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Abstract

:

The increasing demand for environmental protection has led to the rapid development of greener and biodegradable polymers, whose creation provided new challenges and opportunities for the advancement of nanomaterial science. Biodegradable polymer materials and even nanofillers (e.g., natural fibers) are important because of their application in greener industries. Polymers that can be degraded naturally play an important role in solving public hazards of polymer materials and maintaining ecological balance. The inherent shortcomings of some biodegradable polymers such as weak mechanical properties, narrow processing windows, and low electrical and thermal properties can be overcome by composites reinforced with various nanofillers. These biodegradable polymer composites have wide-ranging applications in different areas based on their large surface area and greater aspect ratio. Moreover, the polymer composites that exploit the synergistic effect between the nanofiller and the biodegradable polymer matrix can lead to enhanced properties while still meeting the environmental requirement. In this paper, a broad review on recent advances in the research and development of nanofiller reinforced biodegradable polymer composites that are used in various applications, including electronics, packing materials, and biomedical uses, is presented. We further present information about different kinds of nanofillers, biodegradable polymer matrixes, and their composites with specific concern to our daily applications.
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1. Introduction


With the depletion of energy and the worsening environmental problems associated with plastic scrap disposal from petroleum production, there has been a growing interest in biodegradable and renewable resources. With the increasing demand for biodegradable materials, the advancements in the field of degradable composites are getting more and more attention [1,2,3,4,5,6]. However, most commercial composites are carbon fiber or fiberglass-reinforced epoxy composites that are the subject of fossil-fuel-based composites and are not in line with sustainable green development because of the difficulties in recovering and disposing of these materials at their life-cycle end [7,8,9,10,11]. At the same time, traditional biodegradable polymer materials exhibit poor mechanical properties, a narrow processing window, low electrical and thermal properties and cannot meet the actual needs [12,13,14]. However, using biodegradable polymer materials as substrates, biodegradable polymer composites that can both degrade and meet practical requirements can be developed by adding appropriate reinforcing fillers using advanced technologies and methods. Biodegradable composite materials are used in many fields such as artificial joints, wound treatment, delivery of corresponding drugs and body orthopedic devices, and are widely used in food packaging and agricultural films [15,16,17]. To expand the range of applications of biodegradable polymers in various fields, the performance of biodegradable polymers needs to be enhanced. An example of this is the use of bio-based hybrid nanocomposites that would enhance the synergy of natural fibers in bio-based polymers while improving performance and maintaining environmental attractiveness [1,7,18]. With the changing environment, people are becoming increasingly integral to waste treatment. With the biodegradability of bio-based polymers, sustainability is also enhanced so that they can be applied in practical engineering. The rapid development of bio-based polymers is due to the significant progress in the production of bio-based components from biomass feedstocks, enabling bio-based polymers with more functional and chemical structures to achieve target performance and functionality. However, the mechanical properties and barrier properties of biopolymers limit their popularization and application [19]. There are three aspects related to the promotion of biopolymers: performance, processing and cost. All biodegradable polymers have “performance and processing” issues. Nano-enhanced biodegradable biomaterials can be used to improve the performance of biomaterials. Bio-nanocomposites are comprised of biopolymer matrices and nanoparticles (sizes less than several hundred nanometers) which are used for the reinforcement or functionalization [20,21,22]. With the high depth to width ratio and high superficial area of nanoparticles, bio-nanocomposites are a new type of material that has significantly improved performance compared to the basic bio-polymers [23,24,25]. In the packaging industry, the continuous impact of plastomer packaging castoff on the environment has also attracted worldwide attention due to limited processing methods [26,27,28,29].



Thus, the biodegradable plastic packaging receives more attentions attribute to its sustainable consumption of natural resources while the environmental burden is becoming more and more serious [30,31]. At the same time, the increase of food security led to an increased need for biodegradable wrappers made from renewable resources (biomacromolecules), as a substitute for synthetic plastic wrappers, particularly for short period wrapping and single-use (i.e., single-use tableware, single-use dishes, glass and tableware, garbage bags, drink vessels, farm mulching films, fast food boxes, medical apparatus and instruments, etc.) [25]. From the current situations, the application of nanotechnology in packaging is much faster than the food itself, because people are suspicious of the safety of nanoparticles that are directly added to the food. For food packaging materials, it is believed that nanoparticles will not affect the ingredients of the food itself. It will only migrate from packaging to the food under high temperature level and longer heating time. Therefore, the biodegradable nanocomposites used as packaging materials have minimum effect on the food security [32,33,34]. Prior to mercantile use of bio-based wrappers, some elementary problems must be solved including the rate of degradation, changes in mechanical behavior during conservation, possibility of microbial proliferation, and contamination of packaged foods by harmful compounds. In fact, these biopolymer wrappers have a higher hydrophilicity and are weaker during processing, resulting in industrial restrictions [35]. Although researchers have done much research on improving the packaging performance of biopolymer membranes, the issues of physics, thermology, and mechanical behavior still cannot meet the requirements in industrial activities [31,36]. Consequently, we have been working on developing biocomposites with improved mechanical behavior, separation properties, rheology and hot properties of food packaging pellicles. There are many bio-based polymer fillers available. The nature of the nanofiller can be organic or inorganic. For example, inorganic fillers include silicon dioxide (SiO2), titanium dioxide (TiO2), calciumcarbonate (CaCO3), polyhedral oligomeric silsesquioxane (POSS) and other particles. Coconut shell nanofillers, cellulose nanofillers, and other organic and natural derivatives belong to the class of organic fillers [37,38,39,40,41]. Different nanofillers can improve the mechanical properties, heat resistance, barrier properties and can promote the development of biodegradable materials [6,42,43,44].



This article summarizes the latest research progress of biologic macromolecule materials, nanofillers and bio-nanocomposites in hardgoods, packing, electron and biomedical applications. Bio-based composites can overcome the inherent disadvantages of some bio-based materials such as narrow processing windows, poor barrier properties, poor biocompatibility and conductivity. This article also looks forward to the future processing technology, product development and application of nanofillers to enhance biocomposite materials [45].




2. Biodegradable Polymers


Biobased polymers [46,47,48,49] can be categorized into: (1) upgrades of biodegradable polylactic acid (PLA), polyhydroxyalkanoates (PHA), and the like; (2) polymerization similar to fossil oil derived materials, for instance bio aggregation (Bio-PET); and (3) new biologically based polymers, for instance 2,5- furan two formate (PEF) [50]. Polymer materials from natural crops, including corn-based isosorbide polycarbonate, can also be regarded as biologically based polymers. This article generally describes two biopolymers of polylactic acid (PLA) and polyhydroxyalkanoates (PHA). PLA, PHA and butanedioic acid polymers are the general biologically based polymers, which are often used in biodegradable plastic operations for the addressing of environmental problems. With the changing social demand for biodegradable polymers, the performance needs to be improved to make it more applicable [51,52]. Recently, examples of the development and application of PLA, PHA and succinate polymers have been described. The basic characteristics and chemical properties of the nanocomposites made from PLA, PHA, and some other polymers are also introduced in the following section.



2.1. Biodegradable Polylactic Acid (PLA)


PLA is made from the ring opening polymerization (ROP) of the ring two polymer lactide from lactic acid [53]. The nexus among the nature of PLA and the content of the L unit was studied. Polylactic acid is receiving increasing attention due to its biodegradability and potential role for replacing traditional polymers. PLA belongs to a highly crystalline polymerization because it is stereotactic. These stereoisomers can be controlled by using diverse activators. As the first large-scale produced bio-based plastic, PLA has good mechanical properties, mainly by hydrolytic degradation [54,55,56].



Since PLA’s raw materials are based on agricultural raw materials, the continuous supply of PLA resins is of great significance to the development of the global agricultural economy. The increase in the high molecular weight of polylactic acid is the driving force for the extended application of PLA. Various techniques can be used to prepare these polymerizate, mainly through the formation of azeotropic dewatering polycondensation, direct polycondensation, or condensation of the lactide (as shown in Figure 1) [57]. Although the production technology of PLA has been greatly improved, there are still many areas for improvement in PLA applications. PLA has mainly been used to replace thermoplastics. For example, for important foods that require high separate safeguard, polyethylene terephthalate (PET) packaging may not be replaced by PLA, because the barrier properties of PLA are different from those of PET. The brittleness of PLA will also be a limiting condition for its tenacity and shock resistance. Finally, when PLA is exposed to atrocious weather conditions, it may have unpredictable characteristics. Compared to conventional thermoplastic polymers, polylactic acid has poor heat endurance and shock resistance. As a result, there is a gap between PLA and conventional polymers. However, the use of polylactic acid could be extensive if its performance was improved. In recent years, researchers have used a variety of nanofillers to improve the performance of PLA, mainly phyllosilicates, carbon nanotubes, hydroxyapatite, layered titanates, etc. [58]. The good compatibility, material characteristics and low cost of PLA will make it widely used in medicine. Furthermore, the shear-thinning characteristics of PLA can be used in conventional polymer processing technology processes, and some new technologies (such as the use of supercritical foams and electrospinning to produce nanofibers) which has positive implications for spreading the application of such polymers [59].




2.2. Polyhydroxyalkanoate (PHA)


Polyhydroxy chain alkanoate (PHA) is a kind of biological polyester, made naturally by various microorganisms. Research work is being done to create PHA in transgenic plants [60]. These polymeric compounds have different structures and corresponding properties. More than 150 different genres of PHA are homopolymers, which are created by diverse kinds of bacteria and growing conditions. Polyhydroxybutyrate (PHB) and poly (hydroxybutyrate Hydroxyvalerate) (PHBV) are the most famous polymerizates in polyhydroxyalkanes systems [54]. PHA is a member of the polyester family composed of hydroxyalkanate monomers. In nature, they exist in the form of homopolymers. PHA is present in pure particulate polymer form and is used as an energy storage medium in bacteria (similar to animal fats and starch-like starch plants). PHA is commercially produced using energy-rich feedstocks that are converted to fatty acid feedstocks. During PHA’s industrial production process, the cells are separated and dissolved after several production cycles. The extraction of the purified cell residue from a polymer is processed into particles or powders [61].



In recent years, researchers found that a large number of bacteria can produce different polyhydroxyalkanoate bio-polyesters. In general, it does not seem too easy to manipulate PHA structure and the proportion of monomers in the copolymer. However, the weakening of the beta oxidation cycle by pseudomonad putida and pseudomonad thermophila makes various PHA structures controllable. It has become a reality to use functionalized PHA by introducing functional groups, which contains fatty acids, into polyhydroxy polymer chains in a predetermined ratio [62]. However, commercialization of PHA is costly, has molecular weight (MW) and structural instability, and, thus, the thermomechanical properties are not stable [36,63,64]. Furthermore, high costs are associated with complex biological processes such as bactericidal effects, low conversion of carbon substrates to PHA products, slow growth of microorganisms, and downstream separation [65]. Therefore, researchers are not aware of the limitations of PHA production. A growing body of research has been conducted on methods to enhance production, with the objective being sustainably producing large-scale microbial polyhydroxyalkanoates (PHAs), promoting the commercialization of PHAs and expanding their range of applications [66,67]. For example, Burniol-Figols summarized the method for the production of PHA by fermenting crude glycerol (as shown in Figure 2) and studied the effects of nitrogen under different conditions [68]. Koller focuses on the investigation of the thermal and rheological properties of PHA polymers accumulated by Synechocystis salina. The determined thermal and rheological properties show that PHA polymers accumulated by S. salina on digestate supernatant or mineral medium are comparable with the commercial available poly(3-hydroxybutyrate). However, the results demonstrated that PHA polymers generally need to be modified before the melting process to increase their stability in the molten state [69].



PHA is not only a kind of environmentally friendly biopolymer, but also has many adjustable material properties. With the further reduction in cost and the development of high value-added applications, it will become a kind of multi-application field material which can be accepted by the market. Because it is a family with a wide range of components, its performance from hard to high flexibility enables it to be applied to different applications. The structural diversity of PHA and the variability of its properties make it an important member of biomaterials. Compared with PLA, the developing history of PHA is short, but the development potential and range of applications are bigger.





3. Nanofillers for Biodegradable Nanocomposites


Nanofillers can improve or adjust the properties of the materials into which they are incorporated, such as flame retardant properties, optical or electrical properties, mechanical properties and thermal properties [57]. Nanofillers need to be incorporated into the polymer matrix in a certain proportion. There are many nanofillers used in nanocomposites, which mainly include nanoclays, carbon nanotubes and some organic nanofillers [54]. This paper mainly introduces nanofiller reinforced biodegradable polymer composites, in which the matrix need to come from renewable resources.



3.1. Nanocellulose


With the advancement of technology, the natural polymer cellulose attracts more people’s attention worldwide. A new kind of “cellulose” has been used as an advanced material [70]. Cellulose is considered a product or extract of natural cellulose consisting of nanoscale structural materials. In general, the cellulose family can be divided into three kinds: (1) cellulose nanocrystals which has other names such as nanocrystalline cellulose; (2) cellulose nanofibers which is also known as nanofibrillated cellulose (NFC); and (3) bacterial cellulose (BC), also called microbial cellulose. It can be obtained from wood, flour, beets, potato tubers, ramie, algae and other plants. The BC can be reproduced quickly by converting large unit (cm) into small units (nm) and let them grow back into large units under adapt circumstance. Bacterial nanocellulose is a nanocellulose that is secreted by microorganisms and has been demonstrated to be useful for artificial blood vessels in tissue engineering. Bacterial nanocellulose as nanofiller has good mechanical properties and biocompatibility, ultrafine fiber network and high porosity [71]. Chemically induced deconstruction strategies, such as acid hydrolysis, are commonly applied to pick up CNC from natural cellulose while retaining highly crystalline structures. The process of BC construction is shown in Figure 3, which is typically synthesized by bacteria in a pure form [72]. Different types of cellulose exhibit different properties, which determine their applicability and functionality, that is, some types of cellulose are better suited for specific applications. A high Young’s modulus/high tensile strength are the typical properties of cellulose that are important. Some aspect ratios that can be manipulated depend on particle type, and potential compatibility with other materials. In addition, the choice of chemistry and material affinity give rise to very versatile cleavage [73]. There are many studies on nanofibers. Jafari et al. [74] conducted a study of nanofiber coatings and found that the low DE of polymer–polymer complexes decreases the water adsorption and the solubility of maltodextrin. Second, the crystalline nanocellulose fibers increase the path of curvature and curvature in the material and reduce the water possibility of molecular penetration. Kuo et al. developed an enhanced bio-nanocomposite fiber/resin interface with a blend of toughened epoxy resins to improve resin penetration and fiber distribution [75]. Nanocellulose can control the rheology stability of dispersion and give the composite stronger mechanical properties. Synthetic modification of fibrous cellulose is a way to get chemical compatibility of the systems. However, this also limits the environmental benefits of using cellulose components. Therefore, an attractive step forward in compatibility and further expansion of nanocellulose applications is through the use of surfactants [76]. The tensile strengths of some nanocomposites are linearly correlated with the strengths of cellulose nanofibers. Better dispersion of individual cellulose nanofibers can improve the performance of the composites [77].



Linear biopolymer cellulose is naturally found in all plants. In addition to be the major natural polymer on Earth, it has a variety of functions, including excellent biocompatibility, lower density, greater strength, and has the most favorable mechanical properties at a fraction of the cost. With the recyclability, anisotropic shape, good mechanical properties, fine biocompatibility, and adjustable surface chemistry of nanocellulose, a growing number of applications of nanocellulose materials in science and biomedical engineering related fields has attracted peoples’ interest. Although the topics of nanocellulose has been extensively studied over the past years, there is clear room for growth, especially regarding new developments in coatings and medical devices [73,78].




3.2. Nanoclays


Layered silicate, also known as clay, is the most commonly used nanolayered silicate nanocomposite in polymer composites, which have a widespread application in the preparation of composites based on clay. The changes in size of the silicate layer depends on the source of the clay, the silicate particles and the production technology. The structure in the silicate layer will be changed, and the substitute induces a negative charge in the slime sheet that is spontaneously offset by the cations in the interlayer spacing. All electricity variation relies on layered silicate [79]. Biodegradable plastic clay nanocomposites have attracted wide attention because of their ameliorated mechanical and obstruction properties and their lower burnable points on each native polymer. Majeed researched the natural fiber filled hybrid composite in the field of food applications and obtained a wrapper with enhanced barrier and obstruction properties [80]. Malwela studied the enzymatic degradation behavior of nanometer clay reinforced degradation material. The effect of nanoclay on the degradation rate of blends at various temperatures is diverse from that of PLA/PBSA mixture composites, which provide a reference for subsequent studies. Of course, nanoclays are also used for several new and improved biodegradable polymer materials, with a growing range of applications, not only because of its strong practicality and low price point, but also because it has machinability and thermosetting properties [81,82,83,84,85].




3.3. Carbon Nanotubes and Graphene


3.3.1. Carbon Nanotubes


Nanotubes have been synthesized by a number of methods including arc discharge, laser ablation, chemical vapor deposition, etc. [86]. Carbon nanotubes exhibit excellent mechanical, electrical and magnetic properties which make them an ideal material for high-strength polymer composites. However, because of van der Waals interactions, carbon nanotubes usually form stable bundles that are extremely hard to disperse and align in the polymer. Due to this, the biggest issue with the manufacturing of carbon nanotube-reinforced composites is the ability to disperse and assess the dispersibility as well as arranging and controlling the carbon nanotubes in the matrix. There are some methods for dispersing nanotubes in a polymer matrix, such as solution mixing and melt mixing. The chemical vapor deposition process has progressed the construction of carbon nanotubes, which has promoted the widespread industrial application of this process.



Carbon nanotubes can be used in many situations, including polymer composites, electrochemical energy storage/conversion, hydrogen storage and others. Polymer composites are used as functional fillers that not only increase the thermal/mechanical properties, but also provide additional functions such as increase in flame resistance, and barrier properties. Its polymer composites have been extensively studied in many fields. Carbon nanotubes have been effectively exploited by researchers to develop techniques based on renewable resources, polymer materials, etc. Ma et al. [87] proposed the design of a bio-based conducting and rapidly-crystallizing nanocomposite with controlled distribution of multi-walled carbon nanotubes through an interface stereocomplex. Thin films and (semi) conductive materials show significant potential.



Hapuarachchi and co-worker [88] found that the multi-walled carbon nanotubes can be applied as flame retardants for PLA and its natural fiber reinforced composites. They found that the heat release rate (HRR) was reduced by 58% compared to native PLA because of the addition of multi-walled carbon nanotubes. The advancement of carbon nanotubes with better conductivity has created new applications for polymer composites in electromagnetic interference shielding fields.




3.3.2. Graphene


Graphene is a single layer of hybridized carbon atoms arranged in a two-dimensional lattice which can be manufactured by the peeling off of graphite nanosheets. The theoretical specific surface area of graphene sheets is 2630–2956 square meters and the aspect ratio is more than 2000. With its special structure, graphene has outstanding thermal properties and mechanical properties. One of the most advanced applications of graphene is a filler for nanocomposite polymers. However, it is hindered by poor solubility in most cases. Moreover, the large surface area of graphene leads to significant aggregation in the polymer because of the van der Waals. Thus, graphene has significant optical activity that can be observed on some substrates by simple optical methods. Actually, different numbers of atomic layers of graphene can be distinguished relatively easily using transmission optical microscopy [89].



Due to the excellent electrical, mechanical, optical and transport properties of graphene, it has been used in many different types of applications. Graphene reinforced nanocomposites have a high level of hardness and strength. These nanocomposites should have excellent mechanical properties and graphene is expected to be a reinforcing material for high performance nanocomposites. However, there is a problem in obtaining good dispersion, and there are challenges in getting graphene to completely peel into a single layer or a few layers of material having a reasonable lateral size or generating graphene oxide without significantly damages [90]. Researchers have done a lot of work on graphene reinforced nanocomposites. Graphene-based adsorbents have attracted widespread interest as effective adsorbents for the removal of heavy metals from the environment [91]. Sima Kashi et al. conducted a study on the dielectric and EMI shielding performance of graphene-based biodegradable nanocomposites. The study found that the addition of graphene nanosheets significantly enhanced the dielectric constant of both polymers [92]. Purnima Baruah et al. studied bio-based, tough, hyperbranched epoxy/graphene (HBE) nanocomposites with enhanced biodegradability. Performance studies showed that the addition of graphene oxide (GO) to HBE increased the bond strength by 189%, the toughness by 263%, the tensile strength by 161%, and the elongation at break by 159% [93]. After extensive research, it has also been necessary to guarantee that a strong interface exists between the reinforcing material and the polymer matrix to give the best properties of the graphene reinforced nano-polymer. It should be noted that apart from providing good prospects for mechanical enhancement, it can also be used to control functional properties such as conductivity, swelling, gas barrier properties and stability.





3.4. Other Functional Nanofillers


Bio-nanoparticles and a variety of functional fillers are attracting a great deal of attention because of their diverse biomedical and biotechnological applications. Nano-scale fillers play a significant role in the manufacture of biological composites because they bring a variety of desirable functions to the composite. There are a variety of functional nanofillers such as silica nanoparticles, hydroxyapatite, layered double hydroxide (LDH), polyhedral oligomeric silsesquioxanes (POSS), cellulose nanofibers, etc. [94,95]. Recently, some nanofillers have drawn more attention due to their versatility in the manufacture of biomedical applications. Hydroxyapatite is famous for its bioactive and biocompatible ceramic which is found in bones and teeth. Bio-based polymers of LDH find wide applications in tissue engineering, drug delivery and gene therapy because of their compatibility and their non-cytotoxic and nonirritating biological systems [96]. The Hap/GO nanocomposites prepared by M. Ramadas et al. provide excellent biocompatibility for use in orthopedic, drug delivery and dental applications [97].





4. Processing Methods and Applications


4.1. Processing Methods


Bio-based materials have disadvantages such as poor hydrophilicity, poor electrical conductivity, and poor mechanical properties during processing [21]. However, nanofillers can overcome the above defects and achieve the purpose of enhancing the properties of composite materials. Therefore, nanofillers are used to enhance biodegradable materials. There are many ways to prepare nanofiller biodegradable composite materials. Different nanofillers have different treatment methods. This article describes the processing of nanocellulose based biocomposites, the preparation of nanoclay based composites, the processing of polymer–carbon nanotube based biocomposites, and the processing of functional nanocomposites.



4.1.1. Processing of Nanocellulose Based Bio-Nanocomposites


At present, the main treatment methods for using nanocellulose fillers are solvent casting and melt processing [98]. These are mainly used to solve the problem that the nanocellulose cannot be evenly dispersed in a non-polar medium. Due to the polarity of nanocellulose whiskers, it is difficult to disperse homogeneously in non-polar media and therefore needs to be uniformly dispersed in polar media or in aqueous media [99]. Solvent casting and melt processing methods can help nanocellulose evenly disperse in the polymer. For the above two methods, the polymer used is different. For solvent casting, mainly three types of polymers are used: (1) water-soluble polymer; (2) polymer emulsion; and (3) water-insoluble polymer. There are two effective ways to achieve solvent casting. For polymer emulsions and water-insoluble polymers, it is possible to utilize polar head and long hydrophobic tail surfactants of polymer emulsions or water-insoluble polymers, Surfactants are coated on the surface of nanocellulose crystals. Another method is to graft hydrophobic chains onto the surface of nanocellulose crystals. Both methods allow the nanocellulose filler to be uniformly dispersed in the polymer.



Melt extrusion is the most commonly used in industry [100]. Melt extrusion refers to the process of adding the plasticized material to the extruder for forming. However, this method has several tough problems. The biggest problem currently is the use of dry nanocellulose. During the extrusion process, the nanocellulose particles easily form hydrogen bonds in the amorphous state. These hydrogen bonds have a strong adsorption force, which makes the material prone to aggregate when it is dry, so it is difficult to evenly disperse the polymer. Currently, researchers are working to overcome this by studying the feed process. Using the method of pumping suspension [99], nanocomposite-enhanced PLA biodegradable composites were obtained, which has better dispersibility. Another technique is wet extrusion [101]. Compared to melt extrusion, the wet extrusion has a lower temperature and is suitable for applying in biomedical applications. Because the temperature of the melt extrusion is too high to degrade the protein. At present, Danya M. Lavin’s team [102] used the wet extrusion method to prepare a self-assembled microfiber scaffold for drug delivery. The polylactic acid solution was added dropwise into a uniformly stirred, water-insoluble solvent to make it a liquid non-woven polymer. Fibrous scaffolds, then adjust the concentration of polymer spinning dope and increase the ratio of silicone oil to petroleum ether to achieve fiber diameter control.




4.1.2. Processing of Nanoclay Based Bio-Nanocomposites


At present, nanoclay biodegradable composites are mainly mixed by means of intercalation layered silicate. There are three main methods: (1) polymer solution embedding; (2) in-situ polymerization; and (3) melt embedding method.



The so-called polymer solution embedding method mainly works by macromolecule clay intercalation solvent in the polymer [103]. By this way, the nanoclay can be embedded in the polymer and will not damage the internal structure of the polymer, forming nanoclay–polymer composites. However, this method requires a large amount of solvent, thereby displacing a large amount of waste liquid, which has an adverse effect on the environment.



In-situ polymerization utilizes the polymerization of monomers in phyllosilicates. In this method, the nanoclays expand in liquid monomer. Under the action of polymerization, the nanoclays are effectively embedded in the polymer, a process requiring catalyst initiation of polymerization. The catalyst can effectively make the nanoclay fixed in the inner layer of silicate without falling off [104].



Melt embedding is currently the most widely used method in industrial production. When the temperature reaches the melting temperature, the nanoclay is annealed [105], in which case the polymer chains can enter the silicate interlayer, forming a sandwich structure. This method does not produce waste liquid as in the in-situ polymerization method and is a more economical and green method. This method can prepare various nanocomposites of different morphologies, depending on the manner in which the polymer chains are embedded and the types of functional groups. Figure 4 shows the formation of nanoclay composites.




4.1.3. Processing of Polymer–Carbon Nanotubes Based Bio-Nanocomposites


Carbon nanotubes act as nanofillers to enhance biodegradable composites; the extent of their enhancement depends mainly on the molecular orientation and degree of dispersion. At present, single-walled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs) are mainly dispersed in polymer composites, and van der Waals forces are used to enable the polymer matrix to condense carbon nanotubes. The degree of dispersion depends on the network structure of the structure. This uniformity depends on the molecular orientation of the matrix and its compatibility [107].



In addition, the differences in the size of the SWNTs and the larger surface energy lead to the polymerization of the MWCNTs. Therefore, it is difficult to uniformly distribute the surface of polymer. The current methods of uniformly dispersing carbon nanotubes include chemical modification [108], coating of carbon nanotubes [109], in-situ polymerization [104], ultrasonic dispersion [110], melt processing [111], addition of surfactants [112], electrospinning [113], electrochemistry and crystallization [114]. Uniform dispersion of carbon nanotubes can significantly increase the strength and toughness of composites, and improve the electrical conductivity of composites. It is an important measure for degradable biocomposites.




4.1.4. Processing of Functional Nanocomposites


Hap-based nano-natural degradation of composite materials are used in medical applications. Hap composite materials can be prepared by traditional physicochemical methods [115]. The preparation method mainly adopts solvent casting. The solution concentration determines the degree of polymer dispersion while the mixing time and the mixing method determine polymer uniformity. Hap particles are not easily reacted due to the lack of reactive functional groups (hydroxyl groups). Currently, this problem can be solved by changing the Hap particle size and increasing the surface energy [116]. It should be noted that the catalyst added in the mix must be harmless and biocompatible without changing its properties.



The other is LDH nanocomposite. The polymer is mainly prepared by three methods: (a) monomer exchange and in situ polymerization; (b) coprecipitation or polymer displacement; and (c) polymer recombination [117]. Figure 5 shows three specific preparation methods. In-situ polymerization is to fill the interlayer of nanolayers with the reaction monomers, allowing them to polymerize between layers. The co-precipitation method refers to the fact that two or more cations are contained in a solution. They are present in a homogeneous solution and a precipitant is added. After the precipitation reaction, uniform precipitation of various components can be obtained. Polymer recombination refers to the process of reacting and orderly arranging different polymer monomers and reacting to form new polymers.



Method (a) is used in the preparation of polymer–LDH nanocomposites. The coprecipitation method is useful for layered hydroxide. The process consists of “co-assembly” synthesis of LDH in the presence of a polymer formed between LDH sheets [118].





4.2. Application


4.2.1. Electronics


Nanofillers Enhanced Biodegradation Composites have been widely used in many fields and have many advanced developments in electronics, including diodes, solar cells, and electromagnetic applications [119]. With the continuous increase of electronic devices, abandoned electronic devices cause serious environmental pollution, and the appearance of biodegradable bio-composites greatly relieves the environmental pressure.



Nanocellulose bio-composites are widely used in medical, electronics, packaging and other fields. They are currently used in the development of flexible electronic equipment using roll-to-roll manufacturing process [120,121,122]. The technology relies on the substrate material and nanocellulose composite material as the base material to achieve the purpose of preparation. Masaya Nogi and co-workers [120,122] have experimentally proved the advantage of nanoscale reinforcing using cellulose nanofibers. They obtained transparent composites by enhancing various types of resin using BC nanofibers, even in the fiber content of up to 70 wt %. As BC nanofibers are bundles of semi-crystalline and extended cellulose chains, the obtained nanocomposites are not only highly transparent and flexible, but also present high mechanical strength comparable to low carbon steel and low coefficient of thermal expansion comparable to silicon, which make the composite suitable for applications. Moreover, they have succeeded in depositing an electroluminescent layer (comprised of organic light-emitting diodes) on these transparent BC nanocomposites. Petersson et al. [123] successfully prepared poly(lactic acid) cellulose-based biodegradable nanocomposites. They found that the poly(lactic acid) cellulose base can enhance the mechanical properties and thermal stability of the materials. It was concluded through experiments that the poly(lactic acid) cellulose-based biodegradable nanomaterials. The composite material is stable at 220 °C, so the material can be suitable for high temperature environments.



Carbon nanotube biodegradable composites have been applied in the development of flexible sensors. Sensors of this kind of materials can be applied in various temperature, humidity and complex chemical environments with better electromagnetic and mechanical properties [124,125]. Han and co-workers [124] reported a humidity sensor on cellulose paper using functionalized single-walled carbon nanotubes. The conductance displacement of the nanotube network wrapped on microfibril cellulose was used for humidity sensing. Compared with control sensors made on glass substrates, cellulose mediated charge transfer on paper enhances sensitivity. They furtherly prepared a similar CNT-based sensor device on cellulose paper for ammonia sensing [125]. At present, Yun et al. [105] manufactured carbon nanotube–cellulose biodegradable composites, which served as a base material for chemical vapor sensors. Cellulose solution was prepared by dissolving cotton pulp in LiCl/N, N-dimethylacetamide solution. The multi-walled carbon nanotubes (MWCNTs) were covalently grafted to cellulose by reacting imidazolides–MWCNTs with cellulose solution. Figure 6 below is a schematic diagram of a M/C paper and cross finger electrode chemical gas sensor. Its good economic benefits, biocompatibility and eco-friendly advantages led the sensor to receive extensive attention.



Carbon nanotube biodegradable composite materials are used in solar cells. Carbon nanotubes added to the flexible photovoltaic cells can directly improve the conductivity of the polymer and enhanced solar cell photon absorption capacity. Valentin et al. [126] developed a novel method of carbon nanotube and researched their electrical properties. It is concluded that the SWNTs composites can be used in organic conductive materials.




4.2.2. Packaging Industries


There are three major drawbacks with biodegradable plastics currently used for packaging: performance, processing and cost. Emerging nanofillers enhance biodegradable composite materials to help overcome the above problems. Nanofilling can effectively improve these problems, and nanocomposites have significant advantages over traditional composites.



The materials currently used in food packaging mainly value their stretchability and permeability [127]. Nanofiller biodegradable composite materials not only have the key features of metal-based packaging, but also other good properties including mechanical properties, thermodynamic properties, environmental harm and so on. Furthermore, nanofiller composites may significantly improve the high barrier properties of polymers [104]. Due to the presence of nanofillers, the molecular pathways increase as it passes through the substrate. The presence of the nanoclay layer allows a significant increase in the diffusion path of gas or other water vapor molecules through the polymer, resulting in a substantial reduction in the rate of permeation through the polymer, thereby effectively enhancing its barrier properties. Figure 7 shows the nanoclay filler composite diffusion path schematic [128]. The figure shows that due to the presence of the nanoclay layer, the movement path of the water vapor molecules becomes longer, and the straight line from the beginning becomes a curve, which is why the nanoclay composite material improves the barrier properties.



Barrier properties of nanofiller biodegradable composites mainly depend on the molecular orientation in the polymer matrix material and the dispersion uniformity of the nanofiller. Comparing the various nanofillers, nanoclay has the best effect. Due to cost and ease of processing, PLA, PHB and starch-based nanocomposites are the most popular in the packaging industry [129].



As the most popular biodegradable material, PLA is involved in the preparation of many products such as cups, cutlery and packaging boxes [130]. PLA is mainly pressed into the cardboard by squeezing the coating layer, which is further developed and applied as a packaging material. Using PLA as a substrate material and nanoclay as a filler to enhance the performance of PLA, not only has the characteristics of PLA, but also enhances the barrier property of composites. Chang et al. [131] studied the effect of the nanoclay modification of PLA. The researchers prepared a melt-intercalated nanocomposite. The results show that the permeability of all nanocomposites decreases. In addition, the researchers also studied the effects of shear and feed rates on the permeability of PLA nanocomposite films. The oxygen barrier properties of PLA nanocomposites have been improved by 15–48% compared to that of pure PLA materials [132]. Moreover, the shear rate and feed rate have little effect on the forming, so the barrier properties of PLA nanocomposites depend mainly on the molecular orientation of the substrate material and the dispersion uniformity of the nanofiller.



For PHA to be able to enter the researcher’s field of vision depends mainly on its high hydrophobicity, as it is widely used in coatings and films [133]. In the food packaging, PHA barrier properties and polyethylene are very similar, which makes PHA useful in packaging materials. However, the workability and gas barrier properties of PHA have limited their development in the packaging field. Currently, Sanchez-Garcia et al. [134] studied the relationship between morphology and mechanical properties, including tensile strength and Young’s modulus. The high dispersion improves the barrier properties of PHB/clay nanocomposites.



Degradable bags made from starch-based substrates [135,136,137] result in many defects due to the high hydrophilicity of the starch, which can now be overcome using nanocomposites. Park et al. [138]. studied the permeability of different nanomaterials in water demonstrating that nanocomposites have an impediment to the penetration of water, which is in favor of the development of packaging technology.



Nanocomposites would lead to a variation in the permeability of water vapor, which is related to the saturation of the polymer base material and the nanofiller [139,140]. In most cases, different nanocomposites will have different degrees of saturation, thus resulting in different permeabilities. Moreover, the semi-crystalline polymer itself has crystalline regions and non-crystalline regions that are impermeable to molecules and therefore result in different permeabilities. In addition, the decrease in permeability is mainly due to the increase in the molecular path of the molecules through the polymer by the nanofillers, which is an effective way to increase the movement of gas molecules [141]. The effect of nanofillers on the permeability of the composite depends not only on the crystallinity of the substrate itself, but also on the different types of nanofillers.




4.2.3. Medical Applications


Biodegradable composites rely on their biocompatibility and versatility and these materials have been widely used in the medical field. Biocompatible composite materials play a role in the human body without adversely affecting drugs. Therefore, bio-based composite materials have drawn more and more attention and biocompatible materials have been more clinically used [142,143,144,145,146,147]. In addition, soy-derived polymers have proven useful as bone fillers [148]. Bacterial nanocellulose has also been shown to be useful for artificial blood vessels [149]. Nanofiller biodegradable composite materials can be applied to clinical medicine.



Biodegradable nanocomposites are very useful in tissue engineering for the regeneration of primary tissue structures. Nanocomposites with three major characteristics can be applied to tissue engineering: (1) the extracellular matrix consisting of macromolecules; (2) the extracellular matrix where fiber forms exist; and (3) macromolecules in the extracellular matrix have a diameter of less than 500 nm [150].



The researchers found that the toxins in BNC can be easily eliminated by the use of sodium hydroxide treatment and water purification 13 purification methods [151]. Highly inhibited water in the fiber network prevents the adsorption of proteins in the blood, which is beneficial to blood compatibility. Bacterial nanofiber biodegradable composites with good fiber networks and pores provide a good environment for cell growth. This is a very important aspect of artificial blood vessels, proving that artificial blood vessels can form new blood vessel tissue in animal experiments.



Tang’s group [149] used two-photon reactor to prepare BNC composite artificial blood vessel. Researchers successfully prepared double-silicon (D-BNC) and single-silicon (S-BNC) artificial blood vessels, relying mainly on the unique properties of bacterial nanofillers. The researchers explained the process and nature of the biosynthesis of the artificial blood vessels. The results showed that the BNC artificial blood vessels rely on an ultra-fine, uniform fiber network and high porosity to be able to act as biomedical prostheses and to function in living organisms.



In addition, electrospun biocompatible polymer nanofiber composites are currently capable of performing hard tissue repairs in the form of porous membranes for implantation in humans [152]. Nanofiber PLA-PEG mosaic copolymer composites prepared by electrospinning can be used for bone tissue engineering scaffolds. Adding nanofiber fillers can not only increase the tensile strength and flexibility of the bones, but also increase the stiffness and strength of the bones. At present, the skeleton uses porous scaffold structure. This structure has high elasticity and plays a role in protecting the skeleton and has been successfully implanted in animal models to achieve bone regeneration [153].






5. Summary and Outlook


This article mainly introduces the research status of nanofillers to enhance biodegradable composite materials. This article describes different kinds of nanofillers and biodegradable polymers for biodegradable nanocomposites. Different nanofillers have different treatment methods and apply to different fields. Biodegradable composite materials use nanofillers to enhance performance and these biodegradable nanocomposites have broader application prospects. This paper introduces the enhancement of bio-based polymers by nanoclay, nanocellulose, carbon nanotubes and functional nanofillers, which improves the deficiencies of bio-based polymers. The process of adding fillers involves a series of different treatment methods, mainly by solvent casting and melt processing methods, which can be applied to nanocellulose. The method of polymer intercalation is mainly suitable for the addition of nanoclay filler. For carbon nanotubes, the current industry mainly uses the melt extrusion method.



Biodegradable nanocomposites have mainly been prepared for use in electronics, packaging and biomedical applications. Currently, in electronics, nanocellulose composite materials can be applied to the preparation of electronic displays, flexible sensors, light-emitting diodes, etc., to promote the development of flexible electronic devices. In the field of packaging, biodegradable polymers exist to fix three major defects: performance, processing and cost. The nanofiller enhanced biodegradable composite materials can overcome the above problems, and help to improve the performance of biodegradable polymers. In biomedicine, nano-enhanced biodegradable composite materials are mainly used in the field of tissue engineering, drug delivery and gene therapy. Bio-composites rely on their biocompatibility and has been the concern of researchers. The use of nanofillers has been explored to enhance bio-based composite materials to obtain more functions and achieve more medical breakthroughs.



Nanofiller reinforced biodegradable composite materials are more widely used, and the area has attracted many researchers. In future research, researchers are more likely to focus on nanofillers to enhance composite processes, and to study more highly industrialized and efficient processes that are very difficult for this nanotechnology. In the future, biodegradable composite materials can replace most of the current materials, which is very important for sustaining our life; therefore, it is an urgent task to study nanofillers to enhance biodegradable composite materials.
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Figure 1. Synthesis of PLA from l- and d-lactic acids. Reproduced with permission from [57]. 
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Figure 2. Summary of strategies for production of PHA from fermented crude glycerol Reproduced with permission from [68]. 
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Figure 3. Hierarchical structure of cellulose; top image (from large unit to small unit): cellulose nanocrystals (CNC), micro/nanofibrillated cellulose (MFC and NFC); bottom image (from tiny unit to small unit): bacterial cellulose (BC). Reproduced with permission from [72]. 
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Figure 4. Schematic illustration of terminology used to describe nanocomposites formed from organoclays. Reproduced with permission from [106]. 






Figure 4. Schematic illustration of terminology used to describe nanocomposites formed from organoclays. Reproduced with permission from [106].



[image: Polymers 10 00505 g004]







[image: Polymers 10 00505 g005 550] 





Figure 5. Preparation of LDH nanocomposites of various methods, (a) monomer exchange and in situ polymerization, (b) direct exchange, (c) exfoliated layers restacking. Reproduced with permission from [117]. 
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Figure 6. Schematic of chemical vapor sensor made with M/C paper and IDT shaped electrode (reproduced with permission [105]). 
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Figure 7. Nanoclay filler composite diffusion path schematic. 
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