4-butanetriol has been used [104] and the incorporation of a small quantity of trifunctional monomers into the PBS matrix increased the value of complex viscosity compared to linear PBS and showed that the existence of more entanglement of long-chain branches leads to the longer relaxation mechanism. Moreover, a decreasing in shear thinning onset was observed.

The papers on modifications of PBS by the introduction of chain branches also report a general decreasing in the crystallization rate of branched with respect to linear PBS. As a high crystallization rate is required for the processing, a compromise between the two effects should be evaluated.

The long-chain branching was also used to modify the rheological properties of copolymers. Biodegradable linear copolyesters usually have better film blowing processability than other biodegradable polymers like PLA, but their processability and costs are much less competitive than polyolefin. To lower their cost, it is necessary to produce ultrathin film and, for this purpose, the melt strength must be greatly enhanced. Sun et al. [165] reported that PBST synthesized with a small amount of diglycidyl 1,2,3,6-tetrahydrophthalate as branching agent showed an important improvement of rheological properties.

In Table 7.5 the random, block and branched copolymers are summarized as a function of the related targeted properties.

Table 7.5 Some examples of PBS copolymers and the corresponding targeted properties.
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7.6 PBS Composites and Nanocomposites

Although the unique properties of PBS, such as biodegradability, melt processability, elongation at break and tensile strength, can be compared to those of polypropylene (PP) and low density polyethylene (LDPE), PBS presents some inherent shortcomings, such as insufficient stiffness, lowmelt strength and viscosity, low gas barrier properties. Such deficiencies may be overcome by composite technology, which represents an opportunity to obtain high-performing materials in view of wider final applications. Polymer composites are solid multiphase materials and consist of a polymer matrix reinforced with fillers, displaying much improved properties as compared to the pristine polymer. In the case of nanocomposites, filler has at least one dimension in the nanometer range and normally low volumes (≈ 5%) of fillers are added into the polymer matrix, while for composites there are no limitations either in dimensions and in the quantities added [166,167]. In general, various nanofillers exist in different sizes and shapes that can be classified into three categories depending on the dimension of the nanosized particles: i) plate-like nanofillers (1D) are layered materials typically with a thickness on the order of 1 nm, while the aspect ratio following their two remaining dimensions is at least 25; ii) nanofibers or whiskers (2D) have a diameter below 100 nm and an aspect ratio of at least 100; iii) nanoparticles (3D) exhibit 3D dimensions below 100 nm. The most popular 1D filler are layered silicate including smectic clays, layered double hydroxides as well as graphene sheets. Carbon nanotubes, nanocellulose substrates and so on, all fall under 2D category while the best-known 3D nanofillers are silica particles, polyhedral oligomeric silsesquioxane and metal oxides [168].

Composite technology also resorts to other types of systems, in addition to the above types of fillers. In fact, for example, natural fibers, too, have recently been extensively used in this field following a growing environmental awareness. Therefore, in order to give an exhaustive overview of all recent studies, the following section is divided into: i) inorganic-based fillers and ii) natural fibers.

7.6.1 Inorganic Fillers

Examples of inorganic fillers include, but are not limited to, clays, carbon nanotubes, graphene, silver, TiO2, ZnO, silica, hydroxyapatite, etc. Since they possess an inorganic nature, a compatibilization with the organic polymer matrix is needed, in order to improve the adhesion at the interface, which in turn allows to achieve better properties. Possible applications for this type of composites are high performing materials [169], flame retardants [170], electronic packaging [171] and biomedical devices [172]. This class of composites contemplates a low volume of filler loading (0.5–5%) and, in most cases, nanocomposites are obtained.

7.6.1.1 Clay-based Fillers

Anionic clays or layered double hydroxides (LDHs) are very interesting because of their versatility and simplicity of preparation. Moreover LDHs, as synthetic layered open-framework minerals, present great advantages, such as chemical purity and tunable composition, crystallinity, particle size control, and easy functionalization as well as a marked biocompatibility. Sisti et al. [166,173], for example, prepared PBS nanocomposites by in situ polymerization and melt blending, using various LDHs modified with renewable molecules.

Another interesting example has been reported by Liu et al. [170]: the authors obtained a novel intumescent flame retardant PBS composite with MgAlZnFe-CO3 LDH exhibiting excellent flame retardancy, antidripping properties, improved tensile and flexural properties.

Cationic clays or montmorillonite (MMTs), which belong to the structural family known as the 2:1 phyllosilicates, structurally similar to LDHs, have been also used with PBS. For example, Zhou et al. [174] prepared PLA/PBS organo-modified MMT (o-MMT) foamed composites with high compressive, flexural and impact strength. Phua et al. [175] used maleic anhydride grafted-PBS (PBS-g-MA) as compatibiliser for the set-up of nanocomposites with o-MMT. The results showed enhanced barrier properties and biodegradation. Whereas Kim et al. [176] studied the thermal stability of twice functionalized o-MMT and found better results in exfoliated composites.

Melt blended materials based on PBS and mica, a kind of layered aluminosilicate, have also been reported [177].

7.6.1.2 Carbonaceous-based Fillers

Carbon nanotubes (CNTs), graphene and carbon fibers belong to the family of carbonaceous-based fillers. CNTs can be divided into two main categories: single-walled nanotubes (SWCNTs), and multi-walled nanotubes (MWCNTs) [168]. It is worth noting that MWCNTs, can greatly enhance the mechanical, thermal and electrical performance of materials, allowing the formation of high conductive films or electronic films for packaging.

Studies on PBS/MWCNTs composites prepared via simple melt compounding are reported by Wang et al. [171], Shih et al. [178] and Yuan et al. [179]. The composites showed enhanced crystallization [171,179], thermal stability [171,178] and improved mechanical properties [178].

Graphene has attracted increasing attention in recent years since its discovery in 2004 [168]. Like MWCNTs, it can notably enhance the thermomechanical and electrical characteristics of the materials. For example, tricobalt tetraoxide-functionalized graphene nanofillers were prepared to reduce fire hazards in PBS composites prepared by melt blending. The results showed a reduction in the released gaseous products and the heat release rate. The decrease in gaseous products such as hydrocarbons, carbonyl compounds and carbon monoxide was attributed to the combined properties of the barrier effect and high catalytic activity for CO oxidation of Co3O4/graphene [180]. In addition, graphene was used in combination with an intumescent flame retardant (IFR) system to fabricate PBS composites with improved flame retardancy [181].

Graphene oxide (GO) nanosheets, on the other hand, carry abundant oxygen-containing functional groups and are therefore expected to provide stronger interfacial interactions with polar polymers, which will lead to more homogeneous dispersion and higher reinforcement efficiency [182]. PBS/GO composites have been reported by Du et al. [183] and Wan et al. [182].

Carbon fibers have also been used in PBS composites for high tech materials [169,184].

7.6.1.3 Metal- and Metal Oxide-based Fillers

The most common metal used as filler is silver, known for its antimicrobial activity against a variety of microorganisms and its low toxicity to human cells, hence its applications as wound dressings, medical devices, and textile fabrics are quite common.

Biodegradable and antibacterial PBS electrospun fiber mats containing silver nanoparticles (AgNPs) were prepared by Tian et al. [185]. The PBS fiber mats with 0.29 wt% of AgNPs content showed strong antimicrobial activity against both gram-positive and gram-negative bacteria. In addition, bacterial growth was found to be inhibited over a long period of time due to the long-term release performance of Ag from these fiber mats.

Titanium dioxide (TiO2) is non-toxic, has excellent stability, strong oxidation power and super hydrophilic properties. Hence it was found to have many important applications in environmental purification, as photocatalyst or gas sensor [186]. Nanoscale TiO2 has been extruded with PBS by Huang et al. [187], thus obtaining composites with enhanced UV resistance and thermomechanical properties.

Zhan et al. [172] instead, studied the crystallization and melting properties of PBS nanocomposites with titanium dioxide nanotubes (TNTs), prepared by a solution casting method. It was found that TNTs play a role as heterogeneous nucleating agents, increasing the crystallization temperature and rate of PBS composites, and decreasing its crystallization activation energy.

Zinc oxide (ZnO) nanoparticles are known to inhibit microbial growth but, at the same time, they have negligible negative effects on human cells. Therefore, they have been increasingly applied in the food industry. Composites with PBS and various concentrations of nano-ZnO have been prepared, in order to formulate an antimicrobial packaging to extend the shelf life of fresh cut apples. Although some properties of films, such as oxygen and water vapor permeation, should be improved, the results obtained for the composition PBS/ZnO (4 wt%) are very promising because storage was assured for at least 18 days, whereas the microbial load was reduced to below the standard level [188].

7.6.1.4 Silicon-based Fillers

Polymer/silica composites are among the most commonly reported in the literature. The advantages of this nanoparticle include easy synthesis and surface treatment, which enhance the interactions with the matrix. Fumed silica in particular, owing to its completely amorphous state is considered thoroughly non-toxic and non-irritating [189].

Vassiliou et al. [189], for example, prepared PBS/fumed silica nanocomposites by in situ polymerization and found that tensile strength and Young’s modulus were significantly increased by increasing the SiO2 content. Moreover, at low concentrations, the SiO2 nanoparticles acted as chain extenders, while at higher loadings they resulted in extended branching and crosslinking reactions.

Silica was also successfully employed to improve the thermoprocessing of PBS, in order to optimize the production process. Jacquel et al. [190] in fact, prepared PBS/silica nanocomposites and then proved that silica greatly facilitates PBS processing by extrusion blowing. Moreover, tensile tests performed on films proved a significant reinforcement of the material with the addition of the nanofiller, due to the excellent dispersion of the particles into the polymer matrix; this dispersion is stable upon film blowing.

7.6.1.5 Other Inorganic-based Fillers

In addition to the above-mentioned categories, other interesting types of inorganic fillers (such as hydroxyapatite (HA) or fluorapatite (FA)) are also mentioned in the literature, mostly for biomedical devices.

HA is acknowledged as the main component of bones and teeth, it features excellent bone bonding capability and osteoconductivity, and is used mainly as bone fillers or as a coating in reconstructive surgery. PBS/HA composites prepared by solution casting or melt blending have been reported [172,191]. Grigoriadou et al. [192], prepared PBS nanocomposites containing strontium HA [Sr5(PO4)3OH] nanorod: strontium seems to promote bone formation in tissue scaffolds. It was found that nanoparticles accelerate the hydrolysis degradation process thanks to the hydrophilicity of nanofillers; in fact, the presence of hydroxyl groups and the effect of a “gap” at the interface favours the release of filler during hydrolysis.

A new bone repair biomaterials is FA, which is structurally and chemically similar to HA, and is known to be more chemically stable and easier to synthesize. Additionally, FA can provide fluoride release at a controlled rate and several studies demonstrated the stimulating effect of fluoride on bone formation, therefore these composites have been successfully prepared by co-solution method [193].

Other PBS composites with wollastonite [194,195], β-Ca3(PO4)2 [196] and CaCO3 [197] are reported in literature.

7.6.2 Natural Fibers

Nowadays there is great interest towards the use of natural fibers with PBS. The main application for this type of composites is the preparation of high-performing, low cost materials.

Natural fibers are mainly divided into two categories depending on their origin: plant-based and animal-based. In general, plant-based natural fibers are lignocellulosic in nature and are composed of cellulose, hemicellulose and lignin, whereas animal-based fibers contain proteins. Plant-based natural fibers like flax, jute, sisal and kenaf have been more frequently used and studied with respect to animal-based fibers such as silk and wool [198].

Lignocellulosic fibers represent actual potential substitutes of glass fibers in composite materials thanks to their low density and adequate strength and stiffness. Applications as containers for hot food or cases for electronic or photoelectronic products are also reported [199]. To a lesser extent, naturals fibers can also be used in the biomedical field [200].

Natural plant fibers reveal quite attractive advantages in comparison to their traditional synthetic counterparts, such as glass or carbon fibers: they are renewable and biodegradable, not abrasive for processing tools, cheap and abundant feedstock, they do not cause respiratory problems to workers and allow to reduce the amount of polymer, with undeniable environmental and economical benefits. However, a great variability of chemical and physical properties (structure, size, chemical composition and mechanical properties), together with a sensitivity to the environment, are significant disadvantages, resulting in poor long-term performance. Moreover, their hydrophilicity, due to the hydroxyl groups of cellulose and hemicellulose, is the cause of their incompatibility with hydrophobic polymeric matrices, resulting in poor interfacial adhesion and, by consequence, low mechanical properties. Therefore a compatibilization is required [201].

Most plant fibers, which are being considered as reinforcements for polymer matrices, are bast fibers. They are obtained from the outer cell layers of the stems of various plants, and those derived from flax, jute, kenaf, and hemp prevail [202]. In general the possible amount of fibers in composites with PBS is very large (5 - 70 wt%).

Kenaf fibers (KF) are extensively studied in literature [203–206]. Untreated kenaf fibers were employed by Liang et al. [206], to prepare PBS composites by melt mixing. With the incorporation of KF, both the tensile and the storage moduli have been improved, and the crystallization rate of PBS was significantly enhanced. Nevertheless the interfacial adhesion between PBS and KF was poor. In order to promote this adhesion many authors suggest to graft maleate units on PBS [203–205], to allow the achievement of improved mechanical properties, even if the materials seem unfit for extreme thermal and moisture exposure [203].

Sisal fibers were also studied for the set-up of PBS composites [201,207,208]: the mechanical properties result to be enhanced, mostly in case of a steam explosion [208], always with the aim to improve the poor fiber/matrix adhesion.

Enhanced mechanical properties are also reported for alkali treated coir fiber PBS composites prepared by hot pressing [209], and for glycidyl methacrylate-grafted-poly(butylene succinate) (PBS-g-GMA)/palm fiber composites obtained by melt mixing [210]. Sahoo et al. [211] instead, prepared a more complex PBS system with lignin and switchgrass using a melt mixing technique, and evaluated the effect of polymeric methylene diphenyl isocyanate (pMDI), isocyanate terminated polybutadiene prepolymer (ITPB) and organic peroxide on the properties of composites. Peroxide and pMDI resulted in the improvement of the tensile and flexural strengths while ITPB enhanced the impact strength of the material.

PBS/chestnut shell fiber (CSF) composites have also been assessed and maleic anhydride-grafted-poly(butylene succinate) (PBS-g-MA) and crosslinked chestnut shell fiber (TCSF) were successfully used to further improve the mechanical properties of PBS/CSF composites, thanks to a better interfacial compatibility. The materials compatibilized (PBS-g-MA/TCSF), in fact, showed superior mechanical properties, while PBS/CSF composites displayed superior biocompatibility [200].

Better tensile properties have also been achieved with aminosilane treated rice straw fibers/PBS composites prepared by injection molding [212], and with silane treated cotton fibers/PBS composites prepared by compression molding, although a decrease in thermal stability as compared to the homopolymer is present [213]. On the other hand, cotton stalk bast fibers subjected to steam explosions determined an increase in stiffness in PBS matrix and played a dual role, acting as both nucleating agents to promote nucleation and physical hindrances to retard the transport of chain segments during the non-isothermal crystallization [214].

An interesting system is reported by Shih et al. [199]. The authors chemically treated pineapple leaf fibers and recycled disposable chopstick fibers with an alkaline solution and a silane coupling agent. Then, the hybrid fibers and PBS were melt mixed to form hybrid fiber-reinforced composites which displayed high tensile, flexural and thermal properties.

Bourmaud et al. [215] recently reported about PBS/flax fiber composites, extruded and injected at 140 °C, with a good level of tensile or impact properties as compared to polypropylene or L-poly-(lactide) (PLLA) based biocomposites. Moreover, it was demonstrated that the incorporation of PBS in PLLA/flax fiber composites improves the elongation at break and impacts.

All natural fibers composites are normally fully biodegradable, but recent studies on the degradation rate are reported by Terzopoulou et al. [202] for hemp fibers (or hemp shives)/PBS composites, by Wu et al. [200] for PBS/CSF, and by Liu et al. [216] for PBS/jute fibers.

As already mentioned, natural fibers also include animal-based fibers, even if such types of composites seem to be less common. Silk fibers spun out from silkworm cocoons consist of fibroin in the inner layer (70–80%) and sericin (20–25%) in the outer layer, all protein-based. Silk fibers are biodegradable, highly crystalline with a well aligned structure, feature high tensile strength, good elasticity, and excellent resilience [198]. Short silk fiber-reinforced PBS biocomposites with good thermomechanical properties are reported by Lee et al. [198] and Kim et al. [217], who further studied the effect of an electron beam treatment of worm silk. In Figure 7.7 various types of fibers are reported.


Figure 7.7 Some natural fibers used in PBS composites.
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For high performing materials, a derivative of natural plant fibers, lignin, has been used. It is the second most abundant natural biopolymer in the world, serves as a matrix component for cellulose and hemicellulose in plant cell walls and provides mechanical strength to biofibers. Currently, about 70 Mtonnes of lignin are generated annually as a co-product in the paper pulp industry. Lignin is a complex polyfunctional macromolecule, composed of a large number of polar groups, and therefore potentially more compatible with polar polymers as PBS [218].

Composites from PBS and lignin-based natural materials were fabricated using a melt mixing process by Sahoo et al. [218]. The authors proved that the incorporation of 65 wt% of lignin into PBS provided an improvement in the tensile and flexural properties of composites. Incorporation of 1 wt% of methylene diphenyl diisocyanate (PMDI) as compatibilizer in 50 wt% lignin filled composites enhanced the tensile, flexural and impact strength simultaneously. Heat deflection temperature also increased with lignin and PMDI incorporation.

Another derivative of natural plant fibers, is cellulose. It is one of the renewable, biodegradable and almost inexhaustible source of raw material, and has been widely applied in the paper, food and drug packaging industries as well as composite reinforcement. It is a natural linear polysaccharide in which D-glucopyranose rings are connected to one another with β-(1,4)-D-glycosidic links [219].

Composites PBS/cellulose have been reported in literature. Shibata et al. [220] prepared composites with regenerated cellulose (Lyocell) fabric and PBS by compression-molding. The tensile moduli and strength of the composites increased with increasing fiber content. Kuan et al. [221] settled-up raw cellulose reinforced PBS composites employing a unique water-crosslinking technique to improve the physical properties of composites. Authors used also a coupling agent (vinyltrimethoxysilane, VTMOS) and then compounded the composites in a twin screw extruder, obtaining improved thermomechanical properties, due to the interfacial bonding between the wood fiber and PBS. However the water-crosslinking reaction may reduce the biodegradability of wood composites. Soft films consisting of PBS and cellulose with a small amount of furfural from biomass were prepared by a hot-pressing method [222]. Furfural, which is derived from unused biomass such as corn cobs, could play a role as a bio-plasticizer because the strain of the films was found to be improved by the addition of furfural.

7.7 Degradation and Recycling

In this paragraph the degradation behavior of PBS, together with its recycling possibilities, will be discussed.

In the late 1980s, several US plastics companies began to market products that were “degradable”: they were intended to last in the environment for not well defined time periods (days, weeks, months), but certainly less than the life-span of normal plastics. Degradation meant the loss of properties, not necessarily the total elimination of polymeric structures. So, these kinds of degradable plastics might lose physical strength and integrity faster than standard plastics [223].

However, at present, the modern definition of “degradation” implies the final decomposition into carbon dioxide, methane, water, inorganic compounds or biomass: the predominant mechanism is the enzymatic action of microorganisms, but the process can also be simply thermal or occurring during natural weathering. In general it is a complex process and several important parameters affect the degradation rate of polymeric materials, and they are related to the nature of the polymer (such as crystallinity and crystal structure, chemical structure, molecular weight, Tg, Tm, modulus of elasticity), to the medium (temperature, pH, humidity) or to the type of enzyme (exo- or endo-type mechanism, intracellular or extracellular, cleavage type) [224].

7.7.1 Enzymatic Degradation

7.7.1.1 Factors Affecting Enzymatic Degradation

Polyesters, such as PBS, contain ester bonds which are susceptible to hydrolysis by depolymerases, such as esterases and lipases, and decompose into related monomers such as SA and BDO. Primarily, the microorganisms secrete depolymerases that attack the polymer and catalyze the enzymatic hydrolysis of ester bonds. In response, the polymer breaks down into water-soluble intermediates, i.e., monomers as well as short and long chain oligomers, which are assimilated and subsequently metabolized by the microbial cells. However, in many cases, the primary degradation step may also be achieved non enzymatically, but the intermediates are finally mineralized by microorganisms [225].

The enzyme must be in close proximity to its substrate for a specific period of time to be efficiently active against it, hence the physical shape of the sample is of interest. Enzyme molecules, in fact, feature properties that enable them to be adsorbed on the surface of substrates, thus facilitating the degradation process. Plastic films have extremely low contact efficacy with enzyme molecules, therefore the powder degrades faster than films or pellets [225,226].

As to biodiversity, PBS degrading microorganisms are widely distributed in the environment, but their ratio with respect to the total amount of microorganisms is lower than other polymer degraders, such as polycaprolactone (PCL)-degrading strains [224] or poly(3-hydroxy butyrate) (P(3HB))-degrading strains [227]. It may therefore be inferred that PBS-degrading strains are less common.

Many types of microorganisms are reported to biodegrade PBS. In Table 7.6a and 7.6b some PBS-degrading purified enzymes and microorganisms are summarized with the degradation yield.

Table 7.6a List of some purified enzymes PBS-degrading.
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Table 7.6b List of some microorganisms PBS-degrading.
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The degree of crystallinity is a crucial factor affecting biodegradability, since enzymes mainly attack the amorphous domains of a polymer. The molecules in the amorphous region are loosely packed, thus making it more susceptible to degradation. Therefore the rate of degradation of PBS decreases as the crystallinity of the polymer increases [224,226,228]. As an example He et al. [229], studied the enzymatic degradation in the pancreatic lipase solution of PBS and its copolyesters containing imide dihydric alcohol (IDA) units. The results showed a higher enzymatic degradation rate of the copolyesters, compared with PBS. They suppose that the introduction of IDA leads to a decrease of the degree of crystallinity and the dimension of the spherulites by breaking the regular chain of the copolymer, favoring the degradation. On the other hand, Jiang et al. [230], in order to elucidate the mechanism of enzymatic degradation on the crystal region, studied the adsorption of a lipase from Pseudomonas cepacia on PBS single crystals. The results clearly showed that the enzyme molecules were preferentially adsorbed on the side surfaces of the single crystal but not on the chain-folded surfaces, meaning that lipase had a larger attractive force with the side surface. Such particular adhesive force was probably due to a specific interaction between the ester bond and the binding domain of the enzyme. The difference in the ester bond distribution on the particular surface affected the adhesive force variation on the folding surface and lateral edges.

Molecular weight and Tm are also important for the biodegradability of PBS and its copolyesters. The Mw determines many physical properties of the polymer and normally, when it increases, the degradability decreases, and Tm has the same trend [224]. High Tm are reported for PBS copolymers containing aromatic or amide or urethane units. The aromatic functionalities increase the rigidity of polymer, while amide or urethane groups determine the formation of hydrogen bonds, which in turn cause an increase of the Tm.

The effect of temperature and humidity is discussed by Mei et al. [226]. They studied the in situ degradation of PBS film by Strain Bionectria ochroleuca BFM-X1 in soil and demonstrated a considerably greater degradation rate at high temperatures. The first reason of this behavior is that microbial growth and activity increase in warm conditions. The second is that the flexibility of the polymer chain increases at temperatures higher than the Tg. In addition, water absorption into the polymer matrix increases at high temperatures, which may not only accelerate chemical hydrolysis, but also facilitate the attachment of microbes and enzymes to the polymer surface by increasing polymer hydrophilicity.

Also the pH and the presence of specific metals may change the degradation rate, as reported by Suzuki et al. [231] who found, for example, that two yeast strains isolated from Aegus laevicollis almost completely degrade PBSA film and PBS at pH = 7.5, T = 40 °C, in presence of Ca2+ or Mg2+. Moreover Li et al. [232], isolated a PBS-degrading Aspergillus sp. XH0501-a. The optimum temperature and pH for the enzyme activity was 40 °C and 8.6, respectively. It was found that Fe2+ and Ca2+ enhanced the enzyme activity, whereas Cu2+ and Hg2+ inhibited it.

7.7.1.2 Enzymatic Degradation in Soil, Activated Sludge and Compost

PBS and its copolymers can be degraded in various environments, such as natural water, soil burial, activated sludge and compost. The environmental biodegradation rate is sensitive to all the previous parameters discussed, i.e., type of microorganism, temperature, humidity, chemical structure, etc. and according to the specific environment, some parameters outweigh others, resulting in different degradation rates. For the biodegradation in soil, biodiversity must be taken into account. The percentages of degrading bacteria for PBS in the soil environment have been estimated to be 0.2–6.0% of the total colonies. Bacteria phylogenetically related to the genus Roseateles showed very high PBS-degrading activity.

In activated sludge the biodegradation of PBS and its copolymers is faster than in soil burial, presumably for the presence of both water and microrganisms. Mw and chemical structure particularly affect the biodegradation rate in activated sludge.

Biodegradation in compost is a standard protocol to judge whether a plastic is biodegradable or compostable. Various microorganisms are able to degrade PBS and its copolymers in compost, including bacteria and fungi, such as Bacillus stearothermophilus, Microbispora rosea, Excellospora japonica and Excellospora viridilutea, Penicillium chrysogenum, Bacillus pumilus and Acidovorax delafieldii, and Aspergillus versicolor [233].

7.7.2 Non Enzymatic Degradation

As said before, the primary degradation step may also be achieved non enzymatically by hydrolysis in phosphate buffer [230], in alkaline solution at 25 °C [228] or in a humidity chamber set at 50 °C and 90% of relative humidity (RH) [234]. The last system, also known as hygrothermal aging process, allows to study the combined detrimental effects of moisture and temperature on the mechanical, chemical, physical and degradability properties of the materials. Phua et al. [235] for example, reported about the hygrothermal aging of some PBS/o-MMT nanocomposites, which were found to exhibit a better hydrolytic stability than neat PBS. The mechanical properties of PBS nanocomposites, such as tensile strength and modulus, decreased after exposure to moisture and heat, due to poor matrix-filler adhesion and microcavity formation. Moreover, the molecular weight of PBS clearly decreased while crystallinity increased drastically as a result of chain scission, which favors crystallization.

7.7.3 Natural Weathering Degradation

Polymer matrices may also degrade during natural weathering, mostly because of UV exposure. Photodegradation usually leads to discoloration and a loss in structural integrity of the material because the polymer matrix may degrade via Norrish Type I and II chain scission reactions. This causes the polymer to become brittle and show a decrease of properties such as melt flow/viscosity, molecular weight, and mechanical strength upon exposure. Additionally, the presence of moisture in the environment hydrolyses the ester linkages, thus facilitating polymer degradation [204]. Ahmad Thirmizir et al. [204] for example, exposed PBS-kenaf bast fiber (KBF) composites to a tropical climate for a period of 6 months (maxmin temperature: 31.5–23.9 °C, RH: 78.9%), but the effects of KBF loading and the addition of a maleated PBS compatibiliser were detrimental on the performance of the composites. The flexural properties of the composites decreased with an increase in the KBF loading due to the poor resistance of the fibres to natural weathering and the greater presence of composite imperfections, while the negative effect of the compatibiliser was ascribed to the number of chemical groups that could undergo oxidation during natural weathering.

7.7.4 Thermal Degradation

PBS may also undergo thermal degradation in the presence of nitrogen or oxygen (oxodegradation). Rizzarelli et al. [236], analyzed both mechanisms in depth by using synthetic and commercial PBS films. Their conclusion was that thermal oxidation produces a significant reduction of the molar mass of the polyesters, promoting the formation of PBS oligomers with different end groups. An α-H abstraction mechanism has been clearly ascertained to occur in PBS samples. The initial step in this process consists of a hydrogen extraction from the methylene group adjacent to the ester linkage, leading to the formation of a hydroperoxide intermediate. Remarkably, the hydroperoxide intermediate decomposes by radical rearrangement reactions via different pathways, which have been interestingly revealed to be time-resolved, showing a different induction period. On the other hand, the thermal degradation experiments performed under nitrogen at 240–260 °C identified new species in the samples tested, supporting a decomposition pathway taking place through a β-H transfer bond scission, followed by the production of succinic anhydride from SA end molecules via a cyclisation decomposition mechanism. Also Lu et al. [237], studied the thermal degradation of PBS and two poly(butylene succinateco-propylene succinate)s random copolymers. The results revealed that the major degradation products were anhydrides, which were formed following two cyclic intramolecular degradation mechanisms by the breaking of the weak O-CH2 bonds around succinate groups. Moreover the random incorporation of minor propylene succinate units into PBS did not markedly affect their thermal resistance.

7.7.5 Recycling

Recycling is one of the most environmentally suitable processing methods for the recovery of plastic wastes. Unfortunately, plenty of polymers with different physical and chemical properties are used, and, furthermore, it is difficult to actually segregate them. As a result, a very limited share of plastics production is recycled. Nowadays it is estimated that 150 Mtonnes of plastics are annually produced all over the world, therefore many researchers focus their efforts on solid waste management [238]. Recycling includes mechanical recycling (material recycling), which involves several steps: separation of plastics by resin type, washing to remove dirt and contaminants, grinding and crushing to reduce the particle size, extrusion and reprocessing into new plastic goods. Nevertheless, incineration can also be seen as a recovery method due to the high energy content: PBS in fact has a relatively low combustion heat and does not generate toxic gases. More specifically, the heat of combustion and the amount of CO2 generated are very low respect to the polyolefins [239]. Moreover, composting is considered a promising biological recycling technique and all the PBS-degrading thermophilic microbes discussed above are of interest in such field [225]. The composting of biodegradable materials, in fact, is becoming an alternative option to conventional disposal methods such as landfills or incineration. Through this process, biodegradable wastes and organic materials can be converted into humic substances, which can be utilized as an excellent fertilizer in agricultural applications. Municipal solid waste management through composting is an environmentally friendly process because it decreases the output of waste to landfills, while saving energy and yielding valuable organic compounds and nutrients that can be used in agriculture [240].

In the recycling of PBS and its copolymers another especially effective technique is feedstock recovery (chemical recovery). Monomers recovery is possible thanks to an easily hydrolysable ester linkage, as discussed for example by Shah et al. [241], who studied the biochemical monomer recycling of PBS, PBSA and poly(butylene succinate/terephthalate/isophthalate)-co-(lactate) with a Roseateles depolymerans strain TB-87. They demonstrated that enzymes specifically attached SA segment of the polymers, and resulted in the formation of SA monomer prior to adipic acid and terephthalic/isophthalic acid.

Nakajima-Kambe et al. [242], proposed the rapid monomerization of poly(butylene succinate)-co-(butylene adipate) by Leptothrix sp.

Chemical recycling of PLLA/PBS blend was carried out and compared by two routes by Tsuneizumi et al. [243]. One was the direct separation of PLLA and PBS by solubility in toluene. The other route was the sequential degradation of PLLA/PBS blend using a lipase first to degrade PBS into cyclic oligomer, which was then repolymerized to produce PBS. Next, PLLA was degraded into repolymerizable lactic acid oligomer by montmorillonite K5. The former procedure was carried out using a single solvent; however, the latter required mixed solvents, which decreased the efficient recycling use of solvents.

An interesting feature is related to the reprocessing of PBS which is reported to enhance the mechanical performance of PBS. Kanemura et al. [244] in fact, chemically degraded a commercial PBS, which was then reprocessed. An unusual increase in both the bending strength and the molecular weight of PBS was observed. The increase was mainly due to the autocatalytic action of PBS molecules during the reprocessing by esterification: dicarboxylic acids were produced through the low molecular weight PBS during the chemical degradation, which ended up in dehydration resynthesis of PBS with higher molecular weight.

On the other hand, a low molecular weight reprocessed PBS was obtained from Okajima et al. [245]. The authors used lipase for the enzymatic degradation of PBS and PBSA, in an organic solvent solution containing a small amount of water. Cyclic oligomers mainly consisting of cyclic diesters have been obtained and readily repolymerized by lipase.

7.8 Processing and Applications of PBS and its Copolymers

In this era of increasing environmental awareness, PBS being biodegradable is a very promising eco-friendly alternative to common plastics. Moreover, PBS features a good processability. In fact, it can be processed via various traditional methods into injection-molded products, film, paper laminate, sheet and tape. In addition, in the textile field it can be processed into melt blown, multifilament, monofilament, nonwoven and flat and split yarn. Of course the thermo-processability of PBS depends on its thermal stability, viscosity, melt strength, crystallization rate, etc., all of which in turn can be improved or modulated in order to achieve the final desired properties. For example, as shown in the previous paragraphs, the thermal stability of PBS can be improved by copolymerization with other co-monomers such as terephthalic acid or by incorporating carbon fibers or organoclays [88,176,184]. When, instead, fast crystallization is required, nucleating agents such as hybrid-inorganic nanoparticles, cyclodextrines, etc. can be incorporated in the matrix [171,246,247].

PBS is very sensitive to water content: before processing, it should be dried and water should be reduced to 0.1 wt%, otherwise hydrolysis phenomena occur at high processing temperatures. Moreover, since PBS is a polymer with a highly linear chain structure, it shows low melt viscosity and low melt strength. Such features limited its application in thermoplastic processing, foaming and filming, but by increasing molecular weight and introducing branches into the chain structure, the melt flow rate can be considerably increased [105]. It was also reported that to enhance melt tension and to get high recrystallization rate, a small amount of long branches, less than 1%, can be added in the formulation. The chain entanglements thus created enable a better production of stretched blown bottles, foamed sheet, cellular fibrillated materials and highly expanded foams [4].

Thanks to all these characteristics and improved properties PBS has found applications in agriculture, fishery, forestry, civil engineering, and other fields in which recovery and recycling of materials after use is problematic. For example, PBS is actually used for packaging materials, vegetation nets, mulching film, compost bags, etc. [248]. Moreover, it finds application in the automotive and biomedical fields and as a non-migrating plasticiser for PVC. Showa HighPolymer, one of the main PBS producer, expects strong growth in 2020 in packaging (57.5% of total production), agricultural mulch films (15%) and automotive (10%) [249]. In Figure 7.8, some commercial PBS products are reported.


Figure 7.8 Commercial PBS products: a) agricultural materials; b) agricultural mulching film; c) vegetation netting [275] d) e) f) packaging materials; g) food packaging; h) disposable cups; i) cutlery; l) golf nail; m) non woven fibers [276].
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As of 1995, more than 1,000 patents involve PBS and it is important to highlight that, in the last decade, the number has remarkably grown, thus confirming the interest in this promising aliphatic polyester (Figure 7.9) [250].


Figure 7.9 Number of patents involving PBS.
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In general, biodegradable polymers used in packaging require different physical characteristics, depending on the product to be packaged and on store conditions [251]. Food packaging in particular requires properties such as gas and water vapor barrier impermeability, mechanical strength, heat resistance, thermal and chemical stability. In addition to that, an active antimicrobial activity and the possibility of sensing and signaling microbiological and/or biochemical changes are increasingly required characteristics [252]. An example of the employment of PBS in such fields is provided by Bathia et al. [253], who prepared various blends of PLA and PBS. The analysis showed that for PLA/PBS blend composition of up to 80/20 by weight% there was compatibility between the two polymers. Therefore such amount of PBS in PLA was expected to overcome the deficiencies of PLA such as brittleness, flexural properties, heat distortion temperature and impact strength for applications in food packaging, compost bags, and other biodegradable disposable bags (waste and/or carrier bags). Moreover PBS finds successfully application in rigid packaging such as containers or bottles [254].

In agriculture, the most important property is biodegradability but also mechanical properties, because products must have sufficient life time to act. Polymeric films are widely used as greenhouse coverings and mulching, or in products for the controlled release of pesticides and nutrients. Hence, mulch PBS films are useful because, at the end of their life, they naturally degrade and the problem of waste removal is avoided.

PBS is successfully employed also in the production of monofilaments for fishery. Properties such as breaking strength, elongation and softness are important in this field and Park et al. [255] maximized such properties of PBS monofilament by blending it with 5 wt% of polybutylene adipate-co-terephthalate by melt spinning. Moreover, the good durability of PBS monofilaments in outdoor exposure has been demonstrated [256].

Thanks to its biodegradability and biocompatibility, PBS finds application in the biomedical field as implants, drug delivery systems and scaffolds for tissue engineering. In this specific research area, the arrangement in definite architectures of micro- and nanoscale biological elements is essential to ensure adequate electrical properties or high tensile strength. Therefore, tissue engineering strategies include the control of cellular alignment, which can be achieved through micropatterning techniques [257]. A simple method to control for example the alignment of human adipose stem cells (hASCs) over biodegradable PBS has recently been reported [258]. More in detail, a variety of micropatterned surfaces of PBS were microengineered by micromolding and their in vitro biological behavior evaluated. Results clearly demonstrated that the surfaces were able to maintain a high viability and direct the orientation of seeded hASCs in contrast with the random orientation found on non-patterned surfaces [257].

Tissue engineering scaffolds can be easily prepared by applying an electrospinning technique, which is able to produce nanofibers from various polymers [259,260]. Furthermore, drugs can be incorporated into such nanofibrous mats and then successfully released from them. Different examples can be mentioned. Sutthiphong et al. [261], prepared electrospun 1,6-diisocyanatohexane-extended PBS fiber mats, suitable as bone scaffolds since they supported the growth and proliferation of bone cells. Electrospun drug-loaded PBS microspheres useful for wound treating have also been prepared [262].

Another interesting example is related to functional 3D scaffolds, which can be made by knitted structures of synthetic or biological materials. The knitting technology may offer superior control over the scaffold design (e.g., size, shape, porosity and fiber alignment), manufacturing and reproducibility. In this way, fiber-based finely tuned porous architectures have been produced from PBS, which has the advantage of having a high level of processing control, from the filament to the final textile structure [263].

PBS finds employment also as thermal insulators or as disposable absorbent products. A recent interesting application is related to polymer foams, which are in high demand for energy saving applications, for example as thermal insulations. Frerich [264] tested the ideal conditions in terms of temperature and pressure for the preparation of high quality foams of PBS, PLA and blend of PLA/PBS by subjecting them to a direct foaming procedure using compressed CO2 as blowing agent. Ghaffarian et al. [265] instead, prepared asymmetric membranes of cellulose acetate/PBS with an interesting sponge-like structure, improved hydrophilicity, degradability and good performances for raisin wastewater treatment.

7.9 Conclusions

Bio-based polymers are considered as outstanding candidates to develop “environmentally-friendly” materials that would also reduce fuel dependency. Among them, PBS is being acknowledged as playing a role to achieve such a goal. PBS is a versatile bio-polymer, thanks to its biodegradability, wide processing window and balanced mechanical properties. Nevertheless, copolymerization with different types and content of comonomer units, is necessary to precisely tailor the thermal properties, mechanical properties and biodegradability. In general, random copolymerization with aliphatic units is employed to improve biodegradation rate and flexibility, while rigid building blocks, aromatic or bio-based and likely biodegradable, are used to enhance physical properties. High molecular weight block copolymers, obtained by chain extension methods, or long branched structures, have been developed for film blowing processes, due to the high melt strength achieved by these materials.

In this chapter the most common composites and nanocomposites obtained with inorganic fillers and natural fibers are also comprehensively presented and related to the corresponding targeted properties, such as enhanced crystallization rate, gas barrier and thermo-mechanical properties, etc. As to natural fibers, features such as lightness, excellent mechanical properties and eco-friendliness are of course definitely important for expand applications in sectors where stronger and lighter materials are crucial (i.e. transportation).

At the present stage PBS and its copolymers have been successfully industrialized in several countries but the start-up of new large scale fermenters for the production of the bio-monomers will be the real driving force for a massive widespread diffusion of these materials.
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Abstract

In light of recent demands of biobased materials, vegetable oils seem to have acquired special privileges among product designers as a feedstock chemical for preparation of potential polymeric materials. This chapter demonstrates different routes for preparation polymers from vegetable oil, highlighting the effects of reinforcement and nano reinforcement on these polymers’ physical properties.
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8.1 Introduction

In recent years, because they are renewable, inexpensive, universally available and biodegradable in nature [1], growing interest in renewable natural resource based materials over petroleum-derived raw materials for production of polymeric materials and composites has been shown. Among renewable resources, due to their low cost and extensive possibilities for chemical transformation [2], natural oils provide especially versatile building blocks for synthesizing functional polymeric materials. A considerable amount of research work has been performed to synthesize functional polymeric materials from vegetable oils [3]. Larock et al. [4, 5] have produced a variety of polymers by direct polymerization of native natural oil with styrene (ST) and divinylbenzene (DVB) initiated by cationic initiator, boron trifluoride diethyl etherate (BFE). Wool et al. [6, 7] have synthesized rubbers, rigid composites and adhesives through free radical polymerization from chemically modified oil. Petrovic et al. [8, 9] have developed polyurethanes from soy polyols derived from epoxidized vegetable oils. In recent years, polymers have been synthesized from vegetable oils by relatively new polymerization techniques like acyclic diene metathesis polymerization (ADMET) [10] and ring–opening metathesis polymerization (ROMP) [11, 12].

Polymeric composites have come a long way reinforcing polymers by fillers to improve mechanical stability, thermal stability, barrier properties, enhancement of flame retardancy and reduction of production cost [13, 14]. Polymer nanocomposites have captured intense attention over the traditional composites having high amounts of inorganic filler for the preparation of advanced composite materials with balanced properties. Due to nano-scale dimension of the filler in polymer nanocomposites, the interfacial interaction of the fillers with polymer matrix increases tremendously. This leads to a significant improvement in composite properties even at a very low volume fraction of filler loading [15]. The polymer composites or nanocomposites have been found promising applications in automobile, aircraft, defence, packaging etc [16–19]. The polymeric composites or nanocomposites have been developed through reinforcing vegetable oil-based polymers by fillers or fibers depending on specific applications [20]. To obtain potential nanocomposites or composites, natural oil based polymer reinforced by nano clay [21], glass fibre [22] or natural fibres [23–25] have attracted considerable attention because of dramatic enhancement of their properties with respect to virgin polymers. This chapter focuses on the recent advancements of biopolymers, especially bio composites and bio nanocomposites prepared from vegetable oil, the polymerization reaction mechanism and processing techniques. In addition, the industrial viability of these products based on their mechanical and dynamic mechanical behaviours is highlighted.

8.2 Source and Functional Groups of Vegetable Oil

Vegetable oils are mainly triglycerides-esters of glycerol with three long chains fatty acids. The general molecular structure of vegetable oil is demonstrated in Figure 8.1 [3]. The physical and chemical properties of vegetable oils are mainly determined by the fatty acids, i.e., the fatty acid chain length and the numbers and locations of double bonds in the fatty acid chains. The fatty acid compositions in vegetable depend on the source of the oils. The fatty acid distribution of different common oil is shown in Table 8.1 [6, 26]. Most of the common oil contains fatty acids that vary from 14 to 24 carbons in length, with 1–3 double bonds. Generally, the long chain fatty acids (C18) present in temperate crops like linseed, soybean, sunflower and rapeseed oil, where as the shorter length fatty acids (C12-C14) present in oils from tropical crops like coconut and palm oil [27]. The degree of non-saturation of vegetable oil is expressed by iodine value (IV) [26]. The iodine value is the amount of iodine (mg) which reacts with the double bond in 100 gm of oil. The higher the iodine value, the greater the non-saturation of the oil. Based on the iodine values, vegetable oils are classified as drying oils (IV > 130), semi-drying oils (100< IV < 130), and non-drying oils (IV < 100). The various polymers can readily be synthesized from vegetable oils introducing functional groups into reactive sites i.e. double bonds, allylic positions (including monoallylic and bisallylic positions), ester groups and the other functional groups (Figure 8.1). The polymers obtained from vegetable oil are biopolymers in the sense that they are produced from renewable resources; they are generally biodegradable and non toxic.


Figure 8.1 Demonstration of the molecular structure of vegetable oil.

Reprinted from [3], Copyright 2015, with permission of Elsevier.
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Table 8.1 Properties and fatty acid distribution in different common vegetable oils. Reprinted from [6], Copyright 2001, with permission of John Wiley and Sons and Reprinted from [26], Copyright 2002, with permission of Springer.
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8.3 Direct Crosslinking of Vegetable Oil for Polymer Synthesis

8.3.1 Cationic Polymerization

The carbon-carbon double bond of vegetable oil can be polymerized by cationic polymerization. The homopolymers obtained through cationic polymerization of vegetable oils include low-molecular-weight viscous oil or very soft rubbery materials with very much limited utility. To overcome this drawback, the vegetable oils have been copolymerized with olefinic monomers such as styrene (ST), divinylbenzene (DVB), norbornadiene, or dicyclopentadiene to get practically and industrially viable polymeric materials [28]. Larock’s group has extensively experimented on cationic polymerization of different natural oils mainly on soybean oil and prepared a variety of polymers from rubber to rigid plastics [26, 28]. In cationic polymerization reaction, boron trifluoride diethyl etherate (BF3OET2) was used as an initiator. Because of poor miscibility of BF3OET2 into vegetable oils and the large difference in the reactivity of the vegetable oils and the co-monomers (ST & DVB), at the early stage of polymerization, a heterogeneous reaction occurs and a phase-separated material is formed. Thus, a BF3OET2 initiator was modified by methyloleate (MeOL) [29] or Norway fish oil ethyl ester [30] for better miscibility, binging about uniform distribution of initiator in the reaction mixtures. This leads to a homogeneous polymerization reaction of vegetable oil with ST and DVB. In our experimental work, cationic polymerization of linseed oil with ST and DVB has been performed using a modified BF3OET2 initiator to obtain a variety of elastomers [31]. The methyl ester of linseed oil was prepared for initiator modification. These polymerization reactions were performed in mild conditions at low temperature (≈ 0 °C). The BFE initiator has been established its effectiveness in the cationic polymerization of vegetable oils. The mechanism of initiation and propagation of BFE is schematically described in Figure 8.2 [32]. In the cationic polymerization reaction, the reaction mixture was sequentially heated up to 110–120 °C to complete the polymerization reaction. The non-saturation of the branched triglyceride structure actively participates in the polymerization reaction, leading to a formation of three dimensional cross-linked polymer network. To improve the degree of cross-linkage, Larock’s group have prepared conjugated vegetable oils (soybean oil and tung oil), conjugated low saturation vegetable oils (linseed oil and soybean oil) using a rhodium-based catalysts [4, 30, 33]. It is reported that the copolymerization of soybean oil (SOY) and low saturation soybean oil (LSS) and conjugated low saturation soybean oil (LSOY) with DVB initiated by BFE initiator produces thermosetting polymers ranging from soft rubbers to hard plastics depending on feed compositions and stoichiometry [30]. The dynamic mechanical studies of these polymeric materials disclosed that the glass transition temperatures are between 60 to 80 °C and moduli are in the range of 4 × 108 to 1× 109 MPa. The bulk polymers have highly cross-linked structure along with the unreacted free oil, which is found to largely affect the thermal stability of the thermosets obtained. The enhanced moduli and thermal stability are reported in case of CLS based polymers. The uniformity of the polymer matrix and mechanical stability significantly improve when ST is added as a co-monomer in the soybean oil-ST copolymer [34–37]. In these experimental works, the tensile, dynamic mechanical and thermogravimetic studies have been performed. The effect of feed compositions and crosslinking densities on measured properties has been investigated. At room temperature, the Young’s moduli of these materials vary from 3 to 615 MPa, whereas the room temperature dynamic moduli varied from 6×106 to 2×109 Pa. The glass transition temperature (Tg) of these materials ranges from 0 to 105 °C; they are stable up to 200 °C in air. Both the static and dynamic moduli and thermal stability improve with an increase in crosslinking density. These polymers exhibit a good vibration damping properties under dynamic mechanical analysis [35]. The maximum damping loss factor, (tan δ)max, which quantitatively evaluates the damping behaviour of damping materials, has the range of 0.8 to 4.3 where the temperature range for effective damping (ΔT) are varied from 80 to 110 °C. The effects of various alkene comonomers like norbornadiene (NBD) and dicyclopentadiene(DCP) on dynamic mechanical and damping behaviour have been also investigated. Larock’s group have been synthesized novel materials ranging from soft rubber to hard ductile plastics from cationic copolymerization of soybean oil and dicyclopentadiene (DCP) [38] and these materials exhibit good vibration damping properties with loss factor range 0.69–1.15. In the cationic polymerization reaction, the reaction mixtures are required sequentially heating up to 120–140 °C for curing and total reaction time is 48–50 hours. However, microwave irradiation greatly enhances the rate of cationic copolymerization reaction of soybean oil with ST and DVB and to get comparable crosslinking density for identical feed composition, it takes 6–12 hours with a heating up to 60 °C [39]. Researchers have also developed enhanced flame retardant polymers from vegetable oil using silicon-containing ST in the cationic polymerization [29]. Recently, our group have been developed value- added elastomers [31, 40–41] through cationic polymerization of linseed oil with ST and DVB. The cationic polymerization reaction of linseed oil with ST and DVB is schematically presented in Figure 8.3 [31]. The elastomers have been developed to use in vibration damping applications. Under dynamic mechanical analysis, these elastomers exhibit an effective damping in a wide temperature and frequency range. Also in laboratory fabricated testing system, these elastomers successfully attenuate structural vibration of wide frequency range [31]. The insoluble extracts of elastomers after soxhlet extraction have been quantitatively characterized by Fourier transform infrared spectroscopy (FTIR) to calculate bound oil content in elastomers [40]. Previous researchers have quantified only the soluble extracts after soxhlet extraction of vegetable oil based polymers and only calculated the unreacted oil and unreacted aromatic contents in polymers [30]. The bound oil contents in the elastomers have been found to vary from 29.63 to 45.5 wt % and it decreases with an increase in linseed oil content in original feed compositions which establishes the elastomer is linseed oil grafted copolymer of ST-DVB [40]. The microbial degradation of these elastomers, evaluated by using an efficient single microbial strain, ranges from 26% to 51% [40]. These elastomers are mechanically stable both in tension and compression [41]. In very recent research work, cationic polymerization of tung oil has been performed using green monomers (methyl ester of tung oil, epoxidized soybean oil) replacing frequently used monomer, ST [42]. Thus, these bio-based elastomers are suitable alternative of conventional synthetic damping materials in different important engineering applications.


Figure 8.2 Initiation and propagation mechanism of BFE initiator.

Reprinted from [32], Copyright 2002, with permission of Springer.
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Figure 8.3 The schematic of cationic polymerization reaction of linseed oil with ST and DVB.

Reprinted from [31], Copyright 2013, with permission of John Wiley and Sons.
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8.4 Free Radical Polymerization

The vegetable oils such as linseed oil and tung oil have been classified as drying oils and their carbon-carbon double bonds demonstrated capable of polymerization through a free-radical mechanism [43]. The resin materials, formed via autoxidation, peroxide formation and subsequent radical polymerization, are applied as binders and film-formers in paint and coating formulations. The free-radical polymerization of triglyceride double bonds has received little attention due to the presence of chain-transfer processes throughout the many allylic positions of the fatty acid chains. The schematic of typical oxidation of drying oil in air is presented in Figure 8.4 [44]. This oxidation process is accelerated by cobalt driers without changing the basic mechanism [45]. The FTIR and Fourier-transform Raman Spectroscopy have been utilized to analyze and understand the curing kinetics of oxidation process of linseed oil and popyseed oil [46]. Later on, the liquid oxy-polymerizations of oils have been developed [47]. In the thermal polymerization of tung oil with ST and DVB, the free radical generated from ST stimulates the reaction and the fully cured thermosets are produced at temperature 85–100 °C [48]. The varying content of tung oil from 30 to 70 wt % in the original feed composition produces the thermosets ranging elastomer to rigid and tough plastics. These thermosets exhibit glass transition temperatures (Tg) -2 to 116 °C and crosslinking densities (ve) from 1× 103 to 2.5×104 mol/m3, compressive moduli from 0.02 to 1.12 GPa, compressive strengths 8–144 MPa, and they are thermally stable up to 350 °C. Also, Thermosets prepared through thermal polymerization of conjugated linseed oil with ST and DVB exhibit the similar properties [49]. A wide range of thermosetting polymers have been obtained through free radical polymerization of conjugated linseed oil (CLIN) or conjugated low saturation soybean (CLSLIN) oil with ST, DVB, acrylonitrile (AN) and DCP initiated by azobisisobutyronitrile (AIBN) [50, 51]. In case of CLIN-DVB-AN-AIBN polymers, where the CLIN content varies from 40 to wt % in the original feed compositions, out of which approximate 61–96 wt % incorporates into the cross-linked thermosets. The glass transition temperature (Tg) obtained from the peak of loss factor (tan δ) versus temperature plot varies from 60 to 101 °C, the storage moduli ranges from 160 MPa to 1.6 GP and they are thermally stable up to 300 °C. In case of CLS polymer, during free radical polymerization process either DVB or DCP has been used along with AN. The complete incorporation of CLS in resulting thermosets has been obtained when the CLS content in original feed composition varied from 40 to 65 wt %. In these thermosets, Tg varies from -32 °C to 107 °C and the loss factor has the range of 0.32 to 0.49. The samples containing DCP show superior loss factor than DVB content samples. Later on, the extensive free radical polymerization mechanism of regular linseed oil with ST and DVB initiated by benzoyl peroxide has been investigated in our study [52]. This study reveals that the linseed oil is grafted in to the main polymer chain of ST-DVB copolymer. The materials obtained from free radical polymerization of different vegetable oil are industrially viable polymeric materials and a possible replacement of petroleum-derived materials in different applications. But, the loss factor values of these materials are less than the materials obtained from cationic polymerization. Thus, the cationically cured vegetable oil based polymers are superior in vibration damping applications.


Figure 8.4 Schematic of the oxidation of drying oil.

Reprinted from [44], Copyright 2005, with permission of American Chemical Society.
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8.5 Chemical Modification of Vegetable Oils for Polymer Synthesis

8.5.1 Synthesis of Polymers after Epoxidation of Vegetable Oils

To get more reactive monomer for polymer synthesis beside modification of the fatty acid carbon-carbon double bonds, the vegetable oils are chemically modified for more functionalization. Wool et al. have been extensively studied with respect to the chemically modified vegetable oil monomers and effect of chemical functionalization on mechanical and thermal stability of some thermoset resins [6, 53–55]. Acrylated epoxidized soybean oil (AESO) and Acrylated epoxidized linseed oil (AELO) has been synthesized from the reaction of acrylic acid with epoxidized triglycerides. The standard epoxidation of triglycerides and then acrylation is shown in Figure 8.5 [55]. The AESO and AELO monomers were further modified by reacting with maleic acid (MA) to provide more crosslink sites and to add acid functionality [53]. AESO was also modified by cyclohexanedicarboxylic acid [6]. The resins were prepared by blending the modified vegetable oil monomers with ST and initiated by free radical initiator. The final thermosets have been obtained after subsequent heating of the reaction mixtures up to 150 °C. The schematic of epoxidized soybean oil modification by MA and cyclohexanedicarboxylic are presented in Figure 8.6 [6]. In case of AESO-ST thermoset resins, the styrene content varies from 0 to 40 wt %. The Young’s moduli range from 440 to 1600 MPa, while tensile strengths vary from 6 to 21 MPa. The Tg has the range of 40 to 75.8 °C. The crosslinking density of the thermoset measurably increases with an increase in the acrylate level in the triglycerides. The dynamic moduli of AELO based thermoset resins are approximately 2.5 GPa at 30 °C and Tg is above 100 °C. Also, the flexural strength is 100 MPa, flexural modulus is 2.8 GPa and in therogavimetric analysis, a single degradation ranges from 300–480 °C. With MA modifications, the both dynamic and static moduli improve effectively. Due to subsequent acrylation reaction, the tryglyerides contain both residual epoxy groups and newly formed hydroxyl groups, both of which can be modified to add further reactive functionaries. The MA modifications of AESO introduces more carbon-carbon double bonds as well as formation of oligomers which leads to an increase in the entanglement density of the resulting biopolymers. In addition, high biobased AESO/CO2 thermosetting foams have been developed [56]. Wool and his co-workers have also prepared acrylated epoxidized methyl oleate following the same reaction mechanism and finally produced polymers utilizing free radical emulsion polymerization [57]. These polymers were synthesized to apply in pressure sensitive adhesive applications. A green synthesis route has been developed to synthesize AESO based viable materials, where ST was replaced by acrylated epoxidized fatty methyl ester (AFAME) [58]. Besides these functional polymers developed after epoxidazation of vegetable oils, the epoxidized and acrylated epoxydized oils have wide applications [6]. These oils have been effectively replaced phthalates as a plasticizer in polyvinyl chloride [6]. Also, they have been used a toughening agent, extensively used in the area of surface coatings. In addition, ureathane and amine derivatives of AESO have been also used in coatings as well as ink application [6].


Figure 8.5 (a) The epoxidation and then (b) acrylation of triglycerides.

Reprinted from [55], Copyright 2005, with permission of Elsevier.
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Figure 8.6 Schematic of epoxidation of linseed oil and further reaction with MA and cyclohexanedicarboxylic acid.

Reprinted from [6], Copyright 2001, with permission of John Wiley and Sons.
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8.6 Polymer Synthesis after Esterification of Vegetable Oils

To develop more reactive vegetable oil for subsequent free radical polymerization, the monoglyceride of vegetable oil has been synthesized from triglyceride oils. [6, 59–60]. The monoglycerides of vegetable oil were prepared by standard glycerolysis reaction which involved reaction of vegetable oils with glycerol. Then the polycondensation reaction of monoglycerides with MA produced monoglycerides maleate half esters which were then copolymerized with reactive ST through free radical polymerization. A schematic of preparation of soybean oil monoglycerides (SOMG), then maleate half ester and finally free radical polymerization with ST is presented in Figure 8.7 [59]. The polymerization of SOMG with ST (30 wt %), at room or higher temperatures using methyl ethyl ketone peroxide/Co naphthenate/benzoyl peroxide (MEKP/CoNap/BPO catalyst produces straw-coloured, clear and rigid solid polymer. These polymer exhibits high Tg value (135 °C), high dynamic flexural modulus (0.9 GPa at 358 °C), high surface hardness of 72 Shore (D) and good mechanical properties (tensile strength 29.4 MPa, Young’s modulus 0.84 GPa) [60]. In addition, linseed oil monoglyceride (LOMG) maleate half esters was reacted with ST (20 to 80 wt %) using the similar procedures to synthesize thermosetting polymers [61]. These LOMG based thermosetting polymers exhibit the superior mechanical properties than SOMG based thermosets. The 40 wt % ST content thermoset shows the best properties with tensile strength of 10.6 MPa, Young’s modulus of 233.6 MPa and Tg value 75 °C. To improve the thermophysical and mechanical properties of SOMG/MA polymer, other more rigid diols, such as neopentyl glycol (NPG) and bisphenol A (BPA) have been added during maleinization reaction, which improves the cross linking density as well as the rigidity of the end products. The SOMG maleate half ester/NPG/ST polymer exhibits an increased Tg value of 145 °C, an improved room temperature storage modulus of 2 GPa, tensile strength of 15.6 MPa, and an increased Young’s modulus of 1.5 GPa. Polyester resins were also prepared through polycindensation of rubber seed monoglycerides with phthalic anhydride [62]. Also, these type resins for electrical insulation applications were prepared from jatropha and rapeseed oils [63]. In the above discussed polymerization reaction, the fatty acid chains act as a plasticizer and they do not participate in the polymerization reaction which causes reduction of overall modulus and strength of the resulting polymers. To eliminate this, instead of soybean or linseed oils, castor oils having hydroxy groups on the fatty acid chains were reacted with aliphatic alcohols, such as pentaerythritol, glycerol and bisphenol A propoxylate and then maleated to produce maleated alcoholyzed castor oils (MACOs). This MACO was then reacted with ST to produce thermosets with enhanced properties [64, 65]. These thermosets have higher cross linking densities, and the range of flexural moduli 0.8–2.5 GPa, flexural strengths 32–112 MPa, Tg values from 72–152 °C, and surface hardness values of 77–90 D. These properties are comparable to typical high performance polyester resins. The ricinoleic acid, naturally present in castor oil can be utilized to synthesize polyester. The carboxyl of ricinoleic acid can readily react with its hydroxyl group through polycondensation to form polyester [66]. The incorporation of ricinoleic acid into poly(lactic acid) produced copolyester with improved pliability, hydrophobicity and softness [67, 68].


Figure 8.7 Schematic of preparation and polymerization of SOMG maleates.

Reprinted from [59], Copyright 2001, with permission of John Wiley and Sons.
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In addition to these, the unsaturation of triglycerides were converted to hydroxyl groups, then these hydroxylated triglycerides were reacted with MA to produce maleinized hydroxylated oil following the similar procedures of SOMG/MA synthesis. The hydroxylated triglycerides can also be synthesized through reacting epoxidized triglyceride with an acid where epoxies converted to hydroxyl groups [6]. This maleated hydroxylated triglyceride oil (2.0–2.3 maleates per triglyceride) was dissolved in styrene in a molar ratio of 1:7 and cured with 2,5-dimethyl-2,5-di-(2-ethylhexanoylperoxy)hexane to produce rigid plastics with Tg values ranging from 107 to 116 °C and room-temperature storage moduli between 1.45 and 1.55 GPa [6].] The polyesters have been synthesized directly from epoxidized oils reacting with various dicarboxylic acid anhydrides initiated by catalysts such as tertiary amines, imidazoles or aluminum acetylacetonate [69–71]. Generally, the dicarboxylic acid anhydrides having rigid structures, such as phthalic, maleic and hexahydrophthalic, enhance the transition temperatures and crosslinking densities of the resulting resins. In case of epoxidized linseed oil/ phthalic anhydride polyester, the Tg was reached to 148 °C, while most acid anhydrides led to 109–122 °C under the same conditions [71]. As discussed earlier, the crosslinking densities of the resulting polymers increase with an increase in epoxide functionality. When the epoxidized sucrose ester of fatty acids, having high epoxide functionality were cross-linked with liquid cycloaliphatic anhydride to synthesize polyester thermosets, an improved mechanical properties were obtained. The maximum Young’s modulus and tensile strength of the polyester thermosets are 1395 MPa and 45.8 MPa, respectively while these values for the polyester prepared from epoxidized soybean oil are only 65 MPa and 10.2 MPa, respectively [72].

Beside these chemical polymerization processes, environment-friendly enzymatic polymerization using lipase catalyst has been experimented with. The high molecular weight polymers (> 1 × 105 gm/mol−1) were obtained after 7 days of methylricinoleate enzymatic polycondensation at 80 °C utilizing immobilized lipase from Pseudomonas cepacia as a biocatalyst [73]. The Tg of this enzymatically produced polyricinoleate was 74.8 °C. The further crosslinking of these materials with dicumyl peroxide at 170 °C, polyricinoleate with a hardness of 50A was obtained. Also, the lipase catalyst has been used to prepare 2-(acryloyloxy) ethyl oleate (AEO) [74]. The free radical polymerization of AEO with benzoyl peroxide (BPO) produced polymers having molecular weight range 20 000 to 30 000 gm mol−1. In addition these, incorporation of AEO in polymethyl methyacrylate (PMMA) though copolymerization of methyl methycrylate (MMA) with AEO produced a good coating material with comparable surface hardness. The specially designed polyesters obtained from bio renewable resources have been effectively utilized in potential biomedical applications [75].

8.7 Polyol and Polyurethanes from Vegetable Oils

The polyols are synthesized from vegetable oils converting its unstauration portions into hydroxyl groups. The polyols are the feedstock chemicals for polyurethane synthesis. Polyurethanes (PU) are polymers containing urethane linkages (–NHCOO) in the main polymer chain and are generally synthesized through polycondensation reaction of diols with diisocyanate [76–78]. The schematic of polymerization reaction to synthesize polyurethane is shown in Figure 8.8. The conventional isocyanates derived from toxic gaseous phosgene, they are hazardous for environment and very harmful for human being. Thus, in very recent research works for PU synthesis, both the isocyanates and polyols have been derived from triglycrides and their derivatives [78–82]. The polyols have been synthesized from vegetable oils through different synthesize routes, the most commonly routes are briefed in Figure 8.9 [3]. The Figure 8.9a is the thiolene coupling reactions which directly introduce hydroxyl groups in place of double bonds of fatty acids through reaction of vegetable oils with 2-mercaptoethanol under very fast mild condition [83, 84]. Lligadas et al. have reported about thiolene addition reactions of fatty acids and derivatives to prepare diols for successfully synthesize of polyurethanes [85, 86]. Figure 8.9b is the ozonolysis reaction for synthesis of polyols. In this process, double bonds are oxidized into aldehyde groups that are further reduced to hydroxyl groups [87, 88]. In Figure 8.9c, the polyols are formed through hydroformylation of vegetable oils. The aldehyde groups were formed reacting double bonds with hydrogen and carbon monoxide which were then hydrogenated to hydroxyl groups [89]. In Figure 8.9d, the hydroxyl groups are introduced through photochemical oxidation [90]. In Figure 8.9e, the polyols have been synthesized from epoxidized vegetable oils after reacting with various ring opening reagents [91]. Using water as a ring opening agent, the epoxy rings have been hydrolyzed in presence of formic acid, acetic acid and perchloric acid [92–94]. Using alcohols as a ring opening agents in presence of strong acids like tetrafluoroboric and fluoroboric acid, the polyols have been synthesized from epoxydized oils [95–98]. The acids like phosphoric acid, HCl and lactic acids have been also used as a ring opening agents for the synthesis of polyols from epoxydized vegetable oils [99–101]. The crosslinking of epoxydized vegetable oils with phosphorylated castor oil produces biodegradable and bio-compatible elastomer which has the highest modulus of 3.05 MPa [102]. The high performance shape memory polyurethanes have been synthesized utilizing soya polyol, prepared through the ring-opening reaction of epoxidized monoglyceride with HCl. The polyols obtained through the ring opening reaction of vegetable oils with biobased acid (lactic acid) was also utilized to synthesize polyurethane [101]. The incorporation of lactic acid enhances the biocompatibility, the tensile modulus and effectively improves the Tg (up to 96 °C) of the resulting polyurethane in comparison with the polyurethane based on soybean oil [103]. Also, the amine groups have been used as ring opening agent of epoxy groups [104–105]. Sometimes, the ester and epoxy groups both were utilized in the reaction with amine groups to introduce more hydroxyl groups [3], as shown in Figure 8.10. Beside elastomers, polyurethane can measurably be classified as flexible foams, rigid foams, coatings etc. Petrovic et. al have been extensively studied on vegetable oil based polyols and polyurethanes, their structural analysis and physical properties which are reviewed in [76, 106]. Larock et al. have been synthesized polyols from different epoxydized vegetable oils using different ring opening reagents (methanol, butanol, acetic acid and HCl) and determined the –OH number in each case [107]. The polyols based on these different vegetable oils have been exhibited almost constant hydroxyl functionalities of 2.7 -OH groups per molecule. The polyurethanes have been synthesized from these various polyols for using as coating materials. The effect of residual unsaturation of polyols and the methods of ring opening reaction on the physical properties of synthesized polyurethanes have been extensively investigated. The higher amounts of residual unsaturations enhance the mechanical properties of resulting polyurethanes. The linseed polyol has maximum degree of unsaturation (3.5 per polyol) and polyurethanes based on these polyols have maximum modulus of 16.15 MPa, maximum toughness of 12.72 MPa, break strength of 7.55 MPa and Tg is 13.5 °C. In case of castor oil, the uniform tryglyceride composition (> 89 % ricinoleic acid) causes homogeneous distribution of hydroxyl groups. This leads to the higher toughness (15.26 MPa) and break strength (10.61 MPa) of castor polyol based polyurethane than linseed polyol based polyurethane, though residual unsaturation of castor oil is less than the linseed oil. The ring opening agents also affect on the properties of resulting polyurethanes. When HCl is used as a ring opening agent, the resulting polyurethane exhibit highest Young’s modulus, and in case of acetic acid ring opening agent, the resulting polyurethane exhibit the highest Tg because of hydrogen bonding by the acetoxy functional groups. In very recent research work, the solvent/ catalyst free green synthesis route has been taken to derive polyols from different vegetable oils [108]. The polyols have been obtained through the ring opening reaction between different vegetable oils and the castor oil fatty acid. The polyurethanes, synthesized using these polyols exhibit maximum room temperature dynamic modulus of 798.6 MPa, maximum Young’s modulus of 495.3 MPa, thermal stability up to 300 °C and good shape memory properties. Also, in this solvent free green synthesis, the effect of 1,8-diazabicyclo[5.4.0] undec-7-ene (DBU) and pyridine on the ring-opening reaction between epoxidized soybean oil and castor oil-based fatty acids for polyol synthesis has been investigated [109]. In this reaction path, the polyols become more homogeneous and less oligomerized, which enhances the Tg and Young’s modulus of the resulting polyurethane.


Figure 8.8 The schematic of conventional polycondensation reaction to synthesize PU.
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Figure 8.9 Different routes of polyols synthesis.

Reprinted from [3], Copyright 2015, with permission of Elsevier.
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Figure 8.10 Polyols synthesized, reacting both ester and epoxy groups with amine reagents.

Reprinted from [3], Copyright 2015, with permission of Elsevier.
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As per the discussion in the beginning of this section, isocyanates are one of the primary building block of PU. The isocyanates can also be synthesized from vegetable oils and its derivatives. The soybean oil iodo isocyanate has been synthesized by reacting soybean oil with iodine isocyanate [110]. The soybean oil multi isocynates have been synthesized by reacting soyabean oil by N-bromosuccinimide followed by reaction with AgNCO [111]. The 1,7-hep tamethylene diisocyanate has been synthesized from oleic acid, the derivatives of triglycerides. This diisocyanate has been utilized to synthesize polyurethanes which exhibited physical properties comparable with the polyurethanes derived from petroleum based 1,6-hexamethylene diiso-cyanate [112]. Similarly, the polyurethanes synthesized from oleic acid based 16-diisocyanatohexadec-8-ene have been exhibited superior tensile strength than those commonly derived from petroleum-based 1,7-heptamethylene diisocyanate [113]. In very recent research work, polyurethanes have been synthesized not using isocyanate [114]. In the synthesis stage, at fist urethane bridges has been formed reacting carbonated soybean oil with coupling agent, 3-aminopropyltriethoxysilane followed by the introduction of lignin to produce sustainable polyurethane. These polyurethane have maximum tensile strength of 1.4 MPa. Polyurethane is a versatile polymer having a wide range of applications [115]. The most used polyurethane material is polyurethane foams [116]. The flexible polyurethane foams have applications in a variety of comfort applications such as bedding and seating in the furniture and transportation industries, while rigid polyurethane foams are important thermal insulating materials in domestic refrigerators, construction and transportation sectors [117, 118].

8.8 Polymer Composites and Nanocomposites from Vegetable Oils

Vegetable-oil-based matrices replace petroleum-derived matrices for preparation of advanced polymer composites and nanocomposites as they are environmentally acceptable. Mosiewicki [20] have been carried out a review on biocomposites from plant oil precursors, which has been emphasized on the uses of vegetable oils as the base materials for the production of polymer composites. Also, the review has been focused on the reinforcement by inorganic and organic particles and fibers, both synthetic and natural in origin, and sized from the macro to the micro and nanoscale. Previously, most polymer composites utilized hard synthetic fibers like glass or carbon fibers, but recently the natural fibers have been attracted the attention of the composites community as a potential replacement because of their unique characteristics like low cost, low density, high stiffness, high strength and biodegradable in nature. The novel polymeric composites have been fabricated through compression molding process reinforcing vegetable oil based resin by glass fibers [119–120]. The resins were prepared by cationic polymerization of vegetable oil with ST and DVB as discussed before. The glass fiber reinforcement effectively enhanced the mechanical properties of the resulting composites in comparison with the pure polymers. In the low saturation soybean oil (LSS) based polymer composites, in a fixed matrix composition (LSS 50 wt %, ST 20 wt %, DVB 20 wt %), the Young’s modulus and ultimate tensile strength increase from 150 to 2730 MPa and 7.9 to 76 MPa with an increase in glass fiber loading from 0 to 52 wt. %. The increase in crosslinking density of the matrix improves the thermal stability and mechanical properties of the resulting composites. In comparison with the corn oil based composites [120], the soybean oil based composites exhibit superior mechanical and thermal properties because of higher crosslinking density of the soybean oil based polymer matrix.

The acrylated epoxydized soybean oil based resin matrix has been reinforced by glass fiber to develop bio composites using resin transfer molding [6]. The Young’s moduli increase from 5.2 to 24.8 GPa and tensile strength 129–463 MPa when the glass fiber incorporation increases from 35 to 50 wt %. Also, dicyclopentadiene (DCPD), modified linseed oil cross-linked with DCDP matrix has been reinforced by glass fiber to develop composites, where the increase in DCPD concentration increases the dynamic modulus [121].

Larock et al. have been developed wide varieties of bio composites by reinforcing vegetable oil based polymer matrix by natural fibers like wood fibers, wheat straw, oat hull, rice hull and switch grass [25,122–125]. The resin matrices of these bio composites were prepared though free radical polymerization of different vegetable oils and the composites were fabricated through compression molding process. The resins were prepared through free radical polymerization of conjugated oils with n-butyl methacrylate (BMA), divinylbenzene (DVB) and maleic anhydride (MA) using the free radical initiator t-butyl peroxide (TBPO). Wood flour was utilized as a filler along with wood fibers [25]. The wood fiber was acted a better reinforcement agent than wood flour. In a fixed resin composition, the Young modulus increases from 1.3 GPa to 2.3 GPa when wood fiber replaces wood flour. The significant improvement of dynamic moduli was also witnessed in the wood fiber reinforced composites. The MA was acted as a compatibilizer between the hydrophobic matrix and the hydrophilic filler. Due to reactive carbon–carbon double bond of MA, it can be polymerized through a standard free radical reaction, which allows to be easily incorporated into the polymer matrix. In the resin formulation, the partial replacement of BMA by MA results in a slight improvement in the mechanical properties of the composites. The similar matrix reinforced by wheat straw, oat hull and rice hull produced the bio composites with overall improvement of mechanical properties [122–124]. The mechanical properties of such systems suggest applications in the aerospace, automobile, and construction industries, where bio-based materials that combine damping properties and stiffness are applicable. High biobased green composites have been synthesized through conjugated linseed oil based resin by switchgrass [125]. These composites have bio renewable content of 75–95 wt %, thermally stable up to 300 °C and Young’s moduli, tensile strengths range from 385 to 1652 MPa and 0.9 to 10.4 MPa respectively. Larock et al. have been also prepared green composites from various cationically cured natural oil-based resins reinforced by agricultural fibers (corn stover, wheat straw and switchgrass) [126]. They have also presented a comparison on the effect of different plant oils based resins and different fibers in the properties of resulting bio-composites. The Young’s moduli and tensile strengths of the composites have the range of 1590 to 2300 MPa and 5.5 to 11.3 MPa, respectively. The degree of unsaturation in the natural oils improves the degree of crosslinking of the resin matrices, which results in the improvement of the thermal and mechanical properties of the composites.

Wool and his co-researchers have developed wide varieties of biocomposites from acrylated epoxydized soybean oil (AESO)-ST resin reinforced by different natural fibers like flax, hemp, cellulose, recycled paper, and keratin fibers [127–131]. The composites have been fabricated through resin transfer molding (RTM) or vacuum-assisted resin transfer molding (VARTM). The biocomposites exhibit improved mechanical properties in comparison with the pure resin. In case of flax biocomposite, the flexural strength and flexural modulus are 64 MPa and 4.2 GPa, respectively. The interfacial interaction between AESO-ST matrix and natural fibers improved measurably when butyrated kraft lignin was used as a compatibilizer [132]. The hemp or flax fibers outer laminated by glass exhibits excellent reinforcing agent in hybrid composites prepared from AESO based resin [133]. The polyurethane has been also used as a matrix for potential bio composites preparation [134–137]. The tung oil based polyurethane has been reinforced by pine wood flour and microcrystalline cellulose [134–135]. Specific interactions in these systems because of the co-reaction between the OH groups of the matrix and reinforcement through the isocyanate component enhance the materials properties tremendously. The Castor oil-based polyurethanes have been chosen as matrices for composite preparation reinforced by banana fibers and micro-crystalline cellulose [136–137].

As discussed earlier, the nanocomposites have superior mechanical, thermal and barrier properties than conventional composites. Among different nano reinforcements, clays has been focused and studied the most since they are naturally occurring materials having the nanolayers morphology with very high aspect ratio and surface area [138]. The cationically prepared resins from conjugated soybean and corn oils have been utilized to synthesize nanocomposites. The resins have been reinforced by (4-Vinylbenzyl) triethylammonium chloride (VTAC) modified Na-montmorillonite (MMT) clays, abbreviated as VMMT [139–140]. The polymerizable vinyl groups in VTAC are chemically bonded with polymer matrix which improves interfacial compatibility between the matrix and the inorganic phases of the layered silicates of MMT. The thermal stability, mechanical properties and barrier properties increase significantly for both soybean and corn oil based nanocomposites with VMMT loadings of 1–2 wt %. In case of conjugated low saturation soybean oil (CLS) based nanocomposites [140], compressive modulus increases from 256 to 584 MPa, compressive strength from 25 to 48 MPa, and compressive strain at failure from 58 % to 62 % when the VMMT loading increases from 0 to 2 wt %. The nanocomposites with a VMMT loading of 3–5 wt % do not show much property improvement as compared with the pure polymers. In case of corn oil based nanocomposites, the significant increment of mechanical properties are witnessed at VMMT loading 2–3 wt % [140]. In our research work, the nanocomposites from conjugated linseed oil have been developed [141]. The thermally cured resins consists of conjugated linseed oil, acrylic acid and divinylbenzene have been reinforced by cetyl trimethyl ammonium bromide (CTAB) modified MMT. The sample with 2.5% nano filler shows the highest modulus, and the modulus decreases with a further increase in filler loading. The storage modulus is in the range of 17–79 MPa at glass transition temperature, which is far better than pristine polymer having storage modulus of 2.1 MPa. In our very recent research work, the engineered bio nanocomposites have been developed from cationically cured resin of linseed oil reinforced by CTAB modified MMT [138]. The nanocomposites have been developed in objective to employ them in vibration damping applications. In dynamic mechanical analysis, the storage modulus is increased by 1.56 to 2 times at room temperature (25 °C) with an increase in clay incorporation from 1 to 4 %. The maximum damping loss factor has the range of 0.58 to 0.87 with a temperature range (DT) of 39 °C to 87 °C for effective damping. The nanocomposites also exhibit effective and stable loss factor in the frequency scan of dynamic mechanical analysis. A laboratory generated low frequency vibration is successfully attenuated by nanocomposites within 2 or 3 cycles. Also in very recent work, the nanocomposites with super magnetic behaviour have been developed from cationically cured resin of tung oil reinforced by magnetic nano particles [142].

The polymeric nanocomposites have been also prepared from resins based on different functionalized triglycerides such as AESO, MAESO, and soybean oil pentaerythritol maleates. The resins were prepared through copolymerization of these functionalized triglycerides with ST and the resins were reinforced by organoclay (Closite 30B) to synthesize nanocomposites [143]. At clay loading of 4 vol %, 30 % increase in flexural modulus is monitored. The nanocomposites have been prepared from epoxydized soybean oil and octa decyltrimethyl ammonium functionalized montmorillonite (OMMT, 1 –5 wt %) through the preparation of thermally cured resins using methylhexahydropthalic anhydride in the presence of 2-ethyl-4-methylimidazole catalyst [21]. The tensile strength of nanocomposites increases from 13.7 to 29.1 MPa with an increase in OMMT loading from 0 to 4 wt %. Karak et al. have been developed vegetable oil based epoxy/ clay nanocomposites [144–145]. Monoglyceride of Mesua ferrea L. seed oil, bisphenol-A and tetrabromobisphenol-A based epoxy resins were reinforced by nano clay to get nanocomposites with enhanced flame retardant properties [144]. Also the sulfonated epoxy based on vegetable oil was reinforced by hyperbranched Polyurea-modified MMT to prepare nanocomposites with enhanced thermal stability [145]. The multiwall carbon nanotubes (MWNTs) have also been used as reinforcing agent in the AESO-ST thermosets [146]. The modulus increases by 30 % for a sample with 0.28 wt % MWNTs. Recently, the biocomposites have been prepared from epoxydized soybean oil matrix reinforced by zinc oxide (ZnO) nano particle using 4-dimethylaminopyridine (DMAP) as a catalyst [147]. These biocomposites have been prepared for biomedical applications, exhibit a strong antimicrobial activity and the remarkable improvements in mechanical, dynamic mechanical properties and heat distortion temperature demonstrate the strong reinforcing effect of ZnO nanoparticles. Also, in the very recent work, the green nanocomposites for anti microbial coating applications have been developed from acrylated epoxydized linseed oil based matrix reinforced by TiO2 nano particles [148]. The static and dynamic mecahical properties along with anti microbial properties have been improved remarkably with an increase in TiO2 loading. The use of these green nanocomposite coatings could be a suitable and inexpensive method to prevent microbial proliferation in public places, particularly in medical centers where there is higher risk of infections. The vegetable oil Based polyurethanamide/organo-Montmorillonite bio-nanocomposite have been prepared through in situ polymerization of linseed oil derived diol fattyamide and tolulylene-2,4-diisocyanate in the presence of varying contents of organo-Montmorillonite at room temperature [149]. These bio composites are tough, scratch-resistant, impact resistant, flexibility retentive coatings, which cure at room temperature with improved coating performance and thermal stability than virgin polymer. In addition, the vegetable oil based polyurethane nanocomposites have been extensively studied. The castor oil based polyol was reacted with 1,4-butane diol and methylene diphenyl diisocyanate to synthesize polyurethane. This polyurethane was reinforced by nanoclay to develop nanocomposites [150]. The Young’s modulus, tensile strength as well as elongation at break increase with the increase in clay concentration. The very interesting result is that in traditional composites higher rigidity is usually obtained at the cost of lower elongation. Waterborne polyurethane, synthesized from castor oil and polyethyleneglycol crosslinked with isophorone diisocyanate was reinforced by nano crystalline cellulose to develop nanocomposites [151]. Because of good dispersion of nano cellulose, significant enhancement of mechanical properties is observed. Recently, Karak et al. have been experimented in reduced graphene oxide (RGO) reinforcement on castor oil based hyperbranched polyurethane [152–153]. The RGO reinforced nanocomposites exhibit multi stimuli responsive outstanding shape memory behaviour along with excellent thermal stability and mechanical properties, such as tensile strength (27.8 MPa), tensile modulus (36.3 MPa) and toughness (116 MJ m−3).

8.9 Conclusions

In recent years, vegetable oils have become centre of attraction of product designers as a feedstock chemical for preparation of potential polymeric materials. This is an alternative pathway to develop environment friendly materials replacing petroleum derived materials. The vegetable oils have lot of functionaries, which can be utilized through different route during chemical reaction process to develop varieties of polymeric materials. The different reaction mechanism, using the vegetable oils as principle ingredient along with properties of the end products are demonstrated in this chapter. In addition, the effect of reinforcement and nano reinforcement on the physical properties of these polymers is highlighted. The properties of sustainable polymeric materials are comparable to the different conventional polymeric materials used in different practical applications. This chapter also focuses on recent trend in the development of high bio content green polymers, composites and nanocomposites. The detailed discussions provide a good insight into the field of utilization of vegetable oil for development biobased polymers and composites.
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Abstract

One major challenge in the field of pharmacokinetics is to sustain the therapeutic level of a drug in body tissue as long as possible during the entire length of treatment. This is achieved using the technology of controlled drug delivery (CDD), with the main aim to increase the effectiveness of drug therapy. Moreover, controlled release systems aim to improve the effectiveness of drug therapy, as the attached drugs can be targeted to specific organs, tissues or cells. Thus the applications of CDD systems include both sustained delivery and targeted delivery as a one-time. In the present chapter, the different types of modified drug delivery systems (DDS) together with the concept of drug delivery matrix whether it is a hydrophobic or hydrophilic matrix are discussed in details. Polymeric materials as carriers for DDS including polysaccharides, modified polysaccharides and celluloses nanocrystals (or so called cellulose whiskers) are also reported. In addition, examples for pH-sensitive DDS in both acidic and alkaline pH’s, thermo-sensitive and light-sensitive DDS are also reported. Applications of these classes of DDS as potential carriers for controlled release of drugs and for antitumor drugs are also discussed.
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9.1 Introduction

One major challenge in the field of pharmacokinetics is to sustain the therapeutic level of a drug in body tissue as long as possible, during the entire length of treatment. Traditional delivery systems are characterized by immediate and uncontrolled drug release kinetics. In this case, drug absorption is essentially controlled by the body’s ability to assimilate the therapeutic molecule, and hence, drug concentration in different body tissues undergoes an abrupt increase on administration of the dosage, followed by a similar decrease. This may create side effects in our body as drug concentration initially approaches a toxic threshold only to fall after some time below any effective therapeutic level [1,2].

Controlled drug delivery (CDD) technology represents a widely studied area in the field of pharmaceutical science [3]. The main aim when formulating CDD systems is to increase the effectiveness of drug therapy. The benefit could be in the form of increased therapeutic activity, reduced toxicity, avoidance of the first-path metabolism, elimination of a specific drug administration route (e.g. injections), or reduction in dosing frequency. Moreover, controlled release systems aim to improve the effectiveness of drug therapy, as the attached drugs can be targeted to specific organs, tissues or cells.[4] The applications of controlled drug delivery include both sustained delivery (over days, weeks, months or years) and targeted delivery (e.g., tumor diseased and blood vessel) on a one- time or sustained basis [5].

In addition, the use of polymeric drug systems offer several advantages. The advantages include improved patient compliance and convenience [3]. Moreover, they provide good local activities by reducing the toxicological risks. In addition, they could act as release system of pharmacological active residue, controlled by chemical reaction, mainly hydrolytic processes under enzymatic catalysis [6].

Generally controlled release systems aim to improve the effectiveness of drug therapy [7]. This improvement can increase the therapeutic activity compared to the side effects, reducing the number of drug administrations required during treatment. In addition, the attached drugs can be targeted to specific organs, tissues or cells [4].

9.2 Types of Modified Drug Delivery Systems

Modified drug delivery systems cover a wide range of products. These include:


1. DELAYED RELEASE: drug release is delayed for a finite “lag time”, after which release is unhindered (e.g. enteric coated oral tablets).

2. EXTENDED (or prolonged) RELEASE: dosage forms include any system in which the drug is made available over an extended period of time after administration. The term “sustained” release has also been used to describe such dosage forms.

3. SITE-SPECIFIC TARGETTING and “receptor targeting” dosage forms are those that deliver the active substance at the desired biological site, e.g. the diseased organ or tissue (site-specific targeting), or the particular drug receptor within an organ or tissue (receptor targeting). Systems providing some actual therapeutic temporal and/or spatial controls of drug release are considered “controlled delivery” systems, so, “controlled release” cannot be considered equivalent to “extended release” [8].



9.3 Concept of Drug Delivery Matrix

A common way of obtaining controlled release of a drug is by enclosing it in a hydrophobic matrix (such as wax, polyethylene, polypropylene, ethyl cellulose, etc.) or in a hydrophilic matrix (such as carboxymethyl tamarind, hydroxypropyl cellulose, hydroxypropyl methyl cellulose, methyl cellulose, carboxymethyl cellulose sodium salt, starch, carboxymethyl chitosan, sodium alginates, scleroglucan, etc.) [9–25].Various techniques of drug loading into the matrix are in practice. Most commonly used are:


1. Solvent swelling technique: In this technique, the matrix is left to swell in the highly concentrated drug solution. Afterwards, the solvent is removed by suitable physical treatment, usually through evaporation [26].

2. Supercritical fluid technique: Supercritical fluids (SCF) are dense as liquids, but have viscosity as low as that of gas. In this technique, a solution of the drug in a supercritical fluid easily and efficiently swells the matrix, and the solvent, SCF, is then easily removed by lowering the pressure, leaving the drug behind, in the matrix [27,28].

3. Direct compression method: In this method, the drug is grounded and mixed with the matrix and with the binder in a definite proportion, in presence of a volatile solvent. Afterwards, they are compressed into tablets under high pressure (2–3 tons/cm2) [29,30]. It is to be noticed that the direct compression method is the simplest and most economically viable method of tablet preparation.



9.4 Polymeric Materials as Carriers for Drug Delivery Systems

There is a great deal of interest in development of systems that would be capable of delivering drugs over a long time period and, thus reduce the number of drug doses required during the treatment. Desirable drug delivery rates and extents from these kinds of systems are in the most cases achieved by the application of suitable polymers. This incites constant research in the area of designing new and improved polymers.

9.4.1 Polysaccharides and Modified Polysaccharides as Matrices for Drug Delivery Systems

Cellulose has a long history of use in pharmaceutical industry. It has excellent compaction properties when blended with other pharmaceutical compounds, so that, drug-loaded tablets form dense matrices suitable for the oral administration of drugs. The form of cellulose used in tablets is termed microcrystalline cellulose (MCC), which is a purified, de-polymerized α-cellulose derived from plant sources [31]. Despite an extended history of use in tablets, there is still considerable continuing research into the use of MCC and other types of cellulose in advanced pellet systems, whereby, the rate of tablet disintegration and drug release may be controlled by microparticle inclusion and tablet coating. [32–34]. Recently, the use of MCC in self-emulsifying drug delivery systems and semisolid injectable formulations has also been described [35].

Cellulose derivatives have also been used extensively in pharmaceutical preparations, such as ethyl- and methyl cellulose, carboxymethyl cellulose (CMC) and other derivatives used in oral, topical and injectable formulations. For e.g. CMC is the primary component of Seprafilm™, which is applied to surgical sites to prevent post surgical adhesions. The use of these forms of cellulose in such formulations points to the inertness and excellent biocompatibility of cellulose in humans. In addition, hydroxypropyl methyl cellulose (HPMC) has recently been used as a hydrogel matrix for chondrocyte implantation into animal joints for cartilage repair [36].

In the area of drug delivery systems, it has been shown that cellulose nanofibers (CNF) which produced by mechanical fibrillation using various devices, such as high pressure homogenizer [37], micro-fluidizer, or grinder [38,39], can be successfully used for the stabilization of drug nanoparticles in a suspension, as well as in a freeze dried CNF matrix [40,41]. In this way, the nanoparticles could be stored for more than 10 months without major changes in their morphology. It was shown that CNF microparticles produced by a spray drying technique could be used as fillers in tablet production by direct compression, as well as in wet granulation [42].

Cellulose nanocrystals (CNC), or so called cellulose whiskers is another example of cellulose nanomaterials. It is extracted from ligno-cellulose by acidic extraction methods resulting in the formation of nano-dimensional cellulose rods, termed crystallites, with a very high surface to volume ratio [43]. Due to its large surface area, high aspect ratio, and tremendous stiffness and strength, CNC is actively being investigated in nanocomposites. CNC offer several potential advantages as drug delivery systems. The very large surface area and the negative charge of CNC suggest that large amounts of drugs might be bound to the surface of this material with the potential for high payloads and optimal control of dosing. The abundant surface of hydroxyl groups on CNC provide a site for the surface modification of the material with a range of chemical groups by a variety of methods. For example, CNC can be used with poly(vinyl alcohol) and poly(d,l-lactide-co-glycolide) (PLGA) nanoparticles (NPs) to prepare bionanocomposite films that are suitable to vehiculate biopolymeric NPs to adult bone marrow mesenchymal stem cells, thus representing a new tool for drug delivery strategies [44].

Cellulose nanowhiskers (CNW) are defined as elongated rod-like crystals with a dimension of 100–1000nm in length and 5–50nm in diameter, typically obtained by acid hydrolysis of cellulose fibers. Important efforts have been made to explore the preparation and properties of CNW from various cellulose sources [45–49]. It was concluded that the dimensions and properties of nanowhiskers (NW) vary depending on their sources and the employed technique of hydrolysis.

Several recent studies on CNW and their derivatives indicate their potential for biomedical applications. Zhang et al. [50] have prepared a supramolecular hydrogel based on cyclodextrin polymer inclusion, and it was found that the incorporation of CNW into the hydrogels enhances its gelation, mechanical strength and facilitates sustained released of drugs. CNW surfaces were functionalized with gold nanoparticles by Mahmoud et al. [51], and this templated material was demonstrated as an excellent immobilization support for enzymes with high loading capacity. Moreover, the toxicity assessment of CNW has been examined by interacting with microvascular endothelial cells, rainbow trout hepatocytes and other aquatic species, and it was concluded that CNW are non-toxic to cells and could be considered for the delivery of biomolecules and therapeutics [52,53]. Dash and Ragauskas [54] prepared a novel nanometric carrier molecule for amine-containing biologically active molecules and drugs employing functionalized CNW. The NW were grafted with a spacer molecule, γ-aminobutyric acid, using a periodate oxidation and Schiff’s base condensation reaction sequence. In order to achieve controlled and rapid delivery of the targeting moiety, syringyl alcohol, a releasable linker, was then attached to it. The prepared products were characterized using FT-IR, 13C-NMR, X-Ray photoelectron spectroscopy (XPS) and TEM. They came to the conclusion that the unique assembly of CNW attached to syringyl alcohol linker through a γ-aminobutyric acid spacer molecule enables the successful synthesis of a novel CNW-based delivery system by following a series of oxidation, reductive-amination and esterification reactions in aqueous media.

The coupling of the spacer and the linker molecule to NW was confirmed from the sequential changes in functional groups and structure through the FT-IR and 13C-NMR and XPS measurements. TEM, on the other hand, showed no change in size and shape of the NW after the series of reactions, which is essential for a delivery system. Thus, the concept of carrier molecule from a renewable biocompatible and biodegradable resource provides a platform that could be widely adapted for the controlled delivery of enzymes, proteins and amine-containing drugs with the selection of desired linker molecules.

CDD technology represents a widely-studied area in the field of pharmaceutical sciences. The main aim when formulating CDD systems is to increase the effectiveness of drug therapy. The benefit could be in a form of increased therapeutic activity, reduced toxicity, avoidance of the first pass metabolism, elimination of a specific drug administration route (e.g. injections), or reduction in a dosing frequency. A convenient administration route and reduction in the dosing frequency leads to better patient compliance. Therefore there is great interest in the development of systems that would be capable of delivering drug over a long period of time [55]. In recent years, nanofibrillar cellulose (NFC) has gained a lot of attention in different research areas including biomedical applications. In the work of Kolakovic et al. [55], the applicability of NFC as a material for the formation of matrix systems for sustained drug delivery has been evaluated. For that purpose, drug-loaded NFC microparticles were produced by a spray drying method. The microparticles were characterized in terms of size and morphology, total drug loading, and physical state of the encapsulated drug. Drug release from the microparticles was assessed by dissolution tests, and suitable mathematical models were used to explain the drug releasing kinetics. The particles had spherical shapes with diameters of around 5μm and the encapsulated drug was mainly in amorphous form. Drug release studies showed sustained drug release profiles over a period of two months. The results indicate that NFC microparticles can sustain drug release by forming a tight network and thus limit the drug diffusion.

In recent years, “semi-interpenetrating-network” (SIPN) hydrogels have been widely used for several applications including artificial implants, dialysis membranes, and controlled drug delivery systems [56,57]. Several SIPN hydrogels were synthesized by in-situ free radical crosslink copolymerization of acrylamide and crosslinker N,N-methylene bis-acrylamide (MBA) in aqueous solution of sodium alginate (SA) at various concentrations of the redox pair initiator (ammonium persulfate and sodium metabisulfite), various concentrations of cross-linker, alginate % and total monomer concentration (Scheme 9.1). These SIPN hydrogels were characterized by FTIR, NMR, SEM, DTA–TGA, XRD, and point zero charge analysis (PZC), and also by swelling characteristics and network parameters. Adsorption (loading) and release of acetaminophen drug (Figure 9.1) were studied with these hydrogels. The results indicated that solution pH, cross-linker concentration and monomer to SA weight ratio of the hydrogels were found to have a strong effect on adsorption and in vitro release profile of the drug from the gel matrix [58].


Figure 9.1 Chemical structure of Acetamidophen drug.
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Scheme 9.1 Formation of SIPN and its probable interaction with drug.
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Ethyl cellulose is one of the most constructive polymer used to sustained most of hydrophilic and hydrophobic drugs. Ethyl cellulose is hydrophobic, soluble in many organic solvents, non-biodegradable, biocompatible, non-toxic and non-irritant polymer [59]. After studying its properties, like drug encapsulating and holding ability, ethyl cellulose of different viscosity grades to formulate sustained release nanoparticles [60] has been selected by Lokhande et al. [61] for metformin drug. Ethyl cellulose of different viscosity grade polymers may have unlike drug holding capability depending on their chain length or degree of polymerization (DP) or number of anhydroglucose units. Metformin HCl drug is an orally administered anti-hyperglycemic agent belongs to biguanide class. In consideration by absorption, it has incomplete gastrointestinal intake under fasting condition, and a short biological half life (1.5–4.5 h). It also eliminated rapidly through urine (~ 90%) and faeces (~ 20%) within 8–12 h[62]. Therefore repeated administration of high doses are required to maintain effective plasma concentration and thus reducing patient compliance with side effects like abdominal discomfort, anorexia, nausea and diarrhea. Metformin HCl is highly water soluble drug, therefore here the role of polymer is so important to control it for maximum time in gastric environment. In the study of Lokhande et al. [61],they developed the metformin HCl loaded nanoparticles by non-aqueous solvent emulsion evaporation technique and characterized it. The challenge in their study was to enhance the encapsulation percentage of metformin in polymeric nanoparticles core and decrease initial burst release. This was achieved by total hydrophobic environment and examines the effect of different viscosity grade ethyl cellulose on drug loading and release profile. All nanoparticle formulations were evaluated by particle size, zeta potential, drug content, product recovery, surface morphology, drug-polymer interaction, X-ray diffraction and in vitro dissolution study, etc. They came to the conclusion that oil in oil is the best method to encapsulate maximum amount of highly water soluble drug. Higher viscosity grade ethyl cellulose sustained metformin HCl for more time than low viscosity grade.

9.4.2 pH-Sensitive as Drug Delivery Systems

Polymeric hydrogels have led to significant advances in pharmaceutical and biomedical fields for controlled release of drugs [63–66], especially those which are able to swell and shrink in response to environmental stimuli like pH, temperature, ionic strength, etc. [67]. Out of stimuli responsive polymers, pH-sensitive hydrogels are extensively used in the field of drug delivery [9]. The high water content of hydrogel makes it to be flexible [68]. Peppas and Peppas have pointed out that the presence of moieties with carboxylic or acrylamide groups is responsible for pH dependent behavior of polymer systems [69]. The cross linking in hydrogel results in formation of an insoluble network structure, which facilitates swelling and hydration of polymeric gel in simulated body fluid without complete dissolution of the polymer [70]. The ability of drug molecules to diffuse into and out from hydrogels makes it efficient as matrix for drug delivery systems for different routes of administration. Out of various modes of drug delivery, the oral delivery is a widely accepted route of administration for therapeutic drugs. The gastrointestinal tract is divided into stomach, small intestine and large intestine. The pH varies widely along the gastrointestinal tract. It varies from a low pH 1.2 to 1.4 (fasting condition) in stomach to 7.4 in colon region. The acidic environment combined with various enzymes is responsible for the degradation of peptides and many other drugs in stomach [71,72]. An ideal drug delivery matrix for oral delivery should protect the drug from the low pH harsh environment of the stomach and then be abruptly released into the proximal colon (i.e. in lower gastrointestinal tract). Consequently, the matrix should have lower rate of drug release in acidic pH, and higher in neutral/alkaline pH conditions.

Although natural polysaccharides have advantages over synthetic polymers, being non-toxic, less expensive, biodegradable and freely available, however, they possess some drawbacks, such as uncontrolled rate of hydration, microbial contamination, and drop of viscosity on storage. Fortunately, chemical modification of natural polysaccharides by graft copolymerization of vinyl or acrylate monomers has overcome these problems and is considered as one of the most promising techniques, as it functionalizes these biopolymers to their potential by imparting desirable properties onto them [73,74].

Hydroxypropyl methyl cellulose (HPMC) is one of the prominent modified natural polysaccharide used in the field of biomedical science [75,76]. HPMC grafted with polyacrylamide (HPMC-g-PAM) hydrogel was evaluated in vitro by Das and Pal [77] as a potential carrier for controlled release of 5-amino salicylic acid (%-ASA).The swelling behavior of the hydrogel based tablet was investigated as a function of pH and time in various buffer solutions similar to that of gastric and intestinal fluids. The % equilibrium swelling was found to be higher in case of of simulated intestinal fluid (pH=7.4) and lower in simulated gastric fluid (pH=1.2) making an ideal matrix as required for colon specific drug delivery. The drug release study was performed at different pH values similar to the condition of the GI tract. The release kinetics of 5-ASA showed non-Fickian diffusion behavior, which indicates that the release is controlled by a combination of polymer relaxation or erosion of the matrix and diffusion of the drug from the swollen matrix.

Polymer nanoparticles assembled from amphiphilic block copolymers in aqueous solution have been emerging as a powerful drug delivery system (DDS) for cancer chemotherapy in recent years due to their nanosized scale, ability to solubilize water-insoluble drugs, prolonged blood circulation times, passive tumor-targeting property resulting from “enhanced permeability and retention (EPR) effect” and the like [78–83]. When water-insoluble or hydrophobic anti-cancer drugs are loaded, these nanoparticles are expected to rescue the patients from the pain and uncomfortableness of chemotherapy since they could accumulate in tumor cells via the EPR effect (passive targeting effect) and sustainably release the drugs to the target site to overcome the disadvantages often elicited by traditional small molecular anticancer medicines, for example, severe cytotoxicity to normal cells and tissues [79–84].

Nowadays, combination of two or more anticancer drugs to treat some solid tumors has become an increasing trend in cancer therapeutic applications [85–87]. For example, both doxorubicin (DOX) and paclitaxel (PTX) (Figure 9.2 a & b) are frequently used together to treat terminal breast cancer in clinic. DOX acts as a DNA intercalating agent to inhibit further DNA and RNA biosynthesis, while PTX stabilizes cellular microtubes polymerized in G2 mitotic phase to prevent the cell division [88–92]. Although a combined therapy shows a higher therapeutic efficacy, an increasing toxic effect was also documented with this strategy, which sometimes would lead to the failure of the treatment. It is necessary to establish a multifunctional binary- drug delivery system (BDDS), which not only encapsulates two or more kinds of drugs, but also possesses tumor-targeting effect and/or stimuli-sensitive releasing nature.


Figure 9.2 Chemical structure of a) Doxorubicin (DOX) and b) Paclitaxel (PTX) drugs.

[image: ]


Chen et al. [85] prepared pH sensitive degradable polymersomes based on di-block copolymer of poly (ethylene glycol) (PEG) and an acid-labile polycarbonate, poly(2,4,6-trimethoxy-benzylidenepentaerythritol carbonate) (PTMBPEC).They could simultaneously load hydrophobic PTX and hydrophilic DOX with faster drug release profile at mildly acidic pH of 4.0 and 5.0 as compared to physiological pH.

Ye and his group [93] synthesized poly(caprolactone)-heparin conjugates (PCL-heparin) by coupling mono-hydroxyl terminated PCL (Mn 52000–10000 g/mol) with heparin. The conjugates enabled to self-assemble into the core-shell nanoparticles in around 100 nm diameter to load binary anti-cancer drugs. Lipophilic and neutral paclitaxel (PTX) was first encapsulated in the core, and then hydrophilic and positive charged doxorubicin (DOX) was incorporated into the negative charged shell of PTX loaded nanoparticles via the electrostatic interaction. The in vitro release profiles of the binary-drug loaded nanoparticles revealed that both PTX and DOX were sustainably released from the particles but behaved differently. The release of DOX was pH dependent, ensuring more drug to be released in the tumor cells than in the normal ones. Hence these particles were featured by a sequential controlled drug delivery behavior with a significant cytotoxicity to cervical cancer (Hela cell) and breast cancer (MDA-MB-321) cells. The CLSM observations clearly indicated that both loaded PTX and DOX aggregated in the nucleus of tumor cells to exert their anti-tumor pharmacodynamic effect on the cells. The pH sensitive release behavior of the as-prepared BDDS (DOX & PTX) was investigated at pH values of 5.0 and 7.4 at 37oC. Both drugs were sustainably released from this BDDS, but behaved differently [93]. It showed a great potential to use the conjugates as nanocarrier to simultaneously load two anticancer drugs for the sequential controlled drug delivery. The release profile of PTX was almost the same at both pH values, whereas, the release pattern of DOX was pH dependent. Around 24 and 45% DOX were released within 15 h at pH 7.4 and 5.0, respectively. This is because heparin is a weak acid, and the BDDS after DOX loaded is actually a weak acid salt formed by ionic bond between heparin and DOX. Hence the releasing of DOX is pH-dependent and is accelerated in an acid circumstance. pH sensitivity is indispensable for the anticancer DDS, because the pH in the tumor tissues is mildly more acidic than that of the healthy tissues, and a pH sensitive DDS enables to release more DOX into the tumor tissues to kill tumor cells. At the same time, the releasing rate of DOX was much faster than that of PTX at both pH values.

9.4.3 Thermo-Sensitive as Drug Delivery Systems

Recently, there has been marked progress in the search for thermo-sensitive polymers [94]. Several thermo-responsive polymeric micelles have been extensively studied, such as poly(N-isopropylacrylamide) (PNIPAAm) [95,96], poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) triblocks (PEO-PPO-PEO) [97–99], poly(ethylene glycol)-poly(ε-caprolactone) (PECL), chitosan glycerolphosphate, ethyl(hydroxyethyl) cellulose (EHEC) formulated with ionic surfactants [100–103] and poly(ethylene glycol)-poly(lactic acid)-poly(ethylene glycol) triblocks (PEG-PLA-PEG) [104]. These block copolymers micelles consisting of PEG, PCL and poly(lactide-co-glycolide) (PLGA), were found to be thermo-sensitive and biodegradable, making them potential candidate materials for use in biomedical applications, such as drug delivery, cell therapy and tissue engineering [105].

A new family of high molecular weight polymers designed for controlled drug delivery following inhalation or injection, poly(ether-anhydrides), have been successfully developed by Fu et al. [106]. Thermo-sensitive micelles based on terpolymer composed of PEG, sebacic acid (SA) and 1,3-bis(carboxyphenoxy) propane (CPP) have been synthesized by Zhao et al. [94] and tested as a promising drug carrier. The micelles with low polydispersity of diameter and low CMC were formed from the terpolymers in an aqueous phase. Their assembly behaviors depended on the ratio of PEG/(CPP and SA) blocs, the terpolymers concentration and the environmental temperature. The CMC values of the terpolymers and the temperature of the sol-to-gel transition decreased with the increase of CPP and SA chains. Moreover, the hydrodynamic diameters of the polymeric micelles increased as the degree of polymerization of the hydrophobic chains increased, and also the temperature of the aqueous phase influenced the aggregate of the polymeric micelles. The DOX.HCl-loaded micelles could be well disperced in water and could keep stable for a long time. The invitro release profiles at different temperatures consist of a burst release followed by a sustained release. Cell cytotoxicity results indicated that the terpolymers were of excellent biocompatibility, and the DOX.HCl-loaded micelles were effective to inhibit the growth of tumor cells.

Thermo-sensitive comb-like copolymers consisting of methoxy poly(ethylene glycol) (mPEG) blocks and hydrophobic polyacrylate (PA) backbones with thermo-sensitive poly(N-isopropyl acrylamide) (PNIPAM) graft chains, mPEG-b-PA-g-PNIPAM were synthesized via atom transfer radical polymerization by Yang et al. [107] and are represented in Scheme 9.2.


Scheme 9.2 Schematic illustration of synthesis route of a representative mPEG-b-PA-g-PNIPAM comb-shaped block copolymer.
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Three types of amphiphilic block copolymers composed of hydrophylic mPEG segments with different molecular weights 750, 2,000 and 5,000 and thermo-sensitive PA-g-PNIPAM blocks have been designed and synthesized. The synthetic route involved three consecutive steps: 1) mPEG-Br macro-initiator was prepared by quantitative esterification of hydroxylcapped mPEG-OH with 2-bromoisobutyryl bromide (BB); 2) PNIPAM-AA macro-monomer was prepared by radical polymerization of NIPAM using 2-hydroxyethanethiol (HESH) as a chain transfer agent, followed by the esterification reaction of the PNIPM-OH with methacryloyl chloride (MC); 3) mPEG-b-PA-g-PNIPAM comb copolymer was synthesized through ATRP at a molar ratio of [mPEG-Br]/[macro-monomer]/[CuCl]/ [Me6TREN] 1:20:1.5:1.5, where Me6TREN = tris[2-(dimethylamino)ethyl] amine. The physicochemical properties of the copolymer micelles were examined by modulating the composition and the molecular weights of the building blocks. They used a dialysis method to load hydrophobic camptothecin (CPT) (Figure 9.3), and the CPT release and stability were detected by UV-Vis spectroscopy and high performance liquid chromatography. Moreover, the cytotoxicity was evaluated by methylthiazolyldiphenyl tetrazolium bromide (MTT) assays against the L929 mouse embryonic fibroblast cells and MDA-MB231 human breast cancer cells, successively. The results showed that the copolymers could be self-assembled into well-defined special core-shell micelle aggregates in aqueous solution, and showed thermoinduced micellization behavior, and the critical micelle concentration was in the range 2.96–27.64 mg L−1. The micelles were narrow size distribution, with hydrodynamic diameters about 128–193 nm, depending on the chain length of mPEG blocks and PNIPAM graft chains and/or the compositional ratios of mPEG to PNIPAM. The results also revealed that the copolymer micelles could stably and effectively load camptothecin, but avoid toxicity and side effects, and exhibited thermo-dependent controlled and targeted drug release behavior. The authors came to the conclusion that the prepared copolymer micelles were safe and effective, and could potentially be employed as CPT controlled release carriers.


Figure 9.3 Chemical structure of Camptothecin drug.
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The influence of loading indomethacin (IMC) (Figure 9.4) on the thermo-sensitive aggregation of a double hydrophilic graft copolymer dextran-g-PNIAM (DgP) was studied by Tan et al. [108]. The results indicated that before IMC-loading, DgP forms loose aggregates of unimers in aqueous solution below the lower critical solution temperature (LCST), while compact nanoparticles appear above the LCST, because of the phase transition of the PNIPAM side chains [109–110].


Figure 9.4 Chemical Structure of Indomethacin (IMC) drug.
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After loading IMC, uniform nanoparticles were formed even below the LCST. The hydrogen bonding between IMC and the PNIAM side chains was proposed to be the driving force for the aggregation. The IMC release rate was accelerated at a high temperature, because of the dissociation of the hydrogen bonds. Accordingly, a novel nano drug-loading system that is driven and stabilized by the H-bonding between the host copolymer (DgP) and the guest drug molecules (IMC) demonstrates a novel thermosensitive drug release behavior through breaking these H-bonds by the effect of heat. The drug load (DL) and drug encapsulation efficiency(DEE) were calculated according to the following equations:

[image: equation]

The IMC loaded within the DgP Ͻ IMC was liberated by adding the same volume of DMSO into the aqueous micellar solution, and the amount of the IMC was calculated through the calibration curve obtained by monitoring the UV peak intensity at 321 nm.

9.4.4 Light-Sensitive as Drug Delivery Systems

Among various chemical and physical stimuli, light is an especially fascinating external stimulus, taking advantage of the non-contact mode, precisely controllability as well as the controlled release of encapsulated substances at a specific time and location [111–116]. Moreover, light with wavelengths in the range of about 700–1000 nm, named near-infrared light (NIR), is more suitable for biomedical applications than UV or visible light [116]. As these longer wavelengths show fewer risks of damage to the irradiated area with a greater penetration depth of the skin and high spatial precision [117,118].The hydrophobic 2-diazo-1,2-naphthoquinone (DNQ) molecule is an attractive photo-trigger group because its UV-induced Wolff rearrangement can result in a drastic change into hydrophilic 3-indenecarboxylic acid (3-IC)molecule with a pKa of 4.5 [119,120]. Moreover, DNQ can also undergo the same Wolff rearrangement reaction via a two-photon process under NIR laser light [121]. Because of these interesting features of DNQ molecules, many light-responsive micelles based on DNQ-containing polymers have been investigated [122–125].

Recently, Goodwin et al. [122] first used unharmful NIR light to photoactivate a DNQ-based micellar system to release Nile Red molecules, and this technology was believed to be potentially useful in drug delivery platforms. Nevertheless, there is still no reported example in which the photoreaction of drug loaded micelles by NIR light has been used with living cells, especially for enhanced intracellular release of anti-cancer drugs.

Liu et al. [126] prepared NIR light-sensitive polymeric micelles for the enhanced intracellular delivery of DOX. The micelles were prepared from dextran-g-(2-diazo-1,2-naphthoquinone) (DEX-DNQ) amphiphilic copolymers which were synthesized by modification of hydrophilic dextran with hydrophobic DNQ molecules. The hydrophobic DNQ is an attractive photo-trigger group, because its UV/NIR-induced Wolff rearrangement which leads to a drastic change into a hydrophilic 3-indenecarboxylic acid (3-IC) molecule with a pka value of 4.5. Thus, under UV or NIR irradiation, Dex-DNQ micelles will rapidly release encapsulated drugs due to the micelle dissociation. DOX was chosen by Liu and his group as an anticancer drug to be encapsulated into the Dex-DNQ micelle with the loading efficiency and content of 605 and 24%, respectively. In vitro cell viability studies, the micelles exhibited higher intracellular DOX release under NIR irradiation at 808 nm, which resulted in significant growth inhibition of HepG2 cancer cells. The enhanced intracellular drug release behavior of DOX-loaded Dex-DNQ micelles under NIR irradiated has been proved by fluorescence microscopy and flow cytometry. Liu et al. are convinced that this smart drug nanocarrier is potentially useful for cancer chemotherapy.

Chen et al. [127] designed and fabricated a light-responsive release system by controlling the wetting behavior of the surface of mesoporus silica (MS). Spiropyran, a photosensitive molecule which was widely studied for its switchable properties [128–130], was chosen as the gate molecule due to its different hydrophobicity between the “closed” and “open” forms [131,132]. Fluorinated silane was selected to mix with spiropyran to help achieve the overall hydrophobic state according to the reported method [133]. Such hydrophobic dopant could help to protect the surface from being wetted by water and inhibit the release of encapsulated molecules, fluorescein disodium, (FD). Under UV irradiation at 365 nm, spiropyran was converted to the hydrophilic form, which resulted in the wetting of surface of MS and the release of trapped (FD) molecules diffusing from the penetrated water. This simple light-responsive release system, free of blockers, provides a new platform for highly efficient controlled release, which might hold promise in the applications of nanomedicine, nanopore device and other fields.

Jiang and his group [134] presented the first detailed study on photocontrolled release of a model hydrophobic guest from light dissociable polymer micelles. Poly(ethylene oxide) (PEO) was chosen as the hydrophilic block, while the hydrophobic block of the new block copolymer was poly(2-nitrobenzyl methacrylate). In this di-block copolymer, the photolysis of 2-nitrobenzyl moieties, via either one-photon UV (365 nm) or two-photon near-infrared (700 nm) absorption, detaches the chromophore from the polymer and transforms the hydrophobic block into hydrophilic PMA. Unlike pyrenylmethyl esters, whose photo-solvolysis needs the presence of a nucleophilic solvent [135], the photolysis of 2-nitrobenzyl is an intramolecular rearrangement process that can readily occur in solution and in the solid state [136]. Nile Red (NR) as a hydrophobic dye was used by Jiang and his group as a model hydrophobic guest for encapsulation by the photo-labile polymer micelles and investigation of the photo-controlled release. The effects of a number of variables on the process were studied including the intensity of UV irradiation, the relative length of the poly(2-nitrobenzyl methacrylate) block, and partial crosslinking of micellar aggregates. The results obtained by Jiang et al. showed the interest of developing light-dissociable polymer micelles for photo-controlled delivery applications.

9.5 Conclusions

Controlled drug delivery (CDD) systems have proved to be essential for sustaining the therapeutic level of a drug in body tissue as long as possible during the entire length of treatment. CDD technology represents a widely studied area in the field of pharmaceutical science. The main target when formulating CDD systems is to increase the effectiveness of drug therapy by increasing the therapeutic activity, reduced toxicity, reduction in dosing frequency, improving the patient compliance and convenience and reducing the side effects. The attached drugs can also be targeted to specific organs, tissues or cells. Applications of CDD include both sustained delivery and targeted delivery. The better way for obtaining controlled release of a drug is by enclosing it either in a hydrophobic or in a hydrophilic matrix. Desirable drug delivery rates are achieved by the application of suitable polymers or copolymers, and consequently this incites constant research in the area of designing new and improved polymers. Natural polymers, in particular cellulose and its derivatives, have been used extensively in pharmaceutical preparations. Moreover, cellulose nanofibers and cellulose whiskers offered several potential advantages as drug delivery systems. Semi-interpenetrating network (SIPN) type hydrogels have been also widely used for several applications including CDD systems. Some of these polymeric drug delivery systems are pH-sensitive, especially those containing acidic or basic groups, some others are thermosensitive, and in this case, the driving force in this drug loading system is the H-bonding between the host copolymer and the guest drug molecules, and the thermo-sensitive drug release behavior is achieved through breaking theses H-bonds by the effect of heat. A third class of Drug delivery systems are light-sensitive, in this case, the near-infrared light (NIR) (from 700–1000 nm) is the more suitable for biomedical applications then UV or visible light.
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Abstract

This chapter summarizes the most recent achievements in the field of the use of nanocellulose as sustainable adsorbents for the removal of water pollutants such as heavy metal ions, organic molecules, dyes, oil and CO2. A brief summary of the adsorption phenomenon is given at the beginning of the chapter followed by a detailed process of heavy metal ions adsorption onto nanocellulosic fibers. Although the usefulness of nanosized cellulose as an adsorbent for pollutants is quite recent, it has aroused substantial interest and promise because of the attributes of nanocellulose in terms of specific surface, broad possibility for surface modification, non-toxicity of nanocellulose fibrils, renewability of the cellulose precursor, and environmentally-friendly character. An update of the most relevant work carried out in the field of application of nanocellulose for cleaning applications is reported in the chapter. A focus on the different chemical modifications of nanocellulose to boost the adsorption capacity of the adsorbent and to selectively trap a target family of pollutant is investigated. Each of these pollutant classes has been studied individually with an emphasis on how the adsorption capacities change according to the functionality of the surface. The reuse of the adsorbent once exhausted is also discussed for each class of pollutant.
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10.1 Introduction

Several treatment technologies are available for water treatment including chemical oxidation and reduction, membrane separation, liquid extraction, ion exchange, electrolytic treatment, electroprecipitation, coagulation, flotation, ultrafiltration, and electrodialysis. Among these methods, the adsorption process is superior because of its convenience, ease of operation, and simplicity in terms of design. Adsorption is a process where a solid is used to remove dissolved substances from water. The adsorbing phase is the adsorbent, and the material concentrated or adsorbed at the surface of that phase is the adsorbate. This method has been widely used in water treatment for more than 100 years and is still of relevance in modern technology of water treatment. Generally, a suitable substrate for adsorption processes of pollutants should meet several requirements: (i) high adsorption efficiency; (ii) adsorption capability for the removal of wide variety of organic compounds; (iii) high capacity and rate of adsorption; (iv) important selectivity for different concentrations; (v) granular or powder form with high surface area; (vi) good mechanical and structural integrity (vii) ability to be regenerated without loss of the adsorption capacity; (viii) tolerance for a wide range of wastewater parameters; (ix) and low cost.

The utilization of biomass in the production of water treatment chemicals has gained interest over the past few decades. Lignocellulosic material is an attractive raw material because of its wide availability, low cost, sustainability, possibility of surface modification and renewability. However, the biomass in its untreated state is often not readily functional and the adsorption capacity of the adsorbent from biomass differed according to the origin of the biomass and was also influenced by the treatment or activation methods. Pretreatment of lignocellulosic wastes is known to extract soluble organic compounds, and this enhances the chelating efficiency [1].

During the last decade, the application of nanomaterial in water and wastewater treatment and air cleaning have gained increasing attention with promising breakthroughs in environment applications[2]. The nanoscale of nanomaterial particles is expected to create a large surface area in relation to their volume, making them highly reactive, compared to microscale forms of the same materials. In addition, the behavior of nanostructured materials is different from what was observed at macroscale. At the nanoscale, new properties emerged due to size confinement, dominance of interfacial phenomena, and expansion of specific surface. These new properties of nanosized materials lead to improved catalysts, tunable photoactivity, stronger and lighter material, and many other interesting characteristics. Recently, carbon nanomaterials (CNMs) mainly in the form of carbon nanotubes (CNTs) and carbon nanofibers (CNFs) have been used as new adsorbents for metal ions as well as dissolved organic pollutants with higher performances owing to their high specific surface area and high aspect ratio.

The increasing interest in nanomaterials from renewable origins and their unique properties have led to intensive research in the area of nanocellulose materials produced from renewable polymer resources available worldwide. Although, they are mainly used as nanoreinforcement for nancomposite, nanocelluloses aroused much interest in the field of water treatment as new adsorbents likely to be competitive with conventional adsorbents such as activated carbon, zeolite and ions exchange resins.

Given the high surface area of the nanocellulose, an adsorbent based on modified nanocellulose might afford an interesting alternative to conventional adsorbents like activated carbon, ion exchange resins, or zeolite. Furthermore, the wide possibility of surface chemistry modifications of nanocellulose with target functionalities opens the way toward the selective interactions with specific pollutants. Combined with the high specific surface areas, the adsorption performance is expected to step-up compared to conventional lignocellulosic adsorbents.

This new area of potential use of nanocellulose in the field of water treatment was explored by several recent publications that showed the possibility to prepare adsorbents based on modified nanocellulose for removing not only heavy metal ions but also organic pollutants, dyes and oil.

10.2 From Cellulose to Nanocellulose

Cellulose is the most abundant biopolymer on earth with an annual production ranging from 1011 to 1012 tons. This polymer has caught interests of many scientific researchers thinking about it as a carburant source, being able to produce ethanol after a bio-refining process.

At the macrostructural level, the cellulose fibre is organized in a cellular hierarchical structure and can be described as an association of concentric layers surrounding the lumen [3]. The hierarchical structure of cellulose with self-assembly of linear macromolecular chains in a sheet of ordered cellulose chains, stacking in a multiple parallel layer to form the elementary fibrils, leads to the possibility of producing nanosized cellulose fibrils once the fibrillar network structure is broken down. This top-down destructuration of cellulose gives rise to two types of nanoscale cellulose nanoparticles; cellulose nanocrystals (CNC) and nanofibrillar cellulose (NFC).

The extraction of nanosized fibrils from cellulose fibres represents a real breakthrough in cellulose-based materials and has become a topic of great interest in the last decade [4]. Their nanoscale dimensions, biodegradable character, cost effectiveness, high aspect ratio, light weight and sustainability constitute an impetus for this increasing interest. All of these attributes make nanosized cellulose very attractive for a broad range of applications within the field of innovative materials [5,6]. Furthermore, according to the current knowledge, nanocellulose is classified as a non-toxic material [7], completely biodegradable and without adverse effects on health or the environment. These benefits facilitate the use of nanocellulose and eliminate safety concerns, commonly encountered, for mineral and carbon nanofillers.

Currently, cellulose nanocrystals (CNC), nanofibrillated cellulose (NFC) and bacterial cellulose (BC) are the main families of nanocellulose differing mainly according to their mode of production and their morphology. CNC are needle shaped crystalline entities with 150–300 nm in length and 5–10 nm in diameter. They are extracted from fibres after a complete dissolution of the amorphous fractions. NFC were composed of nanosized thin flexible fibrils composed of both crystalline and amorphous domains with width in the range of 5 to 50 nm and length within the micron scale. They are mainly obtained through intensive mechanical shearing action to break-down into nanoscale the cell wall of the fibers. Bacterial cellulose (BC) is another form of cellulose nanofibrils from certain types of bacteria produced via bottom-up approach via enzymatic polymerization of glucose.

Nanocelluloses combine important cellulose properties, such as hydrophilicity, broad chemical-modification capacity, and the formation of versatile semi-crystalline fiber morphologies. The specific features of nanoscale are mainly caused by the high surface area of these materials [8]. On the basis of their dimensions, functions, and preparation methods, which in turn depend mainly on the cellulosic source and on the processing conditions, nanocelluloses may be classified in three main subcategories as presented in Table 10.1. The main steps involved in the preparation of cellulose nanoparticles are presented in Figure 10.2


Figure 10.1 Nanocellulose extracted from lignocellulosic biomass.
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Figure 10.2 Production mode of nanocellulose according to the type of nanocellulose fibrils; cellulose nanocrystals (CNC) versus nanofibrillated cellulose (NFC).

Reprinted with permission from [12]. Copyright 2011 Royal Society of Chemistry.
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Table 10.1 The classification of nanocellulose materials according to their morphology. Reprinted with permission from ref. [9, 10, 11], copyrights 2014, 2010, & 2012, Elsevier, Springer, & Royal Society of Chemistry.
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10.3 General Remarks about Adsorption Phenomena

Adsorption is a generally produced phenomenon when the molecules of the fluid (gas or liquid) are in contact with the porous solid (called adsorbent) and fixed on its porous surface leading to a higher fluid concentration around (called adsorbate). This process is similar to a filling in of the pores. Adsorption is the phenomenon of accumulation of large number of molecular species at the surface of liquid or solid phase in comparison to the bulk.

The process of adsorption arises due to the presence of unbalanced or residual forces at the surface of liquid or solid phase. These unbalanced residual forces have tendency to attract and retain the molecular species with which it comes in contact with the surface. Adsorption is essentially a surface phenomenon. Adsorption is a term that is completely different from Absorption. While absorption means uniform distribution of the substance throughout the bulk, adsorption essentially happens at the surface of the substance. When both Adsorption and Absorption processes take place simultaneously, the process is called sorption.

Adsorption can result either from the universal van der Waals interactions (physical adsorption, physisorption) or can have the character of a chemical process (chemical adsorption or chemisorption). Physical adsorption can be compared to the condensation process of the adsorptive. As a rule, it is a reversible process that occurs at a temperature lower or close to the critical temperature of an adsorbed substance. Physical adsorption is very effective particularly at a temperature close to the critical temperature of a given gas. Chemisorption occurs usually at temperatures much higher than the critical temperature and, by contrast to physisorption, is a specific process which can only take place on some solid surfaces for a given gas. In the case of liquid adsorption, water molecules present on the surface are attracted inwards by the molecules of water present in the bulk. In case of a solid state, these residual forces arise because of unbalanced valence forces of atoms at the surface. Occupancy of these vacancies by some other molecular species results into Adsorption.

In the early ancient times of adsorption history, the carbon materials as charcoals were mostly used by some rare specialists. The pioneering use came to light with Hippocrates who recommended dusting wounds with powdered charcoal to remove their unpleasant odor. However, the rational use of adsorption for industrial purposes started at the end of the 18th century only. It is worth noting that development and application of adsorption cannot be considered separately from development of technology of manufacture of adsorbents applied both on the laboratory and industrial scales. These sorbents can take a broad range of chemical forms and different geometrical surface structures. This is reflected in the range of their applications in industry, or helpfulness in the laboratory practice.

A fundamentally important feature of industrial sorbents is their high porosity and usually high surface as well as specific sorption sites. That is why, their most important characteristics deal with total pore volume, pore size distribution over the pore diameter and the specific surface area. Strong efforts are directed on the development of novel polymer-based adsorbents, as polymeric molecular nanotubes, so-called ‘molecular necklaces’, with an internal diameter of 4.5 A° being significantly smaller than that of graphic nanotubes with diameters ranging from 10 to 300 A°. As the specific surface area of macroporous solids is very small, adsorption on this surface is usually neglected. The capillary adsorbate condensation does not occur in macropores. The significance of pores in the adsorption processes largely depends on their sizes. Because sizes of micropores are comparable to those of adsorbate molecules, all atoms or molecules of the adsorbent can interact with the adsorbate species. That is the fundamental difference between adsorption in micropores and larger pores like mesopores and macropores. Consequently, the adsorption in micropores is essentially a pore-filling process in which their volume is the main controlling factor. Adsorbents dealing with new porous materials are recommended for ecologically friendly processes, formulation of criteria for estimation of acceptability of many current technologies and important ways of sustainable development.


Figure 10.3 Adsorption versus Absorption.
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Table 10.2 Basic types of industrial adsorbents. Reprinted with permission [14]. Copyright 2001, Elsevier.



	Carbon adsorbents
	Mineral adsorbents
	Other adsorbents



	Active carbons
	Silica gels
	Synthetic polymers



	Activatedcarbon fibers
	Activated alumina
	Composite adsorbents:



	Molecularcarbonsieves
	Oxides of metals
	complex mineral



	Mesocarbonmicrobeads
	Hydroxides of metals
	carbons, X-elutrilithe;



	Fullerenes
	Zeolites
	X=Zn, Ca



	Heterofullernces
	Clay minerals
	Mixed sorbents



	Carbonaceous nanomaterials
	Pillared clays
	 



	 
	Porous clay heterostructures (PCHs)
	 



	 
	Inorganic nanomaterials
	 




The fundamental concept in adsorption science is the adsorption isotherm. It is the equilibrium relation between the quantity of the adsorbed material and the pressure or concentration in the bulk fluid phase at constant temperature. Apart from the results of the calorimetric measurements, the adsorption isotherm is the primary source of information on the adsorption process. Isotherm equations give the most important characteristics of industrial sorbents that include, among others, pore volume, pore size or energy distribution and specific surface area. These very specific curves can be interpreted to obtain information concerning the adsorption mechanism strictly connected with interactions between adsorbent and adsorbate molecules, and they give the opportunity to assess the efficiency of industrial adsorbents applied in separation, purification and other utilitarian processes. Although various modern techniques provide direct information about physicochemical properties of solid adsorbents such as electron and scanning microscopy, X-ray diffraction and X-ray spectroscopy, Auger electron spectroscopy AES, Raman spectroscopy, small angle X-ray spectroscopy SAXS, nuclear magnetic resonance NMR and temperature-programmed desorption TPD, the adsorption-desorption data remain the most widely used methods because they provide information on the behavior of a solid with regard to a definite adsorbate.

10.4 Nanofibrillated Cellulose as a Novel Adsorbent

Cellulose has a ribbon shape which allows it to twist and bend in the direction out of the plane, so that the macromolecule is moderately flexible. There is a relatively strong interaction between neighboring cellulose macromolecules in dry fibers due to the presence of the hydroxyl (–OH) groups, which stick out from the chain and form intermolecular hydrogen bonds. Regenerated fibers from cellulose contain 250–500 repeating units per chain [15]. This molecular structure gives cellulose its characteristic properties of hydrophilicity, chirality and degradability. Chemical reactivity is largely a function of the high donor reactivity of the OH groups [16]. In particular, two main approaches have been tried in the conversion of cellulose into compounds capable of adsorbing heavy metal ions from aqueous solutions. The first of these methods involves a direct modification of the cellulose backbone with the introduction of chelating or metal binding functionalities producing a range of heavy metal adsorbents. Alternative approaches have focused on grafting of selected monomers to the cellulose backbone either directly introducing metal binding capability or with subsequent functionalization of these grafted polymer chains with known chelating moieties.

Cellulosic nanofibers have been used as membranes for water purification purposes [17]. The nanofibers/nanocrystals have been embedded in an electrospun polyacrylonitrile (PAN) nanofibrous scaffold or formed a thin film on top of it, and this package was mechanically supported by a polyethylene substrate. The multilayered membrane showed interesting results in terms of bacteria and virus removal capability, radioactive Uranyl ions [18] and positive dye adsorption. Unmodified cellulose has a low heavy metal adsorption capacity as well as variable physical stability. Therefore, chemical modification of cellulose deemed necessary to boost the adsorption capacity for heavy metal ions, as well as dyes or organic based pollutants [19]. The Chemical modification is limited to the outer layer of the nanocellulose fibrils and aimed at the functionnalisation of the surface with target groups having high affinity with the water soluble pollutant species. The improvement of the resistance to bacterial growth or attack is another objective sought for. Indeed, given the polysaccharidic origin, nanocellulose fibrils are highly prone to bacterial colonization, the presence of which is likely to limit the usefulness and the life-cycle of the adsorbent.

The milestone achievement in the preparation of novel porous nanomaterials has touched biodegradable cellulose and has brought new aerogel as well as hydrogel three dimensional structures made of nanofibers allowing important adsorption yields. Cellulose is an attractive polymer for the production of bio-based aerogels due to its biodegradability, biocompatibility, availability, renewability and capacity for chemical modification. In the quest for alternatives to oil-based materials, polymers from renewable resources are interesting to consider due to their availability, renewability and reduced environmental footprint. Cellulose as the most abundant natural polymer is one of the structural elements of plant cell walls and is present as stiff microfibrils. The glucopyranose units which make up the cellulose chain contain one primary hydroxyl group and two secondary hydroxyl groups. Functional groups may be attached to these hydroxyl groups calling on the OH chemistry. This can be done via, oxidation into carboxylic groups, esterification, etherification, radical grafting, sylilation, addition, etc. Examples of possible surface modification aiming to enhance the adsorption capacity are shown in Figure 10.4.


Figure 10.4 Possible strategies of surface modifi cation of nanocellulose according to the pollutant class to be adsorbed.
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In recent years, increasing costs and environmental considerations associated with the use of commercial adsorbents has led to a significant body of research work aiming at developing new low cost adsorbents derived from renewable resources. In this context, the advantages of using nanocellulose as the basis for new adsorbent design lie primarily in its high abundance, low cost and the relative ease with which it can be modified chemically. Approaches to its modification have been based around a direct chemical modification approach or by the grafting of suitable polymeric chains to the cellulose backbone followed by functionalization. The latter has been achieved by the addition of amine, amide, carboxyl, hydroxyl and imidazole type binding ligands to the adsorbent backbone. Both broad methodologies produced adsorbents with a range of heavy metal binding capacities, comparable to other researched naturally occurring materials and in some cases comparable to the more commercial type ions exchange resins.

Nowadays, the mentioned bioresource is considered as an excellent candidate for the elaboration of a new generation of biobased materials offering a wide range of properties and functions related mainly to the adsorption of organic pollutants, dyes, carbon Dioxide emissions and heavy ionic metals. The rapid progress made in the nanosciences, especially with nanocelluloses, offers a potential new type of material for use in water treatment in the form of nanoparticles. However, as the size of the biobased adsorbent reduces from micrometer to nanometer levels, the increased surface energy inevitably leads to their strong tendency to self-aggregate through van der Waals interaction. This inevitably led to a meaningful decrease or even a loss of the high adsorption capacity inherent to their high specific surface. Moreover, for purpose of recovery with possible reuse of the adsorbent once exhausted, nanocellulose should be shaped in the form of a porous membrane or a compact aerogel with enough mechanical cohesion to resist disintegration once in contact with water.

Given the high specific surface of the aerogel, the highly porous character and good mechanical strength, the usefulness of NFC-based aerogel either in the neat form or surface modified as adsorbent has recently been a subject of several works. Interests in aerogels stem from their unique properties, which include low density (0.004–0.5 g.cm−3), high porosity (above 80%), high specific surface area, low thermal conductivity and low dielectric permittivity. Aerogel formation, usually in aqueous medium, can be induced by a chemical (reaction) or physical (pH, temperature) crosslinking. Drying the wet gels is critical for most of the aerogel properties; the most common procedures used include supercritical carbon dioxide drying, freeze-drying, and vacuum-drying. Example of a nanocellulose based aerogel is given in Figure 10.5.


Figure 10.5 Aspect of a cellulose aerogel at different levels of magnification (a) photograph of cellulose aerogel, (b) scanning electron microscopy (SEM) image of the interior part, and (c) Field-emission scanning electron microscopy (FE-SEM) of the cell wall.

Reprinted with permission from [20], Copyright 2013, Elsevier.
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NFC aerogels can be functionalized chemically for different applications by post-treatment of formed aerogels or by modification of precursor nanofibers prior aerogel production. For example, titanium dioxide (TiO2) nanoparticles and silanes have been used to make super hydrophobic materials via post-treatment. As a result, wetting of the aerogel is prevented while oil can be absorbed into the pores of the aerogel. The oil could be removed by exposure to organic solvents enabling multiple uses of the aerogel. Modification of precursor nanofibers with particle coating is a facile way to prepare a material of interest as oil-adsorbent for sustainable applications. Additionally, deposition of titanium dioxide on NFC aerogels makes them a photosensitive hybrid material. Aerogels can be inorganic, inorganic-organic and organic. Most commonly, they are prepared by sol-gel polymerization of inorganic metal oxides.

10.5 NFC in Heavy Metal Adsorption

With population expansion and industrialization, heavy metal has become one of the biggest and most toxic water pollutants, which is a serious problem for human society today. Substantial amount of various toxic metals are released into water systems by many types of industries such as mining, electroplating, electrolysis, leatherworking, photography, metal surface treating and so on. Various polysaccharides, including cellulose, chitin, alginate and glycan, have demonstrated metal binding capability driven by interactions with surface functional groups. Advanced studies about adsorption phenomena have offered a wide range of new adsorbents such as aerogels as mentioned previously. Combination of biosorption and nanotechnology is expected to offer a new and green way to improve the metal binding efficiency of polysaccharides. When the size of biosorbents is reduced to nanoscale, the high specific area of each adsorbent provides a great advantage for metal ion removal.

Conventional methods, such as chemical precipitation, filtration, ion exchange, electrochemical treatment, membrane technologies, adsorption on activated carbon, evaporation etc., have been applied for a long time to remove metal ions from aqueous solutions. The removal of metal ions by chemical precipitation or electrochemical treatment is usually inefficient especially when ion concentration is among 1 to 100 mg.L−1. For example, the limit of copper in drinking water recommended by World Health Organization is 2 mg.L−1, which is not possible to achieve by precipitation. Thus, the use of nanomaterials for water purification has become a fascinating research area in the recent years especially in targeting heavy metals. The maximum contaminant levels of various heavy metal ions in drinking water acceptable according to United States Environmental Protection Agency are given in Table 10.3. It is desirable to develop cost competitive and efficient water purification techniques to reach this goal.

Table 10.3 The maximum contaminant levels of the frequently encountered heavy metal ions in drinking water. Reprinted with permission from [21], copyright 2011, Elsevier.



	Metal
	ion Concentration limit (mg/m3)




	Silver (Ag)
	100




	Copper (Cu)
	100




	Mercury (Hg)
	0.1




	Lead (Pb)
	5




	Cadmium (Cd)
	10




	Selenium (Se)
	10




	Thallium (Tl)
	13




	Nickel (Ni)
	13.04




	Manganese (Mn)
	50




	Chromium (Cr)
	50




	Barium (Ba)
	1000




	Iron (Fe)
	300





There are several arguments that support the use of nanocellulose for metal ion uptake from water. High specific area of nanocellulose is expected to provide large number of active sites on the surface of biosorbent to immobilize metal ions. The specific surface area of cellulose nanofibers prepared using a supercritical drying process, can be as high as 480 m2.g−1 [22]. The surface functional groups on the biomass respective of micro, nanoscale are considered responsible for immobilization of heavy metal ions. The most important of these groups [23] are carbonyl, hydroxyl, carboxyl groups and any appended anionic group likely to coordinate with metal cations.

Stability in water environment as well as hydrophilicity of nanopolysaccharides is also of advantage while using in water treatment. The hydrophilicity is expected to reduce bio-fouling and organic fouling [24]. Furthermore, nanopolysaccharides usually have high crystallinity, which make the adsorbents resistant to chemical and biological corrosion in aqueous environment.

For nanocellulose based adsorbents, ion exchange and chemical complexation were the main two mechanisms concerned for the uptake of heavy metals (Figure 10.6). Ion exchange is the mechanism by which adsorbing metal ions take the place of other species already associated with the sorbent surface. In chemical complexation, the functional groups of the adsorbent surface have site-specific interactions with particular kinds of metal ions. In both of these two mechanisms, the maximum adsorption capacity is limited by stoichiometry rules and cannot exceed half the content of surface ionic sites.


Figure 10.6 Ion exchange and complexation mechanisms in adsorption processes.

Reprinted with permission from [25] & [26], copyrights 2013 & 2014, Elsevier, Springer.
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Limited work has been published regarding the use of nanocelluloses adsorbent for heavy metal ions. Carboxylated NFCs were the most studied as for the adsorption of broad heavy metal ions. The presence of the carboxylic groups generated via TEMPO-mediated oxidation or via carboxymethylation contributed to boost the adsorption capacity via ion-exchange process. In fact, the introduction of the carboxylic groups was performed as a chemical pretreatment in order to facilitate the fibrillation process and increase the yield in fully nanofibrillated material. However, the maximum carboxyl content is limited to about 1 to 1.5 mmol g−1, which in turn leads to a ceiling in the maximum uptake for divalent ions to about 0.75 mmol g−1. A comparison with literature work shows that the oxidized nanofibers perform, in terms of heavy metal adsorption, better than many other sorbents from biobased resources including aspen wood fibers (4 mg g−1)[28], sawdust (1.79 mg g−1) [29], sugar beet pulp (0.333 mmol g−1) [30], wheat (17.422 mg g−1) [31], wheat bran (51.5 mg g−1) [32], modified jute fibers (8.4 mg g−1) [33], herbaceous peat (4.84 mg g−1) [34], carbonarius biomass (19.47 mg g−1) [35], untreated and pretreated marine algae (6.12 mmol kg−1) [36], (38.2 mg g−1) [37], (1.3 mmol g−1) [38], bentonite clay (44.84 mg g−1) [39], kaolinites (20 mmol kg−1) [40], and have similar or lower copper adsorption capacity than a mercerized cellulose modified with succinic anhydride (139 mg g−1) [41], (153.9 mg g−1) [42]. However, the metal adsorption behaviour of nanopolysaccharides was found to be pH dependent and the best adsorption performance was observed near neutral pH. When the pH increases, the proportions of carboxylic acid entities decrease to the benefit of the negatively charged carboxylate counterparts. Given the strong dependence of the adsorption capacity with pH, the regeneration of the nanocellulose based adsorbent is easily performed by acid washing treatment.


Figure 10.7 Comparison of sorption efficiency of rice straw, and nanocellulose (CNC) derived from rice straw, and nanocellulose fibers at metal concentration (25 mg/L), biomass dosage (0.5g), contact time (40 min), and volume (200 ml) in the pH range 6.0.

Printed with permission from [40], copyright 1998, Elsevier.
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Cellulose nanocrystals (CNC), prepared from rice straw, were tested for the remediation of some toxic metals from wastewater. CNC were found to have long rod-like elongated nano- fibrillated morphology and showed removal efficiency of 9.7, 9.42, 8.55 mg g−1 for Cd (II), Pb(II), and Ni (II) respectively when the initial concentration was set in the range of 20–25 mg L−1 of metal solution[43].

Nanofibrillated cellulose modified with 3-aminopropyl-triethoxysilane (APS) was successfully used as an adsorbent for Ni(II), Cu(II) and Cd(II). The adsorption of Ni(II), Cu(II), and Cd(II) ions was shown to be dependent on the solution pH, and the optimum pH value for the desorption was 5. The removal of metal ions from aqueous solutions by adsorption was shown to be dependent on the solution pH because it affects the adsorbent surface charge, the degree of ionization, and the form of the metal ions [4]. The study showed that at pH = 2, the adsorption efficiency of Cd(II), Cu(II) and Ni(II) by APS/MFC was nearly zero. In an acidic environment, a relatively high concentration of protons strongly competed with cationic metal ions for free amine sites, thus decreasing the adsorption of metal ions. Furthermore, the protonation of the amine groups led to a strong electrostatic repulsion towards the metal ions that reduced the possible adsorption via electrostatic interaction. With an increasing pH, the competition of protons with metal ions for the amine groups became less significant, and more amine groups existed in their neutral form. This reduced the electrostatic repulsion between the surface and metal ions enhancing adsorption. It can be seen that APS/MFC has a relatively high adsorption capacity for Cd(II), Cu(II) and Ni(II) ions, indicating that it has significant potential for the removal of these metal ions from aqueous solutions. The kinetic study demonstrated that the kinetic mechanism for the adsorption of metal ions followed a pseudo-second-order model, which provided the best correlation with the experimental data. Besides, the intraparticle diffusion model was well fitted. The maximum adsorption capacities ranged from 2.72 to 4.20 mmol g−1. The mechanism of the adsorption was explained by the incorporation of the amino function linked to the silane moiety. The adsorption was driven by coordination of the amino function with divalent metal ions via ions exchange and complexation processes as shown in Figure 10.8.


Figure 10.8 Proposed mechanisms for Ni(II), Cu(II) or Cd(II) (=M2+) adsorption on APS/MFC.

Reprinted with permission from [44], copyright 2014, Springer.
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A comparison of the adsorption efficiency of APS/MFC to some commercial as well as cellulose-based adsorbents/ion exchangers is presented in Table 10.4. It can be seen that APS/MFC provides clearly better adsorption properties compared to the commercial adsorption resins as well as some other cellulose based materials. Maximum adsorption capacities were determined as 3.09, 2.59, and 3.47 mmol L−1 for Ni(II), Cu(II) and Cd(II), respectively. The regeneration of APS/MFC was best accomplished by an alkaline regenerate.

Table 10.4 Comparison of APS/MFC to other adsorption materials [45–52] Reprinted with permission from [44] Copyright 2014 Springer.
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Cellulose nanofibers produced from regenerated cellulose using electrospun cellulose acetate followed by deacetylation was explored as novel adsorbent for metal ions after surface modification with succinic anhydride [53] as shown in Figure 10.9. The modified cellulose nanofibres were used for the adsorption of cadmium and lead ions from model wastewater. The maximum adsorption demonstrated the higher capacity of cellulose-g-oxolane-2,5-dionenanofibres for Pb(II) and Cd(II) removal as compared with oxolane-2,5-dione functionalized raw cellulose fibres (for cellulose nanofibres adsorption capacities were 12.0 and 2.9 mmol.g−1 for Pb(II) and Cd(II), respectively, in comparison to 0.002 mmol.g−1 for raw cellulose). The modified nanofibers were regenerated by washing with HNO3 solution followed by repeatedly rinsing with distilled water until neutral pH.


Figure 10.9 Reaction scheme for the functionalization of cellulose nanofibers with succinic anhydride.
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In another study aiming at eliminating both copper and lead ions from industrial wastewater, bacterial cellulose (BC) was used as an adsorbent after surface modification via amination with diethylenetriamine. The adsorption capacity was found to be 43.19 and 57.20 mg.g−1 for Cu(II) and Pb(II), respectively [54]. However, the adsorption kinetic was quite slow attaining about 2 h. The adsorption kinetics closely followed the pseudo-second-order kinetic model, indicating the importance of chemical adsorption in the process. The experimental adsorption isotherm data were well fitted with Langmuir model and the maximum adsorption capacity of Cu(II) and Pb(II) were found to be 63.09, 87.41 mg.g−1, respectively, in a pH near 5. The aminated BC could be regenerated successfully without significantly affecting its adsorption efficiency by washing with acid solution to strep off the metal adsorbed.

Hybrid Fe3O4 /bacterial cellulose (BC) nanocomposites were also shown to be efficient for the adsorption of a wide range of heavy metal ions. Compared with conventional preparation procedure for cellulose spheres, spherical Fe3O4 /BC nanocomposites can be readily prepared without sophisticated steps and have high adsorption and elution capacities. When Pb(II) concentration ranges from 0 to100 mg.mL−1, the adsorption capacity is higher than 90%. However, as the concentration goes over 100 ppm, the adsorption efficiency decreased notably. Moreover, the adsorption capacity and efficiency seem not to be dependent on the oxidation degree of the metal ions and no meaningful enhancement in the adsorption capacity was shown for Cr(III), for example. Another merit of such hybrid Fe2O3/ BC adsorbent is the easy regeneration of the adsorbent by a simple freeze of the BC/ Fe3O4 membranes and finally keeping them in desiccators for further use.

In another approach, Poly (methacylic acid-co-maleic acid) grafted nanofibrillated cellulose was used for the adsorption of a large series of heavy metal ions. The modification strategy was based on the radical grafting of methacrylic acid and maleic acid using Fenton’s reagent initiation in water as schematically illustrated in Figure 10.10. The purpose of such modification is to boost the adsorption capacity by increasing the available ionic sites on which the metal might be bounded. Moreover, the grafted nanofibrillated cellulose was shaped in the form of a highly porous aerogel to increase the accessibility of the adsorbent and make possible the recovery and the reuse of the adsorbent for multiple cycle of adsorption after regeneration (Figure 10.11). The adsorption efficiency was shown to be dependent on the initial concentration of metal ions. For initial concentration lower than 10 ppm, the adsorption efficiency exceeded 95% for divalent metal ions. Above 20 ppm, the adsorption efficiency decreased to about 90 to 60%, depending on the metal ion. Here again, the adsorbent can be regenerated, without any loss of the adsorption capacity, by a simple washing treatment using EDTA as a desorbing solution.


Figure 10.10 Schematic illustration of the surface modification of the NFC by grafting methacrylic and maleic acid via Fenton’s reagent initiation.
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Figure 10.11 Photo of the aerogel based on nanofibrillated cellulose at different hierarchical level (A) prior, and (B) after grafting reaction.

Reprinted with permission from [55] Copyright 2015, Elsevier.
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To assess how the grafting improved the adsorption performance of the NFC based sorbent, the adsorption efficiency and capacity of the pristine NFC aerogel, NFC-MAA and NFC-MAA-MA aerogel toward Pb(II) were compared. A huge enhancement in the adsorption efficiency was shown and NFC-MAA-MA exhibited the highest adsorption efficiency followed by the NFC-MA aerogel and the NFC gel.

Table 10.5 Characteristics of the NFC aerogel prior and after grafting. Reprinted with permission from [55] Copyright 2015, Elsevier.



	Characteristics
	NFC-aerogel

	G-NFC-aerogel




	Apparent density (g.cm−3)
	0.03

	0.065




	Specific surface (m2.g−1)
	85

	65




	Porosity (%)
	98

	98




	Carboxyl content (meq.g−1)
	0.5

	7.5




	Grafting yield (%)
	-

	130





Kinetic investigation indicated that the adsorption process involved two steps, with initial rapid adsorption of more than 70% taking place within 10 min, followed by a second longer step going over 60 min for the adsorption of the remaining metal. The adsorption capacity ranged from 100 to 130 mg g−1 (800 up to 2000 mol.g–1), depending on the metal and was ranked in the following order: Pb>Cd>Ni≈Zn. The adsorption process was shown to involve, in addition to ion exchange process, a coordination with carboxylic groups to form a bidanted complex.

10.6 NFC as an Adsorbent for Organic Pollutants

Only a limited work has dealt with the application of NFC in the adsorption of water soluble organic pollutants. In fact, given the highly hydrophilic character of NFC and the dominance of the surface of cellulose fibrils with hydroxyl groups, the interaction of organic molecules through van der Waals interactions with the surface of NFC is unlikely, making impossible the use of the NFC as an adsorbent for dissolved organic pollutants. However, after a target chemical surface modification, the surface properties of the NFC might be altered in a way to make possible the retention of non-polar organic compounds by the modified NFC.

An example of such an approach was reported by Boufi et al. where grafting hydrocarbon chains on surface of the cellulose fibrils was shown to meaningfully enhance the adsorption capacity of the modified NFC towards a wide range of organic pollutants, including herbicide and pesticide. Furthermore, to facilitate the usefulness and the recovery of the adsorbent, the NFC was used in the form of a porous aerogel. The aerogel was prepared via freeze drying or a solvent exchange process followed by the surface modification. The modification strategy consisted on the activation of the surface cellulose hydroxyl groups with N,N′ -carbonyldiimidazole (CDI) to form a highly reactive imidazole ester followed by a coupling reaction with hexadecylamine. Adopting this modification strategy, high surface density of grafted long hydrocarbon chains was generated on the surface via linking with carbamate function. The chemical modification was confirmed by infrared spectroscopy (FTIR) and solid NMR spectroscopy (Figure 10.12). As shown in Table 10.6, this modification strategy enhanced the adsorption capacity of the NFC adsorbent more than 10 folds compared with the unmodified NFC aerogel.


Figure 10.12 CP-MAS NMR spectra of virgin cellulose aerogel and the modified one.

Reprinted with permission from [20] Copyright 2013, Elsevier.
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Table 10.6 Physical characteristics of the different solutes and their maximum adsorbed amount on both the unmodified and modified NFC organogel. Reprinted with permission from [56] Copyright 2013, Elsevier.
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The kinetics and adsorption isotherms of several aromatic compounds, including herbicides were investigated. It was proposed that the adsorption process is the result of the diffusion of the organic solute inside the grafted hydrocarbon chains acting as a reservoir on which the organic compounds would be accumulated. The results showed that the modified cellulose organogels could be easily regenerated and reused without any loss of the adsorption capacity, which constitutes one of the main advantages of this category of the adsorbents derived from a renewable resource [20]. The efficiency of the retention property under a continuous regime was also confirmed by using a column filled with the modified fibers.

10.7 NFC in Oil Adsorption

The application of NFC based aerogel for water-oil separation was also explored. However, as was the case for dissolved organic pollutant, the hydrophilic property of nanocellulose aerogel resulting from its molecular structure is an obvious limitation on its capacity for water–oil separation [57]. A surface modification deemed necessary to turn the NFC based aerogel into a highly hydrophobic material with high capacity of retention for oil. Using this approach Zhang et al. have successfully converted NFC aerogel into an efficient reusable absorbent for oil, after sylilation with Methyltrimethoxysilane. The porous sponges were easily prepared by freeze-drying NFC-based aqueous suspensions containing MTMS as a silylating agent [58]. The cellulosic 3D structures obtained were mainly composed of thin sheets interconnected with nanofilaments covered by polysiloxanes. Compared with conventional inorganic porous materials, the silylated NFC sponges displayed a high mechanical flexibility because the material with the highest Si content could recover 96% of its original thickness after 50% compression strain. Moreover, the silylated material combined both hydrophobicity and oleophilicity and could selectively remove dodecane spilled at the surface of water without sinking. High mass absorption capacities toward a wide variety of organic solvents and oils (up to 102 g/g) have been achieved. This work has demonstrated the potential of alkoxysilanes to functionalize nanocellulose sponges in water and to give them multifunctional attributes. NFC can be produced from a broad variety of cellulose sources (including agricultural wastes or recycling paper), and a wide library of functional alkoxysilanes is commercially available.

Another strategy for the application of NFC as oil absorbent was described by Korhonen et al. The NFC aerogel was coated with a thin layer of TiO2 using sol-gel method. This treatment turned the cellulose aerogel into superhydrophobic material with high absorption capacity for oil and non-polar compounds. The materials can be reused after washing, recycled, or incinerated with the absorbed oil [59].

10.8 NFC in Adsorption of Dyes

With the development of industry, the cost which we are paying in near future is surely going to be too high. Among the consequences of this rapid growth is environmental disorder with a big pollution problem. Dye is an important class of pollutants and can be identified by the human eye. Such dyes are mainly applied in textile, tannery, pharmaceutical, pulp and paper, paints, plastics and cosmetic industries. Conventional dyeing of textile fibers is generally performed in water media. This process has intrinsic environmental problems including water pollution due to the inevitable use of an excess amount of water and the discharge of various chemical additives. Reactive dye is one of the important dyes for cellulose materials. On average estimate for world-wide reactive dye consumption is about 30% by weight of the dyes sold into the cellulose fiber dyeing fields. Among the recent wastewater treatment methods, nanofibers and nanocomposites have conquered many traditional methods through maintaining an efficient membrane for catching the pollutant dyes. It has to be noted that this field is still not very well tackled and needs further work to be done in order to accomplish more satisfactory results in dyes adsorption. A research investigated the nanocellulose hybrid composites to figure out an interesting breakthrough via the use of highly reactive polyhedral oligomericsilsesquioxanes for preparing nanocellulose hybrid materials. Two reactive dyes were used which are reactive yellow B-4RFN and reactive blue B-RN. The findings showed effective results when using the cellulose nancomposite listed before [60].

Another approach to turn nanocellulose into a material with adsorption capacity toward dyes consisted in the generation of cationic sites on the surface of nanocellulose via surface modification. This can be done by quaternization with chlorocholine chloride or glycedyl trimethylammonium chloride [61]. Regenerated cellulose, cellulose derivatives such as carboxymethylcellulose, cellulose grafted with polyacrylic acid, quaternized cellulose, chitin and chitosan have been previously investigated as dye adsorbents. Cellulose fibers from cotton wool were cationic functionalized using sodium hydroxide and a chlorocholine chloride-based deep eutectic solvent. However, this cationic cellulose fiber was only able to adsorb an additional 26 wt% of water compared to unmodified cellulose, and to extract 0.06 wt% orange II dye when the degree of cationic substitution was 0.22%. Cellulose pulp fibers were also individualized by mechanical disintegration and then pretreated with a quaternization reaction. The cellulose nanobrils obtained were on average 1.6–2.1 nm in width and 1.3–2.0 mm in length. With a trimethylammonium chloride content of 2.31 mmol g−1, 35% of the surface hydroxyl groups on the cellulose nanofibrils were quaternized. Cellulose nanopapers prepared from these surface quaternized cellulose nanofibrils demonstrated excellent mechanical properties, typically with a tensile strength of ca. 200 MPa, a Young’s modulus of ca. 10 GPa, and a strain-to-failure of ca. 5%, despite high porosity (37–48%). After swelling in water, the nanopaper gave rise to a highly porous aerogel that was successfully used as an adsorbent for dyes. With a cationic content of 1.32 mmol.g−1, the quationic based aerogel was able to adsorb 0.664 g.g−1 (0.95 mol.kg−1) of Congo red and 0.683 g.g−1 (1.10 mol.kg−1) of acid green as shown in Figure 10.13. The adsorption capacity is higher than for cationized cotton and sawdust, which could adsorb 0.288 and 0.412 g.g−1 acid blue, respectively. It is also much higher than for cationic functionalized cotton wool using the choline based ionic liquid analogue, which was only capable of extracting 0.06 wt% orange II dye.


Figure 10.13 Adsorbed amount of Congo red and acid green 25 on Q-NFC nanofibrils as a function of the trimethylammonium chloride content.

Reprinted with permission from [61], copyright 2013, RSC Publishing.
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Cellulose nanocrystals were used as functional entities to prepare fully biobased nanocomposite membranes with chitosan as a matrix [62]. The membrane was prepared by mixing CNC suspension with aqueous solution of chitosan solution followed by freeze drying and compression moulding. It was noted that both the membranes were stable in water during the experiments and the cross-linked system showed enhanced dimensional stability which may be attributed to the binding of CNCs in a three dimensional network of chitosan polymer chains. Then the ensuing membrane was crosslinked with gluteraldehyde vapours to avoid disintegration in contact with water. The pore diameter was found to be in 13–17 nm range and classifies these membranes as ultrafiltration membranes. The membrane was successfully the highest removal efficiency was obtained for Victoria Blue (98%), followed by Methyl Violet (90%) and Rhodamine 6G (78%). Two mechanisms were proposed for dyes adsorption onto the membrane, hydrogen bonding and electro-static interaction as illustrated schematically in Figure 10.14. Furthermore, the membranes showed low flux (64 L m–2h–1MPa), which supports the usefulness of composite membranes as adsorbents. The high efficiency of the membranes, in terms of adsorption was attributed to the freeze-drying process used, which resulted in well individualized CNCs which act as functional entities that were loosely bound together by chitosan polymer chains locked in a 3D network via crosslinking.


Figure 10.14 A schematic representation of the mechanisms of binding of the dyes with CNCs via (a) hydrogen bond formation and (b) electrostatic attraction.

Reprinted with permission from [62] Copyright 2014, Elsevier.

[image: ]


10.9 Nanofibrillar Cellulose as a Flocculent for Waste Water

The usefulness of nanofibrillar cellulose as flocculent for waste water was also tested [5]. Two types of anionic nanofibrillar cellulose were used. The first was produced via periodate and chlorite-oxiditation of cellulose fibers followed by high pressure homogenization (Figure 10.15a), and the second is a sulfonated nanocellulose produced by the periodate oxidation by sulphonation with sodium metabisulphite and high pressure homogenization (Figure 10.15b). Both of the anionic nanocelluloses showed good performances in the treatment of municipal wastewater when combined with coagulation-flocculation treatment using a ferric coagulant. Chemical oxygen demand (COD) removal with dicarboxylic acid (DCC) and sulphonated (ADAC) nanocelluloses was similar to the performance of the commercial reference polymer at low dosages, and the performance of turbidity reduction with ADACs was also as good as that achieved with the reference polymer, although the performance with DCCs was slightly inferior. The combined treatment, nevertheless, resulted in lower residual turbidity and COD in the settled suspension, with a highly reduced total chemical consumption with both anionic nanocelluloses relative to coagulation with ferric sulphite alone. The wastewater flocs produced with the nanocellulose flocculants were smaller and rounder than those produced with the commercial reference polymer, but the flocs produced with anionic nanocelluloses were more stable under shear forces than those flocs produced with the reference polymer. The cationic celluloses showed good flocculation performance with the model aqueous kaolin clay solutions. All of the CDACs resulted in pronounced aggregation of kaolin colloids and maintained effective flocculation performance over wide pH and temperature ranges. The mechanism of flocculation was explained by considering that the positively charged ferric species provided cationic patches on the surface of the dirt particles and that the elongated anionic nanofibrils connected with coagulated aggregates via these cationic patches.


Figure 10.15 Illustration of the chemical modification strategy for the production of (a) carboxylic and (b) sulphonated nanofibrillar cellulose used as flocculent.
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Figure 10.16 (A) Proposed flocculation mechanism for anionic nanocelluloses, and (B) images showing the differences in floc morphology between (1) the cationic polymer reference flocculant and the nanofibrillar Anionic dicarboxyl acid cellulose, (2) one pass homogenized, and (3) three passes homogenized.

Reprinted with permission from [63] Copyright 2013, Elsevier.
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10.10 NFC in CO2 Adsorption

Amine modified NFC was also tested as an adsorbent for CO2 capture from air. The adsorbent was synthesized through freeze-drying an aqueous suspension of nanofibrillated cellulose (NFC) and N-(2-aminoethyl)-3-aminopropylmethyldimethoxysilane (AEAPDMS).

At a CO2 concentration of 506 ppm in air and a relative humidity of 40% at 25 °C, 1.39 mmolCO2/g was absorbed after 12 h. The aerogel could be regenerated after desorption of CO2 in air. The reusability of the adsorbent was not altered over 20 consecutive 2-h-adsorption/1-h-desorption cycles, yielding a cyclic capacity of 0.695 mmol CO2/g.

10.11 Conclusion

Nanocellulose has made a breakthrough in a multitude of fields, opening, therefore, new horizons for scientific researchers as well as engineers dealing with nano scale studies. Faced to climate changes and the increase of environmental pollution, scientists have opted for biodegradable nanomaterials as a new generation of adsorbents. The most concerned industrial pollutants are heavy metals, organic molecules, dyes and oil. The use of nanocellulose in the field of adsorption showed promising potential compared to other nanomaterials such as graphene, carbone nanotube and nanosized zeolite. Given the presence of high surface density of hydroxyl groups, a broad possibility of surface modification based on the chemistry of hydroxyl groups is possible to implement, opening the way toward selective adsorption of a class of pollutant. Moreover, since adsorption is driven by van der Waals or electrostatic interactions with the pollutant molecules, the striping-off of the adsorbed molecules through a washing treatment might be implemented, making possible the reuse of the adsorbent for multiple cycles of treatment.
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Abstract

Lignins are now considered the main aromatic renewable resource. They represent an excellent alternative feedstock for the elaboration of chemicals and polymers. Lignin is a highly abundant biopolymeric material that, along with cellulose, constitutes one of the major components in structural cell walls of higher vascular plants. Large quantities of lignin are available annually from numerous pulping processes such as paper and biorefinery industries. Lignin extraction from lignocellulose biomass (wood, annual plant) represents actually the key point to its large use for industrial applications. One of the major problems still remains its unclearly defined structure and its versatility according to the origin, separation and fragmentation processes, which mainly limits its utilization. While currently often used as a filler or additive, lignin is rarely exploited as a raw material for chemical production. However, it may be an excellent candidate for chemical modifications and reactions due to its highly functional character (i.e., rich in phenolic and aliphatic hydroxyl groups) for the development of new biobased materials. Chemical modification of lignin has driven numerous efforts and researches with significant studies during the last decades.

After an overview established from generalities concerning the main extraction techniques, structure and properties of lignins, this chapter goes on to describe the different chemical modifications of lignins. They have been classified into three main groups: (1) Lignin fragmentation into phenolic or other aromatic compounds for fine chemistry, (2) synthesis of new chemical active sites to impart new reactivity to lignin, and (3) functionalization of hydroxyl groups to enhance their reactivity. It is within that framework, that the potential applications of lignin as precursor for the elaboration of original macromolecular architecture and the development of new building blocks are discussed. Finally, the major achievement and remaining challenges for lignin modifications and its uses as a macromer for polymer synthesis are also mentioned, laying emphasis on the most promising and relevant applications.
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11.1 Introduction

The petrochemical boom of the second half of the last century has marked the strong development of the production of synthetic polymers. The availability of a growing number of monomers from fossil resources has supplanted during a period of time the use of biobased chemicals and their corresponding polymers. For different reasons, mainly economic, modest investments were devoted for a long time to the development of renewable resources in chemistry. Nevertheless, the increasing use of fossil fuel associated with the lack of availability of some petrol fractions and an increasing awareness concerning the human impacts on the environment have led recently to a renew strong interest in the use of sustainable resources for energy and material [1]. This growing interest about another green and sustainable chemistry has also contributed to call attention to biomass and specifically on lignocellulosic feedstock that is considered as a promising, renewable and vast resource for chemicals. Lignocellulosic biomass is mainly composed of carbohydrate polymers (cellulose and hemicellulose), and aromatic polymers (lignin and tannin). After cellulose, lignin is the second most abundant polymer from biomass and the main based on aromatic units. It can be isolated from wood, annual plants such as wheat straw or agricultural residues (sugar cane bagasse) by different extraction processes [2]. The research investigated on lignin chemistry is not recent. Several progresses concerning lignin characterization at the mid-nineteenth century have contributed to the actual development of new materials based on renewable resources. The improving of technologies associated with papermaking, wood processing and textile has also contributed to the actual development of these polymers from biomass [3] that could be integrated in biorefineries [4, 5] to produce a large range of outputs such as materials, power, chemicals and fuel. The following chapter presents a state of art of the major breakthrough in lignin valorization by mainly development of biorefinery industries and new processes to convert this biomacromolecule into value-added products.

The objective of this chapter is to provide overview and background information about lignin valorization from its extraction by several processes to its thermal conversion or chemical modification. Beyond the presentation of the different chemical investigations performed on lignin, a special stress will be laid on potential applications for production of chemicals and polymers.

11.2 Lignin Chemistry

11.2.1 Historical Outline

A period of about 170 years has passed since the French chemist, Anselme Payen (1795–1871) treated wood with nitric acid and caustic soda, removing two different products from the wood [6]. He called the first one “cellulose” and the other material with higher carbon content was considered as an incrusting material, in which the fiber-forming cellulose was imbedded. Payen’s “incrustation theory” [7] marks the beginning of the history of what latter was named “lignin”, a word derived from the Latin lignum, meaning wood [8, 9]. At that time, the nature of this abundant material was unclear and its chemical structure remained a mystery for a long time. The aromatic nature of lignin was highlighted by the work of Bente (1868), and as late as 1890, Benedikt and Bamberger found that lignified material, unlike cellulose, contained methoxyl groups [10]. The first main understanding in lignin chemistry is in major part due to the work of Peter Klason (1848–1937), who devoted a great deal of his interests to lignin chemistry and its characterization. Based on experimental evidence but also his intuition, he postulated that lignin was build up from coniferyl alcohol [11]. Many of his procedures were valuable in lignin research, and his method is still largely used [12, 13].

Freudenberg also contributed significantly to establishing the foundations of the field of lignin chemistry. He and co-workers investigated various methods for isolating lignin from wood, characterizing it by careful analytical methods. On the basis of this work, he stated in 1928 that lignin is an amorphous and apparently unordered material, with a kind of structural order based on connected blocks consisting on phenylpropane units [14]. However, this principle was not as simple and clear as he had previously postulated for cellulose [15]. Based on the result of oxidative dehydrogenation procedures of lignin, he suggested that the main connecting systems would be both ether linkages, preferentially alkyl-aryl ether linkages, and carbon-carbon linkages [16]. Moreover, lignin structural formula has encouraged several investigations for its elucidation. Thus, Adler proposed in 1961 the first formulae containing 12 phenylpropanoïc units connected by C-C and C-O bonds while Freudenberg established a more complex structure based on 18 units in 1965 for spruce lignin [17]. Based on NMR studies, lignin polymer structural models have been then published by Ludwig [18] and Nimz [19] for softwood and beech lignins respectively. The increasing interest on lignin during the last few years is also revealed by the considerable amount of books, reviews, publications and patents, covering a wide range of topics and applications fields [6, 13, 20]. These works aimed to define the structure and reactivity of lignin. Some of them have also considered their valorization to produce polymers [21,22]. It is also worth to mention the pioneering contributions of Glasser and Sarkanen who have greatly participated on the knowledge of lignin’s structure and have published a great number of works on lignin valorization [23–28].

11.2.2 Chemical Structure

As it has already been mentioned, lignocellulosic biomass is a composite of biopolymers with intertwined cellulose (35–83% dry weight basis), hemicellulose (0–30% dry weight basis), lignin (1–43% dry weight basis) and some other compounds (xylose, arabinose, tannin.)[29]. Lignin plays a major role in woody plant, adding strength and structuration to the cell walls, controlling fluid flow and protecting against biochemical stresses by inhibiting enzymatic degradation of others components [30].

Its chemical structure consists of phenylpropane units, originating from three aromatic alcohol precursors (monolignols), p-coumaryl, coniferyl and sinapyl alcohols [31]. The phenolic substructures that originate from these monolignols are called p-hydroxyphenyl (H, from coumaryl alcohol), guaiacyl (G, from coniferyl alcohol) and syringyl (S, from sinapyl alcohol) moieties (Figure 11.1).


Figure 11.1 Three main precursors of lignin (monolignols) and corresponding structures [2].
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During the biological lignification process, the monolignols units are linked together via radical coupling reactions [14, 32] to form a complex three-dimensional molecular architecture that contains a great variety of bonds with typically around 50% β-O-4 ether linkages [31, 33, 34]. The main characteristic linkages in a section of softwood lignin are depicted in Figure 11.2. Lignin composition and content are influenced by the type of species and also by the environment. Hardwood lignins consist principally of G and S units and traces of H units [35], whereas softwood lignins are mostly composed of G units with low levels of H units. Lignins from grasses -monocots- incorporate G and S units at comparable levels and more H units than dicots [30]. Based on the first full lignin structure proposed by Adler in 1977 [11], lignin is recognized as a highly branched polymer with a variety of functional groups: aliphatic and phenolic hydroxyls, carboxylic, carbonyl and methoxyl groups. Its chemical structure has been thoroughly investigated by various chemical and spectroscopic methods, which are well described in numerous books and publications [28, 29, 36–38]. The abundance of the chemical sites offers different possibilities for chemical modification and suggests that lignin could play a central role as a new chemical feedstock, particularly in the formation of supramolecular architecture and aromatic chemicals.


Figure 11.2 Main linkages in a softwood lignin [39].
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11.2.3 Physical Properties

Lignin may be defined as an amorphous polymer which behave as a thermoplastic material, undergoing a glass transition (Tg) at temperature which vary widely depending on the method of isolation, sorbed water, molecular weight and thermal history [9]. Thus, only two local mode relaxations are expected to be found in the lignin, i.e. Tg and decomposition temperature (Td).

Tg is usually determined by differential scanning calorimetry (DSC) but other techniques such as dilatometry, viscoelastic measurements and temperature dependency of wide angle X-ray (WAXS) have been reported. The Tg of isolated lignin samples are often difficult to determine due to the heterogeneity of the lignin structure and its broad molecular weight distribution. WAXS results revealed the wide distribution of inter-molecular distance whereas IR spectra of lignin at different temperatures shown that around Tg, intermolecular hydrogen bonding are broken and molecular motions are enhanced [40]. Tg shifts to higher temperatures with increasing average molar masses. As already discussed, since Tg is a relaxation phenomenon, it is markedly affected by the thermal history of the corresponding samples [41]. Goring (1963) had first reported the Tg of different lignins, which can varies from 127–277 °C [42]. Later, other authors founds that Tg varies from 90–150 °C depending mainly on plant species and extraction procedures [43].

The molecular motion of isolated lignin has also been investigated in the presence of water. So far, lignin is hydrophobic in planta and its numerous hydroxyl sites involve the hydrogen bonds with water molecules. Bouajila et al. (2006) [44] studied the mechanism of lignin plasticization in presence of small amount of water and its effect on Tg. The molecular mobility of water molecules is affected by lignin molecule resulting in a decreasing of the Tg, water being a plasticizer of lignin [45]. Furthermore, modifying inter and intramolecular hydrogen bondings by chemical modification of hydroxyl groups, usually by esterification or alkylation, resulted in glass transitions which are more easily detected [25]. This is typically accompanied by an increase in the solubility of the lignin and its ability to undergo melt flow, both characteristics desirable in polymer processing and blending.

Thermal decomposition of the lignins is another important topic and a considerable number of studies have been devoted to this field [29, 46–48]. Lignin degradation is a complex process including competitive and/or consecutive reaction steps due to its hindered structure. Lignin thermally decomposes over a broad temperature range, because e.g., the various oxygen-based functional groups have different thermal stability with scissions occurring at different temperatures. The decomposition of the lignin structure starts at relatively low temperatures, i.e. 150–275 °C [49]. It is though that the first step of decomposition is due to the dehydration from the hydroxyl groups located to the benzyl group. Between 150 and 300 °C, the cleavage of α- and β-aryl-alkyl-ether linkages takes place. Around 300 °C, aliphatic side chains start splitting off from the aromatic ring while the carbon-carbon cleavage between lignin structural units occurs at 370–400 °C. Finally, the complete rearrangement of the backbone at higher temperatures (500–700 °C) leads to 30–50 wt% char and to the release of volatile products (CO, CO2, CH4, H2) [50].

11.3 Isolation of Lignin from Wood

11.3.1 The Biorefinery Concept

The objective of chemical pulping processes is to remove enough lignin to separate cellulosic fibers one from another to produce a suitable pulp for the manufacture of paper and other related products [16]. Until recently, lignin has been considered for a long time as a waste from pulp and paper industry that constitutes only the fuel to power paper mills. During kraft pulping process, the resulting black liquor (containing between 35 to 45% of lignin) [51] is concentrated with an evaporator train and then fired into a recovery boiler for the production of steam, electricity and inorganic chemical for internal mill use. However, with the increase of pulp production, a large excess of lignin was produced. Therefore, several studies were conducted for value addition to lignin via its conversion into various chemicals.

Currently, lignin represents 30% of all non-fossil organic carbon on Earth. Its availability exceeds 300 billion tons [52], increasing annually by around 20 billion tons. The pulp and paper industry estimated that 50 million tons of lignin were extracted in 2010, but only 2% has been commercialized for the formulation of dispersants, adhesives, and surfactants or as antioxidants in plastics and rubbers. In this way, the challenge is then to explore the potential of this renewable resource, producing valuable functional molecules for chemistry.

At that time, the concept of biorefinery can be defined as “an integral unit that can convert biomass into bio-based products including food, feed, chemical and/or materials, and bio-energy such as biofuels and power” [53]. The aim of this emerging concept is to use e.g., lignocellulosic biomass by separating their main constituents with e.g., a valorization of cellulose, lignins, hemicelluloses and xylose. In that frame, pulp mills can be considered as fully integrated biorefinery which converts wood into (i) cellulose to make paper, (ii) high value co-products such as lignin, and (iii) hemicellulose, without degrading their functionality (Figure 11.3). This concept of biorefinery falls within an approach of green chemistry avoiding the production of waste low value-products and recycling solvents used to extract all the components of biomass feedstock [54]. Considering this concept, it should be stated that lignin cannot be anymore considered as a waste, it is now a raw material with a huge potential for the synthesis of value-added products.


Figure 11.3 Schematic concept of biorefinery based on lignocellulosic biomass [2].
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11.3.2 Extraction Processes and their Resulting Technical Lignins

Lignin is extracted from the other lignocellulosic parts by physical and/or chemical and biochemical treatments. The botanical source, but also the pulping process (delignification) and extraction procedures highly influence the final lignin structure, purity and corresponding properties [55]. Common pulping processes are based on the cleavage of ester and ether linkages, then the resulted technical lignins differ considerably from the in planta lignin. In this part, we will focus on the different extraction processes that are used to recover these lignins, which are commercially available. Figure 11.4 shows the classification into two main categories, sulfur and sulfur-free processes, respectively. A special attention will be paid on the chemical structure differences (Table 11.1), which can affect the lignin reactivity e.g., for further chemical modifications.


Figure 11.4 Different extraction processes to separate lignin from lignocellulosic biomass and the corresponding productions of technical lignins [2].
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Table 11.1 Properties of technical lignins [2].
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11.3.2.1 Sulfur Lignins

Sulfur lignins include Kraft and lignosulfonates lignins, which are primarily produced by pulp and paper industries and mainly correspond to the lignin extraction from the cellulose. Kraft process uses a mixture of chemicals composed by sodium hydroxide (NaOH) and sodium sulfide (Na2S), whereas the sulfite process is based on a cooking with an aqueous sulfur dioxide (SO2) and a base – calcium, sodium, magnesium or ammonium. The two kinds of black liquor generated are then acidified to recover both lignins.

Considering the high sulfur environment used for Kraft lignin extraction, it is quite surprising that the residual sulfur content is so low, typically less than 1–2%. Moreover, it contains a high amount of condensed structures and a high level of phenolic hydroxyl groups, due to extensive cleavage of β-aryl bonds during cooking. The number-average molar mass (Mn) of Kraft lignin is generally low, between 1000 and 3000 g.mol−1 [56, 57]. In order to improve the traditional process of Kraft pulping, several studies have investigated the lignin removal process to extract it more efficiently from black liquor [58, 59]. The new Lignoboost process has been developed by Innventia (Sweden) and largely patented with numerous applications [60, 61], that are now owned by Metso Company (Finland) [62, 63]. Considering the biorefinery concept, this process represents an excellent enhancement to Kraft pulping process by using lignin as a chemical product or as fuel for lime kiln in paper mills.

Lignosulfonates contain a considerable amount of sulfur in the form of sulfonate groups present on the aliphatic side chains. Lignosulfonates are water-soluble. They have a higher average molar mass than Kraft lignin with a broad dispersity, around 6 to 8 [64]. They take advantages from these properties and represent the technical lignins which are the most exploited for several industrial applications such as e.g., binders, dispersing agent, surfactant, adhesives and cement additives. However, they are generally contaminated by the cations used during pulp production and recovery. Their reactivity depends to some extent on the cation nature. Calcium and ammonium-based products exhibit the lowest and the highest reactivity, respectively, while sodium and magnesium-based lignosulfonates show a medium reactivity [65].

11.3.2.2 Sulfur-free Lignin

Sulfur-free lignins are an emerging class of lignin products which have a low macromolecular size, after the fractionation steps. The structure of these lignins is close to those of the native lignins. They show interesting properties that can make them as an attractive source of low-molar mass phenol or aromatic compounds. Sulfur-free lignins can be divided into two main categories, lignins from solvent pulping (organosolv lignin) and from alkaline pulping (soda lignin) (Figure 11.4).

Organosolv lignins are generally the most pure, with the highest quality [66, 67]. They show high solubility in organic solvents and practically insoluble in water, since they are very hydrophobic. They are recovered from the solvent by precipitation, which typically involves adjusting different parameters such as concentration, pH, and temperature [55]. The most common organosolv processes are based on ethanol/water pulping (Lignol© - Canada) and pulping with acetic acid, containing a small amount of mineral acid such as hydrochloric or sulfuric acid (Acetosolv) [68, 69]. In addition, another extraction based on a mixture of formic acid, acetic acid and water was developed by CIMV Company (France). The lignin produced was called Biolignin© and was supposed to be linear and have low molecular weight according to some published works [70–72].

Soda based cooking methods are mainly obtained from annual plants such as straw, flax, bagasse, and, to some extent, hardwoods. Lignin extraction is based on hydrolytic cleavage of the native lignin but it results in a relatively chemically unmodified lignin compared to the others lignin types. A famous example of this approach has been developed by Granit SA Company (Green Value SA - Switzerland) with a specific method for the precipitation of lignin from black liquor, by adjusting pH value with mineral acids. This method is specially adapted from paper factories in the production of cellulose from annual plants or agricultural residual substances. Soda lignin can present also high silicate and nitrogen contents due to its extraction procedure [73–76].

Efficient breakdown and conversion of lignocellulosic material to chemicals and fuels remain one of the biggest obstacle currently holding back the development of successful biomass-based biorefineries that can compete with traditional fossil-based refineries [54].

Successful introduction of lignin in the production of new biobased materials is highly dependent on its structure and purity. Process extraction represents actually the key point to use lignin in industrial applications. However, despite these limitations, the huge amount of available lignin has driven numerous efforts and researches to develop its uses for industrial applications. Moreover, the absence of sulfur in lignin let them more suitable for chemical modification. Hence, numerous researches have been investigated to develop sulfur-free extraction process to isolate lignin from biomass and to obtain chemicals that can be valorized for several applications.

11.4 Chemical Modification

11.4.1 General Background

The huge potential of lignin gives several opportunities to take advantage from its versatility for multiple applications. Main uses of lignin have been classified into two different groups, (i) without chemical modification, lignin is directly incorporated into matrix to give some new or improved properties, (ii) with chemical modification to carry out a large range of chemicals, building blocks and polymers.

Lignin has been subjected to a vast array of reactions for both fundamental and applied studies. However, this section has been restricted to the identification and discussion of relevant works in terms of the chemical exploitation of lignin as a source of chemicals and monomers for polymerization purpose. As presented in Figure 11.5 and for a better understanding, the chemical modification of lignin can be classified into three main categories:


1. Fragmentation or lignin depolymerization to use lignin as a carbon source or to cleave lignin structure into aromatic macromers.

2. Modification by creating new chemical active sites.

3. Chemical modification of hydroxyl groups.




Figure 11.5 Global scheme of the uses of lignin with or without chemical modifications [2].
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As previously mentioned, due to its hindered phenol structure, lignin can be directly used with elastomers or polyolefins as antioxidant [77–79], ultraviolet light stabilizer [80] and possibly also as a flame retardant [81]. Several studies have investigated the incorporation of lignin into polymeric matrix such as industrial thermoplastics (polyesters, polyamides, polycaprolactone and polyhydroxybutyrate) to reduce the costs of polymer production [82–84]. Lignin can also be utilized for other purposed where polyelectrolyte or surface active properties are required or where the tendency for self-condensation reaction is requested [85, 86]. For example, lignosulfonates provide plasticity and better flowability to some polymers giving also to the final material higher compressive strength, durability and better uniformity [87, 88]. Although lignin presents potential direct applications in polymer industry, it can only be incorporated in small amount, taking into account its thermal degradation and mechanical properties. At that time, the modification of lignin seems to be the best way to use this renewable product as a starting material for polymer and chemical synthesis.

11.4.2 Fragmentation of Lignin

Lignins have been found to be an appropriate raw material for producing low molar mass compounds like vanillin, simple and hydroxylated aromatics, quinines, aldehydes, aliphatic acids and many others chemical compounds [89, 90]. The recognition that lignin can be degraded into phenolic materials has stimulated almost 60 years of research. A great number of thermochemical conversion methods have been proposed to depolymerize lignin [91]. Among them, base-catalyzed depolymerization, pyrolysis, gasification and Lewis acid-catalyzed solvolysis have received a considerable amount of attention during the last decades [49, 92–96]. At the beginning, lignin fragmentation has had two objectives: (i) the elucidation of the composition and structure of lignin, and (ii) the production of useful materials from waste lignin. Recently, with the upcoming focus on biorefineries, lignin fragmentation has gained new interest as a chemical resource, since the fossil feedstock is becoming more and more insecure and expensive [97].

Thermochemical, biochemical and chemical conversions have also been developed to produce high value compounds (Figure 11.6). Various types of lignins (alkali, sulfite and kraft) from both softwood and hardwood have been subjected to these processes. Figures 11.7 and 11.8 give a brief overview of the processing temperature and the composition of the products resulting from these fragmentation methods.


Figure 11.6 Main processes for lignin fragmentation [2].
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Figure 11.7 Processing temperatures for lignin fragmentation [2].
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Figure 11.8 Composition of the resulting products from the thermochemical conversion of the lignin [2].

[image: ]


11.4.3 Pyrolysis

Lignin pyrolysis has been studied for almost 100 years with the focus on two main aspects: (i) understanding biopolymer aromatic structure and (ii) breaking lignin down into aromatic components or repeat units. Lignin pyrolysis is based on thermochemical decomposition by heating biomass at around 500 °C without oxygen. Lignin starts to decompose at 280–500 °C by the cleavage of ether and carbon-carbon linkages. This degradation generates liquids (pyrolysis oil), solids and gaseous fractions (CO, CO2, CH4…), in various proportions, depending on reactions parameters [90, 93, 98]. The liquid product resulting from lignin pyrolysis is composed by 20% of aqueous compounds (methanol, acetic acid, acetone and water) and 15% of tar (condensation of hot volatiles giving mainly phenolic compounds). The gaseous fraction represents around 10% in weight of the starting material and contains CH4, ethane and CO [99].

Pyrolysis can be divided into two different categories: conventional (also named slow pyrolysis) and flash pyrolysis. In conventional slow pyrolysis, lignin is heated to around 500 °C with a slower heating rate compared to the flash pyrolysis. The vapor residence time varies from 5 to 30 min. Thus, the components in the vapor phase continue to react with each other, as the solid char and any liquid are being formed. Pyrolysis can be used to produce predominantly a liquid (named “bio-oil”) if flash pyrolysis is used, enabling the conversion of lignin to bio-crude with an efficiency of up to 80%. This process produces 60–75 wt % of liquid bio-oil, 15–25 wt % of solid char, and 10–20 wt % of noncondensable gases. Thanks to this method, no waste is generated, the bio-oil and solid char can each be used as a fuel and the gas can be recycled back into the process. Moreover, the process has the advantage of enabling short residence times (less than 2 seconds) and giving bio-oil by cooling rapidly vapors and aerosols.

In the past 20 years, flash pyrolysis techniques have been developed for the conversion of whole plant biomass into bio-oil using mainly continuous or batch fluidized-bed reactors from laboratory to demonstration scale.

However due to the complex structure of lignin, pyrolysis leaves significant amounts of residue and the corresponding bio-oil are rich in oxygen-containing compounds. Co-pyrolysis of lignin (or biomass) with polyolefins was considered as an opportunity to enhance the liquid production and to decrease the oxygen content of the pyrolysis oils [100].

11.4.4 Gasification

Gasification transforms biomass by partial oxidation at high temperatures, typically in the range 800–900 °C, into combustible gas mixture mainly O2 and CO with a low caloric value (about 4–6 MJ/Nm3). Gases formed during gasification can be used for several applications. The most common is to use it as fuel for gas engine and gas turbine, but gasification can offer a lot of possibilities and mainly the production of synthetic gases (syngas), based on a mix of CO with H2 [92]. This syngas can be a basic source for the production of new chemicals and polymers by chemical pathways or by biochemistry (bioproduction) [101]. For example, Choi et al. (2010) have recently showed the feasibility of bioproduction of polyhydroxyalkanoates by fermentation with a carbon source based on fermentation of gasified biomass [102].

11.4.5 Oxidation

Lignin oxidation is one way to obtain phenolic derivatives. Nitrobenzene, some metallic oxides, air and oxygen are the most used oxidants that preserve the lignin aromatic rings and gives aldehydes (vanillin and syringic) and acids (vanillic and syringic acids) whose yield depend on the oxidant, with or without catalysts (Copper (II) and Cobalt (II)) [103, 104]. Among all of the existing oxidants, nitrobenzene is theoretically considered to be the aromatic compound with the highest yield, from lignin. Various lignocellulosic materials including neat lignins have been oxidized studying the most favorable conditions (temperature, reaction time, air pressure) to obtain fractions with high added-value compounds. Among all of the products that can be produced by lignin oxidation, vanillin (4-hydroxy-3methoxybenzaldehyde) constitute the most well-know and valuable product. Vanillin is mainly used as a flavor and as a chemical feedstock in the pharmaceutical industry [105]. The first hints that it might be possible to produce vanillin from lignin-containing wastes has been published in 1875, of a vanillin-type smell in spent acid sulfite pulping liquor [106]. This opportunity was developed, and for a long time vanillin was exclusively produced by oxidation of lignosulfonates. However, the oxidation of lignin into vanillin is still complex; the yield of vanillin varied somewhat with the source of liquor and with the degree of lignin sulfonation [107]. Recently, an interesting work has been developed by Tarabanko et al. (2013) to separate efficiently vanillin and syringaldehyde, two structurally and very similar compounds that are produced from lignin oxidation. They demonstrate the possibility to separate both compounds by a one-stage crystallization with a high yield (90%) and purity over 98% [108]. Beyond the production of vanillin, mainly used by food-processing industry, lignin oxidation can provide several polyfunctionnal monomeric compounds and fine chemical products for chemical industry (Figure 11.9). They represent attractive bio-based monomers that can be successfully incorporated into polymeric materials. For example, recent contributions were devoted to the development of resins, composites and polymers with vanillin and vanillic acid [109–111]. Mialon et al. (2010) synthesized a renewable polyethylene terephtalate mimic with vanillin and acetic acid anhydride with similar properties than conventional [112]. New healthy prepolymers (without bisphenol A and epichloridrin) were also designed by chemo-enzymatic epoxidation of vanillic acid in the presence of hydrogen peroxide and caprylic acid [113].


Figure 11.9 Main aromatic compounds formed during lignin oxidation [2].
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11.4.6 Liquefaction

Liquefaction is of biomass consists in thermochemical conversion with different liquefying agents and catalysts. In relation to the others methods of biomass fragmentation, liquefaction involves solvolysis and depolymerization simultaneously [114]. The concept of liquefaction is to fully convert solid biomass to liquid products, which are rich in hydroxyl groups. The resulting liquefied products can be a potential feedstock for preparation of polyesters, polyurethanes, and epoxy-resins [115, 116]. Two liquefaction processes have been developed: (i) noncatalyzed liquefaction at an elevated temperature (250–500 °C) under high pressure and (ii) an acid-catalyzed liquefaction, with a selected solvent system and a catalyst. The biomass can be liquefied under atmospheric pressure at moderate temperature (120–180 °C). Several studies in lignocellulosic biomass liquefaction have been investigated using different liquefying agents such as phenol and polyhydric alcohols (ethylene glycol, glycerol) and acid catalysts (chloride, sulfuric and phosphoric acids) [117–119]. Mechanisms involved during lignocelluloses liquefaction are complex and are still not fully understood. Through this method wood components (lignin, cellulose and hemicellulose) are decomposed into small and potentially self-condensed molecules but there are also some residues that are not soluble in solvent [120]. Zhang et al. (2011) have studied the liquefied wood residues with a liquefaction solvent based on a system of glycerol/ethylene glycol (EG). This study showed that wood liquefaction process takes place in a two-step route. Firstly, the rapid liquefaction is due to the removal of lignin, hemicellulose and amorphous part of cellulose and then the decrease of residue compounds occurs. Parameters such as the yield of catalyst, reaction temperature and the solvent ratio play an important role in the composition of the liquefied product, mostly the content of acid-insoluble lignin. Nevertheless, some applications with liquefied wood and/or lignin have been tested for Phenol Formaldehyde (PF) resins giving good mechanical and thermal properties [116].

11.4.7 Enzymatic Oxidation

In-planta lignin is linked to both hemicelluloses and cellulose and acts as a barrier to any solutions or enzymes to prevent the penetration of lignocellulolytic enzymes into the lignocellulosic structure. Not surprisingly, concerning the degradation resistance, lignin is the strongest component among the different lignocellulosic macromolecules. Although lignin resists attacks by most microorganisms, basidiomycetes white-rot fungi, are able to degrade lignin efficiently [121, 122].

Current methods for bioethanol production are based on physico-chemical pre-treatments, to remove lignin and hemicellulose and to access to the cellulose content of the vegetal biomass. Hence, there is interest in biological methods for lignin breakdown, which might be used for second generation biofuel production thereby increasing the bioavailability of cellulose, whilst requiring less energy input for pre-treatment. In this case, lignin degradation would release valuable aromatic chemicals with low molar masses and adds value to biofuel production, to generate fine chemicals. Lignin can be slowly degraded by white-rot fungi such as Phanerochaete chrysosporium, which produce an extracellular lignin peroxidase (LiP) enzyme to start the degradation process. Lignin degradation by enzyme is based on an oxidative process [123]. Other fungal strains can produce lignolytic enzymes such as manganese peroxidase (MnP) and laccase enzymes that are also active in lignin breakdown [124, 125]. However, in spite of a great deal of work on fungal lignin breakdown, all of them have been carried out in order to improve the cellulose extraction of wood but not to use lignin as a potential source of aromatic compounds. The main applications of enzymatic oxidation are biopulping and biobleaching, which consist in a Solid State Fermentation (SSF) process, where wood-chips are treated with white-rot fungi to improve the delignification process [99, 124].

11.4.8 Outlook

Complete lignin depolymerization or fragmentation is an energy-negative process aimed at undoing what nature has done during biosynthesis. That is why, a lot of researches have been investigated to enhance the use and add value to the lignin, without modifying its intrinsic structure. As already mentioned, lignin can be considered as a macropolyol. The reactive hydroxyl sites can react with chemical compounds to give new chemical reactive sites based on carboxylic or amine groups, for example.

11.5 Synthesis of New Chemical Active Sites

Chemically, lignin has a variety of functional groups, namely hydroxyl, methoxyl, carbonyl and carboxyl groups. Higher end uses of lignin have not previously been achieved because of its structure complexity. To improve upon this limitation, lignin can be modified to increase the range of their applications. Different types of modification have been proposed with objectives to increase its chemical reactivity, reduce the brittleness of lignin-derived polymers, increase its solubility in organic solvents, and improve the ease of processing the lignin. These modifications consist in increasing the reactivity of hydroxyl groups or changing the nature of chemical active sites, but it is always in view of synthesizing new efficient and more reactive macromonomers. On the basis of the previously described lignin structure, its reactivity is based by its particular structure with both specific functional groups - mainly hydroxyl groups - and specific position (mainly ortho position) of aromatic ring. So far, different chemical modifications pathways have been investigated to introduce new chemical active sites in the lignin chemical structure. Several modifications such as nitration, amination, alkylation/dealkylation, carboxylation, and halogenation (Figure 11.10) have been investigated but less extensively than reactions involving hydroxyl groups. These latter are separately presented.


Figure 11.10 Main types of reaction for the synthesis of new chemical active sites on lignin [2].
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11.5.1 Alkylation/Dealkylation

Among the different examples based on alkylation and/or dealkylation, demethylation is the most well-known since demethylated lignins represent a byproduct of DMSO production. DMSO is a polar aprotic solvent, which plays an important role in the synthesis and processing of polymers. The corresponding synthesis starts with the reaction between lignin and molten sulfur in alkaline media. Two methyl groups are transferred from lignin to sulfur to yield DMS which is further oxidized with nitrogen dioxide to obtain DMSO (see Figure 11.11). Currently, Gaylord Chemical Company (USA) is the leader company to manufacture DMSO from lignin. Among various studies performed on this modification consisting on removing methyl groups from lignin, we have to mention the original work conducted by Liu and Li (2006) [126]. They have developed a new water resistant wood adhesive based on demethylated lignin and polyethylenimine. The combination of these two components was able to serve a formaldehyde-free wood adhesive, which is a very well-known lignin application [126].


Figure 11.11 Chemical modifications occurring during the DMSO production from lignin [2].
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11.5.2 Hydroxalkylation

The number of publications and patents pending on lignin as a substitute or extender for phenolic wood adhesives during the last decades is rather impressive [65]. The substitution of non-renewable phenol by biobased chemicals in the synthesis of phenol-formaldehyde (PF) resins and other adhesives represent some strong developments. Some similarities on chemical structure and their relative reactivities with formaldehyde have generated new routes for the production of wood adhesives based on lignins. The lignin-formaldehyde reaction chemistry has been described in details in the literature [127]. There are two different pathways to synthesize lignin-phenol-formaldehyde (LPF) resins. Firstly, crude lignin can react with formaldehyde. However, the condensation reaction with lignin and with PF resins is rather limited. The second pathway consists of lignin modification with demethylation, phenolation and methylolation [128] reaction processes to enhance lignin’s reactivity. Methylolation consists in the reaction of lignin with formaldehyde in an alkaline medium to introduce methylol groups at C5 position of guaiacyl units, at side chains reactions α to a carbonyl group and on the β carbon of α-β double bonds conjugated to free phenol units. However, undesirable side reactions can occur, including the well-known Canizzaro reaction in which formaldehyde reacts with itself, and the Tollens reaction where the lignin side chains are substituted by aliphatic methylol groups [129].

By varying the reaction time and temperature, catalyst type, and the formaldehyde/lignin ratio, different adhesives systems with specific properties have been produced. Recently, hydroxymethylated lignin has been used to substitute 40 wt% phenol in PF resin synthesis, giving a formulated adhesive with low free formaldehyde content and with a satisfactory bonding strength [130]. While lignin integration into phenolic resin has utilized formaldehyde chemistry, the use of other aldehydes including glyoxal [131–135], furfural [136] and more recently glutaraldehyde [137] have also been described. For example, glyoxal represents an interesting alternative to formaldehyde; it is a non-toxic and non-volatile dialdehyde [135] that can be obtained from natural resources such as the oxidation of lipids or as a by-product of biological processes [138]. Recently, Cheng et al. (2012) have achieved to demonstrate that low molar mass biocrude oil produced from the hydrothermal liquefaction of sawdust could replace phenol up to 75% in the synthesis of Methylolated Bio-Oil-Phenol Formaldehyde (MBPF) resol resins [139]. These promising results on the valorization of lignin and other biorefinery coproducts have been also investigated to modify PF resins by copolymerization. The ethanol biorefinery residue (ER) was found to be one of the best residues for the modification of PF resin. 50% of phenol could be replaced by ER without decrease of the properties of adhesives and plywood [140].


Figure 11.12 Reaction scheme of lignin and formaldehyde with basic catalyst [2].
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11.5.3 Amination

Amination of lignin is mainly based on Mannich reaction with amine and formaldehyde [141]. In some recent studies, lignin amination is often carried out in presence of diethylamine and formaldehyde under various reactions conditions [142]. The Mannich reaction occurs between a carbon with high electron density and an immonium ion formed from formaldehyde and an amine. Then, an aminoethyl group can be introduced at the ortho position of a phenolic hydroxyl group. To elucidate the chemical reactivity of lignin toward a Mannich reaction, 1-guaiacyl-1-p hydroxyphenylethane was chosen to represent a simple phenolized lignin model compound. Four compounds have been isolated from this reaction. Mannich reaction of a model compound of lignin is represented in Figure 11.13. The Mannich reaction products were used for two different applications: (i) preparation of a cationic surfactant with a high surface activity, larger than that of lignosulfonate (a commercial surfactant from lignin) and (ii) preparation of a composite to improve interfacial mechanical performance of PVC/wood-flour composites by increasing interfacial bonding of polymer matrix and the aminated lignin. When the wood-flour was treated by 2 wt% of lignin amine, tensile and impact strengths of the composite achieved a maximum value. Furthermore, lignin amine treatment has significantly reduced the water absorption of the composite [143]. Another interesting amination of lignin was also investigated in the synthesis of polyurethane foams (PUF). In this case, lignin-aminated polyol was prepared from lignin with diethanolamine and formaldehyde by the Mannich reaction. It was found that the new lignin-polyol based on lignin amination can react with diphenylmethane diisocyanates (MD50) and glycol (PEG) in the presence of water as a blowing agent to synthesize PUF. Crosslinking kinetics reactions were studied [144]. Recently, the way of using enzymes (precisely laccases) has been studied to mediate the coupling of long alkyl chains onto lignin compounds [145]. Two long chains alkylamines (docecylamine and dihexylamine) have been successfully grafted onto lignin model compound by this method to increase the hydrophobicity of lignocellulosic material. In a context of improving wood hydrophobicity, enzymatic processes have shown interesting results increasing in 54 and 84% hydrophobicity of lignin, considering the two alkylamines, respectively.


Figure 11.13 Adapted representation of Mannich reaction of a simple phenolized sulfuric acid lignin compound with formaldehyde and dimethylamine [142].
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11.5.4 Nitration

Nitration is another reaction that can be carried out on lignin. It is typically run in nonaqueous solvents with nitrating agents such as nitric acid with acetic anhydride, nitric acid in concentrated acetic acid and fuming sulfuric acid. The resulting product is a reddish-brown amorphous powder with nitrogen content around 6 to 7 % estimated by elemental analysis [146]. Recently, nitrolignin has been investigated for the synthesis of graft interpenetrating polymer networks (IPN) from polyurethane. Results showed that a relatively great network structure like a star by grafting with multPU networks (with different NCO:OH molar ratios) was formed based on nitrolignin (NL) molecule [147, 148].

11.6 Functionalization of Hydroxyl Groups

Lignins have phenolic hydroxyl groups and aliphatic hydroxyl groups at C-α and C-γ positions on the side chain. Phenolic hydroxyl groups are the most reactive functional groups and can significantly affect the chemical reactivity of the material. This type of modification - affecting hydroxyl groups - results in the formation of lignin polyol derivatives, which in turn improves the solubility of the lignin. After modification, the majority of phenolic hydroxyl groups are converted into aliphatic hydroxyl units (Figure 11.14). Thus, more reactive hydroxyl groups become readily available. In fact, a good strategy frequently used in several studies is the reaction of lignin with bifunctionnal compounds which allows having a reaction with one reactive site and another free reactive one that can be involved e.g., in polymerization reaction.


Figure 11.14 Functionalization of lignin hydroxyl groups by chemical reactions [2].
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11.6.1 Esterification

Among all of the reactions involving hydroxyl groups of lignin, esterification is probably the easiest to carry out considering the reaction parameters and reactants used. There are three types of reagents that can allow performing this type of reaction: acids compounds, acid anhydrides and chloride acids. The two latest are the most reactives. Table 11.2 shows a summary of some representative studies with the highlight on the compounds used for lignin esterification. We can notice that most of the chemical compounds used are bifunctional which results in lignin-based polyester networks. Thus, it is a current practice to incorporate co-macromonomers such as poly(ethylene) glycol (PEG) [149], bearing complementary chemical functions, yielding esters groups and playing also the role of co-solvent. By varying the molar mass and the co-monomer content, modulation of properties of the resulting lignin-based polyesters can be obtained.

Table 11.2 Summary of some representative systems in the field of lignin esterification [2].
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Besides, triethylamine (TEA) is often used in esterification reactions and can selectively modify phenolic alcohols in presence of aliphatic alcohols. It has been shown that it can be potentially achieved to yield phenol modified-lignin [165]. However, often time both aliphatic and phenolic hydroxyl groups take part in esterification reactions.

As can be observed in Table 11.2, the major part of applications based on esterified lignins is dedicated to the synthesis of polyesters, epoxy resins and elastomeric materials.

11.6.2 Phenolation

Phenolation (or phenolysis) consists in treating lignin with phenol in an acidic medium to lead to the condensation of phenol with the lignin aromatic rings and side chains [13]. This reaction is the most common modification for lignosulfonate, to increase the content of phenolic hydroxyl groups and thus to improve lignin reactivity as a phenol substitute [166]. The resulting material can then react readily with formaldehyde because of the phenolics with free ortho and para units. This chemical modification is most often used in the synthesis of PF resins where lignin is previously modified by phenol to react with formaldehyde in the same way than with the methylolation reaction that has been previously described. Modified lignin can also be added as a crosslinking material.

A relevant study of phenolation of lignin can be mentioned [167]. This work deals with the phenolation of lignin with cardanol, a natural alkyl phenol from cashew nut shell liquid. The results demonstrate that the use of cardanol to modify lignin for the preparation of polyurethane films can improve some properties of the lignin-based polyurethanes. Moreover, it has been reported that the increase of cardanol content used in Cardanol-Lignin improves the flexibility as well as the tensile strength and the glass transition temperature of the polyurethane films.

11.6.3 Etherification and Ring Opening Polymerisations

Among chemical modification reactions attempted on lignin is its reaction with alkylene oxide, especially with propylene oxide (PO), named in this case “oxypropylation” that is the most well-known [168, 169]. However, butylene oxide (oxybutylation) can be also used [170]. Alkoxydation has been extensively studied by different research groups in the world and remains one of the most attractive etherification alternatives to modify lignins, giving new macropolyols [22, 105]. In fact, the reaction allows transforming a solid and insoluble product -lignin- into a highly soluble polyol, in several common organic solvents. This reaction has been investigated extensively on different biopolymers and biobased materials bearing hydroxyl groups such as chitosan [171], cork [172, 173], pine bark, corn starch [174], sugar beet pulp [175–177] and sugar cane bagasse. This pathway has brought several polyols derived from different biomass-residue that can be potentially used for the production of novel polymeric materials such as e.g., polyurethanes foams [178]. The case of lignin has received considerable attention, Glasser and co-workers being pioneers in 1980s to investigate this type of reaction for the formulation of polyurethanes and epoxy resins [179].

The mechanism involved during oxypropylation is based on the reaction of oxianions generated from the OH groups of lignin in the presence of the basic catalyst with PO. Usually, KOH is used to catalyze oxyalkyalation with hydroxyl groups. Nevertheless, original catalysts have also been studied such as polyphosphazenium, aluminium tetraphenyl porphine, caesium hydroxide and various tertiary amines giving also excellent reactivity of lignin [180].

Through a “grafting from” approach controlled by an anionic ring opening polymerization, the phenolic hydroxyl groups are extended with poly(propylene glycol) chains leading to a long branched polyether with hydroxyl groups at the end. The modification only affects phenolic hydroxyl groups of lignin, oxypropylation being a selective reaction [164, 168]. Various techniques using quantitative methods such as 31P NMR spectroscopy has been performed to highlight this selectivity towards hydroxyl groups [181–183]. However, the oxypropylation reaction is always accompanied by the occurrence of secondary reactions namely, Propylene Oxide (PO) homopolymerisation and isomeration. The reaction is frequently carried out in bulk and the resulting polyol is a mixture of oxypropylated lignin and polypropylene oxide oligomers. Typically, studies related to the synthesis of lignin oxypropylation are conducted in view of polyurethane and/or polyesters synthesis. The resulting homopolymer plays an important role in the ensuing reactivity of polyol mixture with isocyanate and/or carboxylic acid, but also in the mechanical properties of the final polymeric material. The oxypropylation parameters such as temperature (80 to 200 °C), type of lignin (orogenesis, soda, kraft), nature and amount of catalyst (1–10% wt %), lignin/PO ratio were varied in order to study their influence on the composition of the resulting polyol mixture. Some studies from Gandini and Belgacem have shown that the content of hompolymer decreased with the increase of lignin/PO ratio whereas catalyst content did not impact significantly this phenomenon [184, 185]. Therefore, organosolv and soda lignins reacted considerably faster than kraft lignins. Molecular weight but also the nature of hydroxyl groups in lignin have then a small influence in lignin reactivity with PO [178]. Among the numerous works dealing with etherification of lignin with alkylene oxides, the main application of the new lignin-based polyol is the synthesis of rigid polyurethane foams (RPUF). Oxypropylation was proved to be a straightforward process yielding polyol with interesting properties for the production of RPUF [186]. The resulting polymers presented good thermal properties and dimensional stability, even after ageing. The absence of the addition of any other polyol or chain extender in the formulations has to be mentioned [184, 187]. Nowadays, this reaction is an encouraging way to valorize lignin in an abundant renewable industrial by-product.


Figure 11.15 Phenolysis reaction and potential reactive sites of phenolized lignin [2].
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Figure 11.16 Schematic representation of oxypropylation reaction performed using basic or acid catalyst, with the potential side reactions that can occurred [2].
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In fact, oxypropylated lignin could be introduced in thermoplastics syntheses such as polyol or co-polyol to synthesize new polyester or polyurethane, for example.

Other types of ring opening polymerization (ROP) have been recently reported such as the opening of epsilon–caprolactone to obtain in this case polyesters grafted chains [188].

11.6.4 Urethanisation

Another reaction involving hydroxyl groups is the reaction with isocyanate groups, it means RNC=O active sites. Upon treatment with an alcohol, an isocyanate forms an urethane linkage during an exothermic reaction [180]. The polyurethane (PU) versatility offers the potential of preparing a wide range of products such as low temperature elastomers, high tensile adhesives, flexible or rigid depending on their applications. In a global context, factors such as price and availability of raw materials for polyurethanes syntheses contribute to create pressure on the uses of fossil-based products. Many industrials suppliers of chemicals are therefore looking for biobased alternatives of these chemical compounds. A very insistent attention was paid for many years to the use of renewable polyols in the polyurethane synthesis. Lignin can be considered as an aromatic macropolyol and its chemical modification can also convert it in a polyol precursor in the PU synthesis. In order to overcome intrinsic properties of lignin; such as polydisperse molar masses and hyperbranched structure, the reaction of lignin with isocyanate is always supporting by its chemical modification with alkilene oxide, for example [189] or by its mixing with other polyol compounds such as Poly(ethylene glycol) (PEG) or others diols [105, 190]. We can divide lignin based polyurethane synthesis into two main categories: (1) the one step reaction by mixing lignin, diisocyanate with another diol co-monomer, or (2) a two-step reaction procedure with first the synthesis of an isocyanate-based prepolymer and then the polymerization reaction between lignin and this prepolymer, as a polyol chain extender.

Briefly, in the first approach, lignin is used directly without further chemical modification in combination with different polyols. In such a multicomponent system, lignin and the diisocyanate play the role of “hard segment” whereas the diol constitutes the main soft segment in the architecture of the lignin-based polyurethane. The segregation hardsoft segments give a specific nano/micro-organization to control the final global properties. Among different studied systems, we can mentioned the use of PEG with different average molar mass, varying from 400 to 2000 g.mol−1 [191–193] and Poly(caprolactone)-PCL- diol (400–750–1000 g.mol−1) [194]. 4,4’ Diphenylmethane diisocyanate (4,4’ MDI) is used as isocyanate. Resulting materials from the first synthetic route were described as three-dimensional networks whose lignin acts as a crosslinking agent. Thring et al. [192] describe the macromolecular architecture of the polyurethane as a network consisting in relatively large and stiff islands, each comprising many branch points (i.e., chemical bonds), held together by a soft and pliable matrix. In each study, authors pointed out the fact that the molar mass of the diols affects considerably the properties of the ensuing material by influencing the crosslink density of the synthesized network.

In the second approach, close to industrial production, a two-step process is used. First, the synthesis of isocyanate prepolymer is carried out using diisocyanate (MDI or 2,4-diisocyanato-1-methyl-benzene-TDI) with another shorter polyol, as chain extender. This method has been recently reviewed [195]. Two relevant studies investigated respectively by the groups of Sarkar and Huang have to be mentioned [196, 197]. In the first one, they synthesized a prepolymer with Hydroxyl Terminated PolyButadiene (HTPB) and 2,4 TDI [196, 197] with three molar ratios of NCO:OH (1.5, 2 and 2.5). Lignin is then reacted with the prepolymer with a lignin content reaching 15wt%. These experiments give flexible polyurethanes with good mechanical properties (Figure 11.17). However, the best results are obtained with only 3wt% of lignin. In the second study [147], a prepolymer was synthesized in the presence of castor oil and TDI with a NCO:OH molar ratio of 2.0. Then, three solutions with PU prepolymer, nitrolignin and butanediol (BDO) were mixed and stirred together with different NCO:OH molar ratios (from 0.73 to 2.0) and a constant amount of lignin (2.8 wt%) to obtain a series of graft IPN.


Figure 11.17 Reaction scheme for synthesis of HTPB polyurethane and lignin-HTPB copolyurethane [2].
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11.7 Toward Lignin Based Polymers and Materials

11.7.1 Lignin as a Viable Route for Polymers Syntheses

As previously discussed, due to the aromatic structure of lignins, most of the materials based on the simple addition or incorporation of lignin is too brittle. Accordingly, lignin should be chemically modified and synthesized with other polymers to be suitable for getting materials with advanced properties such as polyurethane and polyester polymers [198]. Through the functionalization of its hydroxyl groups, lignin becomes a good candidate as a building block unit for polymer synthesis to elaborate innovative macromolecular architectures [39]. The elaboration of numerous polymers by using lignin degradation products such as e.g., polyhydroxystyrene derivatives, polyethers and polyesters [199, 200] must be mentioned.

Several attempts have been made to integrate lignin into industrial processes to highlight its use as a renewable feedstock for replacement of synthetic phenols in binders and in epoxy or phenol-formaldehyde resins formulations, for example [201]. Literature reports several methods to synthesize lignin-based epoxy resins. They have been applied for polyesters and phenolic resins applications, following different strategies[202] such as (i) blending lignin with epoxy resins [203], (ii) modifying lignin by epoxidation reaction, usually with epichloridrin [204] or (iii) modifying lignin by chemical reactions to improve its reactivity before the epoxidation step. Among all of the work dedicated to lignin-based epoxy resins synthesis, we have to mention the relevant work of Ismail et al. (2010) [205]. Sodium sulfate lignin and glycerol were modified with anhydride to formed ester-carboxylic acid derivatives, and used to crosslink glycerol diglycidyl ether and ethylene glycol diglycidyl ether to obtain the biobased epoxy resins with adhesives applications. The main application of those types of resins is the use as binders in replacement of PF resin in particleboard and plywood. Lignin-based epoxy resins show particularly high thermal stability and allow widen the range for applications based on lignin epoxy resins.

The synthesis of PUs has also been extensively investigated to explore high-value applications of lignin e.g., as a polyol (as previously mentioned). In this way, thermoplastics [206], rigid and flexible foams [207, 208] but also elastomers [209] were performed with advanced properties. In their review, Hatakeyama and Hatakeyama (2010) [21] emphasize that lignin chemical pre-modification increases the cost of the resulting PUs and reduce their competitive advantage compared to materials derived from fossil resources. According these authors, the use of lignin without further modification could be thus preferable. However, recent studies circumvent this problem by using lignin directly with suitable macrodiols (PEG, DEG, TEG and glycerol) as co-monomer and co-solvent to reduce the number of chemical steps and also the cost of polymer processing [207]. According to this approach and with the use of polyisocyanate in the presence of surfactant, plasticizer, DBTDL and water (foaming agent), lignin-based rigid polyurethane foams were synthesized from Kraft, lignosulfonates, and hydrolysis lignins (Figure 11.18).


Figure 11.18 Example of rigid polyurethane foams made with lignin. A: PU foam based on 50% of organosolv lignin; B: PU foam based on 50% hardwood kraft lignin [208].
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Polyurethane rigid foams have been also successfully obtained from oxypropylated lignin [184, 185, 194].

Cazacu et al. (2013) have presented a good overview on lignin application perspectives for materials [38]. They highlight that integration of lignins in multicomponent materials have been encouraged the last 10 years by their wide accessibility, low price and performances such as low density, high hardness, good thermal properties, chemical, friction and humidity resistance… However, until now, none of polymers developed at academic level have reached a sizable industrial scale.

11.7.2 ATRP - A Useful Method to Develop Lignin-Based Functional Material

The use of lignin as a macroinitiator in atom transfer radical polymerization (ATRP) has been studied for the first time by the group of Kadla (2010)[210, 211]The resulting graft copolymers displayed thermoresponsive properties due to the N- isopropylacrylamide (NIPAM) polymers grafted from Kraft lignin. This method provided good results to graft copolymers with well-defined structures onto lignin. In addition, this polymerization procedure has been successfully used to prepare polymers with various complex macromolecular architectures such as branched structure or linear chains with controlled dimension and dispersity [212]. This new approach offers several advantages including the possibility to modulate molecular weight of grafted chains but also the number of grafts per macroinitiator. By designing new lignin-based-macroinitiators, it can be possible to polymerize them with different monomers in a controlled free radical system. 2-Bromoisobutyryl bromide (BiBB) is commonly used as an initiator for ATRP syntheses, and can be easily attached to lignin by esterification reaction with its phenolic and aliphatic hydroxyl groups in presence of catalyst, generally TEA is used. By varying ratios between BiBB, catalyst and hydroxyl groups of lignin, it was possible to modulate the number of bromine initiator sites per lignin molecule. A recent study succeed in synthesis of rosin polymer-grafted lignin composites by “grafting from” ATRP that showed interesting hydrophobic and high resistance water properties (around 90° of contact angle, less than 1.0 wt% of water uptake) [213] (see Figure 11.19).


Figure 11.19 General scheme of lignin macroinitiator synthesis and rosin polymer-grafted lignin composites [213].
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11.7.3 High Performance Material Made with Lignin: Carbon Fibers

Carbon fibers (CF) for high performance composites materials are one of the most important advanced engineering products produced today [214]. CF possess unique combination of properties that make them suitable for a wide range of applications (sports equipment, marine products, construction, aircraft and also automotive industry). CF are lightweight, have high strength, flexibility and fatigue resistance resulting from the orientation of the fiber during the production process. Currently, the precursor raw materials used for CF production are polyacrylonitrile (PAN) and to a lesser extent, coal or petroleum derived pitch and regenerated cellulose. The CF manufacturing process involves melt or wet-spinning (according to the raw material), oxidative stabilization at 200–300 °C and carbonization under an inert atmosphere at 1000–2000 °C, (in some cases, graphitization at 2000–3000 °C), which is then followed by surface treatment and sizing [215].

Almost 80% of commercial CF is predicated on using PAN as the starting raw material, but its expensive cost has thus limited application to high performance material. For more than 40 years, a large activity in research and patents has shown a wide interest for lignin-based CF, which takes advantages to be readily available at relative competitive prices. The first CF made with lignosulfonate lignin, using poly(vinyl alcohol) as a plasticizer has been manufactured and developed by Nippon Kayuka Company under the name of Kayacarbon during 1967–1973 period. Various type of lignin have ever been studied for the production of low-cost CF. Kadla and co-workers [214] have studied the use of Kraft lignin without chemical modification. They have developed a specific method to remove impurities such as carbohydrates or inorganic compounds from lignin and decrease the hydroxyl content by condensing the lignin. Fiber spinning was then facilitated by the addition of the poly(ethylene oxide) PEO (3 to 5%) to lignin. This work constitutes actually a reference in this scientific area because they reported the first lignin-based CF made with a commercially available Kraft lignin. The use of pyrolitic lignin has also been studied highlighting that under precise conditions parameters, mechanical properties for CF were similar to those obtained with Kraft or Alcell (organosolv) lignins [216].

Nordström [217] et al. (Innventia) have developed a new softening agent for melt spinning softwood Kraft lignin based on ultra-filtrated black liquor. They achieved to obtain CF of very good quality solid carbon fibers. In parallel, they also developed a method to stabilize lignin CF using special oxidative conditions. These new improvements in lignin-based CF present a great potential to reduce time and cost production and to use lignin in larger scale applications. However, the need to purify lignin to make it suitable for melt spinning and carbon fiber production increases the cost of lignin based CF. The production of “low cost” carbon fibers still remains a challenge, lignin being low cost raw material compare to PAN with mechanical properties suitable for CF commercial grade [218, 219]. The development of lignin based high performance material will results in real benefits in the contexts of increased energy efficiency and reduced environmental production.

11.7.4 Toward Commercialized Lignin-based Polymers

Recently, a new lignin-based thermoplastic polymer has been commercially developed under the trade name Arboform® (latin: arbor – the tree) by Tecnaro (Germany) [220]. This new thermoplastic material is made from specific types of lignin with natural fibers from wood, flax, hemp, sisal or other fibrous plants and natural additives (such as wax), which can be processed on injection molding machine at raised temperatures. The others advantages for this lignin-based thermoplastic include very low swelling and very high transverse tensile strength. The first produced Arboform® has been on the market since November 2000, and there are diverse applications e.g., in automotive sectors, children’s toys, furniture, castings for watches, designer loudspeakers, degradable golf tees and even coffins… One of determinant barriers to the development of this material it is his price which start at 2.5 € per kilogram whereas conventional thermoplastic cost is 1–2 € per kilogram. However, the increasing demand of biobased polymers and the high performance of these new thermoplastic polymers give promising results to pursue research efforts in lignin valorization.

11.8 Conclusion

Over 70 million tons of lignin are produced annually in the world, 95% of which are burnt. The remaining 5% is actually used for commercial applications including additives, dispersants, binders or surfactants. Observing the great number of studies performed on lignin, new technologies for extracting and processing it, lignin receive greater attention as the aromatic compounds (C6…) from oil exploitation are now more rare, and more costly. In this way, the emerging concept of biorefinery aimed to regard lignin as a high value added product that can compete with non-renewable aromatic compounds. In recent years, this renew interest on lignin has stimulate a great number of researches for the development of an economically viable lignin valorization route in view of production of chemicals and biobased polymers. For example, its depolymerization into phenol and BTX provides wide varieties of fine and bulk chemicals. Among all of modifications performed on lignin, some valuable successes have emerged with the industrial elaboration of vanillin, DMSO and lignin-based polyol for the synthesis of polymer giving high performance materials. However, the intrinsic properties of lignin, the variability of the resource, polydisperse molar masses and hyperbranched structures have hindered the development of lignins materials revealing that the use of high-purity lignin is also an important issue for its valorization. However, it has to be highlighted that lignin’s isolation, purification and drying require costly investments that add to its final selling price as a raw material. Lignin sales value vary from low grade to high grade lignin from about 50 to 1200 €/ton. The more well-defined the lignin, the more suitable it is for chemical modification.

Involving major issues of science, economics and environmental protection, the employment of lignin by chemistry and polymer industries has emerged as an important field of research. This state of affairs would seem to guarantee that lignin will become a promising renewable aromatic resource in the near future.
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Abstract

At present there are a lot of polymers (peptides and proteins) encapsulated in drugs as small molecules in the form of microspheres and nanospheres to obtain desired therapeutics strategy. Proteins are available in all prokaryotic and eukaryotic cells. They perform different functions: structural, catalytic, transport, regulatory, protective, some hormones are also proteins or peptides. Origin of the name protein comes from Late Greek prōteios (primary) or from Greek prōtos (first). This name was proposed by Berzelius and promoted by Mulder. Indeed, they are on molecular level one of the major components of the living cells. Some viruses are known, which are composed exclusively from proteins and DNA or RNA. The beginning of XXI century is marked by intensive development of new methods for protein analysis. Proteomics is a new term used to define the total proteins in the cells and was coined in 1995. Proteome is definition used to characterize the proteins expressed during the cell cycle. By using proteome analysis is possible to categorize the proteins, to elucidate their function and revealed the complex interactions between them. “Structural genomics” is a term used in case of analysis of 3D protein structure. To characterize proteome of different types of cells is necessary to apply tie basic theories regarding the structure of protein molecules. This is critical, since using this approach is possible to establish the precise mechanism how functional or dysfunctional genome is related to disease appearance and development. Nucleic acids also have gained a lot interest for the treatment of some relevant diseases. The siRNA appear very promising as they are very potent inhibitors of gene expression in pro- and eukaryotes. The success of the application of new therapeutic methods based on RNA interfering strategies requires the in vivo delivery siRNA to the intracellular compartment of the target cells. Riboswitches also can be used to induce RNA interference which can be regulate expression of key proteins in the cell to prevent a disease’s development.
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12.1 Structure of Protein Molecules

Basic building blocks of all proteins are monomers, known as α-amino acids which combine into peptide chains (“polypeptides”) to form the protein molecule. Different proteins with no exception, from viruses to humans are composed by 23 proteinogenic (“protein-building”) amino acids and 20 of them are directly encoded by the genetic code. First amino acid asparagine was isolated in 1806 and in 1938 – threonine, the last one was found. The names of different amino acids derived from the source of isolation, for instance, Glutamine acid comes from protein gluten, Glycine (sweet) derived from Greek word glykos and so one. Structural characteristic for all 20 amino acids is specific binding of carboxyl and amino groups to the same C-atom. Every different amino acid has specific R-group, which determine the electric charge and water solubility. All amino acids (except one) contain asymmetric C-atom which express chyralic center and exist in two different isomeric forms. With the exemption of Glycine all other has the physical ability to change the angle of polarization plane. Due to this property they exist as optical isomers or stereo isomers. X-ray crystallography has been fundamental in the discovery stereo isomeric conformation for different amino acids. Their classification is based on the side chains (R groups) properties. The R groups of the amino acids can be divided into two major classes, those with non-polar side chains and those having polar side chains. Non polar side chains consist mainly of hydrocarbon. Any functional groups they contain are uncharged at physiological pH and are incapable of participating in hydrogen bonding. Eight amino acids contain non polar R-groups (alanine, valine, isoleucine, leucine, methionine, proline, tryptophan, phenylalanine); seven of them (asparagine, glycine, glutamine, serine, tyrosine, threonine and cysteine) contain non polar R-groups; asparagine and glutamic acid contain negatively charged R-groups and arginine, histidine and lysine have positively charged R-groups. The side-chain can make an amino acid a weak acid or a weak base and in ware solution they exist as bipolar ions. Also amino acids express characteristic titration curves. It is possible to estimate the electrical charge of any amino acid by using their respective titration curves. Amino acids form covalent peptide bonds between each other. Basic or acid properties of these peptides are determined by NH2 – or COOH groups as well as ionized R-group [1,2].

12.1.1 Peptide Bonds

Both the amine and carboxylic acid groups of amino acids can react to form peptide bonds. This reaction produces a molecule of water (H2O) and two amino acids joined by a peptide bond (-CO-NH-). Peptides are polymers obtained as a result of amino acids binding. Atoms participating in this covalent bond are located in certain angle. As a result polypeptide chain has periodic repeat of COOH (R) NH group. R-groups are attached as side chains and polypeptides have specific properties due to specificity of these groups.

Primary structure of protein molecule is determined by amino acid sequence and the number of polypeptide chains as well as the place of disulfide bonds. These bonds are also covalent similar to the peptide bonds. Disulfide bridge is formed as a result of oxidation of two different sulfhydryl groups and derived by the coupling of two thiol groups in cysteine residues. It can be formed between two different polypeptide chains (so called external) or inside the same polypeptide (internal). Primary structure of proteins is critical in determination of other levels of organization of these molecules.

12.1.2 Secondary Structure of Protein Molecule

Model of protein molecule organization in space was suggested in 1951 by Linus Pauling and coworkers and it is called the alpha helix. Peptide chain is bended in the place of C-atom. First protein with this structure being revealed was keratin. This α-spiral is a compact structure. This spiral forms cylinder from which amino acid residues sticks aside. Protein secondary structure is supported by weak hydrogen bonds. Usually this alpha helix is a right-hand-coiled. The number of residues per helical turn is 3.6 amino acids and the step is 0.54 nm. When the peptide chains are bended and located next to each other, hydrogen bonds are formed between them. β-keratin (fibroin, protein in silk) has the same conformation. Sometimes α-structure of keratin can switch to β-structure when the molecule is in water. Secondary structure of proteins known as β-sheet has a zigzag shape (folded sheet). Distance between two amino acid residues is 0.70 nm. Adjacent β strands can form hydrogen bonds in anti-parallel, parallel, or mixed arrangements. When polypeptide strains are anti-parallel, one strain starts with N- terminus and the other with C- terminus. Usually β-structure forms between two closely attached polypeptide strains but rarely can form inside one strain as a result of inversion (strain is turned in opposite direction). Secondary structure of proteins is a result of assembling of 3D segments with geometrically regular shape.

12.1.3 Tertiary Structure of Proteins

The shape of protein molecule in space is a three-dimensional structure, as defined by the atomic position and coordinates. Repeated segments in α- or β- sheets can be disturbed by additional folding of polypeptide strain as a result of inversions. For instance α- C atom in proline is in the ring and this make impossible formation of polypeptide strain of α-type. This also leads to disturbing of spiral geometry. Amino acids with short side chains (glycine or alanine) and chains forming hydrogen bridges, as well as non-polar (valine, leucine, isoleucine etc.) can change the regular structure of polypeptide chain. Tertiary structure is ordered structure with strict shape, despite the absence of repeated segments. Depending on the configuration in space proteins are categorized in two groups – fibrillar (fibrous) and globular. Fibrous proteins are typically elongated and insoluble. Polypeptide chains are twisted and tightly arranged next to each other forming weak chemical (hydrogen) bonds. The structure of fibrillar proteins, their insolubility in water as well as their specific physical and chemical properties are directly related to their respective basic functions. These proteins determine and support elastic strong shape of different tissues. Which are these proteins?

Fibroin is an insoluble protein present in silk and consists of layers of antiparallel beta sheets. Keratin is a basic building component of the outer layer of skin (epidermis) and forms nails, hair, hooves and horns. Right-handed α-spiral is twisted to form left supercoiled spirals with left handed orientation, called fibrils. Fibrils are connected to form structures of higher order. Collagen is the basic protein forming the connective tissues. Helices are left handed with expanded structure and have three amino acids per turn. Another similar protein is elastin, also being component of connective tissues. This protein has different α-spiral than collagen with more than 80% of amino acids being glycine, alanine, proline and valine. Elastin structure is supported by hydrogenand other covalent chemical bonds ensuring extreme toughness of protein molecule.

Globular proteins are generally compact, soluble in water, and spherical in shape. Tertiary structure is supported by hydrophobic electrostatic interactions between non polar R-groups and additional hydrogen and disulphide bonds. Such proteins contain only one polypeptide strain folded in space and typical representative are myoglobin, cytochrome C, lysozyme, ribonucleases and others. In all these proteins polypeptide chain is folded and hidden inside are hydrophobic R-groups. Globular proteins containing two or more polypeptide chains have complicated structure.

12.1.4 Quaternary Structure of Proteins

The structure formed by the noncovalent interaction of two or more macromolecules (subunits), such as that formed by four globin protein molecules to make hemoglobin is called quaternary structure. Max Perutz, back in 1957 discovered the quaternary structure of hemoglobin. Molecular weight of hemoglobin is 64 000 kDa and the most common hemoglobin type is a tetramer (which contains 4 subunit proteins) called hemoglobin A, consisting of two α- and two β subunits non-covalently bound and this is denoted as α2β2. Each subunit has one molecule heme.

X-ray structural analysis showed that;


1. The hemoglobin molecule has a shape similar to a sphere with a diameter of 5.5 nm. One heme connects with each of the 4 chains and each chain has a heme. Heme is located at a distance of about 2.5 nm and has an inclination angle.

2. Many contacts between alpha and beta chains arise, which are called type α1β1 and α2β2 respectively, and no contacts are formed between two alpha or two beta chains. Hydrophobic R-groups from amino acid residues help to stabilize contacts between the chains.

3. The two pairs of chains α1β1 and α2β2 are not approaching close to each other, and therefore the central part of the molecule forms a groove or a structure similar to the channel.

4. Alpha and beta chains of hemoglobin are showing very similar tertiary structure.

5. Different mammalian species have approximately the same tertiary and quaternary structure of hemoglobin.

6. Tertiary structure of alpha and beta chains of hemoglobin is very similar to the tertiary structure of myoglobin. The similarity in tertiary structure of these two proteins corresponds to their respective biological function. Phylogenetic and molecular genetics analyzes suggest that in the course of biological evolution through microduplications and subsequent divergence one prehistoric gene (encoding oxygen-heme binding protein) give rise to different modern genes that encode the chains of myoglobin and hemoglobin.

7. Deoxyhemoglobin and oxyhemoglobins have different spatial conformation. Oxigenation of hemoglobins is not related to the changes in their tertiary structure. It is completely preserved. However, changes occur in the quaternary structure of the subunits in their packaging. Oxyhemoglobin molecule acquires a compact structure as a result the central groove is strongly reduced. Approximation of hemes of the two beta chains and rearrangement of the hemes of two alpha chains lead to conformational changes of the protein molecule. This dynamics in the conformation of the quaternary structure of the protein showed that the hemoglobin molecule can pass very quickly from one active state to another. Therefore, the functional activity of hemoglobin is directly related to conformational changes in its quaternary structure.

8. In the hemoglobin molecule has a designated place, mentioned above as the central groove in which place many positively- charged R-groups are located. Right here is bound 2,3- diphosphoglycerate is forming a transverse link between the two beta chains. Linking hemoglobin with oxygen leads to the ejection of diphosphoglycerate from the grooves. One molecule diphosphoglycerate binds to one protein molecule of hemoglobin. Linking hemoglobin with oxygen is strongly influenced by diphosphoglycerate [1,2].



12.2 Abnormal Haemoglobin

Sickle cell anemia is a disease that occurs due to a gene mutation. It is associated with pathological conditions in the number and shape of erythrocytes. The number of normal red blood cells with regular morphology is highly reduced and the number of immature erythrocytes, as well as those in the shape of a sickle is elevated. It is accepted that hemoglobin in sickle cells is referred to as hemoglobin S, unlike normal hemoglobin A. A significant contribution to science have Neel and Beet, and Nobel Prize winner Linus Pauling (1949), which found that both hemoglobin A and S have different electrophoretic profile.

Homozygous sick people with this mutation have ss genotype and also have heavily damaged hemoglobin molecules. People with heterozygous genotypes have both, normal and sickle cell hemoglobin in approximately equal amounts. In 1957 Ingram proved that A and S hemoglobins have the same alpha but different beta chains. In hemoglobin A, the sixth amino acid of the beta-chain is glutamic acid, while in the hemoglobin S, it was replaced with a valine, which replacement is a result of genetic mutation. R-group of valine has no electric charge, while the R-group of glutamic acid (pH8) is negatively charged. Therefore electrophoretic profile is different in the two types of hemoglobin. Haemoglobin S has two negative charges less and move more slowly than the hemoglobin A in electrophoresis. Sickle-shaped red blood cells are consequence of the binding of molecules of hemoglobins S in long filamentous structures. The main cause of the abnormal hemoglobin is that as a result of genetic mutation wrong valine in position 6 in the beta chains gives rise to hydrophobic contacts on the surface of the molecule. Until now, more than 300 different mutations in human hemoglobin genes are discovered and sickle cell anemia is due to one of them. Occurrence of mutations in the hemoglobin molecule are well studied by using advanced proteomic techniques. Not only hemoglobin but also all globular and fibrillar proteins can be potentially altered as a result of mutations which cause a variety of genetic defects.

Many peptides exist in cells and perform important and specific biological functions. These peptides demonstrate high biological activity. Some hormones are peptides or polypeptides. Insulin is such a molecule and contains two polypeptide strains; one has 30 and the other 21 amino acids. Bovine insulin was the first peptide, which primary structure was revealed by Frederic Sanger. Molecular weight is 5700 Da and it is a dimer of an A-chain and a B-chain, which are linked together by disulfide bonds. The short chain also has internal disulfide bridge. Amino acid sequence in the two chains is different. In this group belongs glucagon, acting as an antagonist to insulin. Adrenocorticotropic hormone (corticotrophin) is made in the corticotroph cells of the anterior pituitary gland and consist 39 amino acids. Some very small hormones with short peptide chains are known. For instance, oxytocin produced by the hypothalamus and stored and secreted by the posterior pituitary gland, has only 9 amino acid residues. Other peptide hormones are bradykinin (9 amino acids), which is inflammatory mediator; tyreoliberin (3 amino acids), has physiological role in the preservation of homeostasis and stimulates the synthesis of thyrotropin. Interesting hormone is enkephalin, synthesized in central nervous system. It can bind to the opioid receptors in brain and lower the pain.

alpha-Amanitin or α-amanitin is a cyclic toxic peptide of eight amino acids found in several species of mushrooms.

Different antibiotics produced in bacteria are with peptide structure also.

Specific biological activity of different proteins and polypeptides is determined by their primary structure or the sequence of the amino acid residues [1,2].

12.3 Methods for Proteome Analysis

Methods for studying the proteome of the cells are united under the name proteomics. Proteomics is a collection of different techniques which are not only related to the possibility of obtaining information about the proteome, in terms of the identification of proteins, but also to the detection of the factors involved in the function of individual proteins and their specific localization in different cellular compartments. The main techniques used to study the proteome are focused on establishing the protein profile and identification of protein expression [3].

The study of protein profile is a way to identify the proteins in the proteome. The determination of the protein profile is based on two basic techniques, protein electrophoresis and mass spectrometry. Today they are united in one major field of modern science - proteomics.

Mass spectrometry was established as a method that identifies the components in accordance with the ratio of mass to charge in ionized forms of molecules created by their exposure to high-energetic field. All standard techniques for purification of proteins are not suitable to perform mass spectrometry afterwards, since their molecules are too large to be effectively ionized. Therefore, using a standard techniques – (matrix-assisted laser desorption ionization time-of-flight) (MALDI-TOF) is preferable. The problem with the size of the protein is avoided by using peptides, at least 50 amino acids long [4,5].

12.4 Advantages of the Method


1. The information obtained on the structure of the protein can be correlated with the genomic sequence and to identify the gene responsible for the expression of the corresponding protein.

2. The amino acid sequence of each unique protein can also be used to check the correctness of the genetic sequence, and especially to identify the correct location of the boundaries between exons and introns in the DNA sequence responsible for the expression of the respective protein. This will enable us not only to determine the exact position of a gene in the genome, but also will allow us to identify the exact position of the boundaries between exons and introns of a gene.

3. And last but not least, information about the structure of the protein obtained through the use of mass spectrometry will enable us to identify the sites of alternative splicing and where one gene is responsible for the translation of two or more proteins.



12.5 Study of Proteins with Post-Translational Modifications

The study of proteins with post-translational modifications is a new direction in biological science. 2D-electrophoresis is an excellent method for the separation of proteins with different degree of phosphorylation. Phosphorylated proteins can be detected by labeling them with radioactive 32P, or by using specific antibodies. Certain post-translational modifications are unstable and can be lost when the proteins are cleaved to small peptide fragments during ionisation in mass spectrometry.

Sulfation and phosphorylation of serine, threonine or tryptophan residues are unstable exmples of modifications. Tyrosine phosphorylation and methylation of arginine are stable. When modifications are stable, even then there may be a problem with the analysis of phosphorylated peptides in the peptide mixture. This problem is overcome by purification of phosphorylated proteins before analyzing them by mass spectrometry. This led to the search for new methods of analyzing the modified proteins.

Mass spectrometry as a method is used to deliniate the nature of the posttranslational modifications, and their location in the peptide chain [5].

Looking to future directions:


For the years to come, comprehensive clarification of the yeast proteome is a major task. Continuing research related to this project to study the proteome of the human liver and blood plasma.

Studying the detailed mechanisms for post-translational modifications in proteins by using appropriate cell systems.

Proteomics will give a clearer picture of the mechanisms of various diseases than genomics since proteins are functional “players” in living organisms.

It is difficult to answer the question: beyond the proteome, what‘s next? Proteome is the end product of gene expression. But the real role is linked to the fact that it is part of the final circuit connecting the genome to the biochemistry of the cell. The nature of this relationship and ways of learning will take place not only through experimental approaches of proteomics and bioinformatics database, but also by the implementation of anticipated new technologies and discoveries of modern science.



12.6 Biodegradable Polymers

Biodegradable polymers are special, specific, natural and synthetic polymers which contain ester, amide and other functional groups directly related to the processes of natural biodegradation. The concept of biodegradable synthetic polymers is imposed in 70’s and 80’s and the term biodegradable biopolymers is defined in 1992. Structurally and functionally, and depending on the ways of their synthesis they are classified into two major groups – agro-biopolymers and biopolyesters. Agro-biopolymers are subdivided into polysaccharides (supported by of glycoside bonds) and proteins (with various functional groups). The second group (biopolyesters) include, for example polyhydroxybutyrate and polylacticacid. Polyesters are classified into two subgroups, depending on the manner in which they are syntesized; by microorganisms or synthesized from natural and synthetic monomers [11].

To meet and fulfill the content biodegradable polymers, clear and specific standards are introduced, such as; 1) to be sufficiently stable; 2) difficult to break or damage; 3) hydrophobic properties; 4) non-toxic; 5) biodegradation processes are complete and without accumulation of toxins and allergens. Polyesters are well characterized. They are synthesized by a direct condensation of alcohols and acids in the presence of metals (ZN, Al and others), which catalyze the polymerase reaction. Very often, rather than metal, bacteria or enzymes catalyze the synthesis of polyesters. Basic mechanisms of biodegradation are classified in two major groups; first hydrolysis and photodegradation and second-by anaerobic and aerobic biological processes. Biodegradable biopolymers are becoming more widely used in orthopedics, surgery, nanomedicine, food industry (plastic bags, cups etc.) in daily human life. Intensive production of biodegradable polymers in the modern economy has a very high beneficial environmental impact, both for nature and for human society [6,7,8].

Biodegradable polymers are degraded by hydrolysis or dissolution. They are usually non-water-soluble and can be degraded by surface erosion under the addition of water-soluble gels, which are desalted and excreted from the body. Biodegradable polymers are used for the production of degradable protein systems that include natural and synthetic materials. Utilization of biodegradible polymers for drug degradation made significant progress in the last several years. Broad practical application has poly (lactic-co-glycolic acid (PLGA), which is a homo- and co-polymer for the preparation of degrading microspheres [13]. These polymers were first used in surgery. The widespread use of this polymer is explained by the fact that degradation characteristics are well established and elimination of the waste products is also well known. Many other polymers are know which have the ability to degrade drugs and are also bio-tolerant. Such polymers contain proteinaceous material and are modified for degradation of specific drugs. Polymer degradation may be accomplished in several different ways, for instance: the surface erosion, hydration and dissolution, cleavage of specific bonds between protein-polymer conjugates, and may also be degraded by bubble formation.

There are many drugs described with clear practical application, which are included in degradable protein systems that have low molecular weights and the drugs are released in an active form after biodegradation. Serum albumin is relatively well studied in biodegradable drug delivery systems. Protein-polymer bonds are very specific. Basic requirement for degradive protein systems is related to their molecular weight, since it is directly related to the processes of diffusion and with the isoelectric point of the protein and polymer, which manage charge-charge interactions. Sensitivity to different chemical modifications and connection with polymeric material is determined by the primary amino acid sequence of the respective protein. The presence or absence of carbohydrate in the protein can amplify or impedes the bonds with polymeric materials. This can affect the hydrophobic properties of the protein, which binds to hydrophobic sites on the polymer. Production of protein or peptide polymers should not be carried out under extreme conditions such as high temperature, extreme pH, organic solvents, avoiding freezing or drying, etc [10].

Degradation of biopolymers can be accomplished in three main ways: 1. Hydrolysis of polymeric bridges in the presence of acids, bases or enzymes. The resulting products of degradation are with low molecular weights, water soluble and it is associated with release of proteins or peptides. 2. Hydrolysis of the cross linked system is catalyzed by acid, base, metal ion chelator or in the presence of enzymes. Cross links can be formed by divalent cations, such as, sodium alginate or a divalent chains such as glutaraldehyde or N,N‘-Methylenebisacrylamide. Cleavage of such bonds is associated with the release of protein or peptide. 3. Humidification of the polymer matrix leads to diffusion of the protein or peptide. The chemical bond in protein-polymer conjugates is stable and biodegradable. Some links occur in reactions with amino acid chains. For example, the epsilon amino group of lysine and the alpha amino group of proteins are such components. Different biodegradable polymers are well known today, which are used in medicine and nanomedicine.

Copolymer obtained by polycondensation reaction of lactic acid and glycolic acid can be degraded, as a result of hydrolysis occurring for long period of time; weeks or months. Zoladex is cylindrical implant with 1 nm diameter and 3.6 mm length. This implant is composed by 50% PLGA and 50% 3,6mg drug dispersed evenly over the matrix. Following subcutaneous abdominal injection, the drug is released in 28 days. Degradation of the polymer is accompanied by micro surface formation that attracts water and this facilitates drug release in the body. By mixing several different systems, a thin layer film can be obtained. For example, films containing bovine serum albumin were prepared by mixing pluronic polyols and poly-L lactic acid. The addition of nonionic pluronics in the system leads to formation of morphologically distinct phases and different degrees of hydration. To reduce the effect of such films, superimposing of polyethyleneimine is applied. This material diffuses into the matrix and crosslinking of protein molecules occurs.

Copolymers of polyethylene glycol, lactic and glycolic are synthesized as carrier systems. Copolymers can be obtained from the blocks of two polymers with amphiphilic molecules/ionically charged / hydrophilic microphases. Mixtures of polymers are applied to cover the surface of the nanospheres, which increases the surface hydrophilicity and reduce the surface charge in the particles.

Polycyanoacrylates are systems for proteins and peptides. They are formed by the spontaneous polymerization on room temperature in the presence of water. Changes in the length of the monomer chain, and the pH can control their erosion. For example, insulin can be delivered or uptake by nanocapsule of emulsion polymers of alkycyanocrialtes. These nanospheres have a diameter of 220nm and release insulin, which is injected subcutaneously or administered orally. Surface erosion polymers designated as polyanhydrides can be prepared by modification of the hydrophobic component such as 1,3-bis-carboxy hydroxypropane and sebacic acid. Degradation can occur for several days and in some cases for years. Insulin and myoglobin can be included in polyanhydride micro spheres. Poly (ortho esters) are also surface erosion polymers. Hydrolysis of ortho ester group is catalyzed by different acids. The speed of surface erosion is controlled by the hydrophobicity of the polymer and the number of cross links. Different peptides, insulin, lysozyme and narafilin can be embedded in such a system.

Hydrogel systems are prepared from natural or synthetic polymers. Some polysaccharide systems such as pectin and alginate formed hydro gels as inclusions. For example, pluronic polyols or poloxamers are administered by injections subcutaneously and release of protein occurred within one or two days. Polyvinyl alcohol is a polymer, made in the form of hydro gel, which is degraded by dissolution. Drug release is accompanied by its diffusion to the surface of the polymer matrix. The protein is released by diffusion. Polyvinilpirolidone is cross linked with ethylene bis acrylamide. Hydrolysis of this compound yield formaldehyde and hydro gel. This degradation is very sensitive and depends mainly on the concentration of cross linked gel.

Maleic anhydride alkyl ether is used for preparing of thin films which carried alpha interferon. Cellulose is used in the delivery of growth factor beta-1 for therapy of defects in skin and bones, with the introduction of acidic fibroblast growth factor. Derivatives of hyaluronic acid are modified to control the degradation and release rate. They are used for administration of different polypeptides. Alginate is a linear polysaccharide which is extracted from brown seaweed. It is used in the administration of epidermal growth factor. Collagen is used in the form of injectable gels or implantation systems. Gelatin in the form of microspheres is often used for delivery of interferon alpha and insulin. Albumin is applied in insulin delivery in the form of suspended insulin crystals which are in a phosphate buffer. It is also used for immobilization of urokinase. Sugars and dextrans are used for administration of interferon alpha. Period for drug release is about 12 weeks. Composed systems, which contain natural and synthetic materials, have been synthesized; for example, PLGA, gelatin or drugs.

It should be emphasized that the greatest problem occurs when searching for substances for controlled site-specific administration of biodegradable proteins and peptides [9,12,14].

12.6.1 DNA the Molecule of Heredity

In early observations many scientists believed that proteins were the logical candidates fore storing and transferring genetic information. The DNA was thought to function in more of a structural capacity, holding the “informational proteins” together in the chromosomes. Now in the modern era of biology, it is of course taken for granted that DNA and RNA are the genetic material. The genetic material of an organism is the substance that contains the information specifying the inherited characteristics of that organism. As will see later, this information must be capable of being expressed in the cell undergo accurate replication and be transmited from parent to progeny. Most organisms utilize DNA as a genetic material. With the exception of some bacteriophages, plant and animal viruses in which the genetic material is RNA. With regards to this two important questions arise: 1/ How do we know that DNA is the genetic material? and 2/ What properties of DNA make it so ideally suited to function in this capacity? Finally we will discuss several classic experiments of DNA as the genetic material.

12.6.2 Experiments Designate DNA as the Genetic Material

A procedure first reported in 1923 made it possible to discover where in the cell DNA resides. Named the Feulgen reaction after its designer, the procedure relies on a chemical called the Schiff reagent, which stains DNA red. In a preparation of stained cells, the chromosomes redden, while other areas of the cell remain relatively colorless. The reaction shows that DNA is localized almost exclusively within specific nuclear organelles – the chromosomes.

The finding that DNA is a component of chromosomes does not prove that the molecule has anything to do with genes. Eukaryotic chromosomes also contain an even greater amount of protein by weight. Because proteins are built of 20 different amino acids whereas DNA carries just four different subunits, many researchers thought proteins had greater potential for diversity and were better suited to serve as the genetic material.

12.6.3 Bacterial Transformation Implicates DNA as the Substance of Genes

The development of our understanding that DNA is the genetic material began with an observation in 1928 by Frederick Griffith, who was studying the pathogenic bacteria streptococcus pneumoniae causing human pneumonia. F. Griffith distinguished two bacterial forms: smooth (S) and rough (R) surface. The virulence of this bacteria was known to be dependent on a surrounding polysaccharide capsule that protects it from the defense systems of the body. This capsule also causes the bacterium to produce smooth-edged (S) colonies on an agar surface. The S bacteria are virulent and kill most laboratory animals exposed to them. By contrast, the R forms fail to cause infection. Griffith was working with these two kinds of bacteria- live R forms and heat-killed S forms. Neither the heat- killed S forms nor the live R forms produced infection when injected into laboratory mice, but a mixture of the two killed the animals. Bacteria recovered from the blood of the dead animals were living S forms. The ability of a substance to change the genetic charasteristics of an organism is known as transformation, the nature of which was unknown.

The next development occurred 15 years later when Oswald Avery, Colin MacLeod, and Maclyn McCarty partially purified the transforming principle from the cell extract and demonstrated that it was DNA.


	Experiments demonstrated that transforming activity is not lost by reaction with either (a) purified proteolitic (protein – hydrolyzing) enzymes – trypsin, chymotripsin, or a mixture of both or (b) ribonuclease (enzyme that depolymerizes RNA). So that the active principle was neither protein nor RNA.

	But an enzyme that degrades DNA completely (DNase) destroyed its activity and inactivated the transforming principle.



An elegant confirmation of the genetic nature of DNA came from an experiment of Alfred Hershey and Martha Chase with E. coli and phage T2 in 1952. Hershey and Chase demonstrated that the DNA injected by a phage particle into bacterium contains all of the information required to synthesize progeny phage particles. A single particle of phage T2 consists of a single molecule DNA encased in a protein shell (Figure 12.1). The DNA is the only phosphorus containing substance in the phage particle. The proteins of the shell which contain the amino acids methionine and cysteine, have the only sulfur atoms. Thus by growing the phages in a nutrient medium in which radioactive phosphate (32PO4) is the sole source of the phosphorus, phage containing radioactive DNA can be prepared. If instead the growth medium contains radioactive sulfur as 35SO4, phage containing radioactive proteins are obtained. If these two kinds of labeled phage are used in separate experiments to infect bacterial host, the phage DNA and the protein molecules can always be located by their specific radioactivity. Hershey and Chase used radioactive phage to show that genetic material contains32P but not 35S. The ability of a bacterium to synthesize progeny phage is associated with transfer of 32P, and hence of DNA, from parental phage to the bacteria (Figure 12.2). In these experiments progeny phage were isolated from cells that had been infected with either 35S- or 32P-containing phage and the genetic should be found in the progeny. It was found that no 35S but about half of the injected 32P was transferred to the progeny. From these observations, Hershey and Chase concluded that phage genes are made of DNA.


Figure 12.1 (a) A diagram of T2 phage. (b) Phage T2 adsorbed to the surface of E. coli.
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Figure 12.2 A schematic diagram of the life cycle of a typical bactrriophage.
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12.6.4 Identification of RNA as the Genetic Material

Except for that DNA is a genetic material certain bacteriophages, as well as number of plant and animal viruses, use RNA as their genetic material. The classic experiments demonstrated that RNA is the genetic material of one particular plant virus – tobacco mosaic virus (TMV).

TMV is a relatively simple virus consisting of two chemical components, RNA and protein (Figure 12.3). Plants infected by TMV develop characteristic mosaic-like lesions on their leaves. It was found that inoculating the tobacco plants with purified TMV protein did not result in the production of TMV lesions. Inoculation with TMV RNA alone, however, resulted in viral infection. These results demonstrated conclusively that RNA is, in fact the genetic material of TMV.

12.6.5 The Structures of DNA and RNA

The discovery that DNA is the prime genetic molecule, carrying all the hereditary information within chromosomes, immediately focused attention on its structure. In early physical studies of DNA many experiments indicated that the molecule is an extended chain having a highly ordered structure. The most important technique was x-ray diffraction analysis produced Rosalind Franklin and Maurice Wilkins. The crosswise pattern of X-ray reflections indicates that DNA is helical. In 1953 Watson and Crick published their findings in scientific journal Nature. J. Watson and Crick combined chemical and physical data for DNA with a feature of the x-ray diffraction and suggested that two helical strands are presented in DNA and showed that the two strands are coiled about one another to form a double–strand helix (Figure 12.4). DNA is a long polymer composed of subunits known as nucleotides. Each nucleotide consists of a deoxyribose sugar, a phosphate and nitrogenous base- adenine, thymine, guanine, and cytosine bases of one strand are hydrogen bonded to those of the other strand to form the purine-to-pyrimidine base pairs A-T and G-C. Base pairing is one of the most important features of the DNA structure because it means that the base sequences of the two strands are complementary; thus A in one strand is paired with a T in the other. Likewise a C in one strand is paired with a G in the other.The nucleotides in nucleic acids are covalently linked by a second phosphoester bond that joins the 5’-phosphate of one nucleotide and the 3’-OH group of the adjacent nucleotide (Figure 12.5). The majority of occurring DNA molecules have the configuration suggested by Watson and Crick. Such molecules are known as a B-form DNA. They spiral to the right. However DNA is more polymorphic than originally assumed.


Figure 12.3 Model of a part of a tobacco mosaic virus particle, showing the helical array of protein subunits around a single stranded RNA molecule.
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Figure 12.4 (a) right-handed A and B-DNA (b) left-handed Z-DNA. The lines indicate the sugar-phosphate backbone. The zig-zag patth of the backbone in Z-DNA is evident.
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12.6.6 Left Handed DNA Helices

The Watson-Crick structure of DNA (the B form) and the related A form of the DNA are both right-handed helices. Subtle changes in the structure of DNA occur if the salt concentration of the suspending medium is very high. The double strand hexanucleotide undergoes a drastic and reversible structural change when the NaCl concentration exceeds 2 M, namely the helix becomes left-handed. This left-handed structure is called Z-DNA (because of its zig-zag structure) (Figure 12.4C) and has 12 base pairs per turn in contrast with B –DNA in which there are 10 pairs. There is some evidence, for instance, that Z DNA might exist in certain chromosomal regions in vivo (in the living organism Drosophila).

12.6.7 Some DNA Molecules are Circular instead of Linear

The nuclear chromosomes of all eukaryotic organisms are long linear double helixes, but some chromosomes are circular. These include the chromosomes of prokaryotic bacteria, the chromosomes of organelles such as the mitochondria and chloroplasts that are found inside eukaryotic cells and the chromosomes of some viruses, including the papovaviruses that can cause cancers in animals and humans. Examples of viruses carrying single stranded DNA are bacteriophages φX174 and M13 and mammalian parvoviruses, which are associated with fetal death and spontaneous abortion in humans. In these DNA molecules the rule of double complementary G + A = C + T, does not hold.


Figure 12.5 The structure of a dinucleotide with phosphodiester bonds.
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12.6.8 RNA as the Genetic Material (Structure)

RNA is a unique biopolymer because it plays very diverse roles in nature. RNA is much more than a messenger between genomic DNA and proteins; it is also a powerful catalytic biopolymer that is directly responsible for the peptide bond formation during protein synthesis in the most advanced cellular machine, the ribosome.

RNA differs from DNA in several aspects. First, the backbone of RNA contains ribose rather than 2’-deoxyribose. That is ribose possessed a hydroxyl group at the 2’ position. Second, RNA contains uracil than thymine. Third RNA is usually as a single polynucleotide chain. As a single stranded molecule, its hydrogen-bonding groups are available to perform catalytic functions. Such RNA enzymes are known as ribozymes. Ribozymes are naturally occurring RNA molecules that possess a catalytic function similar to that of protein enzymes [15]. They can catalyze specific biochemical reactions such as self-cleavage, self-splicing, and others. One of the first ribozimes was RNAse P, a ribonuclease that is involved in generating tRNA molecules from larger precursor RNAs. Ribonuclease P is a ribonucleoprotein (composed of RNA 375 base and 20 kD polypeptide) in which the RNA has catalytic activity. Except for the case of certain viruses, RNA is not the genetic material and does not need to be capable of serving as a template for its own replication. The messenger RNA is used to specify the amino acid sequences of cellular proteins. Another function of RNA is as an adaptor, between the codons in the mRNA and amino acids. RNA can also play a structural function as in the case of the RNA components of the ribosome.

12.6.9 Hammerhead Ribozymes HHRs

The hammerhead is a self–cleaving RNA, which cuts the RNA backbone via the formation oh a 2’, 3’ cyclic phosphate in a reaction that involves an RNA-bound Mg2+ ion located in the catalytic site and plays a crucial role in the reaction, but do not participate in catalytic reaction. The hammerhead contains of three stem-loop regions whose position and size are constant (I, II and III) (Figure 12.6a), and 13 conserved nucleotides, mostly in the regions connecting the center of the structure. The conserved bases and duplex stems generate an RNA with the intrinsic ability to cleave.


Figure 12.6 (a) Secondary structure of the hammerhead ribozyme. The figure shows the predicted secondary structures of the hammerhead ribozyme. Watson-Crick base pair interactions are shown; (U) uracil; (A) adenine; (C) cytosine; (G) guanine. (b and c) Tertiary structure of the hammerhead ribozyme.
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The tertiary structure of a hammerhead shows that it forms a compact V-shape in which the catalytic center lies in a turn as indicated diagrammatically in (Figure 12.6 b,c). The HHRs were firstly discovered in two classes of plant virus-like RNAs such as satellite RNAs and viroids [16]. Currently it is established that they are widely dispersed within many forms of life. In nature, the self-cleavage of the HHRs is part of a rolling circle replication mechanism, and they are cis-acting that not able to function under multiple turnover conditions in contrast to protein enzymes. But more important are the allosteric hammerhead ribozymes [17, 18], which can work as biosensors in vitro and as syntetic riboswitchers and gene regulatory elements in vivo [19]. Ribozymes are naturally occuring RNA molecule that possesses a catalytic function similar to that of protein enzymes [15, 19]. When used as biosensors in vitro all allosteric ribozymes are based on the minimal version of the hammerhead ribozyme. Unlike allosteric protein enzymes all allosteric ribozymes are synthetic molecules. Riboswitces are regulatory RNA molecules that act as direct sensors of small molecule metabolites to control gene transcription or translation. The synthetic riboswitches resemble the function of the natural ones found to control gene expression in bacteria, plants, and fungus. Natural riboswitches are discovered in bacteria and plant species and are structured of RNA domains usually residing in the 5’ UTR of mRNAs. They control gene expression by directly binding a specific metabolite. Riboswitches in plants and fungus are found to control gene expression via regulation of alternative splicing [20].

The idea of applying ribozymes as a medicine is an old one. Ribozymes have been seen as a tool for gene therapy for a long time [21, 22, 23]. By placing the ribozyme under control of a regulated promoter, it can used in the same way as (for example) antisense constructs specifically to turn off expression of a target gene under defined circumstances. The allosteric ribozymes have the potential to serve as synthetic riboswiches in a human cell. They may be used to develop novel therapeutic strategies, which can address many forms of cancer associated with aberrant expression of disease indicative RNAs. By this approach can be achieved re-programming the fate of malignant cells under control of synthetic riboswiches. These new synthetic biology approaches have the potential to be employed as a novel potent therapeutics. In Figure 12.7 a and b secondary structures of some riboswiches and the metabolites they sense are presented.


Figure 12.7 Riboswitches participate in fundamental genetic control. The secondary structure of riboswitches and his metabolite.

(Source: Courtesy of Robert Penchovsky).
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12.7 Regulation Gene Function Through RNA Interfering and MicroRNA Pathways

RNA interference (RNAi), a natural phenomenon that cells use to control their gene expression. RNAi was discovered in C. elegans in 1998. The introduction of double stranded RNA into C. elegans silenced the gene homologous to the dsRNA. This unexpected discovery and subsequent analysis of RNA interference (RNAi) is significant in two respects. First RNAi appears to be universal since introduction of dsRNA into nearly all animal, fungal, or plant cells leads to homology directed mRNA degradation. It should be noticed that much of what we know about RNAi comes from studies in plants. Second was the rapidity with which experimental investigation of this mysterious process revealed the molecular mechanisms. The repressions, called RNA interference, can manifest as translational inhibition of the mRNA, destruction of the mRNA or transcriptional silencing of the promoter that directs expression of that mRNA.

12.7.1 How dsRNA can Switch off Expression of a Gene?

Another form of gene regulation involves small RNA molecules that inhibit expression of homologous genes. The mechanisms by which these RNAs inhibit expression of genes can involve destruction of mRNA, inhibition of translation and RNA directed modification of nucleosomes in the promoters of genes. The last few years, researchers have been able to employ a new strategy to deplete the protein products of specific genes from developing organisms. This strategy, called RNA interference (RNAi), is based on the following discovery. To employ this RNAi strategy, researchers first synthesize a dsRNA and then deliver it to the cells of a developing organism. They usually carry out the dsRNA synthesis in vitro. There are several methods for getting the dsRNA into developing animals, including injection of dsRNA into the body cavity or soaking the animal in a dsRNA-containing solution. To knock out gene expression in later developmental stages, investigators construct transgenes that encode inverted repeat or “snap-back” RNA (Figure 12.8). When these transgene are transcribed in the animal, the “snap-back” RNAs forms double stranded regions that can almost completely suppress of the endogenous gene. In such a case, short interfering RNAs (siRNA) are produced dsRNA molecules with homology to that gene are introduced or made in that cell. This effect involves processing of the dsRNA to make short interfering RNAs by the enzyme Dicer. Dicer is an RNAseIII-like enzyme that recognizes and digests long dsRNA. The products of this are short double-stranded fragments about 23 nucleotides in length. (Figure 12.9). These shorter dsRNA then serve as templates for the degradation of homologous mRNAs into similar 21–23 bp fragments. These short RNAs (often called short interfering RNAs, or siRNAs). A second group of proteins promotes unwinding of the siRNA and complexing of their antisense strands with complementary sequences of the corresponding endogenous mRNA. This sense-antisense complex can meet either of two fates. In one, destruction of the mRNA accomplishes gene silencing. In the second, the bound antisense strand acts as a primer for reverse transcription to form a new dsRNA, which is then cleaved by the Dicer complex to produce a new generation of siRNA.


Figure 12.8 RNA interference (RNAi) in Drosophila.
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Figure 12.9 Mechanism of RNA interference (RNAi). RNA interference can be mediated by RNA that enters the cell from outside or it can be generated by viruses, transposons, or endogenous genes within the cell. Once siRNA (small interfering RNAs) are produced, they can exert their effects within the same cell and/or be transported between cells.
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The siRNA inhibit expression of a homologous gene in three ways: a/ they trigger destruction of its mRNA, b/they inhibit translation of its mRNA or c/they induce chromatin modifications within the promoter that silence the gene. Remarkably, whichever way, is used in any given case, much of the same machinery is required. That machinery includes a complex called RISC (RNA-induced silencing complex). RISC complex contains, in addition to the siRNAs themselves, various proteins including members of the Argonaut family, which are believed to interact with the RNA component.

As can see from Figure 12.9, once a given siRNA has been produced and assembled within RISC, it is denatured in an ATP-dependent way. The appearance of single-stranded RNA activates the RISC complex. Once activated the complex is directed to an RNA containing sequence complementary to the siRNA. Once there it can degrade that RNA or it can inhibit its translation. It seems that the way chosen depends at least in part, on how close is the match between the siRNA and the target mRNA. If they are completely complementary, the latter is degraded; If the match is less good, the response is largely an inhibition of translation. A nuclease activity within RISC is responsible for degradation when that is seen.

A RISC complex can also be directed by an siRNA into the nucleus where it associates with regions of the genome complementary to that siRNA. Once there the complex recruits other proteins that modify the chromatin around the promoter of the gene. Thus, very small amounts of dsRNA are enough to induce complete shutdown of target genes. Although RNAi was originally discovered and analysed in C. elegans, it is related to phenomena described earlier in plants and fungi and appears to be widespread among biological systems some of them are model organisms, like Drosophila, mouse, and even cultured mammalian cells, as a powerful new tool for specific gene silencing.

12.7.2 MicroRNAs also Control the Expression of Some Genes

There is another class of naturally occurring RNAs called microRNAs (miRNAs), that direct repression of genes in the same way as siRNAs. MicroRNAs are most extensively characterized in plants and worms (in which they were first recognized). The miRNA, typically 21 or 22 nts long, arise from larger precursors (about 70-90 nts) transcribed from non- protein encoding genes. These transcripts contain sequences that form stem loop structures, which are processed by Dicer (or for Dicer-like 1 in plants). The miRNAs they produce lead to the destruction (typically the case in plants) or translational repression of target mRNAs with homology to the miRNA.

It is estimated that there are about 120 genes that encodes miRNA precursors in worms, and 250 in humans. Often these miRNAs are expressed in developmentally regulated patterns and where characterized, their targets are typically mRNAs that encode regulatory proteins with important roles in the development of the organism in question.

12.8 DNA Vaccines

The progress achieved in nucleic acid engineering during the past 24 years proved that the nucleic acids are very suitable medium for engineering various nanostructures [23, 24, 25]. The nucleic acid engineering offers some significant advantages over organic chemistry based nanotechnology. The main advantage of making structures and devices with nucleic acids is the possibility of applying many established engineering methods in conjunction with various tools of molecular biology and nucleic acid [26].

DNA vaccines uses DNA molecules to elicit an immune response.

DNA vaccines offer the most direct use of genome sequences in the development of vaccines because they involve the direct injection of an antigen-coding DNA sequence into a patient’s body. The first demonstration of such a vaccine was in 1990. Naked DNA in solution, or sometimes DNA coated on the on the surface of gold pellets expelled by “gene gun”, can be used. Given the efficacy of vaccination via intramuscular injection, the DNA is believed to be absorbed by somatic cells that use it to produce the antigen protein. These protein is detected by antigen-producing cells (APCs), which then activate CD4 and CD8 cells thereby creating immunity at the cellular and humoral levels.

The components of a DNA vaccine are shown in (Figure 12.10). The manufacture of DNA vaccines requires that a large number of copies of the plasmid are made in bacteria; therefore, a plasmid must have an origin of replication that is suitable for initiating replication in E. coli. A gene conferring antibiotic resistance is also necessary to select bacterial colonies that contain copies of the plasmid. To work inside a human, the plasmid also requires a mammalian promoter, a polyA tail for mRNA stabilization, and of course the gene expressing the antigen that will confer immunity. Cytidine-phosphate-guanosine motifs are often added to the plasmid backbone because they have been found to induce higher levels of immunity. These motifs are quite common in the DNA of bacteria. DNA vaccines are being developed for a wide range of diseases including tuberculosis, malaria, and AIDS. DNA vaccines have several significant advantages over traditional vaccines. One big advantage is that they are capable of inducing both humoral and cellular immune responses. Disadvantages include worries about causing autoimmune disease and the possibility that vaccine plasmids might incorporate themselves into the human germline.


Figure 12.10 Components of a DNA-vaccine plasmid.


	Origin of replication for rapid replication in bacteria.

	Antibiotic-resistance gene to select transfected bacteria

	Mammalian promoter

	Poly A tail for mRNA stabilization
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The development of microbial drug targets and vaccines are already underway because of the recent sequencing of hundreds of microbial genomes. DNA vaccines and gene therapy allow the direct application of genome sequence data by transfecting patients with DNA for therapeutic ends.

In recent years a nanosphere of biodegradable polymer containing and releasing nucleic acids can be used for gene therapy, antisense therapy, to study cell differentiation, growth and carcinogenic transformation, animal models for human disease.

The ability of certain polymer microspheres and nanospheres to release drugs as small molecules, peptides and proteins has been previously described in the literature [27]. The encapsulation of drugs as a small molecules of peptides and proteins, the formulation of microshperes encapsulating DNA has been described [28] and also the preparation of nanospheres small enough to be used in injectable formulations has also described Gref et al. 1994 [29] and Bazile et al. 1995 [30]. Nanospheres containing plasmid DNA are made by the precipitation solvent evaporation method. The method permit the encapsulation of drug molecules, especially shear-sensitive molecules such as DNA, without exposing the molecules to undue mechanical stress or harsh chemical processing.

At present there are several systems that are effective not only at encapsulating nucleic acids in biodegradable polymers but contacting the nanosphere encapsulating the nucleic acids with cells, where the encapsulated nucleic acids are released from the nanosphere together with a desired therapeutic agent. Dordelmann et al., 2014 [31], showed that the encapsulation efficiency of hydrophilic and anionic biomolecules such as siRNA, plasmid DNA, and FITC-BSA into PLGA {Poly(D,L-lactide-co-glycoide} nanoparticles can be strongly increased by the addition of calcium phosphate particles with a diameter of about 50-100 nm into the inner aqueous phase (W1) during a classic W1/O/W2 (water –in –oil-in-water) emulsion solvent evaporation synthesis. DNA or siRNA interact with the surface of the calcium phosphate nanoparticles and act both as pharmaceutical active ingredient and as a stabilizing agent. The additional PLGA matrix protect the outer shell of DNA or siRNA from degrading enzymes like nucleases and proteases and provides the particles with a good storability in freeze-dried form, without the necessity of a cryoprotectant. A special challenge during this synthesis route was to obtain particles with a diameter below 200 nm. Therefore, it was necessary to add acetylated BSA into the inner aqueous phase (W1) to stabilize the primary W1/O emulsion. To enhance the cellular uptake of anionic calcium phosphate-PLGA nanoparticles, the surface of these particles was coated with cationic polymers such as chitosan and PEI (Polyethyleneimine).

In addition, transfection and gene silencing experiments showed that sensitive biomolecules like siRNA and DNA can be encapsulated inside PLGA nanoparticles by the addition of calcium phosphate, and efficiently delivered across the cell membrane. The cytotoxicity of calcium phosphate-PLGA nanoparticles is low in comparison to liposomal transfection agents. Thus, calcium phosphate-PLGA nanoparticles represent a very promising delivery system for hydrophilic anionic drugs, e.g., for nucleic acids in gene therapy, because of their good biocompatibility and high encapsulating efficiency.

Researchers at MIT and Harvard Medical School have created biodegradable nanoparticles made from stands of DNA and RNA that can deliver snippets of RNA directly to tumors, turning off genes expressed in cancer cells while posing no threat to the body. Using a technique known as “nucleic acid origami”, chemical engineers have built tiny particles made out of DNA and RNA that can deliver snippets of RNA directly to tumors, turning off genes expressed in cancer cells.

To achieve this type of gene shutdown, known as RNA interference, many researchers have tried – with some success- to deliver RNA with particles made from polymers or lipids. However, these materials can pose safety risks and are difficult to target.

The new particles developed by researchers at MIT and Harvard Medical School, appear to overcome those challenges. Because the particles are made of DNA and RNA, they are biodegradable and pose no threat to the body. They can also be tagged with molecules folate (vitamin B9) to target the abundance of folate receptors found on some tumors, including those associated with ovarian cancer one of the deadliest, hardest to treat cancers.

Using nucleic acid origami, researchers have much more control over the composition of the particles. Making it easier to create identical particles that all seek the right target. This is not usually the case with lipid nanoparticles. With lipid particles, we are not sure what fraction of the particles are really getting to the target tissue.

12.9 Conclusion

In recent years, gene therapy has become a widely publicized new method of ameliorating disease. However, very few, if any attempts have successfully proceeded through clinical trials. One of the main reason lies in the lack of an efficient targetable in vivo delivery vehicle – viral or non-viral vectors. The development of a method to efficiently introduce nucleic acids into cells would be useful, in gene therapy and antisense therapy with a small iRNA. One potential in vivo delivery vehicles is a biodegradable polymer – nucleic acids and proteins as a nanospheres containing DNA and DNA vaccines.

The enzymatic nature of a ribozyme is advantageous over other technologies. This advantage reflects the ability of the ribozyme to act enzymatically. In addition the ribozimes are highy specific inhibitor of the expression of a target RNA to which they binds.
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Abstract

In recent years, biocompatible natural polysaccharides are widely investigated in the designing of various pharmaceutical formulations. Among them, tamarind seed polysaccharide has emerged as a popular biopolymer candidate, which has found its applications in designing of various sustained release dosage forms. Currently, tamarind seed polysaccharide has been used to design oral multiple-unit sustained release systems like microparticles, beads, spheroids, etc. The current entry deals with a useful discussion on already reported different multiple-unit sustained drug release systems composed of tamarind seed polysaccharide. These multiple-unit systems were either formulated by extrusion-spheronization technique or using blends of tamarind seed polysaccharide and other biocompatible polymers through ionotropic-gelation, ionotropic emulsion-gelation, covalent crosslinking and combined ionotropic-gelation/covalent crosslinking techniques. All these tamarind seed polysaccharide-based multiple-unit systems were found capable of releasing encapsulated drugs in sustained release manner over prolonged period.
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13.1 Introduction

Currently, the whole world is turning towards the use of natural excipients in various biomedical applications [1]. Natural excipients do hold advantages over synthetic excipients, because they are biocompatible, biodegradable and freely available in the natural sources [2–4]. With the increasing demand for such natural materials, it has been necessary to explore newer sources to meet the huge industrial demands. Among the Asian countries, India, due to its geographical and environmental positioning has traditionally been a good source for such useful materials [1]. Among various natural excipients, natural polymers constitute a structurally diverse class of biological macromolecules with a broad range of physicochemical properties [5]. In the biomedical field, the degradation of natural polymers into physiological metabolites makes them excellent candidates for a wide range of applications, such as drug delivery, tissue engineering, etc [6].

Natural polysaccharides are the most popular natural polymer group possessing complex and branched structures with many monosaccharidic residues that are joined each other by O-glycosidic linkages [7]. These possess some excellent properties: non-toxicity, water solubility or high swelling ability by simple chemical modification, stability to pH variations and a broad variety of chemical structures [8]. In nature, polysaccharides are obtained from algal, plant, animal and microbial origin. Nowadays with the advancement of biotechnology, numerous natural polysaccharides are obtained through fermentation of microorganisms or produced in vitro through enzymatic process [2]. Plant polysaccharides are found mainly in plant exudates, fruits, seeds, roots, rhizomes, leaves, pods, etc [3, 9]. These are recognized as less expensive due to their low production cost, which is related to their large availability in nature [9–10]. Moreover, the plant-sources are renewable if cultivated or harvested in a sustainable manner and they can provide constant supply of plant polysaccharides [1, 3, 11–12]. Presently, various plant polysaccharides have been studied for their diverse applications as excipients like binders, granulating agents, disintegrants, emulsifiers, suspending agents, gelling agents, mucoadhesive agents, matrix-formers, release retardants, enteric resistants, etc., in various pharmaceutical dosage forms [3, 9, 10].

Tamarind seed polysaccharide is one of the emerging plant polysaccharides, which is a galactoxylan extracted from the tamarind kernel [13–14]. It has found its potential applications in food, cosmetic and pharmaceutical fields. During last few decades, tamarind seed polysaccharide is being used as useful pharmaceutical excipients in various conventional dosage forms like suspensions, emulsions, tablets, gels, ophthalmic preparations, etc [10, 13]. Recent years, tamarind seed polysaccharide has been used to design various oral multiple-unit sustained release systems like microparticles, beads, spheroids, etc [13–14].

Multiple-unit systems for sustained drug release exhibit several important advantages over single-unit systems, since they have been shown to reduce the inter- and intra-subject variability in drug absorption as well as to lower the possibility of dose-dumping [15–16]. To deliver recommended total dose, multiple-unit systems are filled into a sachet or capsules and/or compressed into tablets. Multiple-unit systems are able to mix with gastrointestinal fluid and distributed over a longer area in the gastrointestinal tract, which results the absence of impairing of performances due to failure of a few units and more predictable drug release [15]. Moreover, multiple-unit systems avoids the vagaries of gastric emptying and different transit rates through the gastrointestinal tract, thereby, drugs release more uniformly and prevent the exposure to high drug concentration, when compared with single-unit dosage forms. Recent years, the use of various plant polysaccharides to design of various multiple-unit oral dosage forms has been the focus of drug delivery research [16–17]. The current chapter deals with a comprehensive and useful discussion on already reported different multiple-unit sustained drug release systems composed of tamarind seed polysaccharide. Beside this, some important features of tamarind seed polysaccharide like sources, extraction, composition, properties along with its uses in the formulation of drug delivery systems in general are also discussed in brief.

13.2 Tamarind Seed Polysaccharide

13.2.1 Sources and Extraction

Tamarind tree (Tamarindus indica; belongs to the family Leguminosae), commonly known as imli (Hindi) and ‘Indian date’, is a large evergreen tree of India, South East Asia and some parts of Africa [13–19]. India produces tamarind about 0.3 million tons per year [20]. Tamarind seeds comprise the seed coat or testa of 20–30 % and kernel or endosperm of 70–75 % and crude fibre of 67.1 g/Kg with higher percentage of carbohydrate in the form of sugars [13, 20]. The tamarind seeds contain natural polysaccharide and it acts as a cell wall storage unit in the seed endosperms [21]. Tamarind seed polysaccharide is extracted from the tamarind seed kernel powder using various established methods [21–22]. The raw tamarind seeds are processed into tamarind seed kernel powder through the process of seed selection, seed coat removal, seed kernel separation, hammer milling, grinding and then sieving [3].

In 1946, Rao et al. (1946) first reported the extraction method of tamarind seed polysaccharide [21]. The tamarind seed polysaccharide extraction procedure was further modified by Rao and Srivastava in 1973 [23] and by Nandi, in 1975 [24] on laboratory scales. In the literature, several researchers have already reported different methods of tamarind seed polysaccharide extraction from the tamarind seed kernel powder. Among these methods, chemical method and enzymatic method are the widely employed methods for tamarind seed polysaccharide extraction. In the chemical method of tamarind seed polysaccharide extraction, tamarind karnel powder is soaked in boiled water and the extracted mucilage is filtered. The filtered content is added to equal amount of acetone to produce precipitation of tamarind seed polysaccharide, which is then concentrated and dried [25]. In the enzymatic method of tamarind seed polysaccharide extraction, the tamarind kernel powder is mixed with ethanol and then, it is treated with the enzyme, protease. After this treatment, it is centrifuged. Then, the supernatant is added to ethanol for precipitation. The precipitate is separated and dried [26].

13.3 Composition

Tamarind seed polysaccharide is a branched polysaccharide. Chemically, it is composed of (1 → 4)-β-D-glucan backbone substituted with side chains of α-D-xylopyranose and β-D-galactopyranosyl (1 → 2)-α-D-xylopyranose linked (1 → 6) to glucose residues, where glucose, xylose and galactose units are present in the ratio of 2.8:2.25:1.0 (Figure 13.1) [19–20, 25]. Thus, TSP is regarded as a galactoxyloglucan. About 80 % of glucose residues are substituted by xylose residues (1–6 linked) and partially substituted by p-1–2 galactose residues [27–28]. The molecular weight of tamarind seed polysaccharide is reported to be within the range between 2.5–6.5 x 105 [29].

13.4 Properties

Tamarind seed polysaccharide is a water soluble polysaccharide and stable in acidic pH [30]. The high degree of substitution of glucan chain in tamarind seed polysaccharide molecules produces a stiff and extended conformation molecule, with large volume occupancy in aqueous solutions. The native form of tamarind seed polysaccharide is demonstrated a trend to self-aggregation, when dispersed in aqueous solvents. The aggregates consist of lateral assemblies of single polysaccharide strands showing behaviour, which can be well explained by the worm-like chain or by the Kuhn’s model [13]. Tamarind seed polysaccharide swells in water and forms the mucilaginous solution after heating up showing a typical non-Newtonian rheological performance and pseudoplastic character [14, 19]. Therefore, tamarind seed polysaccharide has been described as hydrophilic, gel-forming, bioadhesive and mucomimetic properties [19]. It is insoluble in cold water and in organic solvents such as acetone, methanol, ethanol, ether, etc [13]. Tamarind seed polysaccharide is found biocompatible, noncarcinogenic non-irritant and haemostatic [3, 14, 30–31]. It has also shown hepatoprotective, anti-inflammatory and antidiabetic activities [32]. Tamarind seed polysaccharide possesses a unique film-forming property having high flexibility and tensile strength [13, 30].


Figure 13.1 Chemical structure of tamarind seed polysaccharide.

[image: ]


13.5 Use of Tamarind Seed Polysaccharide in Drug Delivery

Tamarind seed polysaccharide is one of the emerging plant-derived polysaccharides, which has been studied as pharmaceutical excipients in various drug delivery applications. It is used as binder, gelling agent, thickener, emulsifier, suspending agent, mucoadhesive agent and release modifier in various types pharmaceutical dosage forms including tablets, gels, emulsions, suspensions, beads, spheroids, microparticles, nanoparticles, ophthalmic preparations, transdermal and buccal patches, etc [3, 10, 13–14, 20, 28, 30–31]. Tamarind seed polysaccharide is also used as matrix-former in the formulation of matrix tablets and as controlled drug release carriers for variety of drugs [33–37]. It is also used in the development of oral [38–39], buccal [30, 40–41], colon [42], nasal [43] and ocular drug deliveries [44–45] systems. Moreover, it finds use in the development of various mucoadhesive drug delivery systems due to it’s due to its hydrophilic and mucoadhesive properties [30, 39–41, 43, 45]. Pharmaceutical applications of tamarind seed polysaccharide in different formulations are summarized in Table 13.1.

Table 13.1 Pharmaceutical applications of tamarind seed polysaccharide in different formulations.



	Formulations
	Pharmaceutical applications
	References




	Paracetamol suspension
	Suspending agent
	[45]




	Nimesulide suspension
	Suspending agent
	[46]




	Castor oil emulsions
	Emulsifier
	[47]




	Tramadol HCl tablets
	Binder
	[48]




	Ibuprofen tablets
	Release-retardant
	[50]




	Caffeine tablets
	Release-retardant
	[51]




	Acyclovir matrix tablets
	Matrix-former, release-retardant
	[35]




	Aceclofenac matrix tablets
	Matrix-former, release-retardant
	[52–53]




	Diclofenac sodium matrix tablets
	Matrix-former, release-retardant
	[54]




	Verapamil HCl tablets
	Matrix-former, release-retardant
	[55]




	Paclitaxel composites
	Release-retardant
	[56]




	Diclofenac sodium spheroids
	Release-retardant
	[37]




	Nifedipine buccoadhesive tablet
	Mucoadhesive, release-retardant
	[57]




	Mucoadhesive tablets of tarbutaline sulphate
	Mucoadhesive, release-retardant
	[33]




	Nitrendipine buccal tablet
	Mucoadhesive, release-retardant
	[40]




	Nasal gel of diazepam
	Mucoadhesive, gelling agent
	[43]




	Metronidazole buccal patch
	Mucoadhesive, film-former
	[30]




	Rizatriptan benzoate buccal films
	Mucoadhesive, film-former
	[41]




	Ibuprofen matrix tablets
	Release-retardant, colon-specific
	[42]




	Pilocarpine ocular gels (in situ)
	Gelling agent
	[44]




	Gentamicin and ofloxacin ocular gels
	Mucoadhesive, gelling agent
	[45]




	Oil-entrapped floating beads of diclofenac sodium
	Matrix-former, release-retardant, encapsulating agent
	[38]




	Oil-entrapped floating beads of risperidone
	Matrix-former, release-retardant, encapsulating agent
	[58]




	Microparticles of aceclofenac
	Matrix-former, release-retardant, encapsulating agent
	[59]




	Microbeads of diclofenac sodium
	Matrix-former, release-retardant, encapsulating agent
	[60]





13.6 Tamarind Seed Polysaccharide-based Microparticle/Beads for Sustained Drug Delivery

Tamarind seed polysaccharide has also been utilized in the development of various multiple-unit systems like microparticles, beads, spheroids, etc. In the literature, various types of tamarind seed polysaccharide-based multiple-unit systems for sustained drug delivery are available. All these reported tamarind seed polysaccharide-based multiple-unit systems for sustained drug delivery were formulated by different techniques like extrusion-spheronization [37], ionotropic-gelation [25, 39, 61–63], covalent crosslinking [59], combined ionotropic-gelation/covalent crosslinking [60] and ionotropic emulsion-gelation [38, 58]. These tamarind seed polysaccharide-based multiple-unit systems for sustained drug delivery are briefly discussed below.

13.7 Extrusion-Spheronization Method

13.7.1 Tamarind Seed Polysaccharide Spheroids Containing Diclofenac Sodium

Tamarind seed polysaccharide was used as release modifier for the preparation of diclofenac sodium-loaded spheroids [37]. These diclofenac sodium-loaded spheroids composed of tamarind seed polysaccharide were prepared by extrusion-spheronization technique. The preparation process was investigated for the effect of various process variables on the responses like particle shape, size and size-distribution. These spheroids exhibited controlled (zero order) in-vitro drug release, which was confirmed by Higuchi’s and Peppas’ models. A correlation was evidenced among the swelling index, viscosity and in-vitro dissolution profile of the spheroids. The comparative bioavailability study demonstrated that these spheroids were able to sustain the drug release over 8 hours and could enhance the extent of diclofenac sodium absorption and bioavailability.

13.8 Ionotropic-Gelation Method

13.8.1 Tamarind Seed Polysaccharide-alginate Beads Containing Diclofenac Sodium

Tamarind seed polysaccharide-alginate beads containing diclofenac sodium were prepared by ionotropic-gelation technique using calcium chloride (CaCl2) solution as crosslinking solution [25]. When dispersion mixtures containing sodium alginate, tamarind seed polysaccharide and diclofenac sodium was dropped into the solutions containing calcium ions, gelled spherical tamarind seed polysaccharide-alginate beads containing diclofenac sodium were formed instantaneously due to electrostatic interaction between negatively charged carboxylic acid groups located on the alginate back-bone and positively charged calcium ions of the crosslinking solutions. A 32 factorial design-based computer-aided optimization technique was employed to investigate the effects of independent process variables like sodium alginate to tamarind seed polysaccharide ratio and cross-linker concentration on the drug encapsulation and drug release of tamarind seed polysaccharide-alginate beads containing diclofenac sodium. The optimization process demonstrated the increment of drug encapsulation efficiency and the decrease in the cumulative in-vitro drug release after 10 hours with decreasing of sodium alginate to tamarind seed polysaccharide ratio and increasing of CaCl2 concentration. The optimized tamarind seed polysaccharide-alginate beads containing diclofenac sodium demonstrated the bead size of 0.71 ± 0.03 mm, drug encapsulation efficiency of 97.32 ± 4.03 % and the cumulative drug release of 69.08 ± 2.36% after 10 hours of in-vitro drug release. The surface morphology of optimized tamarind seed polysaccharide-alginate beads containing diclofenac sodium was visualized by scanning electron microscopy (SEM) (Figure 13.2). The SEM photograph showed a denser morphology with rough surfaces, where no crack was observed. The Fourier transform-infra red (FTIR) and nuclear magnetic resonance (1H NMR) spectra studies suggested the compatibility of the diclofenac sodium with tamarind seed polysaccharide and sodium alginate used to prepare tamarind seed polysaccharide-alginate beads containing diclofenac sodium prepared by ionotropic-gelation. The in vitro drug release from tamarind seed polysaccharide-alginate beads containing diclofenac sodium exhibited sustained drug release over 10 hours (Figure 13.3). The in vitro drug release was followed controlled release (zero-order kinetics) pattern with case-II transport mechanism controlled by swelling and relaxation of matrix. The swelling index of tamarind seed polysaccharide-alginate beads containing diclofenac sodium was lower in 0.1 N HCl in comparison than that in phosphate buffer, pH 7.4, initially due to shrinkage of alginate at acidic pH. Maximum swelling of microcapsules was noticed at 2–3 hours in phosphate buffer, pH 7.4 and after which, erosion and dissolution took place.


Figure 13.2 SEM photographs of optimized tamarind seed polysaccharide-alginate beads containing diclofenac sodium prepared by ionotropic-gelation technique.

Reprinted from [25], Copyright 2011, with permission of Elsevier.
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Figure 13.3 In-vitro drug release from various tamarind seed polysaccharide-alginate beads containing diclofenac sodium.

Reprinted from [25], Copyright 2011, with permission of Elsevier.
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13.8.2 Tamarind Seed Polysaccharide-alginate Mucoadhesive Microspheres Containing Gliclazide

The utility of tamarind seed polysaccharide as a natural mucoadhesive polymeric blend with sodium alginate for the development of novel tamarind seed polysaccharide-alginate mucoadhesive microspheres for oral delivery of gliclazide through ionotropic-gelation technique was evaluated [39]. These microspheres containing gliclazide were prepared by varying different ratios of tamarind seed polysaccharide-sodium alginate blends (1:1 and 1:2) with different concentrations of calcium chloride solutions (2–10 % w/v) as crosslinking solutions. The drug entrapment efficiencies in these microspheres were 58.12 ± 2.42 to 82.78 ± 3.43 %. The highest drug entrapment efficiency (82.78 ± 3.43 %) was evidenced in case of the microspheres containing gliclazide formulated using tamarind seed polysaccharide to sodium alginate blend ratio of 1 : 2 and 10 % CaCl2. Particle sizes of these microspheres were measured by optical microscopic method and the sizes were 752.12 ± 6.42 to 948.49 ± 20.92 μm. The SEM photograph of tamarind seed polysaccharide-alginate mucoadhesive microspheres showed spherical particles of rough surfaces without any aggregation. FTIR analysis suggested the compatibility of gliclazide with the polymer-blend (tamarind seed polysaccharide-alginate) used. These microspheres showed prolonged in-vitro release of gliclazide over 12 hours. The gliclazide release from these microspheres was found dependent on both the composition of the matrix and the degree of crosslinking by Ca2+ ions. The release of gliclazide at gastric pH (pH 1.2) was comparatively slower and sustained than that in intestinal pH (pH 7.4). The swelling index of these microspheres containing gliclazide was lower in 0.1 N HCl, pH 1.2 in comparison with that in phosphate buffer, pH 7.4. In 0.1 N HCl, the percentage of microspheres adhering to the goat intestinal mucosal tissue varied from 56.50 ± 4.25 to 70.85 ± 5.25 %, whereas, this was varied from 38.55 ± 0.58 to 48.60 ± 3.25 % in phosphate buffer. The ex-vivo wash off was faster at intestinal pH than at gastric pH. The in-vivo study in alloxan-induced diabetic albino rats revealed that selected best formulation of tamarind seed polysaccharide-alginate mucoadhesive microspheres containing gliclazide produced the significant hypoglycemic effect on oral administration.

13.8.3 Tamarind Seed Polysaccharide-alginate Mucoadhesive Beads Containing Metformin HCl

Mucoadhesive beads composed of tamarind seed polysaccharide-alginate polymer-blend were developed for oral delivery of metformin HCl [61]. These mucoadhesive beads were formulated through the ionotropic-gelation technique using CaCl2 as an ionic cross-linker. A 32 factorial designbased computer-aided statistical optimization was employed for the formulation development, where the effects of sodium alginate to tamarind seed polysaccharide ratio and CaCl2 concentration on the drug encapsulation and drug release (at 2 and 10 hours) were investigated and optimized. The optimized tamarind seed polysaccharide-alginate mucoadhesive beads containing metformin HCl exhibited 94.86 ± 3.92 % drug encapsulation efficiency and the size of 1.24 ± 0.07 mm average diameter. The invitro drug release demonstrated sustained drug release over 10 hours and followed controlled-release (zero-order) pattern with super case-II transport mechanism. The ex-vivo wash off with the biological membrane was faster in intestinal pH than at gastric pH and the ex-vivo wash off results indicated that these mucoadhesive beads containing metformin HCl had good mucoadhesivity. In vivo performance of the optimized tamarind seed polysaccharide-alginate mucoadhesive beads containing metformin HCl in alloxan-induced diabetic albino rats demonstrated significant hypoglycemic effect over prolonged period after oral administration.

13.8.4 Tamarind Seed Polysaccharide-pectinate Mucoadhesive Beads Containing Metformin HCl

Mucoadhesive beads containing metformin HCl made of low methoxy pectin-tamarind seed polysaccharide polymer-blends were developed through ionotropic-gelation technique and optimized by 32 factorial design [63]. Effects of low methoxy pectin and tamarind seed polysaccharide amounts on drug encapsulation efficiency and cumulative drug release at 10 hours were also analyzed using response surface methodology. The increment of drug encapsulation efficiency and decrease in the cumulative drug release at 10 hours were evidenced with the increasing of low methoxy pectin and tamarind seed polysaccharide amounts in the formulated beads containing metformin HCl. The optimized beads containing metformin HCl showed drug encapsulation efficiency of 95.12 ± 4.26 % and mean diameter of 1.93 ± 0.26 mm. Also, increasing bead size was found with the increasing amount of the polymers, low methoxy pectin and tamarind seed polysaccharide into bead formulations containing metformin HCl. Additionally, the increment average bead size was found proportional with the increasing of drug encapsulation efficiency. The SEM photograph of the bead morphology demonstrated spherical shaped beads with rough surface (Figure 13.4). The surface topography revealed cracks and wrinkles. The FTIR analyses suggested that the tamarind seed polysaccharide-pectinate beads containing metformin HCl had significant characters of metformin HCl and also the absence of any interaction between metformin HCl and low methoxy pectin-tamarind seed polysaccharide polymer-blends used. The in-vitro drug release behaviour of these newly developed ionotropically gelled tamarind seed polysaccharide-pectinate beads containing metformin HCl showed prolonged metformin HCl release over 10 hours (Figure 13.5). Metformin HCl release from these beads in the acidic medium was slow (less than 15 % after 2 hours) due to compactness of the gel-network through the shrinkage of pectinate gel at acidic pH. Controlled-release (zero-order) pattern with super case-II transport mechanism of drug release from these beads was observed over a period of 10 hours. The optimized beads also exhibited pH-dependent swelling and good mucoadhesivity with goat intestinal mucosa. The in-vivo study revealed significant hypoglycemic effect in alloxan-induced diabetic rats over prolonged period after oral administration of the optimized tamarind seed polysaccharide-pectinate beads containing metformin HCl. The results clearly demonstrated that the ability of the developed mucoadhesive beads containing metformin HCl to maintain tight blood glucose level and improved patient compliance by imroving, controlling and prolonging systemic absorption of metformin HCl.


Figure 13.4 SEM photographs of optimized tamarind seed polysaccharide-pectinate mucoadhesive beads containing metformin HCl prepared by ionotropic-gelation technique.

Reprinted from [63], Copyright 2013, with permission of Elsevier.
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Figure 13.5 In-vitro drug release from various tamarind seed polysaccharide-pectinate mucoadhesive beads containing metformin HCl.

Reprinted from [63], Copyright 2013, with permission of Elsevier.
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13.8.5 Tamarind Seed Polysaccharide-gellan Mucoadhesive Beads Containing Metformin HCl

Metformin HCl-loaded tamarind seed polysaccharide-blended gellan gum mucoadhesive beads were prepared through Ca2+-ion cross-linked ionotropic-gelation for oral drug delivery [62]. The formulation development of these mucoadhesive was performed by 32-factorial design-based computer-aided optimization and response surface methodology, where the effects of gellan gum to tamarind seed polysaccharide ratio and crosslinker (CaCl2) concentration on the drug encapsulation efficiency and cumulative drug release after 10 hours of tamarind seed polysaccharide-gellan mucoadhesive beads containing metformin HCl were investigated. The increment of drug encapsulation efficiency was observed with the decreasing of both gellan gum to tamarind seed polysaccharide ratio and CaCl2 concentration. However, a decrease in the cumulative drug release at 10 hours was seen with the decreasing of gellan gum to tamarind seed polysaccharide and the increasing CaCl2 concentration. The drug encapsulation efficiency and the mean diameter of the optimized beads containing metformin HCl was measured 95.73 ± 4.02 % and 1.70 ± 0.24 mm, respectively. Increasing size of these beads was found with the decreasing of gellan gum to tamarind seed polysaccharide and concentration of CaCl2. The SEM photograph of the optimized beads indicated spherical beads with an irregular and rough surface consisting of characteristic large wrinkles and cracks (Figure 13.6). In addition, few polymeric derbies and drug crystals were seen on the bead surface. The in-vitro drug release from these beads showed prolonged metformin HCl release over 10 hours (Figure 13.7). Metformin HCl release from these tamarind seed polysaccharide-blended gellan gum beads in 0.1 N HCl; pH, 1.2 was slow (less than15.30% after 2 h) and after that, faster metformin HCl release was observed in phosphate buffer; pH,7.4, comparatively. This phenomenon could be due to the fact that these beads swelled rapidly in alkaline dissolution medium than in acidic medium, and this led to comparative increased drug release in alkaline dissolution medium. In alkaline dissolution medium, probably a large swelling force was created by electrostatic repulsion between the ionized carboxylic acid groups of gellan gum-backbone. The trace amount of drug release at the initial stage of the dissolution study could probably be due to the surface adhered drug crystals. These tamarind seed polysaccharide-gellan gum beads followed the controlled (zero-order) release pattern with super case-II transport mechanism controlled by swelling and relaxation of polymeric-blend matrix. The ex-vivo wash off of these beads in goat intestinal mucosa exhibited good mucoadhesivity, which was found faster in alkaline pH than acidic pH, which could be due to ionization of carboxyl and other functional groups of the matrix structure. This might increased their solubility reducing the adhesive strength. The optimized tamarind seed polysaccharide-gellan gum beads containing metformin HCl showed a significant hypoglycemic effect in alloxan-induced diabetic rats over prolonged period after oral administration.


Figure 13.6 SEM photographs of optimized tamarind seed polysaccharide-gellan mucoadhesive beads containing metformin HCl prepared by ionotropic-gelation technique.

Reprinted from [62], Copyright 2013, with permission of Elsevier.
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Figure 13.7 In-vitro drug release from various tamarind seed polysaccharide-gellan mucoadhesive beads containing metformin HCl.

Reprinted from [62], Copyright 2013, with permission of Elsevier.
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13.9 Covalent Crosslinking

13.9.1 Chitosan-Tamarind Seed Polysaccharide Interpenetrating Polymeric Network Microparticles Containing Aceclofenac

Jana et al., have investigated aceclofenac-loaded chitosan-tamarind seed polysaccharide interpenetrating polymeric network microparticles for sustained drug release through covalent crosslinking by glutaraldehyde at pH 5.5 [59]. The drug entrapment efficiency of these microparticles was measured 85.84 ± 1.75 to 91.97 ± 1.30 %. Increasing drug entrapment efficiency in these microparticles with the increasing concentration of glutaraldehyde was evidenced and this could be due to high degree of crosslinking. The average microparticle sizes were measaured 490.55 ± 23.24 to 621.60 ± 53.57 μm. Decreasing the microparticle sizes was observed with the increasing amount of glutaraldehyde (i.e., a covalent cross-linker) could be due to the formation of more rigid polymer network at higher crosslinking density. The SEM photograph showed almost spherical particles within micrometer range without any agglomeration (Figure 13.8). The surface topography of these microparticles was found rough with presence of some wrinkles, which might be caused due to partly collapsing of the polymeric-gel network during drying. The formation of interpenetrating polymeric network structure between chitosan and tamarind seed polysaccharide was suggested by FTIR spectroscopic results. The possible reaction for the formation of interpenetrating polymeric network structure between chitosan and tamarind seed polysaccharide was also proposed by the Jana et al., [59] (Figure 13.9). The differential scanning calorimetric (DSC) analyses also indicated the stability of aceclofenac in the interpenetrating polymeric network matrix. In vitro drug release from these aceclofenac-loaded chitosan-tamarind seed polysaccharide interpenetrating polymeric network microparticles was evaluated using dialysis bag diffusion technique using phosphate buffer, pH 6.8 as release media. The results of in vitro drug release showed sustained aceclofenac release over a period of 8 hours (Figure 13.10). The increasing sustained drug release pattern from these microparticles was observed with the increasing amount of glutaraldehyde used for the preparation of interpenetrating polymeric network microparticles, which might be due to high degree of crosslinking. The in-vitro aceclofenac release from these aceclofenac-loaded microparticles followed the Korsmeyer-Peppas model with anomalous (non-Fickian) diffusion mechanism indicating both diffusion and swelling controlled drug release of entrapped drug. In-vivo anti-inflammatory effect of these microparticles containing aceclofenac was evaluated using carrageenan-induced rat-paw oedema model and the results showed prolonged anti-inflammatory effect in carrageenan-induced rats after oral administration of these aceclofenac-loaded chitosan-tamarind seed polysaccharide interpenetrating polymeric network microparticles.


Figure 13.8 SEM photographs of chitosan-tamarind seed polysaccharide interpenetrating polymeric network microparticles containing aceclofenac.

Reprinted from [59], Copyright 2013, with permission of Elsevier.
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Figure 13.9 Possible reaction for the formation of interpenetrating polymeric network structure between chitosan and tamarind seed polysaccharide.

Reprinted from [59], Copyright 2013, with permission of Elsevier.
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Figure 13.10 The in vitro drug release from various chitosan-tamarind seed polysaccharide interpenetrating polymeric network microparticles containing aceclofenac.

Reprinted from [59], Copyright 2013, with permission of Elsevier.
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13.10 Combined Ionotropic-Gelation/Covalent Crosslinking

13.10.1 Interpenetrated Polymer Network Microbeads Containing Diltiazem-Indion 254® Complex made of Tamarind Seed Polysaccharide and Sodium Alginate

Kulkarni et al., developed interpenetrated polymer network microbeads made of tamarind seed polysaccharide and sodium alginate blend for controlled release of a water-soluble drug, diltiazem HCl through combined ionotropic-gelation/covalent crosslinking [60]. They used a cation exchange resin, Indion 254® to prepare diltiazem-Indion 254® complex. The complex was encapsulated within the interpenetrated polymer network microbeads. These microbeads exhibited 78.15 to 92.15 % of drug entrapment efficiency. The drug entrapment efficiency was increased with the decreasing of CaCl2 concentration. At higher CaCl2 concentration, more Ca2+ ions diffused into the diltiazem-Indion 254® complex and consequently a higher amount of drug got displaced from the diltiazem-Indion 254® complex. This free drug then diffused out of the interpenetrated polymer network microbeads, which resulted in decreased drug entrapment efficiency. The size of these microbeads varied from 986 to 1257 mm. The size of combined ionotropic-gelation/covalent cross-linked microbeads was comparatively smaller than the ionotropically cross-linked beads, which might be due to rapid shrinking of the polymer network after treating the microbeads with glutaraldehyde. With the increasing concentration the covalent cross-linker, glutaraldehyde, the microbead size was decreased, which could be due to the formation of a stiffer matrix at higher crosslinking densities. FTIR analyses suggested the formation of the interpenetrating polymeric network structure between alginate and tamarind seed polysaccharide within the formulated microbeads containing diltiazem-Indion 254® complex. DSC and XRD analyses indicated the physical status (crystalline or amorphous) and stability of the drug in the interpenetrating polymeric network microbead-matrix. The in-vitro drug release from these microbeads prepared with uncomplexed drug (plain diltiazem) demonstrated drug release up to 4 hours and those microbeads prepared with diltiazem-Indion 254® complex exhibited drug release up to 9 hours. The in-vivo evaluation of these interpenetrated polymer network microbeads in Wister rats exhibited comparatively higher AUC values signifying the greater bioavailability of diltiazem.

13.11 By Ionotropic Emulsion-Gelation

13.11.1 Oil-entrapped Tamarind Seed Polysaccharide-Alginate Blend Floating Beads Containing Diclofenac Sodium

Groundnut oil-entrapped tamarind seed polysaccharide-alginate blend floating beads containing diclofenac sodium were developed by ionotropic emulsion-gelation method using calcium chloride solution as cross-linker for the use in gastroretentive drug delivery [38]. In these beads, the low density oil, groundnut oil was entrapped to attain buoyancy for longer period. When the emulsions of sodium alginate, TSP, groundnut oil, and diclofenac sodium were dropped into the solutions containing calcium ions, gelled spherical groundnut oil-entrapped tamarind seed polysaccharide-alginate beads containing diclofenac sodium were formed instantaneously due to electrostatic interaction between negatively charged sodium alginate and positively charged Ca2+-ions. The formulation development of these oil-entrapped beads containing diclofenac sodium was performed by 23-factorial design-based computer-aided optimization and response surface methodology, where the effects of three independent variables: polymer to drug ratio, groundnut oil to water and sodium alginate to tamarind seed polysaccharide ratio on drug entrapment efficiency, density and cumulative drug release after 8 hours in simulated gastric fluid (pH 1.2) investigated. The optimized beads containing diclofenac sodium showed drug entrapment efficiency of 82.48 ± 2.34 %, and density of 0.88 ± 0.07 gram/cm3. The in vitro floatation results of these beads in simulated gastric fluid (pH 1.2) showed good flotation (buoyancy) over 8 hours with floating lag-time less than 10 minutes due to their low density. The in-vitro drug release showed a sustained release of diclofenac sodium over 8 hours in simulated gastric fluid, pH 1.2, indicating controlled release of drug with super case-II transport mechanism. Anti-inflammatory effect of the optimized groundnut oil-entrapped tamarind seed polysaccharide-alginate beads containing diclofenac sodium was evaluated using carrageenan-induced rat-paw oedema model. The mean increase in paw volumes after oral administration of pure diclofenac sodium and optimized floating beads containing diclofenac sodium was significantly (p < 0.05) lower than that of aqueous sodium carboxymethyl cellulose solution (0.5 % w/v) for all time interval points. Again, the mean paw volume after oral administration of optimized floating beads containing diclofenac sodium was significantly (p < 0.05) lower than that of pure diclofenac sodium after 2 h of oral administration. The optimized floating beads showed slower inhibition of paw oedema comparatively than that of the pure diclofenac sodium and maintained increasing inhibition of paw oedema over 8 h after oral administration.

13.12 Conclusion

The abundance of availability in natural source, low processing cost, biocompatibility and biodegradability of tamarind seed polysaccharide have compelled various drug delivery researchers and formulation scientists to design various pharmaceutical dosage forms utilizing it as pharmaceutical excipients. The present discussion revealed different approaches to the utility of tamarind seed polysaccharide for the development of multiple-unit sustained drug release systems like like microparticles, beads, spheroids, etc. These tamarind seed polysaccharide-based multiple-unit systems for sustained drug delivery were formulated by different techniques like extrusion-spheronization, ionotropic-gelation, covalent crosslinking, combined ionotropic-gelation/covalent crosslinking and ionotropic emulsion-gelation. All these multiple-unit systems were found capable of encapsulating high amount of drugs and releasing of loaded drugs in controlled manner over a longer period. Some of these exhibited pH dependent swelling and mucoadhesivity. The in-vivo performances of these multiple-unit systems encapsulated with different kinds of drugs exhibited significant results to support the controlled systemic absorption of drugs over a prolonged period. The current chapter provides a comprehensive and useful discussion on already reported different multiple-unit sustained drug release systems composed of tamarind seed polysaccharide along with some important features of tamarind seed polysaccharide like sources, extraction, composition, properties. This discussion should be helpful in applying appropriate strategies or achieving desired controlled drug release profiles from multiple-unit systems made of tamarind seed polysaccharide.
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