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His research areas include manufacturing techniques for new materials (basic composites-hybrid), the metal formation of thin sheets (design + test + FEM), static and dynamic behavior and optimization of materials (experimental and FEM-utilization and design of composite-based metallic and non-metallic, powder metallurgy, and energetic material aeronautical applications), metallic-based and non-metallic materials, powder metallurgy and metallurgy of steels, welding, and heat treatment, as well as the processing of new composites, sintering techniques, sinter-forging, thixoforming, etc.

Introduction

Plastic materials cause significant environmental damage and are one of humanity's greatest issues. Petroleum-based plastics are non-biodegradable, even after a hundred years. Plastic polymers, which are created from non-renewable elements, are one of the primary causes of global warming. Biocomposite materials are the ideal choice for possibly replacing fossil-based polymers. However, biocomposite materials require further development in terms of their characteristics [1].

Improving the properties of biocomposite material is still being investigated by researchers [2][3][4][5][6][7]. There is an abundance of research on wood and non-wood plants to extract starch, gluten and fiber in order to produce bio-composite materials. The ingredients of biocomposite materials are extracted from various types of agricultural crops, such as wheat, corn, cassava, hemp, jute, kenaf and other crops [8]. The advantages that make plants more useful than other sources for biopolymers are their availability, quality and quantity. In addition, plants offer variation in physical properties such as thickness, density, water content, water absorption and water solubility. There exists a variation in chemical 1 Polymers 2021, 13,3624 constituents such as cellulose, hemicellulose, lignin and protein content in fiber, amylose and amylopectin ratio in starch [9]. Furthermore, their diversity in degree of polymerization, degree of crystallinity, water-vapor permeability and porosity make a difference in the biocomposite properties.

Wheat is a non-wood plants based fiber [10], which is planted in many countries and produces a lot of waste. Starch is the primary component of wheat, having a number of food and industrial applications [11]. In biocomposite application, wheat starch is used as biopolymer film with or without filler. Wheat fiber can be extracted from different parts of the plant to be used as reinforcement filler for either natural or synthesis matrix. Surface treatment is a method that is commonly used to clean, modify and improve the fiber surface to decrease surface tension and to improve the interaction between the fiber filler and the starch film matrix or synthesis matrix [12][13][14][15][16]. Several publications have addressed the effects of sodium hydroxide treatment on the structure and properties of natural fibers such as kenaf, flax, jute, hemp, sugar palm and wheat fiber [17][18][19][20][21][22].

Straws such as wheat, rice and rapeseed straws, which known as cereal straws, are not only highly abundant but they are also a low-cost, potential candidate to be utilized in the development of green composites [23]. Wheat is one of the crops that is most sought after, and it is widely cultivated. The source of it comes from a grass named (Triticum) that is grown in countless countries around the entire globe. The total production of wheat in 2019-2020 was 763.9 million metric tons [24] and this percentage increases yearly.

One of the co-products from the starch and bioethanol industry is wheat gluten, which is utilized in many food and non-food application. It is widely used to develop films and other Bioplastics [25][26][27][28][29]. In 36 days, the decomposition of wheat gluten takes place in aerobic fermentation and takes 50 days in farmland soil without releasing any toxic residues into the environment [30]. Wheat gluten protein has a high decomposition rate, even when it is subjected to chemical and physical treatments. Therefore, wheat gluten polymer is a perfect alternative for the development of new biodegradable polymers, because of its decomposition properties and its unique viscoelastic and gas barrier properties [31]. Furthermore, wheat gluten has been explored as a raw material for non-food applications such as biopolymers [32][33][34]. In order to develop the eco-industry on our planet, biodegradable materials such as wheat-based biocomposites, which are distinguished with unique advantages such as, renewability, availability and low-cost raw materials.

Plasticizers used with starch to create the polymeric entangled phase, by reducing intramolecular hydrogen bonding [35][36][37]. Adding plasticizer to wheat starch improves the physical and mechanical properties because plasticizer increases the flexibility of the material. There are many types of plasticizer such as, fructose, sorbitol, urea and glycerol used to improve physical and mechanical properties. Similarly, to enhance mechanical and physical properties, plasticizers have been applied in many biocomposite materials, such as corn [38][39][40], sugar palm (Arenga pinnata) starch [41], cassava [42] and rice starch [43,44].

In this work, we conduct a comprehensive study on wheat fiber, as well as wheat starch biopolymers. This review paper will reveal the improvement of the properties in terms of mechanical response, thermal behavior, antioxidant, antimicrobial, and morphological properties of different parts of the wheat plant that can be used as a bioplastic material.

Wheat Plant

Wheat is a grass plant of the Poaceae plants family; the scientific name of wheat plant is Triticum. Wheat is one of the world's most ancient and essential cereal crops, which is grown across a wide range of climates and types of soils [45].

The main parts of the wheat plant are head spike, stem, leaves and roots. Wheat plants grow up to 2-4 feet tall. Figure 1 shows wheat plants' main parts. The kernel of the wheat (also called the wheat berry) is the seed of the wheat plant [46], while the part that covers the kernel and protects it is called the beard; similar to all the grass plants, wheat plants stand on the stem. The leaves of wheat plants are long and comparatively thin; flog leaves Polymers 2021, 13,3624 are in the top of the leaves, which are responsible for the protection of the leaves. The nourishment from the soil to the plant comes through roots in the bottom of the plant [47]. 

Film Preparation and Properties Characterization of Films Based Wheat Starch

There are many factors that affect biopolymer properties, including: starch type, treatment temperature, additions such as plasticizer and co-biopolymers [35]. In this section, we will discuss properties of film-based wheat starch.

Physical and Chemical Properties of Wheat Starch

Wheat is one of the most widely farmed crops worldwide; the type of the soil and soil-dryness conditions affects the quality of the starch and other plant parts. The gelatinization enthalpy and swelling power of moderate soil-dryness treated starch are low. When compared to well-watered conditions, however, a greater gelatinization temperature, retrogradation enthalpy, and retrogradation percentage are found. According to Weiyang Zhang et al. [49], soil dryness affects amylose structure more than amylopectin structure in wheat grains. Furthermore, moderate soil dryness improves molecular structure and functional properties of the starch. Table 1 shows a comparison between the chemical and physical structure of wheat, corn, rice and potato starches. There is no significant difference between the chemical composition of various starches.

The starch basically contains Amylose and Amylopectin. In biocomposite materials, it is important to identify the percentage of Amylose and Amylopectin, which directly affect the properties of the film or the matrix of the bio-polymer [50]. Amylose has a lower molecular weight than amylopectin; however, the high relative weight of Amylopectin reduces the mobility of polymer chains, resulting in high viscosity, whereas the linear Polymers 2021, 13,3624 structure of Amylose has demonstrated behavior more similar to that of conventional synthetic polymers [51]. The majority of natural starches are semicrystalline. Depending on the resource of the starch, the crystallinity of starch is around 20-45% percent. The shortbranched chains in Amylopectin are mostly responsible for crystalline regain and appear as double helices with a length of around 5 nm. In the crystalline areas, the Amylopectin segments are all parallel to the big helix's axis [52]. Since proteins and polysaccharides are the primary components of natural polymers, the structure-property relationships in these materials are determined by their interactions with water and with each other in an aquatic medium [53].

Thianming Zhu et al. [54] applied different techniques to determine the percentage of Amylose in the starch; techniques included Differential Scanning Calorimetry (DSC), High-Performance Size-Exclusion Chromatography (HPSEC), iodine binding, and Megazyme amylose/amylopectin. Michael Ronoubigouwa Ambouroue Avaro [55] developed a method that used Tristimulus CIE Lab Values and developed a specific color board of Starch-iodine complex solution, the conversion of the regression values L*a*b* to Red, Green, Blue (RGB) values and to color hexadecimal codes. This method used a colorimeter device. A spectrophotometer is another device that can be used to detect the percentage of the Amylose by calculating the absorbent light that gets through the mixture of the starch and iodine solution [56][57][58].

Table 1. A comparison between the chemical composition and physical properties of wheat, corn, rice and potato starches [59][60][61][62][63][64][65][66][67][68][69][70][71][72]. 

Type of Starch

Production of Films Based Wheat Starch

In order to produce starch-based films, starch should be isolated from granules [73], then the isolated starch is mixed with distilled water and plasticizer to prepare the slurry. Subsequently, casting and drying processes takes place.

Wheat Starch Isolation

Zuosheng Zhang et al. [74] discussed different methods of starch isolation, including Alkaline Washing (ALW), Ultrasonic Assist Ethanol Soaking (UAES), Hot Water Soaking (HWS) and Ultrasonic Assist Hot Water Soaking (UAWS). A similar crystalline pattern of C-type was found for all the isolated starch samples; starch isolated using the ALW and UAES methods shows a greater degree of crystallinity than the other isolation methods. FT-IR spectra analysis shows similar chemical interactions with different isolation methods. Starch isolated using the UAES method exhibited the highest water solubility. The HWS and ALW methods resulted in greater enthalpy and gelatinization temperatures, while the UAES and UAWS isolation methods resulted in greater peak viscosity.

According to Ali et al. [75], starch can be isolated from the kernel by soaking 1 kg of flour in four liter of distilled water and keeping the mixture at 4 • C for 12 h. Then the slurry mixture is diluted 10 times (volume/volume) with distilled water. Then a 20 g of sodium hydroxide is dissolved in 1000 mL of water to make 0.5 M of NaOH. The solution of NaOH is then added to the diluted slurry. The diluted slurry is then mixed by continuously Polymers 2021, 13,3624 stirring for one hour. The starch is filtered and centrifuged for 30 min at 10 • C. The sediment gained from the surface is scraped and the lower white portion recovered as starch and, subsequently, dried at 40 • C in a hot air oven.

Wheat Starch Film Preparation

The process of preparing wheat-starch film starts with mixing the pure starch that has been isolated from other kernel ingredients with distilled water. Then the mixture is put on a hot plate mechanical stirrer for full dispersion in a temperature around 80 • C to 100 • C [76,77]. If the process contains the addition of a plasticizer, to ensure high homogeneity in the film, the plasticizer addition is recommended to take place after the starch is dispersed in the distilled water [39]. Once the slurry is cooled to room temperature, the slurry is casted on a petri dish or Teflon mold. However, Teflon mold prevents sticking of the film that happens with petri dishes [78,79]. Subsequently, the slurry is put into a drying oven at 45 • C with air circulation to remove water and moisture [76]. After the film is fully dried, it is peeled off carefully as to avoid rupture. Figure 2 shows the casting method of film formation. The pasting properties of starch samples can be determined using a Rapid Visco-Analyzer RVA; the properties of pasting viscosity profiles are shown in Figure 3. The process of testing the pasting properties can be undertaken by following H. Liu method, where weighed starch and distilled water is mixed and stirred in the aluminum Rapid Visco-Analyzer RVA sample canister to obtain a 10.0% starch suspension. A programmed cooling and heating is used to record the amylograms of the pastes [81]. Studies by Huanxin Zhang et al. [77] show that the paste viscosity of the waxy wheat-starch was gradually enhanced and reached a peak at 73.6 • C, while the normal wheat starch peak temperature was 94.7 • C.

Morphological Properties

Morphological properties in biocomposite are extremely important in order to see how homogeneous the composite is to get through. The scanning electronic microscope test also gives a structural explanation for other properties. For example, if the film surface is homogenous, this would indicate integrity of other properties. Wheat starch has a bimodal size distribution, with small, round B granules (2-10 mm) and large, lenticular (20-32 mm) [82][83][84]. Figure 4 shows the morphology of the wheat starch. Non-plasticized films usually have cracks or pores and some undissolved particles, which could make it easier for water vapor to pass through the film. Plasticizing wheat films with Glycerol reduced those cracks and pores. Plasticizing also improves the adhesion between the particles of the material, as shown in Figure 5. Similar results were reported for plasticized starch-based films such as corn starch-based films [86], cassava starch-based films [42], sago starch-based films [87], rice starch-based films and potato starch-based films [88].

Polymers 2021, 13,3624 Figure 5. Morphology of biopolymer-based wheat starch (A-C) represent wheat starch biopolymer surface with 0, 20 and 50% of Glycerol, respectively, while (D-F) represent wheat starch biopolymer cross-section with 0, 20 and 50% of Glycerol, respectively [76].

Film Transparency

The film transparency (reverse of opacity) is used to manifest the ability of light to pass through the film. Films that have a low degree of opacity are usually referred to as being acceptable as packaging material because they offer the better visual view of the food [89]. However, the variation of transparency gives more options in different applications. The opacity of the film can be calculated with the equation below:

Opacity = Abs600 x (1) 
where: x represents the thickness (in mm) of the film, and Abs600 is the absorbance of light measured at 600 nm [90]. Lower values of the opacity value mean greater transparency. The bioplastic wheat-starch-based films have lower opacity than that of the cornstarch-based films. This indicates that wheat-starch-based films exhibit higher transparency compared to corn-starch-based films. However, the highest transparency has been found in the potato-starch-based films [88,91]. The high opacity of corn-based film can be attributed to high lipid content of corn-starch film [92], while the addition of protein in starch films also improves the transparency [93]. However, the Amylopectin in potato starch contains a high number of long chains, which contribute to the formation of the compact structure that leads to a more transparent starch matrix [94].

Thermal Properties

Thermal tests are important to gauge the information about the thermal behavior of the biocomposite film. Thermogravimetric Analysis (TGA) is used to measure the temperature change over the time, while Derivative Thermogravimetry (DTG) is used to show the phases degradation of the material [95]. Differential Scanning Calorimetry (DSC) is used to measure the thermal properties of starch such as peak gelatinization temperature (Tp), gelatinization onset temperature (To), gelatinization conclusion temperature (Tc), and enthalpy of gelatinization (∆H) [96,97]. Wheat starch begins to breakdown at nearly 275 • C, according to research. The temperature at which wheat nanofibers films degraded was Polymers 2021, 13,3624 roughly 296 • C [98]. Jie Zeng et al. [99] found that the gelatinization onset temperature of wheat starch is 59.43 • C, the peak gelatinization temperature is 64.23 • C, the gelatinization conclusion temperature is 78.02 • C, and the enthalpy of gelatinization is 2.915 J g -1 . Sorghum starch (Broom-corn) thermal properties show a little more peak gelatinization temperatures (Tp) and enthalpy compared to wheat starch, peak gelatinization temperatures (Tp) was reported for sorghum ranging from 68.2 • C to 77.8 • C, while the enthalpy values ranged from 8.2-16.4 J g -1 [100]. The onset temperature in biocomposites based starch and plasticizer is around 300 • C, the elimination of hydrogen functional groups, degradation, and depolymerization of the starch carbon chains polymer happened at this stage [101], while creating strong bonds by adding additives such as fiber and cross-linkers delays degradation temperature [102].

Water Vapor Permeability (WVP)

Water vapor transmission rate (WVTR) or moisture vapor transmission rate (MVTR) is a measure of the passing of water vapor through the substance. It is a measure of the permeability for vapor barriers. According to ASTM E96-00 standard, the films should be placed in the dryer oven for 48 h under 25 • C and 67% relative humidity before starting the test [103]. WVP is calculated from the transmission of the vapor across the films due to the difference in the partial pressure [104-106].

X. Guo et al. [107] tested the ratio of zein to wheat gluten. The researchers found that when the ratio of zein to wheat gluten is increased, the WVP decreases. WVP is related to the protein's characteristics. Gluten is made up of multiple proteins with more polar residues in the gluten molecules. Zein, on the other hand, contains a higher proportion of hydrophobic residues. For this reason, when the ratio of zein to wheat gluten is increased, WVP decreases.

Plasticizers such as glycerol have a great effect on water vapor permeability. Wheatstarch films without plasticizer have higher WVP compared to plasticized wheat films with 20% and 30% glycerol. However, the WVP of the starch film with 50% glycerol was greater, which can be attributed to micro cracks in the film [76]. The addition of hydroxypropylation, cross-linkers and antioxidants to starch bio-polymers such as corn, rice and wheat starch improves water barrier resistance [108], because the addition of those additives reduce polymer polarity, which results in low hydrogen bonding [109]. Film thickness does not affect the WVP, since the amount of casted solution does not molecularly rearranged during the drying process [110].

Crystallinity

Crystalline substance, in most conditions, exhibits a polycrystalline structure. Each grain being separated from the next one by a boundary, along which the atomic configurations are heavily distorted [111]. X-ray diffraction (XRD) is a technique that is used to analyze and measure the crystalline phases of a different types of substances, basically for mineralogical analysis and identification of unknown substances. Powder diffraction data are fundamentally derived X-ray Diffraction by the atomic and molecular arrangements explained by the physics of crystallography. One advantage of using X-ray diffraction is its ability to characterize crystal index with high-accuracy [112].

Granular starches are partially crystalline because they contains of approximately 25% w/w of the linear polysaccharide amylose and 75% w/w of the branched polysaccharide amylopectin [113]. Starches from various sources have close crystalline index. Corn starch, rice starch, and potato starch have crystalline indexes of 43-48%, 38% and 23-53%, respectively, while wheat starch crystalline index is 36-39% [114]. The relative crystallinity of wheat starch decreased with heat moisture treatment, because the heat moisture treatment disrupt helical structures in the amorphous and crystalline region [115]. Amylose has 33.3% crystallinity index while Amylopectin has 0% crystallinity index, preparing films by blending Amylose and Amylopectin shows co-crystallization between them. Starch-Polymers 2021, 13,3624 based film shows higher crystallinity than expected, which refers to crystallization of Amylopectin [116].

Wheat Gluten-Based Film; Preparation and Characterization

Wheat Gluten (WG) is the primary protein in wheat grains [117]. Films that are made from wheat gluten have potential to develop an edible film, adhesives, binders, and biomedical substances. The main advantages of wheat gluten films include being insoluble in water, elastic in nature, and non-toxic. Gluten matrix is biodegradable and glassy, with characteristics similar to epoxy resin [118][119][120].

Production of Wheat Gluten-Based Film

Wheat-gluten based films can be produced via two common methods: 4.1.1. Wet Method Wet-type mechanical milling is a common approach for producing nanoparticles for a variety of bio-materials, including starch and gluten [121]. For gluten, a milling process is used to obtain gluten powder. The wheat gluten suspension solution is made by mixing the gluten powder with ethanol (70% aqueous ethanol). Then fibers are immersed in gluten suspension-solution. After the mixture is homogenized, the composite is dried in a vacuum air oven to allow the solvents (water and ethanol) to evaporate more quickly [97].

Dry Method

This method can be performed by either; (1) spreading dry powder with dry fibers in the mold, where the gluten powder will be first distributed in the mold. Next, the dry fiber preforms will be placed into the mold. Subsequently, another gluten powder layer would be added through a sieve. These steps will be repeated until the desired thickness is achieved (2), by spreading dry powder on wet fiber in the mold. In this method, fiber must be wetted again (after combing and drying), as the water will be a processing aid, after casting the gluten powder and wet fiber on the mold, the drying process needs to be conducted in dryer oven [122].

Properties Characterization of Films Based Wheat Gluten

Due to the fact that polar amino acids such as glutamic acid, aspartic acid, lysine, arginine, serine, threonine, and tyrosine are present in proteins, the addition of protein in biocomposite films improves the mechanical properties. Amino acids contain reactive groups that can be useful in cross-linking and creating covalent connections, improving the mechanical characteristics of biocomposites [123]. It has been found that proteins rich in sulfur amino acids, particularly rapeseed proteins when combined with rubber, cause a substantial enhancement of the cross-linking process. Protein-rich composites have a higher thermal resistance due to the high number of nitrogen atoms in a single polypeptide molecule [124].

Wheat-gluten films revealed lower water absorption (settled on 80% after 4000 min), this amount of water absorption is a response for (C=O, C=C) bonds existence in gluten film [125]. While the starch-based films revealed higher water absorption, which reached approximately 520% after 210 min on cassava-starch-based films [42] and 295% after 240 min on corn-starch-based films [126]. All starch-based films showed very strong water absorption capacity. However, the amount of absorbed water is different from one starch to another. This behavior is attributed to the size of starch particles, the smaller the particles the earlier and higher water absorption. Also FTIR analysis shows hydrogen bonded hydroxyl group peak more intensely with small-particle content compared to the larger particles, this explains the increase in water absorption capacity [127]. Wheatgluten-based films, plasticized with glycerol show elongation at break in the range from 320.5-474.5%, 6.33 MPa tensile strength, while the moisture content was just about 5% [128]; the addition of a plasticizer reduces hydrogen bonding, which allows molecules to move Polymers 2021, 13,3624 and increase the elongation, while the high tensile appears when starch-starch hydrogen bonds overcomes starch-plasticizer bonds in a low amount of plasticizer [129]. Reinforcing wheat-gluten with flax fiber improves the tensile strength and the elastic modulus, because of the hydrogen bonding between the fiber and the protein [122,[130][131][132][133]. Heat treatment of wheat gluten at temperature higher than 100 • C reduces the effect of the reinforcing filler which reflected as reduction in the Young's modulus. This explains the reduction of wheat gluten adhesion when it is heat treated [134]. However, treating the filler with alkaline and/or silane improves adhesion between wheat gluten and filler. This surface treatment increases the mechanical properties by reducing the fiber pullout length [135] As confirmed by FTIR results, fiber chemical treatment removes lignin and hemicellulose and reduces the hydrophilic nature of the fiber and, hence, improves the interfacial adhesion between fiber and matrix [136,137]. Natural structures of bio-polymers have relatively low degradation temperatures [138]. This refers to the low energy level required to break the weak interactions between the polymer chains. To avoid undesirable decomposition of wheat-gluten-based bioplastics, hydrophobic liquids, e.g., castor or silicone oil are used [139,140]. Blending gluten with hydrophobic polymers, such as polyvinylalcohol improves the degradation temperature [25,141]. The addition of hydrophobic polymers widens the gap between the energy required to break bond interactions and the energy required to cause chains breakdown. Although wheat-gluten-based films also prepared with solution cast method, compression molding have given better properties [142]. The wheat-gluten films reinforced with fiber filler can be prepared either by wet or dry method:

Tensile strength increased when drying temperature increased at 35% RH, while it decreased when temperature increased at 70% RH [143]. N. Vo Hong et al. [120] used water as a processing aid together with the use of unidirectional flax fibers to obtain the strongest properties in the fiber direction. Pakanita Muensri et al. [144] found that lignin content in the fibers does not affect the fiber/matrix adhesion. The type of wheat proteins and compression molding conditions controls the properties of wheat-protein films [145]. To make edible films out of wheat gluten, Francisco Zubeldía et al. [146] employed the dry process. They observed that molding temperature has a greater impact on the films' ultimate mechanical and physical properties than mixing time. This was due to increased disulfide bonding during heating, resulting in a more cross-linked polymeric network, according to the study. Further work needs to be undertaken to understand the mechanism of cross-linking wheat gluten with fillers [147].

Wheat Fiber

Wheat fiber is an isolated dietary fiber made from the wheat plant. This fiber goes through a special thermo-physical process followed by milling, sieving, and standardizing into application specific grades. Wheat fiber is a white to light beige, fibrous, and odorless powder [148]. Wheat plant is a good source of fiber from different parts, most fibers extracted from wheat husk, straw, and barn. Tables 2 and3 show comparison of wheat, corn and rice fibers from husk and straw based on their properties, while Table 4 shows wheat bran properties. Wheat straw and husk show high amounts of cellulose, therefore, they consider as a good source for nano and microfibers.

Jing Huang et al. [149] illustrated the relationship between the data from the chemical method and Near-Infrared (NIR) to identify the fiber chemical composition. The analytical methods that are used to analyse the NIR results were the partial least squares (PLS) and principal component regression (PCR). PLS is proved to be a better quantitative method than PCR [150]. The fiber composition can also be identified through Neutral Detergent Fiber (NDF), Acid Detergent Fiber (ADF), and Acid Detergent Lignin (ADL) [151,152].

Wheat straw has a high amount of cellulose and offers several advantages over the other types of reinforcement fillers. The advantages include being low in density, nonabrasive nature, low cost and having accessibility and renewability [153]. Wheat straw fibers were utilized by Beatriz Montano-Leyva et al. [119] to modify the mechanical characteristics of wheat gluten-based film. By adopting a solvent-free method, the ultimate Polymers 2021, 13,3624 cost of the materials was lowered. Increases in fiber content of up to 11.1% result in increases in Young's modulus and stress at break, as well as a reduction in strain at break [154].

Yi Zou et al. [155] used long and untreated wheat straw fiber (WS) (10 cm) with polypropylene (PP) webs to develop a lightweight and cost-effective thermos-plastic composite. In this study, whole straw and split straw have been compared. Split WS-PP composites have improved over whole straw composite by 39% in modulus of elasticity, 69% enhancement in tensile strength and 18% improvement in impact resistance properties, 26% enhancement Young's modulus, 69% improvement in flexural strength. Comparing lightweight WS-PP composites with Jute-PP composites of the same density, showed that, mechanically split WS-PP composites have 114% improvement in flexural strength, 38% improvement in modulus of elasticity, 140% improvement in Young's modulus, 10% enhancement in tensile strength, better sound absorption properties and 50% lower impact resistance.

Other applications of wheat straw include extracting off hemicellulose from wheat straw (WS) and it is used as reinforcing filler for kappa carrageenan-locust bean gum polymeric blend films [156]. Wheat straw is also used as reinforcement fiber and injected with polylactic acid (PLA), PLA-WS (70:30) [157]. Additionally, wheat straw is also used with thermoplastic resins to improve their properties [158,159] and used in thermosetting resins-straw boards [160,161].

Wheat bran is the hard outer layer of cereal grains [162]. Lucia Fama et al.

[163] reinforced cassava matrix with wheat bran; they found that the interaction between starch and fillers increased with the availability of hydroxyl groups in the film, which involved in a dynamic exchange with water. Zong-qiang Fu et al. [164] used wheat bran as a filler with corn starch matrix. WVP is poor in starch-based films that are not supplemented with wheat bran fiber. By increasing the wheat bran fiber content, the elongation at break of films is decreased. The tensile strength increased up to 10% w/w (up to 5.07 MPa) with the addition of wheat bran fiber content, then declined when the wheat bran fiber content was increased.

Lucia Fama et al. [163] reinforced cassava matrix with wheat bran, they found that the interaction between starch and fillers increased with the availability of hydroxyl groups in the film, which involved in a dynamic exchange with water.

Due to the strong mechanical properties and biocompatibility of isolated cellulose, it is gaining a lot of interest as a reinforcing material [165]. However, in comparison to all-cellulose composites (ACCs), where the reinforcement and matrix are both cellulose, reinforcing polymers with cellulose gives relative poor dispersion of cellulose with synthesis and bio-matrix resulted in reduced interfacial affinity [166]. 

Antioxidant Properties of Wheat Based Film

The inhibition of oxidation improves the stability of polymers to be effective in more applications [189]. The addition of antioxidant into films can change the structure of the film [190], where the reduction in the antioxidant impairs the resistance to degradation [191]. Antioxidant materials are added to prolong the useful life of the constituents of polymers [117,192], the polymer type and the compound formulation and the end use application are governing the selection of the correct combination of antioxidants [193]. Wheat starch-chitosan films show the highest antioxidant (α-tocopherol) capacity. However, the addition of α-tocopherol led to more heterogeneous film structure [194]. Feruloylated arabinoxylans extracted from wheat bran show high antioxidant activity in the presence of bound ferulic acid [195].

Antimicrobial Properties of Wheat Based Film

Antimicrobial property has received more attention recently, especially in the biopackaging food industry [196]. It has been found that composite wheat gluten-chitosanbased films can prevent microbial growth in intermediate-moisture conditions [197], where gluten is thought to act as an antimicrobial agents carrier [198][199][200]. Organic acids, enzymes, various plant extracts, bacteriocins, and essential oils have been integrated into biopolymers as antimicrobial agents [201][202][203]. Essential oils (EOs) used in food packaging films to inhibit the growth of bacteria and fungi [204][205][206]. Essential oils are natural, volatile, complex compounds with a strong odor extracted from plants [207]. They have health benefits, antimicrobial and antioxidant properties [208,209]. (EOs) used to reinforce biomatrix composites [210], such as reinforcing corn wheat starch matrix with lemon oil, and the addition of lemon oil, significantly increased antimicrobial activity [211]. However, the addition of (EOs) concentration reduced the tensile strength, while the elongation at break Polymers 2021, 13,3624 does not change [212]. Potassium Sorbate (PS) has been used as an antimicrobial agent for wheat gluten films. (PS) shows antimicrobial activity, but it has been found that when the film is exposed to an absorbing medium, most of the PS is released [213]. Thymol has been added as an antimicrobial to hydroxyethyl cellulose wheat-starch-based films and the results show the film kept the same chemical properties, whereas mechanical properties improved [214].

Wheat Biocomposite

Wheat Biocomposite Advantages and Applications

One of the significant advantages of agriculture-based biocomposites' resources such as wheat, is the renewability of agriculture crops; this advantage is limited in forest-based biocomposite plants, unless the green cover of forest is constantly replaced and renewed.

In many countries around the world, wheat is considered the main ingredient of their diet. In the recent year, wheat consumption has increased at a faster rate than all other cereals, which generates enormous amounts of waste [204]. The waste is increasing with the wheat consumption and production [12]. Fibrous tissue in wheat straw reach 67%, which can be considered as a high percentage among cereal plants [205]. Furthermore, wheat has the highest amount of proteins amongst other cereals.

Additional to its application in bioplastics, wheat gluten can be used as a binder with fibers [206]. As the mechanical and physical properties of starch and wheat-gluten-based biocomposites improved with fiber reinforcement [207], these improvements in the properties with the reduction of moisture content due to the addition of wheat gluten make the wheat based biocomposites a good choice in various applications, such as food packaging and drug delivery systems [208][209][210]. Furthermore, starch-based biocomposites foam is used to produce ecofriendly food containers and bioplastic sheets [37]. The abundance of wheat fiber make it a good choice to be included in various applications including printed circuit boards (PCB), cars, interior components, mobile phone casing and other various fields. Besides, wheat straw has been used as a filler in biodegradable matrices to make different products such as diches and trays; it can also be used with other different types of matrices such as thermosetting matrices, and thermoplastic matrices. Wheat biocomposites are found useful for indoor building insulation applications [211][212][213] as they are proven to be environmentally friendly and contribute to cost and energy savings [144,214,215]. Producing micro-and nano-composites separating from wheat wastes, would be one of the conceivable advancement in biocomposites-based wheat such as reinforcing thermoplastic starch polymer with wheat straw nanofibers [85], while the effect of agronomical aspects in micro-and nano-biocomposites needs more investigation [216].

Wheat Biocomposite Fabrication

The fabrication of biocomposite materials by reinforcing natural lignocellulosic fibers (e.g., sugar palm, water hyacinth, sisal, ginger, cotton, sugarcane bagasse, flax, jute, hemp, arrowroot, banana etc.) with polymer composite is frequently advocated to enhance agricultural materials [215][216][217][218][219][220][221][222][223][224][225]. Natural fibers have key advantages such low price, fully biodegradability, high tensile strength and stiffness, and non-abrasive behavior during processing and high availability with worldwide existence of sources [6,226] According to Azammi et al. [227], the mechanical properties of fiber reinforced polymer composite are depend on 4 factors such (1) fiber type, (2) content/loading of fiber, (3) the orientation and dispersion of fibers within the polymer matrix, and (4) the adhesion at the interface between the polymer matrix and fibers. Suitable type of fiber and optimum fiber loading, as well as good orientation and dispersion of fiber within polymer would result in good adhesion, in which ensures a good stress transfer from the matrix to the filler.

Ecological concerns in recent years have been directed at encouraging the development non-food sources for a new materials from renewable sources. Wheat gluten was effectively employed as a by-product of the starch industry for the manufacturing of environmentally friendly agricultural materials. This is due to its biodegradability [228],

Polymers 2021, 13,3624 non-ecotoxicity [228], high availability at a reasonable price (1.4-1.8 USD/kg), as well as intriguing practical features including adhesion characteristics and efficient lipid barrier properties [229], gases [230], and aroma compounds [231]. Besides that, due to its excellent film and thermoplastic qualities, wheat gluten-based products can be produced through either compression molding [232,233], extrusion [234,235] or casting [98,236]. However, due to the high glass transition temperature of wheat gluts, the inclusion of hydrophilic plasticizers is frequently essential for thermal processing and film flexibility. The inclusion of plasticizer within the wheat gluten would resulting in changes of mechanical properties. Various researchers [237][238][239] found that the inclusion of plasticizer within the wheat would improve the elongation at break and reduce the strength at break and Young's modulus. Therefore, in order to improve the mechanical, water-barrier, thermal and physical properties of plasticized wheat-gluten-based materials, natural and synthetic fibers were introduced. This is undertaken in order to find new balances between process needs and material stiffness preferences [222,240,241] The addition of protein in biocomposite as a component improves their mechanical properties [124].

Table 5 displays the fabrication, filler loading and optimum mechanical properties of wheat biocomposite. From Table 5, it can be observed that many studies have been conducted on wheat biocomposite. Various techniques have been utilized to fabricate wheat composite such as solution-casting, mixing and compression molding, extrusion and compression molding, and extrusion and injection molding. Usually, the selection of method is based on the final product of the composite, such as film or mold composites. Besides, various polymers had been used to be reinforced with wheat fiber such as Modified potato starch, natural rubber, Polyethylene, Ecovio, PHBV, PLA, Polyester resin, and Polypropylene. Reinforcement of wheat with polylactic acid (PLA) shows the highest tensile modulus and tensile strength, with value of 3450 and 61.2 MPa, respectively. Moreover, many researchers also used wheat biopolymer to be reinforced with various filler such as coconut coir, eucalyptus, wheat straw fibers, hydroxyethyl cellulose, chemlali olive pomace, CNCs rice, CNCs oat, and CNCs. Monta et al. [154] conducted study on wheat straw fiber reinforced with wheat gluten. According to Monta et al. [154], this is the first experiment that had been conducted focusing on incorporating processed wheat fiber into wheat gluten. The wheat straw fibers were prepared using impact milling (IM), cut milling (CM) and ball milling (BM) processes. The result shows that the incorporation of 11.1% of IM or CM wheat straw, or 1.2% of BM wheat straw fiber, increased the mechanical performance of the biocomposite. Additionally, wheat nanocellulose reinforced polymer nanocomposite had also been studied by Alemdar [98]. Alemdar [98] conducted a study on the effect of wheat straw nanofibers reinforced with modified potato starch on morphology, thermal and mechanical properties of bio-nanocomposites. The morphological image of wheat straw can be observed in Figure 6a. The diameter of the wheat fiber decreases as it underwent chemical treatment, as displayed in Figure 6b. Subsequently, the isolation process using chemical treatment resulted in the nano-sized diameters of the nanofibers, which are within the range of 10-80 nm with lengths of a few thousand nanometers, as shown in Figure 6c. The wheat straw nanofibers are well distributed in the modified potato-starch biomatrix, according to scanning electron microscopy (SEM) tests. Furthermore, tensile testing revealed that nanocomposites exhibited a 145% increase in tensile strength and modulus compared to pure thermoplastic modified potato starch.

Polymers 2021, 13,3624 Figure 6. SEM images of the wheat straw cross-section (a), microfibers (b), and TEM images (magnification ×15,000) of the wheat straw nanofibers (c) [98].

In the second section of Table 5, examples of corn biocomposites have been added to compare it with wheat biocomposites. Reinforcing Polylactic acid (PLA) with corn cob exhibited lower mechanical properties compared with reinforcing PLA with wheat straw, while corn husk shows higher mechanical properties with natural matrix compared with wheat fiber.

Moazzen, N. et al. [242] developed biocomposite by Blending PVA with starch plasticized with glycerol and reinforced with carboxy methyl cellulous (CMC); the results reveal OC=O stretching and C=O stretching functional groups, PLA, CMC and Glycerol have improved the tensile strength and the hydrogen-bonded hydroxyl group of starch has reduced it. The increase of C-O and C-H stretching vibration intensity confirms the addition Polymers 2021, 13,3624 of cellulose concentration. Thus, the increase in the intensity of these groups indicates the increase in the crystallinity and mechanical properties of the biocomposite [243].

For hybrid wheat composites, Reddy et al. [244] had conducted experimentation on the preparation and characterization of wheat straw/clay reinforced polypropylene hybrid biocomposite. The hybrid biocomposite samples were fabricated through a meltblending method using a co-rotating twin-screw extruder, and injection molding. The result shows that the increase in wheat straw loading would reduce the resistance for water absorption and increased the flexural modulus. Additionally, the hybridization of wheat straw (30 wt%) and organo-clay (5%) resulted in the increase in flexural modulus of hybrid composite. 

Conclusions

Conventional plastic-based petroleum materials cause significant environmental damage and are one of humanity's greatest issues. Using wheat starch and wheat residues to produce biocomposite materials is a promising alternative for plastic-based petroleum. Wheat-starch biopolymer and fiber needs more concern and study, due to their availability, highly abundant, renewability, low cost, good properties and the possibility of using many parts of the wheat plant, which makes wheat plants a good resource for different kinds of biocomposite. Therefore, biocomposite-based wheat represents a good opportunity for biocomposites production in the future. Wheat bran and wheat straw are good sources of fiber to reinforce synthetic polymers and biopolymers. Films that are made from wheat gluten provide the potential to develop an edible film, adhesives, binders, and biomedical substances. The main advantages of wheat-gluten films include that they are insoluble in water, elastic in nature, and non-toxic. The production of wheat-starch-based films can be made via two common methods: (1) wet method and (2) dry method, whereas wheat biocomposite can be fabricated using several techniques such as solution casting, mixing and compression, and extrusion and compression. Plasticizer such as glycerol improves the flexibility and physical properties of wheat-starch-based films. Furthermore, the study of the mechanical properties of wheat biocomposite revealed that biocomposites exhibited increase in tensile strength and modulus when incorporated with fiber. Additionally, the influence of different types of plasticizers, chemical treatment, and addition of cross-linking agents for wheat-starch-based composite is not thoroughly evaluated in the literature. Hence, wheat-gluten-based biocomposites need more research work to better understand functionality and mechanical response of wheat-gluten-based biocomposite films. Molecular weight distribution and the mechanism of cross-linking between the proteins and any other additions such as plasticizers and fibers need further investigation.

Introduction

Currently, petroleum-based plastics, which are characterized by a long polymer chain, are widely used for different applications on a large scale due to their diverse mechanical properties and low cost [1][2][3][4][5]. The global production of plastics was estimated to be up to 311 million tons in 2014 [6,7], reached up to 381 million tons by 2015, and is predicted to increase four-fold by 2050 [6]. Despite the considerable contribution of petroleum-based plastics to the global economy, which exceeded billions of dollars, the non-degradability of these materials represents a huge challenge for the ecosystem, leading to many environmental crises [8][9][10][11]. It was reported that plastic waste represented approximately 79% of the waste that was discharged in landfills, recording more than 300 million tons of waste in 2015; moreover, only 12% of this waste was incinerable, and only 9% of it was recyclable [12,13].

Being recalcitrant or not biodegradable makes petroleum-based plastics one of the most critical issues to the environment currently. Thus, there is an urgent necessity to sub-Polymers 2021, 13,3487 stitute other eco-friendly alternatives for these materials [14][15][16][17]. In this context, biodegradable plastics, which are naturally made from biopolymers or synthesized bio-based polymers, seem a promising alternative to replace or at least to reduce the extensive use of conventional plastics and their harmful waste [18][19][20][21][22][23]. Additionally, biopolymers derived from renewable resources such as plants and animals can play an essential role in overcoming the challenges related to the depletion of oil reserves along with the environmental issues related to the increased use of petroleum-based plastics. These biopolymers can be natural fibers, cellulose, polysaccharides, proteins, lipopolysaccharides, polyhydroxyalkanoates, or glycolipids, which are suitable in environmental applications [24][25][26][27][28][29].

Due to its ability as a linking matrix between fillers, starch is the most used biopolymer for the fabrication of biofilms with high performance and biodegradability [30][31][32][33][34][35][36]. Additionally, it is more attractive for the industrial sector because of its availability and cost-effectiveness [37]. Corn starch represents more than 85% of global starch, making the corn plant the primary source of commercial starches globally. Other plants such as wheat, rice, and potato are also important sources of native starch; however, they contribute to a minor proportion of global starch production [38]. Semi-crystalline starch represents around 70% of the mass of the corn granule, and the rest is carbohydrate, protein, oil, and ash [39][40][41]. In recent years, starch-based materials have received increased attention in different packaging applications pushed by the rising concerns about global warming [42][43][44]. Although success has been achieved in the biopolymers market, especially in the environmental aspects, this market still faces some challenges to substitute petroleumbased plastics. This is mainly due to the sensitive nature of biopolymer-based films to high moisture [45,46], and their poor mechanical properties [47][48][49]. Due to their low molecular weight and non-volatility nature, plasticizers have been widely used to improve the workability and durability of polymers since the early 1800s [50]. The primary role of these plasticizers is to weaken the attraction of hydrogen bonds in starch network amylose and amylopectin; plasticizers can also increase the mobility rate of the polymer macromolecular chain, which reduces the glass transition temperature, in turn, and enhances the flexibility and stiffness of the plasticized corn starch films [42,[51][52][53][54]. Plasticizers do not only improve the physical properties of biopolymers but can also effectively enhance the processing characteristics; as a property modifier, plasticizers can decrease the second order transition temperature and the elasticity modulus, which improves the cold flexibility. Moreover, the softening effect of plasticizers helps in lowering the required processing temperature, and providing better flow properties [55]. Various types of plasticizers have been reported in the literature as adding materials for biopolymers fabrication, including fructose, glucose, and sucrose [56,57], urea [57,58], glycerol [56,59], tri-ethanolamine and glycol [57,60], as well as sorbitol and xylitol [61][62][63]. Ibrahim et al. (2019) investigated the effect of different plasticizers on corn-starch film properties, and found that film plasticized with 25% fructose produced the best set of features and achieved the highest mechanical performance [54]. In the same context, [START_REF] Mali | Effects of controlled storage on thermal, mechanical and barrier properties of plasticized films from different starch sources[END_REF] studied the effect of glycerol concentration (0, 20, and 40%) on corn starch and revealed that the tensile strength was reduced while the elongation at break increased with the increase in glycerol concentration [64]. In another study, [START_REF] Zhang | Mechanical and Thermal Characteristics of Pea Starch Films Plasticized with Monosaccharides and Polyols[END_REF] reported that monosaccharides (mannose, glucose, and fructose) resulted in stronger starch films (higher tensile strength). whereas polyols (glycerol and sorbitol) exhibited higher water vapor permeability [65]. Thus, the combination among different plasticizers seems attractive for optimizing the properties of CS films in different aspects. To our knowledge, no prior studies have examined the effect of combining fructose and glycerol plasticizers on the properties of CS-based film. Thus, this present study aims to investigate the potential effects of using glycerol, fructose, and a combination of glycerol and fructose at different concentrations as plasticizers on the properties of corn-starch-based bioplastics. Moreover, CS-based polymers are sensitive to humidity and have a low moisture barrier, which has limited their wider use in food applications. Because of that, special attention will be paid to optimizing the moisture barrier criteria of CS film for food packaging applications.
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Materials and Methods

Materials

Corn starch was purchased from Thye Huat Chan Sdn. Bhd (Sungai Buloh, SGR, Malaysia), and the glycerol and fructose plasticizers were purchased from Evergreen Engineering & Resources Sdn. Bhd (Semenyih, SGR, Malaysia). The commercial starch was graded to 0.25 mm size in a sieve machine Matest A060-01 (Arcore, MB, Italy) to prepare starch powder for the characterization.

Preparation of Cornstarch Biopolymers

The CS-based films were prepared by the application of the solution casting technique, as depicted in Figure 1. First, both types of plasticizers were introduced into a beaker containing 180 mL of distilled water. The mixture was then heated at a temperature of 85 • C for 20 min using a water bath to prepare a homogeneous solution. After that, 10 g of corn powder was separately added into the prepared solution at different plasticizer concentrations (0, 30, 45, and 60% w/w). The solution was placed again in the water bath for 20 min at the same temperature, and the slurry was left to cool before casting on a thermal platform. The casting dishes were weighed at 45 g to ensure uniformity of film thickness. The blend was the dried for 15 h using an air circulation oven at a temperature of 65 • C. The dehydrated films were collected from the casting plates and maintained at room temperature for one week inside plastic bags before characterization. The different samples of plasticized films were coded as follows: F30%, F45%, F60% for fructose, G30%, G45%, G60% for glycerol, FG30%, FG45%, and FG60% for fructose/glycerol in a ratio of 1:1 (v/v), and CS for the control corn starch film (non-plasticized). 

Physical Properties 2.3.1. Film Density

The density of prepared films was measured using a densimeter (Mettler-Toledo (M) Sdn. Bhd., Selangor, Malaysia). Xylene was selected as a dipping solvent in this work instead of distilled water to avoid the absorption of water by the hydrophilic samples. The low density of xylene prevents the floating of prepared films. Dehydration of samples was conducted for seven days using desiccators equipped with SiO 2 as the drying agent. The initial dry mass (m) of each sample was measured, and the biofilm was immersed in Polymers 2021, 13,3487 the liquid to note the volume of displaced liquid (v). The density measurement (ρ) can be calculated using Equation (1) as follows: ρ = m/v = g/m 3 (1)

Film Moisture Content (MC)

To determine the content of moisture in the studied films, three samples of each film were dried for 24 h in an oven at a temperature of 105 • C. The samples were weighed before (W 1 , gram) and after drying (W 2 , gram) and the calculation of moisture content was performed using Equation (2) [66]:

MC (%) = W 1 -W 2 W 1 × 100 (2) 

Film Thickness

The thickness of each film sample was measured using a digital micrometer (Mitutoyo Co., Kawasaki, Japan) with an accuracy of 0.001 mm. For more reliable results, the thickness measurement of each sample was replicated five times at different areas of the film, and the mean value of the films' thickness was calculated.

Film Solubility

To determine the film solubility, three samples (2 cm diameter) were collected from each film and dehydrated for 24 h using an oven at a temperature of 105 • C to measure the initial dry matter of each film (W i ). Each sample was then immersed for 24 h in a beaker containing 30 mL of distilled water at a temperature of 23 ± 2 • C with periodic stirring. After that, the insoluble portion of the film sample was separated from the solution and dried for 24 h at 105 • C. The mass of the dried insoluble sample (W 0 ) was used to calculate the fraction of soluble matter, which represents the solubility of the samples in water using Equation (3) as follows:

Solubility (%) = W i -W 0 W i × 100 (3) 

Water Absorption

The water absorption of a material is measured by the volume of water retained by 1 g of the dehydrated material. Water absorption of the films was evaluated by a similar method reported by Ibrahim et al. [41] with little modification. One gram of the film was introduced in a pre-weighed centrifugal tube (M initial ), then immersed in 25 mL of distilled water and centrifuged for 25 min at 3000 rpm. The supernatant was then removed, and the residue was dried for 30 min at 50 • C in an air circulation oven before being reweighed (M final ). These steps were repeated several times until a constant mass of the sample was reached. The water absorption (WA) percentage was then calculated using Equation (4) (Ibrahim et al., 2020):

WA (%) = M final -M initial M initial × 100 (4) 
2.4. Structural Properties 2.4.1. Fourier Transform Infrared Spectroscopy (FTIR)

The Fourier transform infrared (FTIR) spectroscopy analysis was conducted to test possible changes of functional groups in the films. The analysis was performed for each sample in an IR spectrometer Nicolet 6700 AEM-Thermo Nicolet Corporation (Madison, WI, USA) at 4 cm -1 resolution in 4000 to 500 cm -1 range with 42 total scans.

Polymers 2021, 13, 3487 2.4.2. X-ray Diffraction (XRD) All of the samples were analyzed with an X-ray diffractometer 2500 (Rigaku, Tokyo, Japan) with a speed of scattering at 0.02(θ) s -1 over a range of angles between 5 and 60 • (2θ). The operating current and voltage were fixed at 35 mA and 40 kV, respectively. The outcomes from the XRD test include relative crystallinity (Xc), crystalline area (Ic), and amorphous area (Io). Equation (5) defines relative crystallinity as a ratio between crystalline and amorphous space.

Xc (%) = ((Ic -Io)/Ic) × 100 (5)

Scanning Electron Microscopy (SEM)

Before conducting scanning electron microscopy (SEM), the samples were covered with a layer of gold with an argon plasma metallizer (sputter coater KK575X) (Edwards Limited, Crawley, UK) to prevent unnecessary charging. The fractured sample surface was then examined under SEM, model Hitachi S-3400N, with a 10 kV acceleration voltage.

Thermogravimetric Analysis (TGA)

A thermal gravimetric analysis (TGA) was performed using an analyzer Q500 V20. 13 Build 39 (TA Instruments, Hüllhorst, Germany). A 10 mm sample of the film was introduced in platinum crucibles under a nitrogen atmosphere and heated starting from room temperature to a temperature of 450 • C at a rate of 10 • C/min. This test of thermal analysis assessed the thermal stability of each sample by following the mass loss over time as a function of temperature.

Tensile Properties

Tensile properties, including tensile strength, elongation at break, and Young's modulus, were measured using a universal tensile machine (5 kN INSTRON, Instron, Norwood, MA, USA) to assess the mechanical behavior of the different CS film samples. The tensile machine clamps were attached to a film strip (70 to 10 mm) that was pulled at 2 mm/min crosshead speed, with an effective grip distance of 30 mm. The machine was connected to computer software (Bluehill 3), which provided the mean of each parameter using five replicates of the tested sample.

Statistical Analyses

The statistical analyses of the findings were performed using Microsoft Excel 365, and the obtained data were plotted using Origin ® 8.5 software for the graphical presentation of the results.

Results and Discussion

Physical Properties

Film Moisture Content (MC) and Density

As shown in Table 1, the results of film average moisture content using different plasticizers at different concentrations showed that the G-plasticized film had the highest moisture content followed by FG-plasticized film, whereas the lowest moisture content was observed for F-plasticized film. Moreover, a significant decrease in the moisture content was observed with the increase of F-plasticizer concentration from 30 to 60%, whereas increasing the concentration of glycerol plasticizer in the F-plasticized film from 30 to 60% significantly increased the moisture content from 11.06 to 16.97%. Similar to the Gplasticizer, the increase in the concentration of combined GF-plasticizer significantly raised the moisture content, where the moisture contents of 10.64 and 13.63% were observed for FG-plasticizer concentration of 30 and 60%, respectively. However, the observed increase in the moisture content by adding GF-plasticizer was less than the observed increase in the G-plasticized film. The low moisture content of F-plasticized films, when compared to glycerol-containing films, might be related to the high similarity in the molecular structure between fructose and glucose units of the polymer, which strengthened the interactions between fructose molecules and the intermolecular chains in the film [41,53]. This resulted in lower probability of the interaction between the fructose and water molecules. Meanwhile, glycerol molecules consisting of hydroxyl groups were characterized by a high water affinity, which made forming hydrogen bonds and retaining water within the matrix easier in the Gplasticized films [67,68]. Thus, fructose acted as a water-resistant agent, whereas glycerol was considered as a water-holding agent [53].

The findings presented in Table 1 show that all the plasticized biofilms had a lower density than the control biofilm: the density ranged between 1.34 and 1.49 g/cm 3 for the plasticized films compared to a density of 1.69 g/cm 3 observed for the control biofilm. Although the results did not show a significant difference among the selected plasticizers as the density values were too close, the lowest density was noted for G-plasticizer at a concentration of 60%. The same findings were reported by [START_REF] Sahari | Physical and chemical properties of different morphological parts of sugar palm fibres[END_REF], who stated that density values did not demonstrate much significant difference between the various plasticizer types [69].

Moreover, a slight decrease in the density was observed when the concentration was increased from 20 to 60% for all plasticizers. Tarique et al. (2011) reported that this decrease in the density might be due to the association between increasing plasticizer content and the thickness of the biofilm and its volume [70].

Film Thickness and Solubility

Figure 2 shows the thickness of different plasticized films at different plasticizer concentrations. Regardless of the type of plasticizer used, the results show that the increase of plasticizer concentration from 30 to 60% was associated with the increase in the thickness of plasticized films. Sanyang et al. (2015) reported the same findings and indicated the effect of plasticizers in the deformation of intermolecular polymer chain matrix, which provided more free volume increasing film thickness. In addition, the thickness results from varying plasticizer types showed that the thicknesses of different plasticized films were very close, although the molar mass of fructose (180 g/mole) is almost two-fold that of the molar mass of glycerol (92 g/mole). Hence, there was no significant influence of plasticizer molar mass on film thickness. This result disagreed with the findings reported in previous studies concluding that the thickness of the plasticized film was significantly related to the molar mass of the plasticizer used [42,53].

The water solubility of the film is also a critical property that should be considered during the characterization of biopolymers, especially for food packaging applications where water insolubility and water-resistance are sometimes required [71]. Similar to the thickness results, the same findings were observed for the solubility test of the plasticized films, where increasing the plasticizer concentration from 30 to 60% significantly increased the solubility for all types of plasticizers, as shown in Figure 3. The possible explanation of these findings is the hydrophilicity of these plasticizers as polyols contributed to weakening the bonds between polymer molecules and enlarging the free space volume in the chains. This facilitated the diffusion of water into the polymer matrix and, in turn, increased the films' solubility [42]. The findings also indicated relatively close solubility in the films in terms of the type of plasticizer, as shown in Figure 3, where solubility ranged from 39.42 to 47.98%, 35.79 to 50.09%, and from 37.99 to 51.26% were observed for G-plasticized films, Polymers 2021, 13, 3487 G-plasticized films, and FG-plasticized films, respectively. These similar results might be attributed to the high affinity of both glycerol and fructose to water molecules. 

Water Absorption (WA)

Water absorption ability is a critical property for starch films due to the significant role that water plays in a plasticizer. Thus, plasticized films with higher water content are characterized by higher flexibility [42,54]. In this study, the duration of the biofilms immersion in water was set at 120 min as it was reported that the plasticized samples start to dissolve in water at 140 min [72]. Figure 4 shows the results of investigating the water absorption of the plasticized films at different plasticizer concentrations. The findings show that all the films, including the control film, reached the saturation point at 40 min after the immersion, where the amount of water absorbed after this point was negligible. The highest water absorption was observed for the control sample at approximately 194.3%. Among the three studied plasticizers, F-plasticized film had the highest water absorption Polymers 2021, 13,3487 (187.87%), followed by FG-plasticized film, and G-plasticized film, with water absorption of 106.23 and 98.82%, respectively, at 30% of plasticizer concentration. Moreover, the findings indicated that the increase in the concentration of the plasticizers for the three types of plasticized films led to a decline in water absorption. For an increase from 30 to 60% in the plasticizer concentration, a decrease in water absorption from 187.87 to 74.10% was observed in F-plasticizer; reductions in water absorption from 98.82 to 50.58% and from 106.23 to 50.90% were recorded for FG-plasticized film and G-plasticized film, respectively. Thus, G-plasticized and FG-plasticized films possessed better water resistance than G-plasticized films. In turn, they can provide a more palatable texture and longer shelf life to high moisture products. This is understood due to the high hydrophobicity of glycerol; soluble plasticizers may block the micro-voids in the matrix of the film, causing a decrease in water absorption. At the same time, hydrophobic plasticizers can cause the formation of different phases in the produced film, which decreases the flexibility or forms discontinued areas in the matrix of the films [55]. 

Structural Properties

Scanning Electron Microscopy (SEM)

The SEM images of the control samples exhibited a uniform and relatively smooth surface with the appearance of some non-dissolved granules related to the morphological structure of corn starch [54]. The FG-plasticized film with 30% concentration showed the smoothest surface with the absence of undissolved particles and pores (see Supplementary Materials). A relatively smooth and coherent surface without any pores was observed for the G-plasticized film at a concentration of 60%, with the presence of some impurities and agglomerated starch covering the surface. The other plasticized films, including F30, F45, F60, G30, G45, FG45, and FG60, showed less consistent surfaces with the presence of pores and microcracks in large areas of the surfaces. Although it has been reported by Edhirej et al. (2016) that F-plasticized films were evidenced to be rather smooth, coherent, and more homogeneous, the findings of the current study showed that all F-plasticized films were not smooth or homogeneous. This might be due to some differences during the preparation of the biofilm. Overall, the addition of plasticizer into CS films at appropriate concentrations led to the total dissolving of starch molecules, enhancing the coherence and integrity in the surface structure of the film [73]. The homogeneity of the matrix in the films is a good indicator of their structural integrity [74]; therefore, using a higher proportion Polymers 2021, 13,3487 of plasticizer produced weak and incoherent films that were hard to peel off the casting container. In contrast, preparing the film with a low concentration of plasticizer produced a film that appeared to be brittle, sticky, and difficult to remove from the casting container.

Spectroscopy Analysis of the Film Using FTIR

To identify the changes that occurred in the chemical structures of the films by adding different plasticizers at different concentrations, FTIR analysis was conducted to investigate the intermolecular rearrangement of polysaccharide chain orientation, as shown in Figure 5 [75]. The control film showed peaks at 890.23, 1019.91, 1653.21, 2942.45, and 3358.15 cm -1 . The peak observed around 3358 cm -1 was associated with the stretching of the O-H groups, whereas the bands identified at 2942.45 cm -1 were attributed to C-H stretching. The peak at 1653.21 cm -1 was assigned to the bending mode of the absorbed water [76]. The characteristic peaks at 1019.91 cm -1 were associated with the C-O bond stretching of the C-O-C groups in the corn starch anhydroglucose ring, whereas the vibrational modes of the D-glucopyranosyl ring were around 890.23 [77,78]. Although Yin et al. [6] reported that changes in the characteristic spectral bands indicate the chemical interactions between two or more substances physically blended [79], the FTIR results in this study showed that all the plasticized films had similar spectra to the FTIR spectrum observed for the control film. These findings were in accordance with the previous study conducted by Hazrati et al. [20], who reported that the similarity observed in FTIR spectra of the control film and plasticized films was due to the fact that starch and the used plasticizers have the same functional groups, as all of them are polyols [78]. Polymers 2021, 13, 3487

X-ray Diffraction (XRD)

The X-ray Diffraction analysis showed that the majority of corn starch crystals were gelatinized and retrograded during the preparation of the film. The XRD analysis of the control CS-film showed four peaks at the points 15, 17.4, 19.8, and 21.8 • ; these findings were in agreement with the results reported by Hazrol et al. [53]. The observed peaks reflected that the control CS-film had the B-type diffraction pattern [78]. The F-plasticized film showed the same diffraction peaks observed for the control film for all the concentrations; however, a decrease in intensity of the peak at 19.8 • was observed by increasing the concentration of the F-plasticizer from 30 to 60%. The addition of G-plasticizer at a concentration of 30% to the control film led to the immersion of the peak at 17.4 • that appeared again when G-plasticizer was added at concentrations of 45% and 60%; meanwhile, the intensity of the peak at 19.8 • increased. The FG-plasticized films at 45% and 60% of plasticizer concentrations showed a similar pattern of diffraction to the control film; however, both peaks at 17.4 • and 21.8 • were immersed at 25% FG-plasticized film, resulting in a large peak at 19.8 • (see Supplementary Materials).

The crystallinity degree of the different samples was calculated based on the XRD pattern and are presented in Table 2. For all plasticizers, a significant increase in the crystallinity index was noticed when the plasticizer concentration was increased from 30 to 60%. Moreover, the F-plasticized film showed a higher crystallinity degree than the Gand FG-plasticized films. According to [80][81][82], there is a significant relationship between the increase in crystallinity degree of starch-based films and the decrease in the moisture content, which was compatible with the findings of this study, in which the low moisture content and the higher crystallinity degree were observed for F-plasticized films. 

Thermogravimetric Analysis (TGA)

The thermostability of cornstarch-based biofilms was assessed using thermogravimetric analysis as represented in Figure 6 and Table 3 to determine the decomposition temperatures of each material and the fraction of material residues at the maximum degradation rate. For all the samples, three stages of degradation were recorded. The initial weight loss was observed at a temperature of below 100 • C due to the removal of a small amount of water via evaporation and dehydroxylation processes [83][84][85]. Additional heating at the range of temperature 150-200 • C led to the second loss in the film weight; the volatilization of fructose molecules and residuals was the driving process of the weight loss at this stage [86]. As illustrated in Figure 6, the weight loss of the films was limited in this stage. At the third stage of degradation, the mass loss was primarily caused by the decomposition of the water-soluble amylopectin in the films [41]. Overall, the final degradation rate of F-plasticized films ranged between 65% and 67.3%, which was very similar to the weight loss of the control sample, which recorded 65.2% as the degradation rate. The G-plasticized films showed the highest mass loss, which ranged between 87.6% and 90.5%, increasing with the concentration of plasticizers from 30 to 60%; followed by the FG-plasticized films, where the final loss of weight was estimated between 78.7% and Polymers 2021, 13, 3487 84.3% from the total mass. However, these results indicated that increasing the plasticizer concentration resulted in increasing the final mass loss for G-plasticized films, whereas increasing the plasticizer concentration in FG-plasticized films was associated with the decrease in the degradation rate. 

Tensile Properties of Films

Tensile analysis of the different plasticized films was conducted to evaluate the tensile strength, extension at the break, and Young's modulus at different concentrations. Figure 7 demonstrates the effect of various plasticizers at different concentrations on the tensile strength of CS films. The F-plasticized film showed the highest tensile strength of 17.15 MPa for a concentration of 30%, followed by the FG plasticizer, which showed a tensile strength of 10.66 MPa at a plasticized concentration of 30%, whereas the highest Polymers 2021, 13, 3487 tensile of G-plasticized film was 2.24 MPa. These results were consistent with the study conducted by [76], which reported the greater tensile strength of F-plasticized CS film compared to other plasticizers. For all types of plasticizers, the increase in their concentration significantly decreased the tensile strength. The increase in plasticizer concentration from 30 to 60% led to a decrease from 17.15 to 7.44 MPa in the tensile strength of F-plasticized film, a decrease from 2.24 to 1.52 MPa in the tensile strength of G-plasticized film, and a decrease from 10.66 to 3.28 MPa in the tensile strength of FG-plasticized film. Several works reported the decrease of tensile strength in the starch-based films as a response to the increase of plasticizers concentration [42,54,87]. The addition of plasticizers increased the formation of hydrogen bonds between the starch molecules and the plasticizers, causing the weakness of intramolecular interactions among the molecules of starch chains [78]. Young's modulus analysis was conducted to assess the stiffness of the films, where a high Young's modulus reflects a high degree of stiffness of the material. As shown in Figure 8, F-plasticized films showed the highest Young's modulus, followed by the FGplasticized films and G-plasticized films, respectively. Among all the tested plasticizers, a decrease in tensile modulus was observed when plasticizer concentration was increased from 30 to 60% in all films, indicating that increasing plasticizer content made the films less rigid. The decrease of stiffness with increasing plasticizer content in hydrophilic films has been reported previously [88]. This behavior could be related to the structural modifications of the starch network when plasticizers were incorporated and the matrix of the films became less dense [76].

For elongation at break, the F-plasticized films and FG-plasticized films showed higher elongations at break compared to G-plasticized films, as shown in Figure 9. However, the increase in plasticizer concentration resulted in increasing the elongation at break at Fplasticized films, whereas a decrease in elongation at break was observed in FG-plasticized films when the plasticizer concentration was increased from 30 to 60%. At the same time, the effect of plasticizer concentration on the elongation at break was not significant for Gplasticized films, where elongation of break of 33.02% and 33.87% was recorded at glycerol plasticizer concentrations of 30% and 60%, respectively. These findings were in agreement with the reported results in previous studies, which indicated the decrease of elongation break as a result of increasing plasticized concentration for F-plasticized film. Meanwhile, the opposite effect was observed when other types of plasticizers were used [76]. 

Potential of the Plasticized CS Film for Food Packaging Considering Water-Resistant Ability

As stated earlier, the hydrophobicity of CS films resulted in high moisture content and high-water absorption as challenging factors that limit their broader use in food applications. Therefore, one of the aims of this study is to reduce the moisture content and water absorption of CS film by the incorporation of different plasticizers. Among the tested films, F-60 plasticized film exhibited the lowest moisture content, in which the incorporation of fructose plasticizer at a concentration of 60% reduced the moisture content by 47.58% compared to the control film. Additionally, G60 and FG60 biofilms showed the lowest water absorption recording 48.2% and 48.8%, respectively, compared to 74% as water absorption observed for F-60 biofilm. Moreover, the comparison of the properties of the prepared films with previous studies on CS-based films using different plastics showed the high quality of the films as water-resistant material (Table 4). There is no doubt that the ability of packaging materials to prevent or minimize moisture transfer between the food and the surrounding environment is a crucial property for effective food packaging [90]; however, there was a trade-off between the mechanical properties and water resistance properties of the biofilms in the present study, reflected in high water resistance biofilms with low mechanical properties and vice-versa. In this regard, FG30 biofilm, which exhibited a moderate water resistance (WC = 10.64%, WA = 103.4%), thermal resistance, as well as tensile strength (TS = 10.66 MPa) seems to be the best plasticizer as a compromise to meet the requirements of food packaging applications.

Conclusions

In this work, the physical, structural, thermal, and mechanical properties of plasticized corn starch films were investigated to highlight the effect of plasticizer type and concentration on these properties. Incorporation of the selected plasticizers, including fructose, glycerol, and the combination of fructose/glycerol, significantly enhanced the properties of CS starch films. Moreover, the findings indicated that the addition of a specific plasticizer might enhance some properties over others. In this context, CS films containing fructose exhibited low moisture content, higher crystallinity, higher thermostability, and higher tensile strength; the G-plasticized films demonstrated the lowest density and water absorption. Thus, it seems that combining both plasticizers in FG-plasticized films effectively led to the development of corn-starch films with intermediate properties. Over the different tested plasticizers, the data indicated that the incorporation ratio of plasticizers significantly influenced the different properties of the films, which reflected the importance of determining the suitable concentration of plasticizers to optimize the quality of the film to meet the requirements of food packaging applications. In this regard, the FG30 plasticized CS film seems a promising biopolymer for food packaging applications, providing a low moisture content with a reduced water absorption capacity and good mechanical and thermal properties. Moreover, further efforts are required to investigate the chemical mechanisms of the plasticizers that affect the physical, thermal, and mechanical properties of CS starch films, which contribute to developing new techniques and methods for enhancing these properties.

Supplementary Materials:

The following are available online at https://www.mdpi.com/article/ 10.3390/polym13203487/s1, Figure S1 

Introduction

Throughout the evolutionary process, among the significant issues faced by society today are the protection of natural resources and the implementation of eco-friendly approaches to sustaining a high quality of life. Environmental pollution is a worldwide Polymers 2021, 13,3249 concern and the majority of pollutants have long-term negative impacts on humans. Focusing on microbial pollution, the most common bulk transportation media for particulate contaminants are air and water. Microbes are microscopic living organisms that can be found everywhere, including in water, soil and air, but they are too small to be seen with the naked eye. These microbes are commonly viruses, bacteria, and fungi and may involve microscopic parasites. Certain microbes are harmful to our health, while others are beneficial. Table 1 shows several types of infectious diseases caused by microbes. Microbial contamination in water can be dangerous to health, causing serious waterborne disease outbreaks, such as gastroenteritis, cholera, giardiasis and cryptosporidiosis. The most common bacteria involved in these outbreaks are Shigella dysenteriae, Vibrio cholera, Legionella sp., Escherichia coli, and Campylobacter jejuni [11]. Whereas giardiasis and cryptosporidiosis are gastrointestinal diseases caused by microscopic parasites (protozoa), namely Giardia duodenalis and Cryptosporidium sp., respectively. When invading the gastrointestinal tract, these microbes can cause local reactions to their presence and may even cause systemic effects from toxins they secrete (only certain microbes secrete toxins). Some microbes may invade the bloodstream, where they can cause sepsis [12]. Annually, it is estimated that approximately 485,000 people die from diarrheal disease as a result of drinking contaminated water [13]. Hence, microbially contaminated wastewater must be treated before it is discharged into water bodies or water courses.

As mentioned previously, microbes can also be transmitted through the air. According to the World Health Organization (WHO), airborne transmission differs from droplet transmission as it refers to the presence of microbes within droplet nuclei that are typically less than 5 µm in diameter and can circulate in the air for significant periods and be transmitted to others over distances more than 1 m [14]. Whereas droplet transmission occurs when a person is in close contact (within 1 m) with a symptomatic patient with respiratory symptoms such as coughing or sneezing and is thus at risk of exposure to potentially infective respiratory droplets (typically >5-10 µm in diameter). Nowadays, the threat of the newly discovered infectious coronavirus disease (COVID-19) is worrying, as this pandemic outbreak has already killed millions of people worldwide. The outbreak is exacerbated by the occurrence of frequent mutations, which makes it difficult to rapidly produce omnipotent vaccines [1]. Therefore, an effective, robust, and inexpensive air-borne virus removal membrane filter is an urgent need to provide a means to prevent virus spread in hospitals, transportation hubs, schools, and other venues with high social traffic turn-over in order to minimize the risks arising from the COVID-19 pandemic.

Microbe removal can be done through a variety of methods, such as, filtration (either depth filtration or surface screening), partitioning and fractionation (centrifugation), and chromatography (ion-exchange, affinity, gel permeation) [15]. Of these different techniques, filtration is a desirable choice, as it is non-destructive and non-interfering, implying that it will not threaten the quality of biological samples or induce immune reactions. Membrane Polymers 2021, 13,3249 filters have been made from a variety of synthetic and semi-synthetic polymers, designed to achieve a desired filtration pore size. The membrane filter is also an effective and widely used method for detecting microbiological pollution in collection samples. It requires less planning than certain other conventional methods and is one of the few methods that allows for microorganism separation and subsequent determination. Microbes cannot be retained by the normal membrane filter because the membrane pores are too large. Therefore, it is critical to have a more effective material for microbe filtration, and there are studies that have led to the discovery of new filtering media made from cellulose with efficient filtration capability. The ultimate objective would be to be able to effectively and securely filter microbes from the environment at an affordable cost.

Current filter materials which are typically non-biodegradable and non-renewable have also received much attention among scientists. These membrane filters are primarily made from polymers which include proprietary non-ionic polymers, polytetrafluoroethylene (PTFE), polypropylene (PP), polysulphone (PS), polyvinylidene fluoride (PVDF) and polyethylene (PE) [16,17]. These non-biodegradable polymers when being disposed of after use are known to be harmful to the environment [18]. Figure 1 shows an example of used surgical masks incorporating PP that have been discarded and not properly disposed of thereby causing problems of littering both on land and at sea as well as in waterways. Therefore, scientists urgently need to find better solutions to this problem. It is important to have a more efficient renewable and biodegradable material, of which nanocellulose is a prime candidate.
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According to Hassan et al. (2020) [37], two approaches that utilize nanocellulose for filtration have been explored; namely, the first approach which incorporated them into other polymer matrices to enhance the effectiveness of prepared membranes. This was done by dissolving the polymer in suitable solvents and ensuring that the nanocellulose materials were well dispersed within the polymer solution before being film cast. Meanwhile, the second approach was one first introduced by [START_REF] Ma | Ultra-fine cellulose nanofibers: New nano-scale materials for water purification[END_REF] [38], in which the authors developed membranes from a nanocellulose layer with adequate porosity laid over polymeric supports without having to dissolve the cellulose matrix and using the film casting method to produce porosity. The latter approach was found to be more desirable and intriguing.

Nanocellulose-based membrane filters have been found to be effective at removing microbes in previous research [39][40][41]. When compared to synthetic polymers or plastic membranes, a significant benefit of the nanocellulose-based membrane filters is that they are entirely made from natural resources, making their disposal much easier, as they were made up of predominantly biodegradable materials [42].

This review is intended to provide a comprehensive overview of the recent advances in the development of membrane filters for microbial removal, which are made up either entirely from nanocellulose or utilizing a modified approach, incorporating nanocellulose. This review will include (1) a description of the types of membrane filters and the rejection mechanism they use; (2) details of the nanocellulose used in the production of membrane filters; (3) a suite of antimicrobial technologies used for nanocellulose functionalization. This manuscript provides knowledge and direction for scientists to stimulate future research in this area.

Types and Rejection Mechanisms of Membrane Filters

The role of membranes alone in the removal of pathogens is discussed here. Membrane filters can be categorized by the size of the pollutant they are able to reject (see Figure 2), namely: reverse osmosis (0.1-1 nm), nanofiltration (NF) (1-2 nm), ultrafiltration (UF) (2-100 nm) and microfiltration (MF) (100 nm-10 µm). The two most important features of a membrane are its permeability and selectivity. To enhance the productivity of membrane separation processes, it is always necessary to develop membranes with high permeability and high selectivity [43].

Referring to Figure 3, it can be seen that there are various pore sizes of nanocellulosebased membrane filters that are available, depending on their origin. The different pore sizes of nanocellulose membrane filters fulfil various filtration modes. Thus, nanocellulose membrane filters obtained from electrospun CNF usually have a pore size of more than 100 nm (Figure 3a). Thus, making this membrane filter more suitable as an MF. Meanwhile, CNF (Figure 3b) and CNC (Figure 3c,d), which are obtained through other methods usually have a smaller pore size, which ranges from 5 nm to 100 nm. Thus, this makes them suitable for use in NF and UF. The pore size of nanocellulose depends on several factors, such as the cellulose origin, the isolation process concentration and processing conditions as well as pretreatments administered to the cellulose. Moreover, CNF has more advantages to be used as a membrane filter. This is because CNF led to a higher strength and modulus compared to CNC, due to CNF's larger aspect ratio and fibre entanglement, but lower strain-at-failure because of their relatively large fibre agglomerates [44]. Referring to Figure 3, it can be seen that there are various pore sizes of nanocellulosebased membrane filters that are available, depending on their origin. The different pore sizes of nanocellulose membrane filters fulfil various filtration modes. Thus, nanocellulose membrane filters obtained from electrospun CNF usually have a pore size of more than 100 nm (Figure 3a). Thus, making this membrane filter more suitable as an MF. Meanwhile, CNF (Figure 3b) and CNC (Figure 3c,d), which are obtained through other methods usually have a smaller pore size, which ranges from 5 nm to 100 nm. Thus, this makes them suitable for use in NF and UF. The pore size of nanocellulose depends on several factors, such as the cellulose origin, the isolation process concentration and processing conditions as well as pretreatments administered to the cellulose. Moreover, CNF has more advantages to be used as a membrane filter. This is because CNF led to a higher strength and modulus compared to CNC, due to CNF's larger aspect ratio and fibre entanglement, but lower strain-at-failure because of their relatively large fibre agglomerates [44]. Table 2 summarized the properties of CNF films from different sources. Figure 2 illustrates the membrane filtration spectrum, which operates by utilizing the size exclusion method in rejecting or inhibiting the pathogenic microorganisms. [START_REF] Wu | Nanocellulose-Based Nanoporous Filter Paper for Virus Removal Filtration of Human Intravenous Immunoglobulin[END_REF] [53] described it as an established, reliable, and robust method, considering its ability to physically remove various types of infective microorganisms, including virus. Of note, the other method that utilized the affinity principle could also be used for filtration.

There are two types of membrane filters with different pore sizes, commonly used in the retention of microorganisms. The first one is the MF membrane, which has a pore size of 0.1-10 μm, while the other is the UF membrane, which has a smaller pore size, ranging from 5 to 100 nm. Both types of membrane filters are applicable to the removal of protozoa and algae (i.e., size range between 3 to 14 μm) [54]. In addition, [START_REF] Francy | Comparative effectiveness of membrane bioreactors, conventional secondary treatment, and chlorine and UV disinfection to remove microorganisms from municipal wastewaters[END_REF] [55] outlined that tertiary disinfection is not necessary, as the pore size of both MF and UF membranes are too nominal when compared to the size of coliform bacteria, suggesting the total removal of bacteria by size exclusion of the membranes. However, a particular concern was raised regarding the removal of virus via direct membrane filtration considering its smaller size compared to bacteria.

Size exclusion is a widely used technique in the chromatography method, which separates molecules, depending on their sizes or "hydrodynamic volume" in solution. Filtration takes place through a gel composed of spherical beads with a particular size distribution of pores. When molecules of various sizes are incorporated or omitted from the pores Figure 2 illustrates the membrane filtration spectrum, which operates by utilizing the size exclusion method in rejecting or inhibiting the pathogenic microorganisms. [START_REF] Wu | Nanocellulose-Based Nanoporous Filter Paper for Virus Removal Filtration of Human Intravenous Immunoglobulin[END_REF] [53] described it as an established, reliable, and robust method, considering its ability to physically remove various types of infective microorganisms, including virus. Of note, the other method that utilized the affinity principle could also be used for filtration.

There are two types of membrane filters with different pore sizes, commonly used in the retention of microorganisms. The first one is the MF membrane, which has a pore size of 0.1-10 µm, while the other is the UF membrane, which has a smaller pore size, ranging from 5 to 100 nm. Both types of membrane filters are applicable to the removal of protozoa and algae (i.e., size range between 3 to 14 µm) [54]. In addition, [START_REF] Francy | Comparative effectiveness of membrane bioreactors, conventional secondary treatment, and chlorine and UV disinfection to remove microorganisms from municipal wastewaters[END_REF] [55] outlined that tertiary disinfection is not necessary, as the pore size of both MF and UF membranes are too nominal when compared to the size of coliform bacteria, suggesting the total removal of bacteria by size exclusion of the membranes. However, a particular concern was raised regarding the removal of virus via direct membrane filtration considering its smaller size compared to bacteria.

Size exclusion is a widely used technique in the chromatography method, which separates molecules, depending on their sizes or "hydrodynamic volume" in solution. Filtration takes place through a gel composed of spherical beads with a particular size Polymers 2021, 13, 3249 distribution of pores. When molecules of various sizes are incorporated or omitted from the pores inside the matrix, separation occurs. Small molecules diffuse into the pores, slowing their flow through the column, whereas large molecules (or having the greatest hydrodynamic volume) do not penetrate the pores and are eluted in the column's void volume [56]. As a result, molecules segregate according to their size as they move down the column and are eluted in decreasing order of molecular weight (MW).

There are a few criteria that influence the effectiveness of the size exclusion technique, particularly the pH and ionic strength of the load buffers, which have a major impact on the retention of diverse specimens. In neutral membranes, the sieving behaviour of charged pollutants is different from that of neutral pollutants. Due to electrostatic interactions with ions in solution, charged pollutants have a double layer of electrical charge on their surface. A solution entering a pore will compress this electrical double layer if the pollutants and pore sizes are of the same magnitude. This is not energetically advantageous, resulting in a reduction in the sieving of the charged pollutants. Interestingly, when an ionic solution encounters a charged membrane, the Donnan model gives a well-known classical description of the electrochemical equilibrium that occurs. It ignores ion size effects while accounting for electrostatic interactions, since the theory regards ions as point charges [57]. When neutral pollutants are applied to a charged membrane, similar effects occur. The presence of neutral pollutants causes a compression of the electrical double layer, associated with the pore wall. With similarly charged pores and pollutants, this impact is amplified much further. Due to charge repulsion, membranes with charged ligands (with identical charge) have poorer sieving of specimens [58].

On the other hand, membrane filters utilize the affinity principle, known to use adsorption to remove pollutants based on the electrostatic interaction between functional groups of the membranes with the pollutant. This type of membrane filter includes composite or hybrid filter structures that consist of a porous substrate with either nanocellulose moieties attached to their surface or impregnated within. It is interesting to note that size exclusion and affinity regime approaches have been explored in many studies on membrane filters utilizing the nanocellulose.

Adsorption is an exothermic surface-based process in which molecules of a substance in a certain state aggregate on an adsorbent surface. The adsorbate is the substance that is adsorbed on the adsorbent. Desorption, on the other hand, is the release of adsorbed molecules from the adsorbent's surface, which is the reverse of adsorption. Adsorption of molecules to the adsorbent surface can take place in two ways: "physical adsorption," also known as "physisorption," and "chemical sorption," also known as "chemisorption." This is determined by the interactions of the molecules with the surface. Weak forces, such as electrostatic interactions and Van der Waals forces, are involved in physical adsorption. Chemical adsorption results in the formation of strong chemical bonds, such as covalent bonds, between the surface and the adsorbed molecules. A monomolecular layer (monolayer) is developed on the adsorbent surface during chemical adsorption, whereas a thick multilayer is created during physical adsorption on the adsorbent surface [59].

Fabrication of Nanocellulose Membrane

Numerous nanocellulose membrane production processes have been devised, taking into account the unique features of nanocellulose fibres and the membrane casting suspension, as shown in Figure 4 and summarized as follows. 

Vacuum Filtration

Vacuum filtration, followed by optional hot-pressing, is a rapid, easy, and accessible procedure for producing layered structures of nanocellulose membrane filters. The amount and concentration of nanocellulose suspensions could be used to alter the thickness and pore size of the resulting membranes [61].

Casting Evaporation and Coating Self-Standing

Normally, self-standing membranes are made by evaporating a dilute nanocellulose suspension in a petri dish. In general, to avoid agglomeration, the nanocellulose dispersion should be diluted to a low concentration (depending on surface chemistry and fibril diameter, but usually less than 1 w.t%) [62,63].

Electrospinning

Electrospun membranes have a smaller base weight, a greater effective surface area, and a higher effective porosity, with pores that are continually interconnected. Nanocellulose could change the membrane surface charge density, increase total effective surface 
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Vacuum filtration, followed by optional hot-pressing, is a rapid, easy, and accessible procedure for producing layered structures of nanocellulose membrane filters. The amount and concentration of nanocellulose suspensions could be used to alter the thickness and pore size of the resulting membranes [61].

Casting Evaporation and Coating Self-Standing

Normally, self-standing membranes are made by evaporating a dilute nanocellulose suspension in a petri dish. In general, to avoid agglomeration, the nanocellulose dispersion should be diluted to a low concentration (depending on surface chemistry and fibril diameter, but usually less than 1 wt%) [62,63].

Electrospinning

Electrospun membranes have a smaller base weight, a greater effective surface area, and a higher effective porosity, with pores that are continually interconnected. Nanocellulose could change the membrane surface charge density, increase total effective surface area, and improve functional group density by incorporating it into electrospinning membranes.

Polymers 2021, 13,3249 Furthermore, the nanocellulose content of this multi-layered nanofibrous system could alter the mean pore size and pore size distribution, and hence the separation performance [60].

Attributes of Nanocellulose Membrane Filtration of Microbes

In filtration systems, diameter, length, cross-section shape, internal structure (cellular or solid), and strength properties, which include tensile strength, stretch or elongation, and stiffness, are the most important physical characteristics of fibres for use in filter media. Fibre qualities that optimize the bulk, air permeability, and pore size of the filter media are ideal. The purpose of the filter design is to optimize bulk and air permeability to allow for breathing while reducing pore size to improve filtration efficiency [64].

Generally, polypropylene (PP) is used to produce the mask accords with the technical standards. The pore diameter of polypropylene is 25 mm. They were treated with dimethyldioctadecylammonium bromide to impart a positive electrical charge capable of attracting bacteria. Bacterial or viral filtration efficiency was almost 100% for the PP mask [65].

Normal membrane filters usually have pores that are too large to retain microbes. The advances in nanotechnology have made nanocellulose the more suitable material for the filtration of microbes. Nanocellulose with pore dimensions measuring between 1 and 100 nm offers certain unique characteristics, which include high strength, chemical inertness, hydrophilic surface chemistry and high surface area, thereby making it a promising material for use as a high-performance membrane filter that can effectively remove microbes from either air or liquids [22,49,[66][67][68][69][70][71][72]. Moreover, membrane filter constructed entirely of CNF has recently been discovered to be capable of filtering even the tiniest viruses with up to 99.9980-99.9995% effectiveness.

The comparison between the PP membrane and nanocellulose membrane is tabulated in Table 3. On the other hand, Table 4 summarizes the importance of several special properties of nanocellulose which are related to the application as a membrane filtration material against microbes. As described earlier, nanocellulose can be classified into three types (CNF, CNC, and BNC) according to their manner of origin. These three types are as shown in Table 5, below. Essentially cellulose is a molecule that consists of β-1, 4-glucose, and three active hydroxyls at the C2, C3, and C6 sites of the glucopyranose ring, and its configuration provides sufficient sites for several surface functionalization's. These sites may undergo oxidation, esterification, and etherification to enable these variable functional groups that may include aldehyde groups and quaternary ammonium. The details of these surface functions will be explained in the following section. 

Property Advantages Reference

Nanoporosity

Good virus filtration using size-exclusion method. Typically, the pore size of nanocellulose is below 100 nm. [15] Surface functionalization Functionalization nanocellulose with several compounds to make it cationic charged causes an increase in its binding affinity towards viruses. [73] High specific surface area Provides a large surface area for functionalization. Thereby increasing interaction efficiency.

[74]

Renewable

Nanocellulose can be easily sourced from plant bio-waste. Its use can eliminate the use of other non-renewable polymers as mentioned in the Introduction section. [49,66] Biodegradability An important aspect to save the environment. It is biodegradable in landfills. Hence, current environment issues from used and discarded surgical masks can be reduced or even eliminated. [75] High mechanical strength High strength membrane filters can be fabricated using it. [76] Stability in water It can reduce biofouling of membrane filters. This is important for application in membrane filters for wastewater. [77] Each type of nanocellulose has different dimensions and properties, mainly due to their different methods of preparation/fabrication [78]. There are various methods used to extract cellulose nanoparticles which then result in these particles having different crystallinities, surface chemistries and mechanical properties [79]. These production methods range from top-down enzymatic/chemical/physical methods aimed at isolating them from wood and forest or agricultural residues to bottom-up production of cellulose nanofibrils from glucose by bacterial action [80].

Table 5. Types of nanocellulose according to their sources, treatments and dimensions [60,[81][82][83].

Nanocellulose Abbreviation Sources Main Treatments Dimensions

Cellulose nanofiber
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Each type of nanocellulose has different dimensions and properties, mainly due to their different methods of preparation/fabrication [78]. There are various methods used to extract cellulose nanoparticles which then result in these particles having different crystallinities, surface chemistries and mechanical properties [79]. These production methods range from top-down enzymatic/chemical/physical methods aimed at isolating them from wood and forest or agricultural residues to bottom-up production of cellulose nanofibrils from glucose by bacterial action [80].
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Biodegradability

An important aspect to save the environment. It is biodegradable in landfills. Hence, current environment issues from used and discarded surgical masks can be reduced or even eliminated.
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Nanocellulose

Modifications on Nanocellulose to Improve Filter Efficiency

The surface functionalization of nanocellulose is a key step to promoting an increase in the efficiency of a membrane filter. This is an important step when the membrane filter operates using the affinity regime. This can be done using different strategies of surface functionalization that will involve the chemistry of hydroxyl function [84]. Referring to Figure 5, a search using keywords 'functionalization of nanocellulose' was performed by lens.org, (https://www.lens.org/; accessed on 15 February 2021), a problem-solving nonprofit social enterprise website utilizing linked open knowledge artefacts and metadata. It was found that manuscripts focusing on the functionalization of nanocellulose have been increasing from 2011 until now. This showed that the area of research interest has grown among scientists in this decade.
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Polymers 2021, 13,3249 Besides this, low toxicity and environmentally friendly quaternary compounds, such as poly(N,N-dimethylaminoethyl methacrylate), amines, anionic polyelectrolytes, and polyglutamic acid could be used to quaternize nanocellulose to improve its efficiency as a membrane filter, as these quaternary compounds have the ability to form electrostatic affinity towards microbes. This quaternization process can be performed using grinding and high-pressure homogenization processes. Table 6 illustrates several examples of functionalized nanocellulose using quaternary compounds for virus removal applications. Most viruses and certain microbial species have polar charges on their surface; thus, modification on the surface charge of the nanocellulose improves the electrostatic interaction properties of the material, which consequently results in high efficiency filtration.

The main challenge with chemical functionalization to nanocellulose is to select an appropriate time for the functionalization to occur. Surface functionalization can be carried out during the preparation step or post-production of nanocellulose [86]. This process can be greatly affecting the final properties of functionalized nanocellulose such as crystallinity, yield, dimensions and morphology, surface chemistry, physicochemical, and thermal properties. If the wrong selection of functionalization approach, the 3D crystal network can be interrupted during modification, thus the mechanical properties of nanocellulose could deteriorate, which could consequently limit the applications of modified nanocellulose. In some approaches, nanocellulose is modified during the production step [87], while in other strategies the nanocellulose was produced, first followed by the modifications [88][89][90].

For example, Henschen (2019) [91] functionalized the nanocellulose with polyelectrolytes. It was found that the suspended nanocellulose is too small to be easily recovered if added to different solutions and it has a tendency to aggregate in polyelectrolyte solutions. Therefore, to adsorb polyelectrolytes onto nanocellulose, the functionalization is preferably done after the production of nanocellulose.
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Recent Developments on Nanocellulose as a Filtration Material against Microbes

In this section, several developments concerning nanocellulose-based membrane filters capable of removing microbes will be reviewed. An important aspect of the modification of nanocellulose materials is to increase the binding affinity of the materials towards microbes. There are a number of studies that focused on the filtration removal of viruses and bacteria; however, very limited studies have been conducted, which concern other types of microbes, such as fungi, algae and protozoa.

Viruses

The ensnarement of viruses is one of the most crucial steps in biopharmaceutical and clinical processes and applications [92]. Of the various types of microbes, virus is among the smallest and most difficult to deal with, as compared to other microbes.

Exploration of nanocellulose as a filtration material against several types of viruses has received much research attention. As mentioned earlier, several viruses, including COVID-19, are airborne viruses that can be dispersed and spread through human nasal or saliva secretions from an infected person. Therefore, in order to minimize infection risks from viruses, an efficient, robust and affordable air-borne virus removal filter is an urgent Polymers 2021, 13,3249 requirement. Multiple research articles were recently published with regard to this type of air filter.

Several factors, such as filter thickness, pore size, number of layers, size of the virus, the charge on the filter surface, its ionic strength and surface chemistry are usually influenced by the efficiency of the air filtration process [15]. Generally, the use of size-exclusion type filtration has several benefits, such as flexibility and ease of use since it provides virus removal predictability through its physical properties, allows for the filtration of viral markers, enabling easy validation of the filtration process, and does not use toxic or mutagenic chemicals for viral inactivation [15,93,94]. Gustafsson et al. (2018) [95] evaluated membrane filter made from nanocellulose in a mille-feuille arrangement of varying thicknesses using a simulated wastewater matrix to explore its ability to remove viruses for drinking water purification applications. The filtrations of various samples of simulated wastewater with its total suspended solid content being 30 nm latex particles as surrogate waste material and 28 nm ΦX174 bacteriophages as the viral contamination. The authors examined the performance of these membrane filters at a pressure of 1 and 3 bar with varying thicknesses of 9 and 29 µm. The data they obtained demonstrate that a membrane filter made from 100% nanocellulose has the capacity to efficiently remove even the smallest of viruses, with up to 99.9980-99.9995%. [START_REF] Manukyan | Growth media filtration using nanocellulose-based virus removal filter for upstream biopharmaceutical processing[END_REF] [96] fabricated nanocellulose-based mille-feuille type membrane filter for use in upstream applications for serum-free growth media filtration and it was designed to remove ΦX174 bacteriophages. The filter performance was evaluated based on its ability to filter small-medium-sized viruses using varying thicknesses of the fabricated membrane filter (i.e., 11 and 33 µm), as well as by varying the operating pressures (i.e., 1 and 3 bar). Based on their results, the 33 µm thick filter showed more stability and had better virus removal as compared to the 11 µm thick filter, although their flux was nominally lower. The findings of this study suggest that the nanocellulose membrane filter would be a viable alternative for the filtration of large volumes of cell culture media in upstream bioprocessing.

Asper et al. (2015) [97], in their study, used a membrane filter composed of 100% CNF to remove xenotropic murine leukaemia virus (xMuLV). It was found that the particle retention properties of the nanocellulose membrane filter were verified following the filtration of 100 nm latex beads, as shown in Figure 6. The results of this filtration of xMuLV suggested that the nanocellulose membrane filter was useful for removal of endogenous rodent retroviruses and retrovirus-like particles during the production of recombinant proteins. [START_REF] Metreveli | A Size-Exclusion Nanocellulose Filter Paper for Virus Removal[END_REF] [15] reported that one of the most challenging tasks for designing the virus removal membrane filter is tailoring the membrane upper pore size cut-off so that the filter retains viruses with a particle size of between 12 and 300 nm, while allowing for the unhindered passage of proteins which typically range between 4 and 12 nm in size. Therefore, high porosity of the nanocellulose-based filters is required to circumvent the problem of low permeance. In their study, the developed nanocellulose membrane filter, sized at 70 µm with a total porosity of 35%, was able to remove Swine Influenza A Virus (SIV), which had a particle size of 80-120 nm. The latex beads and SIV particles are observed as stacked structures on the surface of the porous membrane filter. They also found that the proteins pass unhindered through the membrane filter. Therefore, the pore size distribution presented in their work is promising for virus filtration applications, especially for large viruses ≥50 nm.

Polymers 2021, 13, 3249 [START_REF] Asper | Removal of xenotropic murine leukemia virus by nanocellulose based filter paper[END_REF] [97], in their study, used a membrane filter composed of 100% CNF to remove xenotropic murine leukaemia virus (xMuLV). It was found that the particle retention properties of the nanocellulose membrane filter were verified following the filtration of 100 nm latex beads, as shown in Figure 6. The results of this filtration of xMuLV suggested that the nanocellulose membrane filter was useful for removal of endogenous rodent retroviruses and retrovirus-like particles during the production of recombinant proteins.

Figure 6. SEM images of 100 nm latex beads retained on the nanocellulose membrane filter. Reproduced with permission from [97]. Figure 6. SEM images of 100 nm latex beads retained on the nanocellulose membrane filter. Reproduced with permission from [97].

Besides this, [START_REF] Mautner | Bacterial nanocellulose papers with high porosity for optimized permeance and rejection of nm-sized pollutants[END_REF] [98] also produced BNC membrane filters with high porosity for optimized permeance and rejection of nm-pollutants. The BNC was treated with organic liquids (alcohol, ketone, ether) before being further processed into the membrane filter. The treated BNC membrane filter has a porosity of 67%, which is higher than the untreated BNC membrane filter (33%). It also exhibits 40 times higher permeance, caused by a lower membrane density. Despite their higher porosity, the developed membrane filter also still has pore sizes of 15-20 nm, which is similar to the untreated BNC membrane filter. Thus, the developed membrane filter enables the removal of viruses by a size-exclusion mechanism at high permeance.

The strength of the nanocellulose is also important in designing a good membrane filter to remove viruses via a size exclusion mechanism. A study by Quellmalz and Mihranyan, (2015) [85] found that the citric acid cross-linked nanocellulose-based membrane filter has better mechanical performance than the untreated nanocellulose. It was observed that the untreated nanocellulose membrane filter was readily cracked at pressure gradients above 15 kPa, which could be limiting for its industrial application. The improved strength of the cross-linked nanocellulose membrane filter enables increasing the pressure gradient applied for filtration without compromising the integrity of the filter. It is concluded that citric acid cross-linking of nanocellulose is beneficial to be used in several industrial applications for removing viruses.

Previous studies on the surface modification of nanocellulose have led to the improvement of filtration efficiency against viruses. Electrostatic interaction between nanocellulose and viruses is improved dramatically with the incorporation of quaternary compounds as discussed in Section 4, above. For instance, viruses such as coronavirus have a negatively charged surface and would interact with the cationic or anionic charge of nanocellulosequaternary compounds [99]. Figure 7 shows a schematic diagram of the coronavirus structure with proteins embedded in its bilayer membrane and negatively charged lipid head groups protruding to the outer side of the membrane. The entrapment of the virus onto nanocellulose matrix is due to the presence of electrostatic force attraction between the negatively charged virus particle and the positively charged nanocellulose membrane. Several studies have demonstrates successful results in filtering negatively charged viruses using cationic nanocellulose. For example, [START_REF] Mi | Virus and chlorine adsorption onto guanidine modified cellulose nanofibers using covalent and hydrogen bonding[END_REF] [101] developed a filtration setup using modified CNC with a positively charged guanidine group to adsorb porcine parvovirus and Sindbis virus and to completely filter out those viruses from water. It is interesting to point out that this filtration system has exceeded the Environment Protection Agency (EPA) virus removal standard requirement for portable water. In addition to the electrostatic interaction between the virus and guanidine group, [START_REF] Meingast | Arginine-enveloped virus inactivation and potential mechanisms[END_REF] [102] outlined that the complete virus removal from water was also due to the protonated guanidine groups on the cationic CNC forming ionic and hydrogen bonds with the proteins and lipids on the virus surface.

Other than that, [START_REF] Rosilo | Cationic polymer brush-modified cellulose nanocrystals for high-affinity virus binding[END_REF] [103] in their study observed a very high affinity binding between the cationic CNC (known as CNC-g-P(QDMAEMA)s) mixture and cowpea chlorotic mottle virus (CCMV) and norovirus-like particles in water dispersions. Of note, this cationic CNC mixture was prepared by surface-initiated atom-transfer radical polymerization of poly(N,N-dimethylamino ethyl methacrylate) and its subsequent quaternization of the polymer pendant amino groups.

In addition, the anionic CCMVs could also be removed using functionalized lignin with a quaternary amine. In their study, they found that the CCMVs would form agglomerated complexes with cationic lignin [104]. Therefore, suggesting its potential use as material in the development of membrane filter for the removal of CCMVs.

Besides that, [START_REF] Sun | Modification of cellulose microfibers by polyglutamic acid and mesoporous silica nanoparticles for Enterovirus 71 adsorption[END_REF] [105] reported that covalent modification on CNF (i.e., functionalization of nanocellulose) using polyglutamic acid (PGS) and mesoporous silica nanoparticles (MSNs) resulted in the successful filtration of EV71 virus and Sindbis virus. This is particularly due to the interaction between two exposed positively charged amino acids (His10 and Lys14) and the negatively charged MSNs on the modified CNF [105].

Table 7 summarizes the development of nanocellulose-based membrane filtration material for virus removal that have been discovered/explored so far. In addition to the guanidine groups, lignin, nanoparticles, and citric acid, nanocellulose could also be functionalized with several other compounds, such as small organic molecules, porphyrin dendrimers and others polymers in order to make it positively or negatively charged [73]. However, it is important to note that not all of these examples have been tested as a filter to remove viruses. It can be summarized that several present studies have shown the capability of nanocellulose as a filtration material for virus removal. Separation by size The entrapment of the virus onto nanocellulose matrix is due to the presence of electrostatic force attraction between the negatively charged virus particle and the positively charged nanocellulose membrane. Several studies have demonstrates successful results in filtering negatively charged viruses using cationic nanocellulose. For example, [START_REF] Mi | Virus and chlorine adsorption onto guanidine modified cellulose nanofibers using covalent and hydrogen bonding[END_REF] [101] developed a filtration setup using modified CNC with a positively charged guanidine group to adsorb porcine parvovirus and Sindbis virus and to completely filter out those viruses from water. It is interesting to point out that this filtration system has exceeded the Environment Protection Agency (EPA) virus removal standard requirement for portable water. In addition to the electrostatic interaction between the virus and guanidine group, [START_REF] Meingast | Arginine-enveloped virus inactivation and potential mechanisms[END_REF] [102] outlined that the complete virus removal from water was also due to the protonated guanidine groups on the cationic CNC forming ionic and hydrogen bonds with the proteins and lipids on the virus surface.

Other than that, [START_REF] Rosilo | Cationic polymer brush-modified cellulose nanocrystals for high-affinity virus binding[END_REF] [103] in their study observed a very high affinity binding between the cationic CNC (known as CNC-g-P(QDMAEMA)s) mixture and cowpea chlorotic mottle virus (CCMV) and norovirus-like particles in water dispersions. Of note, this cationic CNC mixture was prepared by surface-initiated atom-transfer radical polymerization of poly(N,N-dimethylamino ethyl methacrylate) and its subsequent quaternization of the polymer pendant amino groups.

In addition, the anionic CCMVs could also be removed using functionalized lignin with a quaternary amine. In their study, they found that the CCMVs would form agglomerated complexes with cationic lignin [104]. Therefore, suggesting its potential use as material in the development of membrane filter for the removal of CCMVs.

Besides that, [START_REF] Sun | Modification of cellulose microfibers by polyglutamic acid and mesoporous silica nanoparticles for Enterovirus 71 adsorption[END_REF] [105] reported that covalent modification on CNF (i.e., functionalization of nanocellulose) using polyglutamic acid (PGS) and mesoporous silica nanoparticles (MSNs) resulted in the successful filtration of EV71 virus and Sindbis virus. This is particularly due to the interaction between two exposed positively charged amino acids (His10 and Lys14) and the negatively charged MSNs on the modified CNF [105].

Table 7 summarizes the development of nanocellulose-based membrane filtration material for virus removal that have been discovered/explored so far. In addition to the guanidine groups, lignin, nanoparticles, and citric acid, nanocellulose could also be functionalized with several other compounds, such as small organic molecules, porphyrin dendrimers and others polymers in order to make it positively or negatively charged [73]. However, it is important to note that not all of these examples have been tested as a filter to remove viruses. It can be summarized that several present studies have shown the capability of nanocellulose as a filtration material for virus removal. Separation by size exclusion and adsorption mechanism are the most common approaches. Factors such Polymers 2021, 13,3249 as pore size distribution, porosity, thickness, strength and surface functionalization of nanocellulose can greatly influence the filtration efficiency. 

•

The nanocellulose-based membrane filter exhibited 5-6 log virus clearance of MS2 viruses (27 nm; pI 3.9). This study also showed the possibility of producing cost-efficient viral removal filters (i.e., manufacturing process).

[53]

Parvoviruses BNC Not applicable

•

The developed filter was the first non-woven, wet-laid membrane filter composed of 100% native cellulose. This study showed that the non-enveloped parvoviruses could be eliminated using this filter.

[106]
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•

This study showed that the modified microfibers could strongly adsorb the epitope of the EV71 capsid which is useful for virus removal.

[105]

Sindbis virus CNC Guanidine

• Functionalization of guanidine on CNC resulted in over 4 log removal value against the Sindbis virus.

[101]

Porcine parvo virus CNC Guanidine

•

Authors also revealed that functionalization of guanidine on CNC managed to remove the Porcine parvo virus with over 4 log removal value.

[101]

Bacteria

The development of nanocellulose as a filtration material against bacteria also been widely discovered. Generally, the diameter of most waterborne bacteria is larger than 0.2 µm [38]. Thereby, it would be easy for nanocellulose-based membrane filters to entrap most bacteria species using the size-exclusion mechanism. Moreover, as discussed in Section 4 earlier, the modification of nanocellulose by surface functionalization can also be performed to increase the removal efficiency of bacteria. In this review, we highlight several findings concerning bacterial removal using nanocellulose based membrane filters. Wang et al. (2013) [107] demonstrated that a multi-layered nanofibrous microfiltration system with high flux, low-pressure drops and high retention capability against bacteria (Brevundimonas diminuta and Escherichia coli) was possible by impregnating ultrafine CNF into an electrospun polyacrylonitrile (PAN) nanofibrous scaffold supported by a poly (ethylene terephthalate) (PET) non-woven substrate. The CNF was functionalized prior to impregnation with carboxylate and aldehyde groups using TEMPO oxidation. It was observed that this CNF-based microfiltration membrane exhibited full retention capability against those bacteria.

Otoni et al. (2019) [108] developed a cationic CNF compound using Girard's reagent T (GRT) and shaped it into foam using several protocols, such as cryo-templating to remove the ubiquitous human pathogen Escherichia coli. The porosity of this foam, which is associated directly with its surface area and pore size plays a significant role in the removal of Escherichia coli. The cryogel foams produced by this method had porosities of circa 98% and were established to be able to achieve an approximately 85% higher anti Escherichia coli activity when compared to sample foams made up of unmodified CNF. The cationic CNF using GRT demonstrated good potential for both air and liquid filtration, with excellent absorbency through functional coating. Access to safe drinking water in high-and low-income countries has become one of the biggest challenges in the world as natural resources become scarcer. [START_REF] Gouda | Development of silver-containing nanocellulosics for effective water disinfection[END_REF] [109] invented a modified electrospun CNF containing silver nanoparticles (AgNPs) as a water disinfecting system for water purification systems. The AgNP content, physical characterization, surface morphology and antimicrobial efficacy of the developed membrane filter were then studied. AgNP, which belongs to the group of biocidal nanoparticles, has antimicrobial properties and is commonly used due to its size Polymers 2021, 13,3249 quantization effect. This can cause a shift in the reactivity of metals in the nanoscale. The developed membrane filter had an excellent ability to remove bacteria, including Escherichia coli, Salmonella typhi, and Staphylococcus aureus with a percentage filtration of more than 91% in contaminated water samples. [START_REF] Ottenhall | Cellulose-based water purification using paper filters modified with polyelectrolyte multilayers to remove bacteria from water through electrostatic interactions[END_REF] [110] developed a CNF-based membrane filter, modified with polyelectrolyte multilayers to produce multilayer cationic polyvinyl amine (PVAm) and anionic polyacrylic acid (PAA). The authors successfully modified the CNF with cationic polyelectrolyte PVAm, together with the anionic polyelectrolyte PAA in either single layers or multilayers (3 or 5 layers) using a water-based process at room temperature. Based on filtration analysis, the functionalized CNF-based membrane filters with several layers were physically able to remove more than 99.9% of Escherichia coli from water. The three-layer membrane filter could remove more than 97% of cultivatable bacteria from natural water samples, which was a remarkable performance, as compared with the simple processing technique using plain nanocellulose filters.

Table 8 summarizes the effectiveness of nanocellulose-based membrane filters that have been functionalized with bioactive compounds for the removal of bacteria. It can be concluded that bacterial separation by size exclusion mechanism is easier as compared to the virus. This is because the size of bacteria is usually larger as compared to a virus. The surface functionalization on nanocellulose is capable of introducing anti-bacterial properties to the developed filtration material. However, limited studies were reported for the removal of other bacteria species using nanocellulose-based filtration material. 

Other Types of Microbes

Nanocellulose would also be able to act as a removal agent for other types of microbes which are larger in size than bacteria, such as fungi, algae and protozoa. However, it is noteworthy that there is still a lack of studies regarding this matter. To the best of our knowledge, there are no available reports on the development of a nanocellulose-based membrane filter for the removal of fungi.

Algae is also a major contributor to microbial contamination in water resources and their presence could change the taste or odour of water. For example, blue-green algae and coloured flagellates (especially the Chrysophyta and Euglenophyta genera of algae) are the best-known algae that cause contamination in water resources. Furthermore, green algae may also be a significant contamination factor as well [117]. Hence, the potential of nanocellulose should be explored by scientists to define their role as a membrane filtration material suitable for removing algae and protozoa from the contaminated water efficiently. Algae and protozoa are known to have a larger size than viruses and bacteria, thus the removal of these microbes could be effectively carried out using the size-exclusion mechanism.

However, similar to viruses and bacteria, the nanocellulose needs to be modified with other compounds such as metal nanoparticles, enzymes and proteins in order to increase its filtration efficiency [118]. Studies have shown that different charges between the cellular membrane of algae and protozoa do play a dominant role in the adsorption/retention of these microbes on a filtration membrane's surface (i.e., through the electrostatic interaction principle) [110,119].

Polymers 2021, 13,3249 A previous study carried out by [START_REF] Ge | Microalgae Recovery from Water for Biofuel Production Using CO2-Switchable Crystalline Nanocellulose[END_REF] [120] discovered the sustainability and the most efficient approach in harvesting algae using a modified CNC. The modification was made by introducing a 1-(3-aminopropyl)-imidazole (APIm) structure as a reversible coagulant. As shown in Figure 8, the coagulation process occurs when the positively charged CNC-APIm interacts with the negatively charged Chlorella vulgaris in the presence of carbon dioxide (carbonated water). Their findings are in agreement with the works of [START_REF] Qiu | Effects of crystalline nanocellulose on wastewater-cultivated microalgal separation and biomass composition[END_REF] [121], in which it was found that harvesting efficiency could reach up to 85% with only 0.2 g CNC-APIm mass ratio, 5 s of CO 2 sparging time, and a 50 mL/min flow rate. This signifies that the CNC-APIm complex could be an alternative to current conventional coagulants for harvesting algae in industrial applications.
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A previous study carried out by [START_REF] Ge | Microalgae Recovery from Water for Biofuel Production Using CO2-Switchable Crystalline Nanocellulose[END_REF] [120] discovered the sustainability and the most efficient approach in harvesting algae using a modified CNC. The modification was made by introducing a 1-(3-aminopropyl)-imidazole (APIm) structure as a reversible coagulant. As shown in Figure 8, the coagulation process occurs when the positively charged CNC-APIm interacts with the negatively charged Chlorella vulgaris in the presence of carbon dioxide (carbonated water). Their findings are in agreement with the works of [START_REF] Qiu | Effects of crystalline nanocellulose on wastewater-cultivated microalgal separation and biomass composition[END_REF] [121], in which it was found that harvesting efficiency could reach up to 85% with only 0.2 g CNC-APIm mass ratio, 5 s of CO2 sparging time, and a 50 mL/min flow rate. This signifies that the CNC-APIm complex could be an alternative to current conventional coagulants for harvesting algae in industrial applications. Algae harvesting is important for biodiesel industry and many studies have been carried out to increase its sustainability on a global scale. For example, the capability of CNF and CNC in harvesting algae was investigated by [START_REF] Yu | Nanocellulose size regulates microalgal flocculation and lipid metabolism[END_REF] [122]. In their study, they discovered that the CNF did not require any surface modification to harvest the algae, as it played a role as an algae flocculant via its network geometry, something that the CNC (even cationic modified CNC) could not do. By referring to Figure 9, flocculation of algae did not happen when CNC was used, as the freely moving algae cannot be entrapped by the nanoparticle structure formation of CNC. However, this study only focuses on the flocculation capability of CNF and CNC, which could lead to a further study on the filtration efficiency of both materials for algae harvesting. This finding could indirectly point to the development of a nanocellulose-based membrane filter for algae removal in the future. Algae harvesting is important for biodiesel industry and many studies have been carried out to increase its sustainability on a global scale. For example, the capability of CNF and CNC in harvesting algae was investigated by [START_REF] Yu | Nanocellulose size regulates microalgal flocculation and lipid metabolism[END_REF] [122]. In their study, they discovered that the CNF did not require any surface modification to harvest the algae, as it played a role as an algae flocculant via its network geometry, something that the CNC (even cationic modified CNC) could not do. By referring to Figure 9, flocculation of algae did not happen when CNC was used, as the freely moving algae cannot be entrapped by the nanoparticle structure formation of CNC. However, this study only focuses on the flocculation capability of CNF and CNC, which could lead to a further study on the filtration efficiency of both materials for algae harvesting. This finding could indirectly point to the development of a nanocellulose-based membrane filter for algae removal in the future.

Overall, nanocellulose has shown its capability to filter algae. The functionalization is also important to improve filtration efficiency. However, the development of nanocellulose as a filtration material of fungus and protozoa is still limited. It is important to further investigate the capability of nanocellulose to filter these microbes. Moreover, several other factors which could influence the filtration efficiency, as discussed before, can also be considered for future studies. Overall, nanocellulose has shown its capability to filter algae. The functionalization is also important to improve filtration efficiency. However, the development of nanocellulose as a filtration material of fungus and protozoa is still limited. It is important to further investigate the capability of nanocellulose to filter these microbes. Moreover, several other factors which could influence the filtration efficiency, as discussed before, can also be considered for future studies.

Challenges and Future Recommendations

This review has shown several undoubtedly interesting features of nanocellulose which is useful in filtering viruses, bacteria, fungi, algae, and protozoa through the mechanism of membrane filtration. The properties and characteristics of nanocellulose as a filtration material is very promising and is an exciting area for current and future research. Several recent developments in the application of nanocellulose as a membrane filtration material were discussed here. It is interesting to note that the functionalization of nanocellulose with a variety of functional groups is among the important key factors of success to enhance the removal of microbes from air and water.

Even though different works on the nanocellulose as a membrane filter material has shown several effective findings, improvements in this area are still needed. There are several other types of microbial species which have not been explored. The use of nanocellulose-based membrane filters as a means of eradicating the COVID-19 virus has also not been explored. Moreover, research on the use of nanocellulose-based membrane filter materials to remove fungus, protozoa and algae is still very limited. Therefore, more works concerning those microbes remains an urgent need.

The functionalization of nanocellulose is a very important step to obtaining the improved performance of membrane filtration material. In this review, several compounds have been shown to be capable of being incorporated with nanocellulose. However, their side effects towards the environment as a result of this functionalization of nanocellulose is also an important consideration. For example, the functionalization of nanocellulose with TEMPO can be harmful to the environment. This is because the synthesis of TEMPO can generate chemical by-products which are toxic to aquatic life when released as waste effluent into the environment [123]. In the future, research should also be focused on this concern to determine the actual feasibility and sustainability of these developed functionalized nanocellulose products towards the environment.

In addition, further research on generating hybrid nanostructures on the surface of nanocellulose to enable interaction with multiple species of microbes is urgently needed, 
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Even though different works on the nanocellulose as a membrane filter material has shown several effective findings, improvements in this area are still needed. There are several other types of microbial species which have not been explored. The use of nanocellulose-based membrane filters as a means of eradicating the COVID-19 virus has also not been explored. Moreover, research on the use of nanocellulose-based membrane filter materials to remove fungus, protozoa and algae is still very limited. Therefore, more works concerning those microbes remains an urgent need.

The functionalization of nanocellulose is a very important step to obtaining the improved performance of membrane filtration material. In this review, several compounds have been shown to be capable of being incorporated with nanocellulose. However, their side effects towards the environment as a result of this functionalization of nanocellulose is also an important consideration. For example, the functionalization of nanocellulose with TEMPO can be harmful to the environment. This is because the synthesis of TEMPO can generate chemical by-products which are toxic to aquatic life when released as waste effluent into the environment [123]. In the future, research should also be focused on this concern to determine the actual feasibility and sustainability of these developed functionalized nanocellulose products towards the environment.

In addition, further research on generating hybrid nanostructures on the surface of nanocellulose to enable interaction with multiple species of microbes is urgently needed, which will pave the way towards the development of new materials capable of eliminating various kind of microbes at once. This review has identified several difficulties concerning the use of nanocellulose as a membrane filter material. One of them is particularly related to the high production cost especially in large industrial scale. Furthermore, high energy consumption during the production of nanocellulose is still a concern and cries for a more reliable and reproducible production technique to pave way to using nanocellulose as a commercially viable membrane filter material. To the best of our knowledge, there is much progress in research studies focusing on reducing the energy consumption and production cost of nanocellulose Polymers 2021, 13,3249 and have been attempted in numerous pilot-scale productions worldwide. Other than that, issue regarding the biodegradability of nanocellulose as adsorbent need to be evaluated by considering several factors such as the types of water and presence of certain microbes that may cause cellulose degradation.

All in all, nanocellulose is a good alternative for a membrane filter material and is expected to be fully utilized in numerous industries in the near future, considering the solutions for the outlined challenges and difficulties that have been met.

Introduction

A sandwich structure is a combination of the core structure and joint parts with layers of face sheets [1]. The honeycomb structure is one of the most common bio-inspired structures that has been studied and optimised. Different types of honeycomb structures are differentiated by their geometry shape, such as square, hexagonal, tetrahedral, pyramidal and pentagonal [2,3]. Sandwich structures have been widely used in various fields, such as aerospace and construction, due to their high strength and stiffness [4,5]. Moreover, sandwich structures can be used in 4D printing due to their specific features, such as absorbing energy [6]. These structures are well known for their excellent ability to absorb Polymers 2021, 13,4388 energy impacts. The hexagonal shape structure can provide superior energy absorption (EA) compared to other forms of sandwich structures under compression loading [7].

The EA of honeycomb structures can be altered to increase their crashworthiness capability. These studies showed the bio-inspired structure can increase EA [8,9]. Wang et al. [10] stated that the performance of the honeycomb structure could be enhanced by introducing a secondary structure and increasing the value of the structure's stiffness. Another finding from Shan et al. [11] suggested that the wall thickness and cell size of the core structure could influence the failure behaviour of the sandwich structure. The multilayer hexagonal shape of the honeycomb can absorb about 31% to 60% of energy compared to the rectangular form [12]. A comparison study proved that the hexagonal shape honeycomb performed better stiffness than a foam sandwich due to the buckling and their cell size. Hence, controlling the crashworthiness of the honeycomb structure is more accessible [13]. Variation of cell size, material and wall thickness have different results on EA. By optimising these parameters, researchers can increase the EA based on the experiment conducted by Tao et al. [14]. They suggested that by changing the wall thickness, the structure had a different result on their crushing strength and EA. Aside from that, the plastic deformation near the cell wall could improve the EA by increasing the material at the intersecting area [15].

In addition, the EA capability of the cellular structure depends on the unit cell geometry, relative density, the properties of base material and the loading force [16,17]. Xu et al. [18] studied the EA capability between the standard hexagonal shape with a combination of hybrid structures consisting of auxetic and hexagonal honeycomb cells under in-plane compression. The hybrid structure improved by 38% compared to the standard hexagonal honeycomb structure. Moreover, Wang et al. [19] worked on the inhomogeneity honeycomb structure. One of the factors that could influence the structure failure during the compression is the regularity and adhesive failure of cell size. Almost all failures of honeycomb structures during compression occur near the joint, where the cells are connected. It creates an over-stiff area with a higher stress concentration [20]. It is shown that the capability of reinforcement in honeycomb structures had a higher significant result in terms of strength compared to the typical geometry structures. Moreover, the elastic modulus and the EA enhanced by 26% and 73%, respectively [21]. Another study showed the integration of reinforced structure not only increased the EA but also increased the peak load. Sun et al. [22] investigated a combination of sandwich structures reinforced with a grid at higher peak loads.

According to Tuo et al. [23], a honeycomb structure integrated with a plate made of basalt fibre, compressed under an edgewise position, proved that the structure had a larger shear modulus of elasticity and good plastic deformation ability. Lei et al. [24] examined the edgewise compression to investigate the behaviour of reinforced fibreglass honeycombs columns. The results showed that the load decreased with an increase of the columns' length. Similarly, Kara et al. [25] stated that less deflection occurs when a higher load is exerted, and they suggested reinforcing the honeycomb structure for major improvement. Another study on the comparison of edgewise and flatwise testing positions found that the former position for sandwich beam exhibited higher stiffness and strength bearing capacity compared to the latter position [26]. There are three phases that a structure undergoes during the compression, which are linear region, plateau region and densification. The phases are defined through a compression test in a stress-strain curve or load-displacement curve. The structure starts to fail when a continuous load presses the sample over the elastic region.

Meanwhile, recent developments and rapid usage of additive manufacturing (AM), mostly on fused deposition modelling (FDM) technology, has led to more possibilities to fabricate and design complex products [27,28]. Three-dimensional printing technology is capable of producing a wide range of structures, from simple to complex shapes [29]. The nature of the FDM process is to fabricate products layer by layer [30,31]. A barrage of materials from polymer to composite can be used in this process, which is in the shape of filament [32]. Polylactic acid (PLA) is a friendly biodegradable material that is made Polymers 2021, 13,4388 of starch and is converted into dextrose, a fermentable sugar by enzymatic hydrolysis, a process where the micro-organisms break the starch into smaller pieces called lactic acid [33,34]. In a study performed by Rebelo et al. [35], the EA of a sacrificial honeycomb cladding was analysed by using PLA material. The findings concluded that the dynamic force and specific energy absorption (SEA) were directly proportional to the relative density, which controls the buckling of the interior cell wall and the deformity of the structure for the top and bottom layer.

Chen et al. [36] studied a hierarchical honeycomb under large compressive deformation. Due to the complexity of their specimens, the products were made by a 3D printer and were tested under compression loading. To validate the experiment result, samples were analysed in FEA, and the results were similar. Meanwhile, Kucewic et al. [37] worked on the deformation behaviour, and failure of 3D printed cellular structures and compared their experimental findings with the numerical analysis. Moreover, Sahu et al. [38] studied the effect of the cell size of high-density polyethylene (HDPE) sandwich honeycomb structures made with the 3D printing process. The results indicated that a smaller cell size inhabited a larger SEA. As the cell size increased, the crushing force efficiency (CFE) value is decreased, while opposite results were found with a constant cell size with a different wall thickness.

In addition, a study on hierarchical honeycomb under a larger compressive deformation is conducted, where the honeycomb wall is replaced by a triangular lattice. The honeycomb showed an improvement in stiffness and EA [36].

This study aims to improve the compression properties of the current honeycomb structure with reinforcement of a bio-inspired starfish shape. Aside from that, the main objectives of this study are to investigate the energy capability of bio-inspired structures, such as their EA, SEA and CFE, fabricated by using FDM technology, as well as their failure deformation under quasi-static loading conditions, and it focuses on the effect of cell size and cell wall thickness.

Material and Methods

Material

The material used is polylactic acid (PLA) supplied by PolyLiteTM Polymaker, (Shanghai, China) with the same properties: density ranging from 1.17 to 1.24 g/cm 3 and the melting temperature between 190 and 230 • C. The materials come in white and black in colour.

Methods

The bio-inspired structures are based on the combination of honeycomb and starfish structures (see Figure 1). The internal structure of the honeycomb is reinforced with the inspired structure of starfish. It is modified by adding 6 branches of the starfish for better stability and symmetry. The design of the combined structure is drawn using Solidworks ® software (Version 2010) before converting into the standard tessellation language (STL) format for the 3D printing process. Figure 2 illustrates the complete honeycomb reinforced starfish structure. The curve design of the branch is used to reduce the load at the centre and distribute the load to the edge, as suggested by Wang et al. [39]. Each branch has the same angle with the value of 60 • , (a) is the radius of the starfish shape, (b) thickness of the starfish shape (which is equivalent to the honeycomb wall thickness) and (c) is the honeycomb cell size. Prior to conducting testing under quasi-static loading, three sets of samples for each size and thickness are prepared, which is similar to Khan [40].

Figure 3 shows the samples with different cell sizes, where all have the same width of 15 mm. Here, the controlled parameter is the cell size, these being 20, 25 and 30 mm. Each size has 3 different wall thicknesses, which are 1.5, 2.0 and 2.5 mm. Table 1 presents the physical properties of the 3D printed structures. The model of the FDM machine used is Ultimaker 2+ (Utrecht, The Netherlands). The nozzle diameter is 0.25 mm, and the nozzle temperatures are between 190 and 230 • C, respectively. The layer thickness is 60 microns with a built-up speed of 60 mm 3 /s. The build orientation is set to 0 • due to the optimum angle in the printing process. The final 3D printed samples are shown in Figure 4. Figure 3 shows the samples with different cell sizes, where all h of 15 mm. Here, the controlled parameter is the cell size, these bein Each size has 3 different wall thicknesses, which are 1.5, 2.0 and 2.5 m the physical properties of the 3D printed structures. The model of the is Ultimaker 2+ (Utrecht, Netherlands). The nozzle diameter is 0.25 temperatures are between 190 and 230 °C, respectively. The layer thi with a built-up speed of 60 mm 3 /s. The build orientation is set to 0° angle in the printing process. The final 3D printed samples are show
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The ASTM standard D7336/D7336M recommends three crit The capability of the structure to resist deformation from an ext energy absorption. The energy absorption capability of the cellu the unit cell geometry, relative density, the properties of base force [17]. Energy absorption can be obtained by determining displacement curve. It is derived from the mathematical formul Following this, an edgewise compression test is performed following the ASTM C364 standard. An INSTRON 3382 universal testing machine is used to conduct the compression test with a load cell of 100 kN and crosshead displacement of 1 mm/min. The orientation of the sample is facing perpendicular to the force exerted, as shown in Figure 5. This method is similar to Ivañez et al. [16]. The four stages of the structure are photographed at every 5 mm of displacement to determine its failure deformation. The ASTM standard D7336/D7336M recommends three criteria of energy absorption. The capability of the structure to resist deformation from an external force depends on its energy absorption. The energy absorption capability of the cellular structure depends on the unit cell geometry, relative density, the properties of base material and the loading Polymers 2021, 13,4388 force [17]. Energy absorption can be obtained by determining the area under the loaddisplacement curve. It is derived from the mathematical formula as follows:

EA = d 0 F(x)dx (1) 
where the F(x) is the function of displacement x and d is the deformation. Total energy absorption is the accumulative load-displacement curve from zero to the maximum deformation. Specific energy absorption (SEA) is derived from the value of energy absorption per mass.

SEA = EA m (2)
Crushing force efficiency (CFE) analysis is the performance of the structure during the compression process. It is the ratio of the average load in the plateau region to the load at the maximum peak load. As explained from the definition in ASTM D7336, the mathematical expression of CFE is obtained as follows:

CFE = F ave F max ( 3 
)
where F ave is the average load in the plateau region and F max is the maximum peak load. Following this, an edgewise compression test is performed following the ASTM C364 standard. An INSTRON 3382 universal testing machine is used to conduct the compression test with a load cell of 100 kN and crosshead displacement of 1 mm/min. The orientation of the sample is facing perpendicular to the force exerted, as shown in Figure 5. This method is similar to Ivañez et al. [16]. The four stages of the structure are photographed at every 5 mm of displacement to determine its failure deformation. Following this, an edgewise compression test is performed following the ASTM C364 standard. An INSTRON 3382 universal testing machine is used to conduct the compression test with a load cell of 100 kN and crosshead displacement of 1 mm/min. The orientation of the sample is facing perpendicular to the force exerted, as shown in Figure 5. This method is similar to Ivañez et al. [16]. The four stages of the structure are photographed at every 5 mm of displacement to determine its failure deformation. 

Results and Discussion

The results obtained from the compression test are plotted in the form of a loaddisplacement curve. The maximum peak means the maximum value of loading that the structure can resist. The value of the stress determines the strength capability of the structure. Here, the maximum peak value of the tested samples is determined from the highest value stress in the linear region. The CFE is taken from the load-displacement 
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The results obtained from the compression test are plotted in the form of a loaddisplacement curve. The maximum peak means the maximum value of loading that the structure can resist. The value of the stress determines the strength capability of the structure. Here, the maximum peak value of the tested samples is determined from the highest value stress in the linear region. The CFE is taken from the load-displacement curve. It is calculated Polymers 2021, 13,4388 from the ratio between average forces in the plateau region and the maximum peak value. Meanwhile, the EA value is calculated based on the area under the load-displacement curve. The failure deformation and the reaction of the structure during the experiment are also investigated. In this study, the maximum peak value is discussed in two ways. First, the comparison under variable cell sizes with constant wall thickness and secondly constant cell size with variable wall thicknesses. This work focuses on investigating the effects of cell size with variable wall thicknesses and vice versa. For constant wall thickness, the sample with the highest maximum peak load is used to compare with the other results.

Effects of Cell Size on the Structure

Figure 6 presents the experimental result for a batch of samples with a 20 mm cell size and a 2 mm wall thickness. It is observed that the structure failed in three stages, these being uniform compression and elastic instability (A), plastic deformation (B) and plastic instability (C). In section A, a linear region is observed where the load increases proportionally with an increase in displacement. This is where the reinforced starfish shape structure provides some additional support to the main honeycomb core. At the end of this section (maximum load), the sample started to collapse and deformed due to the breakage of the starfish shape joint from the honeycomb core (as shown in Table 2). As the loading continued, the structure started to lose its stability and the load decreased gradually due to the less interaction of the reinforced starfish shape to its main structure. Thus, this leads to the plateau region loading under section B, which shows a constant loading compared to sections A and C, where the main structure (honeycomb) takes its role to support the overall structure with minimal support from the secondary support (starfish shape). In section C, the structure is fully collapsing, where the region is called densification, where the structure is no longer able to withstand any force.

However, the sample with a 25 mm cell size and wall thickness of 2 mm showed different behaviour compared to other samples. Here, the sample is likely to behave as two different structures. At the first stage, the loading started to decrease after a displacement of 3 mm, as shown in Figure 7a. Following this, the loading starts to increase again. This indicates that the structure has entered the second stage of the compression loading, where it starts from zero again before continuing with linear and plateau regions and finally the densification region (see Figure 7b). At the first stage, the failure is due to the breakage of the link between the structure at both sides of the structure, which causes the decrease of the compression loading. As the load continued, the bottom side of the collapsed branch between the honeycomb structure started to overlap each other and formed a 'new' structure. In contrast, most of the structural centre parts remain in their original form. curve. It is calculated from the ratio between average forces in the plateau region and maximum peak value. Meanwhile, the EA value is calculated based on the area under load-displacement curve. The failure deformation and the reaction of the structure dur the experiment are also investigated. In this study, the maximum peak value is discus in two ways. First, the comparison under variable cell sizes with constant wall thickn and secondly constant cell size with variable wall thicknesses. This work focuses investigating the effects of cell size with variable wall thicknesses and vice versa. constant wall thickness, the sample with the highest maximum peak load is used compare with the other results.
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Polymers 2021, 13,4388 the decrease of the compression loading. As the load continued, the bottom side of the collapsed branch between the honeycomb structure started to overlap each other and formed a 'new' structure. In contrast, most of the structural centre parts remain in their original form. During the plateau region, the side structure started to break away from the honeycomb structure. Hence, the structure lost support from the edge side. As the load pressed, the side of the structure continued to move further from the main structure. Simultaneously, in the middle of the structure, the branch (see red circle in Table 2) started to break. Meanwhile, at 30 mm of displacement (Plateau region), the wall thickness at the centre structure split and became thinner. The split part started to fold at 40 mm displacement (densification) as the structure height compressed. The link that connected to the honeycomb started to break from the joining, and a major loss happened for support. Moreover, at this stage, inhomogeneity of cells occurred. This resulted in adhesive failure between the cell sizes [19]. A failure is also recorded at the middle of the core structure, where the starfish shape broke from the honeycomb structure. In the densification region, only the centre of the structure formed a solid structure. During the plateau region, the side structure started to break away from the honeycomb structure. Hence, the structure lost support from the edge side. As the load pressed, the side of the structure continued to move further from the main structure. Simultaneously, in the middle of the structure, the branch (see red circle in Table 2) started to break. Meanwhile, at 30 mm of displacement (Plateau region), the wall thickness at the centre structure split and became thinner. The split part started to fold at 40 mm displacement (densification) as the structure height compressed. The link that connected to the honeycomb started to break from the joining, and a major loss happened for support. Moreover, at this stage, inhomogeneity of cells occurred. This resulted in adhesive failure between the cell sizes [19]. A failure is also recorded at the middle of the core structure, where the starfish shape broke from the honeycomb structure. In the densification region, only the centre of the structure formed a solid structure.

Table 2 shows a comparison of structure deformation between the cell size of 20 mm with 2 mm wall thickness and the cell size of 25 mm with 2 mm wall thickness. From the observation, the behaviour of both structures at initial and maximum peak values showed no differences. The geometry for both structures showed no sign of rupture, buckling or break. Due to the continuous load, in the collapsed structure, a solid form structure Polymers 2021, 13,4388 started to develop mainly on the bottom side. For the cell size 25 mm with 2 mm wall thickness, an internal tear started to develop during the densification region. Slicing the link of the structure in half and a portion of the structure broke from the main structure. At the densification area, a 20 mm cell size with 2 mm wall thickness showed a larger solid area compared to the 25 mm cell size with 2 mm wall thickness. It is observed that the structure of 20 mm cell size with 2 mm wall thickness started to reach its densification point at the displacement of 40 mm. On the other hand, the 25 mm cell size with 2 mm thickness started its densification at the displacement of 45 mm. The split that occurred in the structures is due to the kink-band failure [42]. The main reason might be due to the shortened infill during the process, as stated by Jerez-Mesa et al. [43]. They stated that the infill density could influence the fatigue lifespan of the PLA material. It is also found that the type of infill can be contributed to the strength of the printed structure [44]. The collapse sequences were almost similar for all samples except the cell size of 25 mm with 2 mm wall thickness. Increasing cell size reduced the maximum peak value [15]. Figure 8 gives information about the wall thicknesses of 1.5 to 2.5 mm. The maximum peak value decreased gradually as the cell size increased. Smaller cell size exhibited a larger peak value compared to the larger cell size, regardless of the wall thickness size.
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Effects of Wall Thickness on the Structure

Figure 9 illustrates a load-displacement graph for 20 mm cell size with 2.5 mm wall thickness. Table 3 shows the collapse behaviour in the plateau region. The structure started to collapse after reaching the maximum peak value. The load pressed the structure, and samples started to expand to the edge side. At 5 mm displacement, the link between the cell size at the top upper side started to fracture and detach from the main structure; however, the centre of the part still maintained its shape (see stage I). After it reached 10 mm of displacement, the edge side of the structure started to move to the outer part of the structure. It can be seen the fracture that broken section parts move further away. At the same time, the starfish structure inside the honeycomb had a failure breaking and created an almost solid shape at the top centre and the edge sides.

As the displacement reached 15 mm, there was no significant shape-changing at the bottom side, while the centre part of the structure became thick. A portion in the top right side of the structure breaks from its main structure. As shown in the graph, the load decreases at 20 mm displacement until 25 mm displacement. The load increases at 30 mm displacement. Then, the centre of the part becomes more solidified, even though some Polymers 2021, 13,4388 sections from the left of the sample move away from the main structure. The left side of the structure collapsed from the main structure. The structure started to become almost solid at 40 mm displacement and indicated that the structure entered the densification region. Papka and Kyriakides [45] concluded their finding by defining the elastic region. The relationship of load and displacement is quite uniform, and the behaviour of the geometry is fairly stiff. As the load reached the highest peak, a sharp fall happened in the load-displacement chart subsequently.

From the analysis of the maximum peak value for the three cell sizes with a different wall thickness, a comparison between 20, 25 and 30 mm cell sizes for the highest peak value is shown in Figure 10. The cell size with the largest wall thickness had the highest maximum value compared to the smaller cell size. The wall thickness of the structure affected the peak load value. This bar chart shows a comparison between samples with various cell sizes and wall thicknesses. The experimental data showed an average of 5.28 MPa stress for 1.5 mm thickness with 20 mm cell size. Moreover, all samples showed an almost identical value accordingly. As the wall thickness increased to 2 mm, the average peak value increased with an average of 8.13 MPa for 20 mm cell size. The 25 mm cell size sample showed an almost similar pattern to the 20 mm cell size. Except for 2.0 mm thickness, one of the samples showed a large different record with 3.06 MPa of peak value compared to the other two samples, 6.30 and 5.16 MPa, respectively. Overall, the maximum peak value increased as the cell size increased. The 25 mm cell size trend showed that an increase in wall thickness caused the peak value to change proportionally. For a cell size of 30 mm, the same trend is recorded as the other two cell sizes. As the wall thickness increased, the value of the maximum peak value increased gradually. However, from the obtained data, the values of 30 mm were smaller than 20 and 25 mm, which were similar to the Shan et al. [11]. The peak stress decreased with an increase in sample size. The highest stress value among samples is recorded around 6.67 MPa for the 30 mm cell size, 8.39 MPa for the 20 mm cell size and 8.79 MPa for the 25 mm cell size.
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Effects of Bio-Inspired Structure on Energy Efficiency and Energy Absorption

Figure 11 shows the CFE values of cell sizes 20, 25 and 30 mm, respectively. Based o the experimental result, the 20 mm cell size with a lower wall thickness exhibited a high ratio average force in the plateau region to peak force, which is near to 0.7, compared 2.5 mm wall thickness with a ratio of 0.28. The peak load at 2.5 mm is much higher tha 1.5 mm, but the average load in the plateau region in 1.5 mm is higher compared to 2 mm wall thickness. Different behaviour is recorded in the 25 mm cell size, where 2.5 m wall thickness recorded a higher peak load compared to 20 mm cell size. However, th CFE values were still lower than the 1.5 mm wall thickness. The CFE value decreased a the wall thickness increased, similar to the findings by Ivañez et al. [16]. As the cell siz decreased, the CFE value decreased as well. The highest CFE occurred when the cell siz was 20 mm with 1.5 mm wall thickness, which was the smallest sample. 

Effects of Bio-Inspired Structure on Energy Efficiency and Energy Absorption

Figure 11 shows the CFE values of cell sizes 20, 25 and 30 mm, respectively. Based on the experimental result, the 20 mm cell size with a lower wall thickness exhibited a higher ratio average force in the plateau region to peak force, which is near to 0.7, compared to 2.5 mm wall thickness with a ratio of 0.28. The peak load at 2.5 mm is much higher than 1.5 mm, but the average load in the plateau region in 1.5 mm is higher compared to 2.5 mm wall thickness. Different behaviour is recorded in the 25 mm cell size, where 2.5 mm wall thickness recorded a higher peak load compared to 20 mm cell size. However, the CFE values were still lower than the 1.5 mm wall thickness. The CFE value decreased as the wall thickness increased, similar to the findings by Ivañez et al. [16]. As the cell size decreased, the CFE value decreased as well. The highest CFE occurred when the cell size was 20 mm with 1.5 mm wall thickness, which was the smallest sample. The result for the 30 mm cell size showed a similar pattern to the 20 mm an cell sizes. Figures 12 and13 show the results for EA and SEA for all sp respectively. From the given result, the highest average EA and SEA occurred w wall thickness was 2 mm with a 20 mm cell size. The highest value was recorded kJ of EA and 8356.21 kJ/Kg for the SEA. Furthermore, the difference between The result for the 30 mm cell size showed a similar pattern to the 20 mm and 25 mm cell sizes. Figures 12 and13 show the results for EA and SEA for all specimens, respectively. From the given result, the highest average EA and SEA occurred where the wall thickness was 2 mm with a 20 mm cell size. The highest value was recorded at 348.18 kJ of EA and Polymers 2021, 13, 4388 8356.21 kJ/Kg for the SEA. Furthermore, the difference between all three samples with 2.0 mm wall thickness was quite large. Overall, the given values for both EA and SEA were lower than the 20 mm cell size. Observing the highest value of both EA and SEA for the 25 mm cell size in this study showed that the wall thickness is an important factor. As an example, a major improvement with the value of 71% can be seen in the sample with 20 mm cell size and a 2.0 mm thickness compared to those with 30 mm cell size and 1.5 mm thickness. 

Conclusions

A range of compression testing was conducted to analyse the strength and E capability of a starfish-reinforced honeycomb shape structure. The effect of cell size an wall thickness was investigated. To achieve a higher peak load, a larger cell size and wa thickness offered the optimum criteria. In this case, a comparison between the wa thicknesses presented a uniform pattern. As the wall thickness increases, the peak loa increases, regardless of the core size. On the other hand, as the cell size increases, the pea load will decrease. The compression behaviour of the smallest wall thickness gives bett performance than the larger wall thickness. As the wall thickness increases, the efficien decreases (regardless of the cell size). In addition, the results indicated that a higher CF value was generated from a smaller value of energy absorption. In brief, as the wa 

Conclusions

A range of compression testing was conducted to analyse the strength and E capability of a starfish-reinforced honeycomb shape structure. The effect of cell size an wall thickness was investigated. To achieve a higher peak load, a larger cell size and wa thickness offered the optimum criteria. In this case, a comparison between the wa thicknesses presented a uniform pattern. As the wall thickness increases, the peak loa increases, regardless of the core size. On the other hand, as the cell size increases, the pea load will decrease. The compression behaviour of the smallest wall thickness gives bett performance than the larger wall thickness. As the wall thickness increases, the efficien decreases (regardless of the cell size). In addition, the results indicated that a higher CF value was generated from a smaller value of energy absorption. In brief, as the wa thickness increases, the CFE value will decrease, yet the EA is increased. For future work a study on the structural joint or node can be further investigated to increase i Figure 12 summarises a comparison of EA in terms of cell size, of which the highest values of EA are selected. In brief, a larger cell size generated a smaller EA. From the graphical chart, the behaviour between 25 and 30 mm cell sizes is similar. As the wall thickness increased, the amount of EA decreased. In addition, Figure 13 shows a comparison between the SEA values in terms of wall thickness, which present a similar pattern as in Figure 11. Based on the analysis for maximum peak force, CFE, EA and SEA, the 20 mm cell size with a 2 mm wall thickness showed a remarkable result compared to the rest of the samples. Moreover, similar experimental setups and testing parameters from previous studies are used. The results from Xiang and Du [46] show the SEA and EA of different thicknesses and cell sizes of bio-inspired structures. The results, after adding the bio-reinforcement, increased by 35.97%. Thomas and Tiwari [15] studied the behaviour of aluminium honeycomb reinforced structure, where the sample sizes were 10 mm in cell size with a 0.1 mm wall thickness. The samples were strengthened by a secondary reinforcement Polymers 2021, 13,4388 structure. An EA produced by an aluminium reinforcement structure had a higher value than ABS honeycomb structure from the study by Kucewicz et al. [20]. It is shown that an additional secondary structure as a reinforced structure could increase the EA capability of the common honeycomb structure. Another study is conducted on a novel bio-inspired honeycomb sandwich panel (BHSP) based on a woodpecker's beak. They found out the SEA of this novel structure is higher by 125% and 63.7% compared to the conventional sandwich panel. They recorded different values for each sample with different thicknesses. The same results happened in this study compared to the recorded experiments.

Conclusions

A range of compression testing was conducted to analyse the strength and EA capability of a starfish-reinforced honeycomb shape structure. The effect of cell size and wall thickness was investigated. To achieve a higher peak load, a larger cell size and wall thickness offered the optimum criteria. In this case, a comparison between the wall thicknesses presented a uniform pattern. As the wall thickness increases, the peak load increases, regardless of the core size. On the other hand, as the cell size increases, the peak load will decrease. The compression behaviour of the smallest wall thickness gives better performance than the larger wall thickness. As the wall thickness increases, the efficiency decreases (regardless of the cell size). In addition, the results indicated that a higher CFE value was generated from a smaller value of energy absorption. In brief, as the wall thickness increases, the CFE value will decrease, yet the EA is increased. For future works, a study on the structural joint or node can be further investigated to increase its performance, as most of the structure failed at the interlink between cell size. Their capability under dynamic loading conditions should also be considered. 

Introduction

As a novel nanomaterial, Bacterial Cellulose (BC) has continued to draw scholarly interests since it was first discovered due to its unique properties, such as a high degree of purity, biodegradability, biocompatibility, and ease of polymerisation [1,2], making BC a material with a wide range of applications including skin and bone tissue engineering, barrier technology, and electrical, electrochemical, and sensing applications [3][4][5][6][7][8]. Despite offering many beneficial properties, its expensive production cost bounds its industrialscale application. Conventionally, producers utilize fructose and glycerol as conventional carbon sources, however, the costs of these materials are remarkably high. A growing research body studies methods of minimizing the BC production cost. However, it has ended up with unconvincing and inadequate findings [9]. Recent research on reducing the production costs has emphasized utilizing waste products for sources of carbon or nitrogen. At present, active research to investigate the cost-effectiveness of BC synthesis from different waste products is ongoing and needs to be elaborated.

Nevertheless, the literature analysis compiles crucial developments in the field and, hence, enables the assessment of the future practicability of this manufacturing of BC for various applications [10][11][12]. The feasibility of using waste in BC production is examined in this paper through an extensive literature review to strengthen the current phase of knowledge and analyse discernible trends and gaps in inexperience. Many industrial wastes are rich in carbon and nitrogen content; hence, utilizing them as substrates may yield high microbial cellulose concentrations with the optimization of culture conditions.

Overview of Bacterial Cellulose (BC) and Its Applications

Bacterial cellulose (BC), commonly known as biocellulose, which is the purest form of cellulose, continues to receive widespread focus due to its superior physicochemical properties compared to plant cellulose, in which impurities such as hemicellulose and lignin are often found [13][14][15][16][17][18][19][20][21]. Some of the superior physicochemical properties of BC include high tensile strength, crystallinity, and water holding capacity (WHC), as well as a slow water release rate (WRR) and remarkable moldability into three-dimensional structures [22]. The water molecules are bonded through hydrogen bonds within the complex structure of BC. The unbonded free water molecules will penetrate and exit the BC molecular structure, as shown in Figure 1 [23].

Bi et al. [24] characterized the BC synthesized from different strains in agitated culture. The macrostructure morphology of BC varied depending on the different culture methods [25]. The research used isolated bacteria, namely Komagataeibacter nataicola Y19 (BC-1) and Gluconacetobacter entanii ACCC10215 (BC-2). Both bacteria were fermented in Hestrin-Schramm medium. The BC morphology result depicts that both samples have different sizes and shapes, as shown in Figure 2. Figure 2a,b illustrates the optical image of BC-1 and BC2, while Figure 2c,d shows the morphology of BC samples. The BC-1 shows the flocky asterisk-like and solid sphere-like for BC-2. In addition, based on Pang et al. [7], BC is useful as a natural renewable polymer in many fields due to its versatility and numerous notable properties such as biocompatibility, chirality, structure-forming potential, hydrophilicity, high crystallinity, high purity, a high degree of polymerization, high porosity, large specific area, favourable permeability, flexibility, hygroscopicity, and biodegradability. BC is produced as extrusions of glucose chains from the bacterial body via small pores present on their cell envelope. These extrusions then form microfibrils that Polymers 2021, 13,3365 further aggregate into web-shaped cellulose ribbon networks with many empty spaces between the fibres. The well-separated non-fibrils of BC create an expanded surface area and highly porous matrix. The basic fibril structure contains a β-1→4 glucan chain with the molecular formula (C 6 H 10 O 5 ) n and is held together by hydrogen bonds. These microfibrils are approximately 100-fold smaller than the fibrils of vegetal cellulose [26]. Until recently, much research was done on the production of BC and its modification and applications in various fields. As displayed in Figure 3, the number of BC publications has increased since 2000 from 81 to 819 publications. The unique macro-physical and outstanding thermal and mechanical properties of BC make it an ideal material to be applied in various fields of applications (Figure 4). BC possesses good thermal stability and low or no chronic inflammatory response, which has attracted huge attention for BC as a novel functional material in applications such as nonwoven fabric-like products and paper [29]. BC is also used as a binder in advanced paper technology due to its nano-sized structure, a property that significantly improves the durability and strength of pulp when reinforced into paper [30]. One of the main reasons it is being used in biomedicine is its excellent biocompatibility [14]. In addition, the weight-average degree of polymerization (DPw) of BC is high, such as the DPw of BC produce by Acetobacter xylinum BPR2001, which remained in the range of 14,000 of 16,000 [7,31]. BC possesses nanofibrillar and ultrafine structured material with an excellent combination of properties such as high flexibility and tensile strength (Young modulus of 114 GPa) [32], as well as high crystallinity (84-89%) [33]. Therefore, due to its outstanding mechanical properties, BC nanocomposites had been fabricated by reinforcing it with other polymers to be developed in various applications, including paper [29], treating tympanic membrane perforation [34,35], shielding film [36], food packaging films [37], audio speaker diaphragms [38], and so on. Development of BC for paper products had been actively conducted by Ajinomoto Corporation along with Mitsubishi Paper Mills in Japan since 1995 (JP patent 63295793) [39].

Due to the high porosity combined with a large specific area of three-dimensional structure, research on BC has opened up opportunities for it to be used as a photocatalyst [40], electronic sensing platform [41], and biosensing material [42,43] (Figure 5). BC has also been used widely in biomedical applications such as wound-dressing [44][45][46][47] (applied on the wounded torso, hand, and face) and cell culture [48][49][50][51] because of its excellent flexibility, high mechanical strength at wet state, water holding capacity, very low risk for irritation due to its ultra-high purity, hygroscopicity, liquid/gasses permeability, and ease of wound inspection due to its transparency. Biopolymer such as polylactic acid (PLA), starch, polyhydroxyalkanoate (PHA) [52][53][54][55][56], and synthetic polymer such as polyvinyl al-Polymers 2021, 13, 3365 cohol (PVA) and unsaturated polyester (UP) [57,58] are potential polymers to be reinforced with BC. The outstanding properties of BC such as biodegradability, good controllability during BC production, and possessing net-like morphology that is almost similar to human collagen as a biomimetic feature makes it favoured in the medical field and has been widely utilized in controlled drug delivery [59], medical pads [41], artificial skin [7,60], cartilage [61] and bone [62,63], bone tissue engineering scaffolds [64][65][66], hormones [72], and nerve guides for spinal cord injury treatment [73]. vascular grafting [67,68], blood vessel tubes [69,70], dental implant [71], proteins and hormones [72], and nerve guides for spinal cord injury treatment [73].

Figure 4. Advanced application of bacterial cellulose (BC). (a)

A never-dried microbial cellulose membrane shows remarkable conformability to the various body contours, maintains a moist environment, and significantly reduces pain [74]. (b) A doll face was scanned, and a 4.5 wt % Flink containing A. xylinum was deposited onto the face using a custom-built 3D printer. In situ cellulose growth leads to the formation of a cellulose-reinforced hydrogel that, after removal of all biological residues, can serve as a skin transplant [75]. (c) Luminescence of an organic light-emitting diode deposited onto a flexible, low-CTE, and optically transparent cellulose nanocomposite [76]. (d) Screen-printed electrodes made on BC substrate [77]. (e) BC paper [78]. (f) Bone regeneration efficacy of the scaffolds [79]. (g) Microbial cellulose dressing applied on a wounded hand [80]. (h) 3D Bioprinting Human Chondrocytes with nanocellulose-alginate bioink [81]. (i) Flexible freestanding nanocellulose paper-based Si Anodes for Lithium-ion batteries [82]. (j) Cellulose acetate/poly lactic acid coaxial wet-electrospun scaffold containing citalopram-loaded gelatin nanocarriers for neural tissue [83]. (k) Artificial Bacterial cellulose ligament or tendons [84]. (F) Cross-section of channels [85].

BC possess large surface areas and have the capability to absorb liquids. Hence, a small amount of BC can be utilized for producing coating, thickening, and binding agents, especially in the food industry. Remarkably, in 1992, BC was categorized as "generally recognized as safe" (GRAS) by the USA Food and Drug Administration (FDA) and, hence, is suitable to be used in food industry applications [86]. The largest industrial-scale production of BC that has been produced so far is led by Cetus Co. (Emeryville, CA, USA) and Weyerhaeuser Co. (Tacoma, Washington, DC, USA). Both companies develop a Cellulon, a bulking agent with a wide range of applications such as in coating, binding, and thickening applications [87]. Besides that, BC also can be used in the oil and gas recovery sector, cosmetics, adhesives, paints, and mining. High-end audio speaker systems had been fabricated by Sony Corporation using BC. This might be due to its good acoustic properties [88].

Food packing, battery separator, transparent coating or film, pharmaceutical industries, adsorbent, cosmetics, water treatment, ethanol production, biomaterials, artificial blood vessels, electric conductors or magnetic materials, and scaffolds for tissue engineering are examples of uses of BC in industrial and medical areas [10,90]. This can be observed in Figure 6. Besides that, BC has been utilized in biomedical applications such as scaffolds and ex-situ and in situ modified through different processes [91]. The culture conditions are modified with additives or reinforcement materials via in situ modification, whereas the modification of ex-situ is performed after BC harvest. Incorporation of the additive materials can be added into a growing BC microfibril for the preparation of BC composites with required properties. A biocomposite is a material composed of two or more distinct constituent materials (one being naturally derived) which are combined to yield a new material with improved performance over single constituent materials [92][93][94][95]. This modification type can be employed in a static method for the purpose of control of properties, shape, and structure of modified BC. This application is mostly applied in bone tissue engineering, in which, in order to produce BC scaffolds with microporous structure, paraffin wax microspheres were added into culture medium via an in situ modification technique [96].

Gonçalves-Pimentel et al. [97] conducted experiments on BC as a support for the growth of retinal pigment epithelium, showing that all surface-modified BC substrates showed similar permeation coefficients with solutes of up to 300 kDa. Surface modification of BC greatly improved the proliferation and adhesion of retinal pigment epithelium cells. All samples showed. Insignificant stress-strain behaviour was observed in all samples, of Polymers 2021, 13,3365 which acetylated BC showed the highest elastic modulus; however, after some period, it exhibited a slightly smaller tensile strength and elongation at break as compared to control BC [98]. A study conducted by Buruaga-Ramiro [78] on the suitability of BC matrices to prepare enzymatically active nanocomposites shows improvement in durability, reusability, and thermal stability of BC/lipase nanocomposites (Figure 7). Besides that, the enzyme immobilised onto BC/lipase nanocomposites paper retained 60% of its activity after 48 h at 60 • C. The results attained suggest that BC/lipase nanocomposites are promising biomaterials for the development of green biotechnological devices with potential applications to be used as part of biosensor devices with applications in many fields such as food quality control, environmental monitoring, and clinical diagnosis. The effect of BC on disintegrability in composting conditions of plasticized polyhydroxybutyrate (PHB) nanocomposites [99] shows that the compounds with BC and plasticizer presented a similar behaviour to that of control plasticized PHB. This might be due to the low dispersion and low interfacial adhesion of BC in the matrix. However, the crystallinity of PHB nanocomposites was increased. Another study conducted by Zhang et al. [100] on the reinforcement of BC with polyvinyl alcohol (PVA) coated with Bichar-Nanosilver (C-Ag) antibacterial composite membranes, shows that the BC was homogeneously mixed into the PVA gel and that the C-Ag particles were uniformly immobilized in the PVA/BC hybrid composites membrane. These hybrid composites show excellent antibacterial activity against Escherichia coli and good reusability to be used as drinking water treatment applications. Hamedi 

et al. [101] conducted experiments on

Polymers 2021, 13,3365 double-network antibacterial hydrogel based on aminated BC and schizophyllan (SPG) biopolymer nanocomposites. A novel hydrogel composed of BC/SPG biopolymers shows an improvement in antibacterial, swelling, and mechanical properties. MTT assay displayed that amine-grafted BC/SPG stimulated the proliferation of normal human fibroblast cells. They concluded that this novel nanocomposite can be utilized in diverse areas such as anti-wrinkle dressing masks, wound healing, and absorption biomaterial for water treatment applications.

A hybrid of BCNCs-AgNPs/alginate-MoO 3 NPs was effectively developed for H 2 S gas sensors [102]. In this study, BC was produced by Gluconacetobacter xylinus strain under static culture. The bionanocomposites film was successfully fabricated using a solution casting method and has the ability to detect H 2 S gas emission. Through the shift in the oxidation number of MoO 3 NPs, the colour of the film was changed. Once activated by AgNPs, MoO 3 NPs were readily reduced to a coloured sub-oxide by atomic hydrogen that was produced and received from the reaction of H 2 S gas [102].

Cazón et al. [3] conducted a study on BC reinforced polyvinyl alcohol (PVOH) composite film with eco-friendly UV-protective properties. The addition of PVOH shows improvement in mechanical and transparency properties and reduced the water vapour permeability of composite films. Thus, they concluded that these novel composite films have huge advantages to be utilized in the food industry to prevent oxidation of proteins, lipids, and vitamins, as well as the degradation of antioxidants in foods. Besides that, it can be s substitute novel material to antioxidants to increase food shelf-life as well as to maintain the quality of food products [3]. AgNP produced using CUR:HPβCD (cAgNP) reinforced with BC-based hydrogels for wound dressing applications has been developed by Gupta et al. [103]. The composites show high cytocompatibility between cAgNp and BC with high moisture content and a good level of transparency. These hydrogels-based composites also showed broad-spectrum antimicrobial activity along with antioxidant properties.

In terms of electrical applications, there are a few applications of BC, as bioelectrical devices are hard to fabricate. However, several previous works have been conducted. According to Di Pasquale et al. [104], electrodes of the sensor are made of BC that has been treated with ionic solutions and coated with conducting polymers. The mechanoelectric transduction properties of the composite are used to create a generating sensor. The device, which is placed in a cantilever arrangement, is used to detect anchor acceleration. On the other hand, Di Pasquale and co-researchers are testing an all-organic Bacterial Cellulose-Conducting Polymer (BC)-PEDOT:PSS composite soaked with Ionic Liquids (ILs) as a mass sensor [104]. As a result of the applied deformation, the sensor functions as a vibrating transducer in a cantilever arrangement, producing a voltage signal. The effect of the additional mass on the system's frequency response is used to estimate the value of the measurand. The sensing system is made of low-cost, flexible, and environmentally friendly components that may be used to create smart ubiquitous sensing systems in the future.

Wang et al.

[105] created a novel wound care system that uses an aligned bacterial cellulose (BC)/gelatin membrane in combination with EF stimulation to direct cell migration and improve wound healing. The produced BC/gelatin membranes had a well-aligned fibre structure, a strong mechanical property, a high thermal stability, good light transmittance, foldability, and surface roughness, and great biocompatibility. Especially, the 40% stretched BC/gelatin membrane promoted the adhesion, orientation, and migration of NIH3T3 cells in vitro. For further increase in electrical conductivity and cell survival of polyaniline (PANI) coated BC nanocomposites, BC fibres are chemically functionalized with a poly(4-vinylaniline) (PVAN) interlayer [106]. PVAN was discovered to have increased PANI yield by promoting the creation of a uniform PANI layer with nanofiber-and nanorod-like supramolecular structures. These new electrically conductive BC/PVAN/PANI nanocomposites have the potential to enable a wide range of biomedical applications, including bioelectronic interfaces and the manufacturing of biosensors. 

Principal Pathways of Cellulose Production

Biopolymer cellulose can be produced using four distinguishing methods, including cellulose extraction, cellulose biosynthesis, enzymatic synthesis, and chemosynthesis. The most well-known method is cellulose extraction from plants, including the elimination of lignin and hemicelluloses using alkali or acid treatments. According to Klemm et Different modified methods or additives have been applied to enhance BC production. BC gained from bioreactors have been characterized and analysed for structure, shape, Polymers 2021, 13,3365 and properties of BC, thermogravimetric analysis, density, porosity, yield, water holding capacity, Fourier transform infrared, purity, zeta potential, degree of polymerization, surface area, chemical structure, pore size and distribution, degree of crystallinity, and microstructure, as well as macroscopic morphology [86,182].

Fundamentals of Bacterial Cellulose (BC) Production Process

Numerous aerobic and non-pathogenic bacteria yield BC from the genera Gluconacetobacter, Sarcina, Rhizobium, and Agrobacterium either in synthetic or non-synthetic media [22]. However, these bacteria are non-photosynthetic; therefore, they need glucose or organic substrate synthesized by the photosynthetic organism to accumulate their cellulose [183]. BC production comprises fermentation in static or agitated conditions. Among the cultivation media, the most frequently used cultivation medium is a chemically defined medium known as the Hestrin-Schramm (HS) medium [22]. This medium involves somewhat expensive additional components, such as peptone, yeast extract, citric acid, glucose, and disodium phosphate, resulting in costly production. According to Abol-Fotouh et al. [184], thermal-acidic pre-treatment was proposed to enhance the characteristics of molasses, boost its (glucose-fructose) content per volume, and remove the majority of contaminants that might stifle microbial development or reduce product output, as shown in Figure 9 Alteration of growth conditions; temperature, pH, and sources of carbon and their concentrations influenced both the quality and quantity of BC yielded. In addition, different cultivation pathways led to the production of BC with different properties and structures [22]. Figure 10 The BC obtained after the fermentation process has yielded good properties for several applications. Stable and efficient bacteria strains will influence the effectiveness of bacterial cellulose (BC) production. The hydroxyl groups in the BC structure have enabled direct modification by introducing other polymers into the BC network [189]. However, some modifications can be done on BC by combining other materials into the polymeric system for a broader range of applications [188]. The modification process can be divided into two main groups, which are in situ and ex-situ modifications. An inadequate supply of oxygen causes bacteria to be inactive, which is a significant constraint in static production environments. Agitated conditions result in higher yields; however, the BC formation mechanism remains uncertain under different conditions [190].

More comprehensive applications of BC depend on practical considerations regarding production costs and scale-up capability. Recently, many studies have focused on cheap nutrient sources, diverse strains of cellulose-producing microorganisms, and supplementary components to produce value-effective BC [26]. Many waste products from different fields, such as whey, industrial waste, wastewater, and agro-industrial waste, have been examined as alternative substrates for the enhanced production of BC. Various additives or modified methods have been used to improve the production of BC. The BC harvested from other bioreactors has been characterized in terms of structure and properties such as macroscopic morphology, microstructure, degree of crystallinity, chemical structure, polymerization degree, purity, water holding capacity, porosity, and thermogravimetric ability [191]. Table 2 shows the BC production specifications, modifications, and advantages of different reactors. 

Industrial Waste Streams as Feedstock for the Production of Bacterial Cellulose

Industrial-scale applications of BC manufacturing encountered some drawbacks such as high culture medium-cost as well as low yield production. In the fermentation process, the cost of the medium for the cultivation of BC accounts for 50-65% of the total production. Thus, according to Velásquez-Riaño et al. [208] and Vazquez et al. [190], the establishment of a cost-effective culture medium for optimum product yield is important in order to enhance the process of fermentation. Some hard work has been done to minimize the production cost of BC, such as using the low-cost medium for BC cultivation and accessible and renewable sources of the nutrient. Over the last twenty years, significant global energy, environmental, and economic concerns have set the prominence of accessible and sustainable utilization of various industrial wastes such as agro-industrial waste products, wastewater treatment plants of dairy industries, brewery and beverages industries waste, waste from textile mills, waste from the micro-algae industry, etc. The innovations in clean and green technology techniques, as well as biotechnological methods, have equipped scientists and researchers with platforms for renewable natural sources consumption, i.e., using industrial waste to produce BC. The utilization of these industrial wastes for BC production helps prevent disposal and environmental pollution, aid in waste management, and, hence, reduce industrial waste disposal costs. From this novel approach, the production of BC from the industrial wastes can be categorized into six individual industrial wastes as illustrated in Figure 11: (1) brewery and beverages industries wastes; (2) agro-industrial wastes;

(3) lignocellulosic biorefineries, pulp mills, and sugar industries wastes; (4) textile mills;

(5) micro-algae industry wastes; (6) biodiesel industry wastes. The examples are a small number of possible limitations of more lignocellulosic, sugar, brewery, and other industrial wastes as media without any additional nutrient source or as nitrogen and carbon sources with an additional nutrient source for the production of BC. Among all industrial waste, agro-industrial wastes are seen as highly potent and can be extensively utilized for producing BC. This might be due to the higher BC productivity and large-scale accessibility. Besides that, municipal waste is becoming a progressively more prominent source of biomass waste with high organic content, especially carbon, as a result of fast urbanization around the world, especially in developing countries [209,210]. The potential of upscale production of BC at a large scale or industrial scale from all the Polymers 2021, 13, 3365 low-cost industries waste media are elaborated here; specifically, those that do not require complicated or complex supplementation, detoxification, and pre-treatments. Currently, the production of BC from industrial waste media has been observed to have comparable yield, physical, physico-chemical, crystallinity, and mechanical properties compared to standard media.

Industrial waste is a rich source of carbon for the bacterial synthesis of cellulose. In the past few decades, the urge to achieve 'zero waste' in the industrial sector has led many researchers to utilize industrial waste and byproducts as potential nutrient sources for microbial cultivation. Of many such industries, wastes and byproducts from the food, agriculture, and brewery industries are the most commonly utilised and can be a rich source of carbon [86]. All confectionery products are made of varying amounts of sugar and sugar substitutes. Since waste from confectionaries is rich in carbohydrates, this suggests that it can yield substantial amounts of carbon [211].

In terms of efficacy of BC produced by different utilized wastes, numerous researchers have extensively studied this issue. Kongruang [212] mentioned that agro-industries waste is richer in proteins, carbohydrates, and trace elements. Thus, it resulted in a higher BC productivity. Furthermore, Goelzer et al. [213] had stated that brewery and beverage industries waste mainly affects BC production, and similar influence can be seen from other different wastes such as wastewater sugar industries [214,215], lignocellulosic biorefineries wastes [216-218], and micro-algae biomass industries waste [177]. The results showed that utilizing pre-treated orange peel medium produced seven times more BC than using standard (HS) medium. However, structural research revealed that BC made from various wastes had a thicker and denser pack of nanofibrils, but FTIR spectra revealed no significant differences [214]. Plus, according to Fan et al. [216], in comparison to BC produced from HS medium, BC created from waste medium had no significant variations in microstructure, features, FTIR peaks, crystallinity index, or color parameter. These observations are in line with results discovered by Qi et al. [218], who found that the BC samples obtained from these hydrolysates had similar physico-chemical structural characteristics (microscopic morphology, functional groups, and crystallinity), but had a high water holding capacity and low mechanical strength. Furthermore, the physico-chemical characteristics of BC generated in various media were similar. However, when compared to HS medium, the viscosity of BC formed from molasses medium is low [217]. As a result, it may be inferred that agricultural wastes from all over the world can be used as a low-cost, readily available, and abundant feedstock for BC production.

Furthermore, fiber/textile industry waste derived hydrolysate was used as growth medium for BC production and the results showed 83% higher yield (10.8 g/L) and 79% higher tensile strength (0.070 MPa) of BC as compared to the production by glucose-based HS medium [215]. Cotton-based textile wastes were treated with the ionic liquid 1-allyl-3methylimidazolium chloride before being hydrolyzed with enzymes. This resulted in a decreasing sugar concentration of 17 g/L in the hydrolysate. Because the natural sources used in the fiber/textile sector are often high in cellulose content, the wastes generated can be used to produce a variety of value-added products such as BC after detoxification and hydrolysis treatments [219,220].

Research by Costa et al. [26] revealed that industrial debris waste, namely sugarcane molasses, corn steep liquor (CSL), and jeans laundry effluent are rich sources of carbon and nitrogen that maintain BC production using Gluconacetobacter hansenii [26]. The wastes yielded a high concentration of microbial cellulose; however, the main limitation of the study was a substantial deformation observed in the product. According to Gao et al. [221], the cracks in the polymer might be due to the existence of crazing at the tip of the crack during tensile testing. Besides, BC microfibrils and nanofibrils sustained the cracks until rupture occurred [222]. The further analysis exposed that tensile testing caused the fibres to deform, leading to the formation of nodes [223,224].

In another study, Bıyık & Çoban [225] studied the potential of a bacterial strain isolated from a wine sample called Acetobacter pasteurianus for cellulose production using industrial Polymers 2021, 13,3365 waste and examined its performance with different carbon and nitrogen sources. The results showed that the presence of glucose and yeast extract in the media manufactured the highest quantity of microbial cellulose of 0.45 g/L. Among the industrial wastes (CSL, molasses, and whey), molasses produced the highest amount of BC (0.31 g/L). Further analysis of the structural properties of cellulose using Thin Layer Chromatography (TLC), Scanning Electron Microscopy (SEM), and Carbon-13 NMR revealed similarities in the structural characteristics of the BC with plant cellulose, indicated by the presence of nonbranched polymer with D-glucopyranose units bonded with β-1, 4 bonds. Moreover, Voon et al. [226] used Beijerinkia fluminensis WAUPM53 and Gluconacetobacter xylinus 0416 bacteria to produce BC in sago byproducts (SBM), coconut water (CWM), and the standard Hestrin-Schramm mediums (HSM). The highest BC production was recorded in HSM followed by SBM and CWM for about 0.52 g/L, 0.47 g/L, and 0.45 g/L, respectively [226].

Brewery and Beverages Industries Wastes

There is a rising interest in the production of brewery and beverage industries because of the increasing user demand worldwide. According to Uzuner et al. [227], the beverage industry has become one of the biggest food processing industries. This industry can be categorized into two main groups that are non-alcoholic (i.e., whey, tea, cordial, coffee, apple, lassi, carbonated soft drink, etc.) and alcoholic drinks (i.e., whiskey, wine, beer, etc.). Carbonated soft drinks are consumed the most compared to other drinks, which are consumed at a rate of 48.8 gal/person, followed by bottled water, coffee, and beer with a value of 29.1, 24.6, and 21.8 gal/person, respectively [228]. This industry produces a large volume of waste per day and becomes a concern for management, spurring an effort to reduce the cost of disposal. These wastes are rich in nutrients; thus, they can be used for the biological treatment to produce BC for cost-effective and efficient waste management. Table 3 shows the evaluation of several waste or byproducts generated from the brewery and beverage industries to be used for BC production.

Whey is known to be rich in various nutritional components; hence, a growing literature body examines the feasibility of utilizing waste products as low-cost substrates for improved BC production [229]. Specifically, whey protein functions as an excellent source of nutrients. Revin et al. [230] examined the utilization of the dairy and alcohol industries acidic wastes, stillage (TS) and cheese whey, for the economical manufacturing of BC with Gluconacetobacter sucrofermentans. The findings revealed that, in three days of cultivation, the bacterial strain in whey produced up to 5.45 g/L of B and C structural properties analysis showed similarities between the synthesised cellulose with plant cellulose, despite morphological differences associated with crystallinity. The findings also indicated that acidic byproducts of dairy industries, such as wheat stillage and whey, are potential affordable sources of nitrogen and carbon for BC production.

Thin stillage (TS), a liquid byproduct produced after microbial fermentation of carbohydrates by yeast, contains various organic compounds. Hence, it is a potential source of nitrogen and carbon for BC synthesis. TS quantification via NMR methods showed that whey TS is rich in nutrition, containing high concentrations of lactic acid (7.41 g/L), dextrin (11.65 g/L), ethanol (1.31 g/L), acetic acid (2.72 g/L), and glycerol (7.87 g/L) [231]. TS wastewater from rice wine distilleries demonstrated the capability of producing BC with a concentration of 6.26 g/L in a seven days period of Gluconacetobacter xylinus cultivation [232]. From the study, it is confirmed that low-cost production of BC using TS as a substitute for HS medium is possible and the best alternative. Furthermore, the research revealed a facile and more practical approach for wastewater disposal. There have been efforts to enhance BC formation under static conditions by evaluating BC formation using Gluconacetobacter xylinus and a combination of whey and fruits as a culture medium by Jozala et al. [233]. The findings were in good correspondence to results achieved in other studies using Gluconacetobacter sucrofermentans [151].
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Agro-Industry Waste

Several studies on the practicability of using different sources of agro-industry waste in BC production are reported. For instance, using Komagataeibacter hansenii for BC manufacturing from sisal juice as the substrate [234]. The researchers evaluated the effects of various variables on the potential of production, including the sugar concentration, pH, duration of cultivation, and nitrogen supplementation. From the findings, the best BC yield achieved from sisal waste was 3.38 g/L, which was yielded after 10 days of cultivation at a pH of 5. The study recommended that sisal waste is a precious resource for BC production; however, concerns arise regarding the ease of availability of sisal waste for large-scale manufacturing.

In a related study, Castro et al.

[235] characterized the structural properties of BC obtained from agrochemical wastes of sugarcane and pineapple using Gluconacetobacter swingsii. HS medium was used as the reference standard for the comparisons. The results revealed that pineapple peel juice produced BC of higher quality than the reference standard, with values of 2.8 g/L and 2.1 g/L, respectively. The findings were parallel with other studies that concluded that utilizing agro-industry waste in general, and pineapple and sugarcane substrates in particular, are feasible for BC production. Whereas, when HS medium was utilized, some structural similarities were observed using SEM, while ATR-FR-IR spectra displayed chemical similarities in the microfibrils.

Zhao et al.

[236] evaluated the potential of using yeast lees from fermentation vessels during fruit production using Glucoacetobacter xylinum for BC production. From the findings, yeast residue was identified as a potential substrate for economic BC production. However, for optimum production, modifications to the medium component and culture conditions of the bacterial strain are necessary. This is particularly important, given that the BC yield decreased with loading volume into cultivation vessels, which could have been associated with a reduced concentration of oxygen in the media [237].

For the yeast lees, researchers determined that mango pulp could supply essential substrate during BC production. Mango and guava purees displayed similar results due to the significant increase in water vapor permeability of the product [238]. Additional alterations in the produced BC included enhanced elongation and tensile strength reduction. Several studies suggested the addition of hydrophobic compounds [239] as a method to improve water resistance through cross-linking mechanisms [240].

Recent attempts to manufacture BC by Gluconacetobacter xylinus using pulp mill and lignocellulosic biorefinery waste fibre sludge displayed the potential to generate close to 11 g/L cellulose [241]. Producing high-quality BC at a low cost by utilizing sequential fermentation of residual streams from pulp mills and biorefinery processes is the most crucial contribution of this paper. The findings are in good agreement with the results achieved in other studies using various substrates.

There have been efforts to evaluate the possibility of utilizing other agricultural wastes for carbon sources in BC production, including corn products, coffee cherry husk (CCH), date fruits, and banana peel. CCH waste is an abundant agro-industrial waste. This method, using CCH as a substrate to produce BC achieved up to 8.2 g/L of BC using 8% of CCH extract combined with steep corn liquor under optimized conditions [242]. The findings were parallel with research evidence that steep corn liquor is rich in nutrition, which supplied organic content during BC production, such as carbon and nitrogen [243,244].

Banana peel is another potential agricultural waste being studied for a carbon source in BC production using viability of producing BC from date syrup using A. Xylinum. The researchers examined sugar content in the waste sample using HPLC and tested different concentrations of the fruit syrup at different culture times. BC production was attained with 3% (w/v) date in the medium cultivated for a duration of eight days. Alteration of the HS medium resulted in an increase in BC yield of up to 68%. It was determined that date waste is a potential source of carbon. Other cellulosic non-food wastes have also been utilized for BC formation with reduced BC yields, such as olive mill residues that produced 0.81 g/L of BC [248]. This BC yield was lower compared to date syrup. The findings indicated that agricultural waste could be used as a potential carbon source substitute compared to non-food sources.

Besides the substrates explained above, date industry waste is another possible substrate for the economic production of BC. One such byproduct of the industry is date syrup (DS), which is rich in carbohydrates [249]. A study utilized low-quality DS with very little commercial value; Moosavi-Nasab and Yousefi [246] found that BC production displayed a steady increment up to day 14 compared to sucrose, for which the production of BC remained almost constant. At the end of the cultivations, cellulose yield from DS (4.35 g/L) were more than two-folds that of sucrose (1.69 g/L). This is associated with the DS consisting of reducing sugars in abundance compared to sucrose, a disaccharide [246]. The same substrate was studied by [START_REF] Lotfiman | Influence of Date Syrup as a Carbon Source on Bacterial Cellulose Production by Acetobacter xylinum 0416[END_REF] for the investigation of BC production by A. xylinum. Results of their study showed that A. xylinum produced up to 5.8 g/L of BC that was 68% higher compared to that of the standard HS medium [247].

Coffee cherry husk (CCH), a byproduct that is present in abundance from coffee cherry processing, is seen as a potential substrate for BC production [242]. Results of research attempts for BC production from CCH showed that the production capacity of up to 8.2 g/L was attained using 8% CCH extract combined with steep corn liquor under optimized conditions.

Besides the examples listed, banana peel is also being studied as a potential substrate for the economic production of BC. Acetobacter xylinum generated 19.46 g/L of BC in a cultivation period of 15 days at 30 • C [245]. Similar results were achieved when coconut water and pineapple juice were used as a substrate for the same microorganism [250].

Wastewater Sugar Industries, Pulp Mills and Lignocellulosic Biorefineries Wastes

Zhao et al. [236] studied the use of fermented wastewater as a substrate that showed a BC yield of 1.177 g/L, which much lower than HS medium (1.757 g/L). This could be ascribed to a low concentration of nitrogen and carbon contents in the substrate. However, BC yield from wastewater was sufficient to maintain large-scale commercial applications, with the low costs of the production process taken into consideration. These results are in good agreement with the existing evidence, which indicated that the ideal system for cellulose biosynthesis does not exist, even with gram-negative bacterium such as Gluconacetobacter xylinus that is able to secrete large volumes of cellulose as microfibrils from different waste products [251]. Other cellulosic wastes from non-food wastes are also being studied and have resulted in reduced BC yields [248].

In another related study, Li et al. [252] determined that jujube processing industry wastewater could provide an inexpensive raw material for BC production using Gluconacetobacter xylinum [252]. The experiments exhibited the potential to yield 2.25 g/L of BC in hydrolysate with acid treatment. However, the setup involves the usage of special filters of between 3 and 14 nm to produce nanostructures. This study showed the possibility of improving BC yield by adjusting the level of crystallinity and manipulating ammonium citrate concentration. Further research revealed that candied jujube consists of various nutritional compounds, such as amino acids, saccharides, and vitamins, which make an ideal substrate for BC synthesis of considerable quantities [253]. However, the crystallinity of the microbial cellulose is an important factor to be taken into consideration when utilizing jujube for BC, which was altered significantly in different cultivation media as a result of the effect of fibre size distribution. This effect is also observed during BC production using other waste feedstocks [254].
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Textile Industries Waste

The growth of industrialization worldwide is affected by the increasing number of the world population. This phenomenon has resulted in an increase in the utilization of fabric and textiles to produce clothes and other materials related to textile-based products [90]. The growing demand for these products has led to the generation of tons of waste produced by the textile industries and consumers. Natural fibre resources such as cotton are commonly used in the textile industry to produce the fabric. According to Estur [255], world textile fibre consumption is projected to expand at an annual average rate of 4% to reach 70 million tons in 2010 and by 2.8% per year to reach 87 million tons in 2020. Used cotton fabric is not recycled because it does not provide a satisfactory level of use. It is usually dumped at the landfilled or garbage collection station or disposed of by incineration.

These waste cotton textiles have the potential to be used as an effective alternative to producing high-value products at low cost through enzymatic hydrolysis and microbial conversion processes. In addition, these wastes also have the potential to reduce environmental problems and save natural resources. Kuo et al. [256] conducted an experiment on enzymatic saccharification of dissolution pretreated cellulosic waste fabrics for BC production by Gluconacetobacter xylinus, which has shown that the BC produced from discoloured hydrolysate (1.88 g/L) by G. xylinus in static cultivation of seven days was about 20% higher compared to that in the coloured hydrolosate (1.59 g/L). This might be attributed to the fact that the coloured reducing sugars that were removed by chitosan adsorption prevent the fermentation activity of Gluconacetobacter xylinus for BC production.

Guo et al. [257] showed that BC could be successfully produced using waste dyed cotton fabrics cellulose through pretreatment with the ionic liquid (IL) 1-allyl-3-methylimidazolium chloride ([AMIM]Cl) with Gluconacetobacter xylinus followed by the production of enzymes with Trichoderma reesei via enzymatic saccharification. They found that the BNC yield obtained from the purple bed sheet (14.2 g/L) by Gluconacetobacter xylinus in static cultivation of 10 days was higher compared to that in the red bed sheet (13.7 g/L) and green bed sheet (14.1 g/L) [257]. Moreover, according to Guo et al. [257], this is due to the supplementation of calcium ions during treatment of Ca(OH) 2 detoxification as well as the removal of dyes from the enzymatic hydrolysates.

Previous studies by Hong et al. [215] reported on production of high-quality carbon sources for BC from cotton-based waste textiles by Gluconacetobacter xylinus. These fabrics were pre-treated with the ([AMIM]Cl) followed by enzymatic hydrolysis. The results show that the yield and tensile strength of BC are 83% (10.8 g/L) and 79% (0.07 MPa) higher compared to a culture grown on a glucose-based medium [215]. The studies describing the use of textile mills waste for BC production are displayed in Table 3.

Biodiesel Industry Waste

BC is well known as a natural biomaterial with a broad range of applications. However, high-cost production in terms of raw materials, as well as low yields, have limited the industrial and commercial applications of BC. Hence, the usage of low cost-alternative raw materials as fermentation media would enhance BC production's cost-competitiveness. The worldwide biodiesel production was more than 2.8 billion liters in 2018, and it has increased by 933% over the last 20 years [258,259]. It is estimated that crude glycerol is generated as a 10% (w/w) byproduct from transesterification of triglycerides with alcohol, most frequently methanol, which is equivalent to 0.28 billion liters.

In one of the studies, Tsouko et al.

[259] investigated the feasibility of using fermentation media obtained from the confectionery industry and sunflower-based biodiesel industries waste streams and found that confectionary industry waste provides rich sources for carbon and nitrogen required for highly efficient BC production [259]. Batch fermentations using Komagataeibacter sucrofermentans (DSM) in synthetic media yielded BC concentrations of up to 13.3 g/L. The experimental results showed similar yields using both waste streams. The findings determined the significance of Komagataeibacter sucrofermentans DSM strain Polymers 2021, 13,3365 for high concentrations of BC production from the confectionery and biodiesel industry wastes. More importantly, the findings of this study on the water holding capacity (WHC) of the BC were parallel with the existing literature [260][261][262][263].

Previous studies reported the production and characterization of BC produced from non-detoxified crude glycerol as an alternative medium by Gluconacetobacter xylinus strain [264]. The highest BC production is 12.31 g/L. However, increasing crude glycerol has resulted in decreased BC production. This phenomenon might be due to the impurities in crude glycerol that might affect the activity of the cell. Besides that, from the research conducted by Soemphol et al. [264], it was shown that production of BC could improve by the addition of pineapple peel extract (PPE) into crude glycerol without any supplementation, and the optimal BC production was seen at acidic pH. The usage of these wastes or byproducts from biodiesel industries will not only produce value-added materials, it will also reduce environmental pollution and non-renewable energy consumption. The studies describing the use of biodiesel wastes for the production of BC are displayed in Table 3.

Micro-Algae Biomass Industries

Bioactive compounds such as carotenoids, polyunsaturated fatty acids, protein, vitamins, and minerals can be found in various commercial forms of micro-algal biomass (i.e., capsule, tablet, oil, liquid, flour, or powder forms). They play essential roles in numerous applications such as cosmetic products, pharmaceutical chemicals, feed product for animals (for fish, shellfish, poultry, and cattle) or functional food (i.e., supplements, dye, oil-derivatives, pastas, dairy products, and dessert) or with favorable outcomes upon human health, including antiviral, antimicrobial, anti-inflammatory, and antioxidant effects, as well as prevention of hypertension, diabetes, anaemia, constipation, and gastric ulcers [265]. Starch is one of the valuable constituents of microalgae biomass. Low-cost starch biomass products can be yielded from outdoor photobioreactors of Chlorella cultures microalgae [177]. Besides that, there are several studies that have been conducted to increase the starch content of algal biomass under different conditions (i.e., light intensities, nitrogen starvation, and sulphur). Freshwater algae Chlorella vulgaris can produce low-cost starch in large quantities (Dragone et al., 2011). This starch can be utilized as a promising alternative carbon source medium for the production of BC. Several studies reported the use of a byproduct of the micro-algae medium as a carbon source for BC. Several byproducts of micro-algae industries have been evaluated for BC production, as stated in Table 3.

Uzyol & Saçan [177] produced BC with Komagataeibacter hansenii using algae-based glucose, and showed that the BC production yields were 1.202 g/L and 1.104 g/L from glucose and algae-based glucose, respectively. The morphological structure of algae-based BC was observed to be similar to those of glucose-based BC. Another study, conducted on the production of green BC by utilizing renewable resources of algae with corn steep liquor [266], shows that the maximum BC production is 4.86 g/L. Therefore, based on the literature review, it can be summarized that integrating the metabolic components in algal biomass (i.e., corn steep liquor, glucose, yeast, starch, peptone, etc.) in the production of BC with the biorefinery concept would bring economic and environmental benefits, including the achievement of large scale production at low cost, and protecting the environment.
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Future Perspectives

Different industrial sectors produce a large amount of waste on a daily basis. More brewery, sugar, lignocellulosic, and other industrial wastes could be valorized as complex media without additional nutrient sources or as carbon and nitrogen sources with additional nutrient sources for BC production. Due to their large-scale availability and increased BC productivity, agro-industrial wastes can be widely utilised for BC production. Due to increased urbanization around the world, particularly in economically developing nations, municipal waste is anticipated to become an increasingly major source of waste biomass with higher organic content. All of the low-cost waste media of the industries discussed here, especially those that do not require complex pre-treatments, detoxification, or supplementing, have a lot of potential for upscale production of BC on an industrial scale. When compared to regular media, BC created from waste media has similar physico-chemical characteristics and a higher yield.

Because these wastes are available in huge quantities, waste producers may be able to sell them to commercial BC producers or academic institutions. The BC that was obtained could be used as a raw material by a variety of biomedical enterprises for commercial purposes as well as by scientists for study. Since BC derived from some agro-wastes might be colored and absorb unwanted compounds, proper purification is required. These facts may justify limiting the use of BC in industries with stringent regulatory standards, such as biomedicine, pharmaceutics, cosmetics, or the food industry. In terms of the environment, eliminating these industrial outputs will allow for proper waste management, lowering the environmental and health risks associated with these wastes. This will be a realistic option for dealing with pollution issues.

Conclusions

Bacterial cellulose (BC) is considered a desirable biomaterial for various applications across many fields due to its unique structural features and desirable properties. This review mainly discusses the technical and economic feasibility of producing microbial cellulose from industrial wastes from agro-industry, textile, biodiesel, micro-algae biomass, wastewater sugar, and lignocellulosic biorefineries, breweries, and beverages. The overarching conclusion is that most industrial wastes have the potential to produce high concentrations of BC. The production of high concentrations of BC can be obtained by optimizing bacterial culture conditions, such as temperature and pH. More importantly, the findings demonstrate that the produced microbial cellulose would have desirable chemical, physical, and mechanical properties, which suit various advanced applications. This review shows that the production of BC from industrial waste is successful. The future of using industrial wastes for BC production seems promising, since the source of nutrients in BC production from industrial wastes has reduced the production cost. Moreover, tonnes of industrial waste are generated daily, and using some of these wastes in BC production can mitigate waste disposal problems. The high yield and low production cost of BC is the main challenge that needs to be contemplated. A lot of progress can be made by developing new fermentation methods, new bioreactor design, and using a cheaper waste media that aims to increase the yield of BC at a lower cost. The BC has been used in various industries in manufacturing products as well as advanced applications. Products such as BC masks, BC gloves, paper, biodegradable food packaging, and wound dressing have been on the market. More advanced BC applications have shown promising results, such as never-dried microbial cellulose membranes, skin transplants, optically transparent cellulose nanocomposites, and artificial bacterial cellulose ligaments. Overall, large-scale commercial production and demand of microbial cellulose using waste as a carbon and energy source can lower the biomaterial production cost and help eliminate or reduce the economic and environmental burden of industrial waste.

Introduction

Many industries currently produce many tons of agro-industrial wastes. However, direct utilization of lignocellulosic biomass as a feedstock for bioproducts is challenging due to their complex structure (as represented in Figure 1). A variety of useful components, including sugars, protein, lipids, cellulose, and lignin, are present in natural fibres. The major issue that limits their utilization is, however, the tight bonding within their components [1]. Cross-linking of polysaccharides and lignin occurs through ester and ether bonds, while microfibrils produced by cellulose, hemicellulose, and lignin aid in the stability of Polymers 2021, 13,2971 plant cell wall structure [2,3]. These strong cross-linking connections exist between the components of the plant cell wall that act as a barrier to its disintegration. Pretreatment helps to fractionate biomass prior to further processes, making it simpler to handle in the process [4][5][6]. It enables biomass hydrolysis and makes building blocks for biobased products, fuels, and chemicals. It is often the initial stage of the biorefining process and enables the following steps such as enzymatic hydrolysis and fermentation to be carried out more quickly, effectively, and economically [7]. The pretreatment method used is entirely dependent on the targeted application. Numerous pretreatment methods are mainly developed to effectively separate these interconnected components in order to get the most advantages from the lignocellulosic biomass's constituents.

Pretreatment of natural fibres is not as straightforward as it may seem. In fact, it is the second most expensive procedure after the installation of a power generator. Hydrogen bond disruption, cross-linked matrix disruption, as well as increased porosity and surface area, are the three objectives that a good pretreatment technique accomplishes in crystalline cellulose. Additionally, the result of pretreatment varies attributed to the different ratios of cell wall components [8]. More criteria to take into consideration for efficient and economically feasible pretreatment process include less chemical usage, prevention of hemicellulose and cellulose from denaturation, minimum energy demand, low price, and the capacity to reduce size.

Biomass recalcitrance is a term used for the ability of natural fibres to resist chemical and biological degradation. While there are many components involved in the recalcitrance of lignocellulosic biomass, the crystalline structure of cellulose, the degree of lignification, accessible surface area (porosity), the structural heterogeneity, and complexity of cellwall are primary causes [9,10]. As a consequence of breaking the resistant structure of lignocellulose, it causes lignin sheath, hemicellulose, and crystallinity to all be degraded, as well as casuing a decrease in cellulose's degree of polymerization [11].

Polymers 2021, 13,2971 Depending on the types of natural fibres employed, the preference for the pretreatment method varies according to the composition of cellulose, hemicellulose, and lignin. Figure 2 depicts the general differences between the many common approaches which come under the four categories of physical, chemical, biological, and combination pretreatment [4]. While some of these methods have successfully transitioned from a research platform to an industrial stage, there are many hurdles, and one of the greatest is the requirement for highly toxic waste generation and high-energy inputs. From here, a serious issue that must be addressed is the lack of green and cost-effective solutions. Nevertheless, it has only lately garnered significant attention as a potential solution to the problem by focusing on the employment of nonchemical pretreatment. This could be reflected by the increment in article publications that reviewed lignocellulosic fibre pretreatment via individual greener approach as highlighted in Table 1 indicating that this topic is increasingly well-known owing to environmental concerns. The development of technology that maximises the use of raw resources, reduces waste, and avoids the use of poisonous and hazardous compounds is critical to accomplishing this objective. However, a review of all greener pretreatment approaches for lignocellulosic biomass is missing in the current literature. No.

Title

Highlights of Review

Ref.

Enzymatic pretreatment of lignocellulosic biomass for enhanced biomethane

production-A review

•

Reviews the anaerobic digestion process, challenges in degrading lignocellulosic materials, the current status of research to improve the biogas rate and yield from the anaerobic digestion of lignocellulosic biomass via enzymatic pretreatment, and the future trend in research for the reduction of enzymatic pretreatment cost [12] 2.

A review on the environment-friendly emerging techniques for pretreatment of lignocellulosic biomass: Mechanistic insight and advancement

•

Discusses the important aspects of the emerging pretreatment techniques of lignocellulosic biomass including the advancements, and the mechanistic insight for large scale of commercial implementation in a lignocellulosic biorefinery.

[13]

Recent Insights into Lignocellulosic Biomass Pyrolysis: A Critical Review on

Pretreatment, Characterization, and Products Upgrading

•

Provides an outline of the pyrolysis process including physical and chemical pretreatment of biomass, pyrolysis mechanism, and process products upgrading.

[14]

4. Recent advances in the pretreatment of lignocellulosic biomass for biofuels and value-added products

•

Briefly presents recent findings on the chemical pretreatment for the conversion of lignocellulosic materials into fuel and value-added products.

[15]

5.

Emerging technologies for the pretreatment of lignocellulosic biomass

•

Reviews the application of emerging technologies in chemical and mechanical pretreatment.

[16]

Polymers 2021, 13, 2971

Hence, the green pretreatment approaches for lignocellulosic biomass such as physical, biological, and combination methods, as well as their impact on the separation of the complex components of different lignocellulosic sources, are reviewed in more detail in the next sections.

Physical Pretreatment

The physical pretreatment allows increasing the specific surface area of the fibres via mechanical comminution. It also contributes to reduce the crystallinity of the natural fibres and enhance their digestibility. The physical pretreatment usually does not affect the chemical composition of natural fibres. Physical pretreatment can be conducted by using milling, extrusion and ultrasound. Physical pretreatment is often an essential step prior to or following chemical or biochemical processing. However, the information on the mechanism of how physical pretreatment modifies the structures of the fibre is still limited.

There are some drawbacks of physical pretreatment that need to be considered. Physical pretreatment lacks the ability to remove the lignin and hemicellulose which limits the enzymes' access to cellulose. Besides that, physical pretreatment requires high energy consumption which limits its large-scale implementation and environmental safety concerns.

Mechanical Extrusion

Mechanical extrusion is one of the most conventional methods of pretreatment [17]. In this pretreatment, the fibres are subjected to a heating process (>300 • C) under shear mixing. Due to the combined effects of high temperatures that are maintained in the barrel and the shearing force generated by the rotating screw blades, the amorphous and crystalline cellulose matrix in the biomass residues is disrupted. Besides that, extrusion requires a significant amount of high energy, making it a cost-intensive method and difficult to scale up for industrial purposes [17].

Temperature and screw speed of extrusion are the main important factors. Karunanithy and Muthukumarappan [18] studied the effect of these factors on the pretreatment of corn cobs. When pretreatment was carried out at different temperatures (25, 50, 75, 100, and 125 • C) and different screw speeds (25, 50, 75, 100, and 125 rpm), maximum concentration sugars were obtained at 75 rpm and 125 • C using cellulase and β-glucosidase in the ratio of 1:4, which were nearly 2.0 times higher than the controls.

Milling

Mechanical milling is used to reduce the crystallinity of cellulose. It can reduce the size of fibre up to 0.2 mm. However, studies found that further reduction of biomass particles below 0.4 mm has no significant effect on the rate and yield of hydrolysis [17]. The type of milling and milling duration are important factors that influence the milling process. These factors can greatly affect the specific surface area, the final degree of polymerization, and a net reduction in cellulose crystallinity.

Wet disk milling has been a popular mechanical pretreatment due to its low energy consumption as compared to other milling processes. Disk milling enhances cellulose hydrolysis by producing fibres and more effective as compared to hammer milling which produces finer bundles [19]. Hideno et al. [20] compared the effect of wet disk milling and conventional ball milling pretreatment method over rice straw. The optimal conditions obtained were 60 min of milling time in case of dry ball milling while 10 repeated milling operations were required in case of wet disk milling.

Ultrasound

Ultrasound is relatively a new technique used for the pretreatment of fibres [17]. Ultrasound waves affect the physical, chemical, and morphological properties of fibres. Ultrasound treatment leads to the formation of small cavitation bubbles. These bubbles can rupture the cellulose and hemicellulose fractions. The ultrasonic field is influenced by Polymers 2021, 13, 2971 ultrasonic frequency and duration, reactor geometry, and types of solvent used. Besides that, fibres characteristics and reactor configuration also influence the pretreatment [21].

The power and duration of ultrasound are important to be optimised depending on the fibres and slurry characteristics. This is important to meet the pretreatment objectives. Duration of ultrasound pretreatment has maximum effect on pretreatment of fibres. Besides that, a higher ultrasound power level has an adverse effect on the pretreatment. It can lead to the formation of bubbles near the tip of the ultrasound transducer which hinders the transfer of energy to the liquid medium [22].

Biological Pretreatment

Retting is a biological process in which enzymatic activity removes non-cellulosic components connected to the fibre bundle, resulting in detached cellulosic fibres. The dew retting uses anaerobic bacteria fermentation and fungal colonization to produce enzymes that hydrolyse fibre-binding components on fibre bundles. Clostridium sp. is an anaerobic bacterium commonly found in lakes, rivers, and ponds. Plant stems were cut and equally scattered in the fields during the dew retting process, where bacteria, sunlight, atmospheric air and dew caused the disintegration of stem cellular tissues and sticky compounds that encircled the fibres [23]. For the dew retting procedure to enhance fungal colonization, locations with a warm day and heavy might dew are recommended.

Bleuze et al. [24] investigated the flax fibre's modifications during the dew retting process. Microbial colonization can be affected the chemical compositions of cell walls. After seven days, fungal hyphae and parenchyma were found on the epidermis and around fibre bundles, respectively. After the retting process (42 days), signs of parenchyma deterioration and fibre bundle decohesion revealed microbial infestation at the stem's inner core.

Fila et al. [25] found 23 different varieties of dew-retting agent fungi in Southern Europe. All Aspergillus and Penicillium strains yield high-quality retted flax fibres, according to the researchers. Besides that, under field conditions, Repeckien and Jankauskiene [26] investigated the effects of fungal complexes on flax dew-retting acceleration. Cladosporium species variations with high colonization rates (25-29%) have been identified as a good fungus for fibre separation. Most fungi survived on flax fed with fungal complex N-3, which contained six different fungal strains.

On a commercial scale, Jankauskiene et al. [27] optimised the dew retting method. Two fungal combinations were created and put to straw after the swath was pulled and returned. Furthermore, after spraying Cladosporium herbarum suspension during fibre harvesting, extremely high fibre separation was found.

Bacterial and Fungi Interaction

Fungi colonization is thought to be the most important enzymatic active mechanism for dew retting. Recent research has focused on the interplay of the bacterial and fungal communities during dew retting. The association between the chemical contents of hemp fibres and microbial population fluctuation during the retting process was investigated by Liu et al. [28]. In the first seven days, fungal colonization was discovered with very little bacteria. After 20 days, there was a gradually risen in bacterial attachments on the fibre surface, with fewer fungal hyphae. The area with the highest bacterial concentration was found to severely deteriorate. The phylogenetic tree for the bacterial and fungal population in dew-retting hemp fibres is shown in Figure 3. While Table 2 shows ultrastructural changes in hemp stems and fibres as a result of microbial activity during the retting process. Table 2. Highlights of ultrastructural changes on hemp stems and fibres associated with microbial activity during the retting process [29]. (v) Chloroplasts in abundance in the upper epidermis (i) The structure as a whole is in good condition.

Retting

(ii) Fungal growth on the outside of the stems and inside the stems (iii) With damaged epidermis and parenchyma, cellular architecture is less stable.

(i) Cuticle has seriously deteriorated.

(ii) Changes in cellular anatomy, as well as significant loss of live cells (iii) Fibre bundles were isolated from each other and the epidermis.

(iv) Thick-walled cells populate seldom; parenchyma degrades completely, although chlorenchyma suffers less harm.

(v) Bast fibres with sporadic moderate attacks (vi) Fungi colonisation and decay morphology were both affected by fibre morphology. (i) The structure of hemp was severely harmed and dissolved.

(ii) The epidermis and cambium were heavily invaded by dominating bacteria.

(iii) In the bast regions, the parenchyma cells have been destroyed, and the structural integrity has been lost.

(iv) All cell types, including fibre cells, have hyphae inside their lumina.

(v) BFIs are more intense inside the stem.

(vi) Anatomy and ultrastructure have been severely harmed.

(vii) Bast fibres with a thick wall and degradation properties (viii) Effects on the ultrastructure of the fibre wall.

• CML loosening/degradation, resulting in delamination and defibration

•

The S3 layer is loosening and decaying 

Combination Pretreatment

It can be noticed from the green pretreatment techniques applied to pretreat the lignocellulosic biomass reviewed in the previous section that, while each pretreatment method makes a significant contribution, no single pretreatment approach yields efficient results without its own inherent limitations. Therefore, the combined pretreatment strategies could minimise the drawbacks while still achieving the intended result.

Physiochemical Pretreatment

Physiochemical pretreatment could be achieved by temperature elevation and irradiation in the processing of lignocellulosic material. Physiochemical pretreatment by steam such as superheated steam, hydrothermal and steam explosion is the most common pretreatments applied on natural fibre for several purposes. Physiochemical pretreatment is usually applied to remove the hemicellulose and lignin from the natural fibres [30].

Superheated Steam

Pretreatment of fibres by superheated steam is gaining interest recently, as this pretreatment is considered as an environmentally friendly technique to remove hemicellulose. This could be a great alternative to chemical pretreatment in order to isolate the cellulose. Superheated steam is believed as the most economical pretreatment as compared to the other physical pretreatments as discussed before.

Superheated steam is unsaturated (dry) steam generated by the addition of heat to saturated (wet) steam [31]. It has several advantages such as improved energy efficiency, higher drying rate, being conducted at atmospheric pressure and reduced environmental impact when condensate is reused [32,33]. Saturated steam cannot be superheated when it is in contact with water which is also heated, and condensation of superheated steam cannot occur without being reduced to the temperature of saturated steam. It has a high heat transfer coefficient, enabling rapid and uniform heating. Drying rates with superheated steam are faster than those with conventional hot air. Steam in a dried state or superheated steam is assumed to behave like a perfect gas. Although superheated steam is considered a perfect gas, it possesses properties like those of gases namely pressure, volume, temperature, internal energy, enthalpy and entropy. The pressure, volume, and temperature of steam as a vapour is not connected by any simple relationship such as is expressed by the characteristic equation for a perfect gas. Figure 4 shows the schematic diagram of superheated steam pretreatment. The saturated steam was generated in the boiler. The saturated steam produced was further heated by a super-heater to produce superheated steam. Then, the superheated steam was subjected to the fibres. Superheated steam has been managed to alter the chemical composition of natural fibres. It has been proven that superheated steam pretreatment managed to remove high amount of hemicellulose from the lignocellulose fibres [34][35][36][37][38][39][40]. According to Warid et al. [40], superheated steam pretreatment on oil palm biomass at higher temperature and shorter time managed to remove a high amount of hemicellulose while maintaining the cellulose composition as compared to the method reported by Norrrahim et al. [39]. It was found that oil palm mesocarp fibre pretreated at 260 • C/30 min managed to remove hemicellulose of 68%, while cellulose degradation is maintained below 5%. Besides that, superheated steam was also able to remove silica bodies from the fibres where the presence of silica bodies increases the difficulty in grinding the fibre and causes abrasive wear and screw damage [32].

Polymers 2021, 13, 2971 Figure 4. Schematic design of superheated steam pretreatment. Reprinted with permission from ref. [31]. 2018 Universiti Putra Malaysia.

Hydrothermal

Hydrothermal treatment is another pretreatment that has been proven to effectively remove impurities such as hemicellulose, lignin, and silica from lignocellulosic biomass. This treatment is being widely used in industry, owing to its low cost of production, high effectiveness in removing impurities without affecting the cellulose structure, disorganizing hydrogen bonds, swelling of the lignocellulosic biomass, as well as minimum requirements of preparation and handling [41,42]. In contrast to the superheated steam system that uses steam as the main mechanism, hydrothermal pretreatment only relies on water that will be subjected to a high temperature during the whole processing [43]. This treatment is also considered as an autohydrolysis of lignocellulosic linkages, with the presence of hydronium ions (H 3 O + ) generated from water and acetic groups released from hemicellulose. The hydronium ions (H 3 O + ) will act as a catalyst to break down and loosen the lignocellulosic structure [41,44]. This then will improve the effectiveness of further treatments such as enzymatic hydrolysis for biosugar production [43] and anaerobic digestion for biomethane production [45].

Numerous studies have reported the effectiveness of this treatment in reducing impurities, especially at a very high temperature. Zhang et al. [46] studied the effects of different hydrothermal temperatures which were 170, 190, and 210 • C at 20 min pretreatment time on corn stover. This study reported a drastic reduction in hemicellulose with an increase in hydrothermal temperature. In fact, no content of hemicellulose was detected and almost 125% of lignin was removed after hydrothermal treatment at 210 • C. Similarly, Phuttaro et al. [47] also reported the same trend of results, in which no amount of hemicellulose was detected in Napier grass after pretreatet at 200 • C for 15 min. Both studies agreed that hydrothermal pretreatment plays a significant effect in improving the enzymatic hydrolysis yield afterwards. Meanwhile, Lee and Park [42] reported that sunflower biomass treated with hydrothermal pretreatment at 160-220 • C for 30 min demonstrated a reduction of hemicellulose and lignin up to 25 and 15%, respectively. This then led to higher methane yield (213.87-289.47 mL g -1 ) and biodegradability (43-63%) than the Polymers 2021, 13, 2971 non-hydrothermally treated biomass. All of these reviews highlighted that despite of using a simple mechanism, hydrothermal can still efficiently removed impurities and improve the chemical and physical properties of lignocellulosic biomass prior to further treatments.

Steam Explosion

Steam explosion involves the use of high pressure and heat to pretreat lignocellulosic biomass. The biomass will be subjected to heat ranging from 160-280 • C and high pressure ranging from 0.2-5 MPa, depending on biomass source, duration, and other conditions [48,49]. Before the discovery of superheated steam and hydrothermal treatment, the steam explosion was widely applied in the industry due to its low energy consumption and chemical usage [49]. Figure 5 shows an example of the steam explosion process. Theoretically, biomass needs to be subjected to high temperature and pressure in a close reactor. The water contained in the biomass will then be evaporated and expanded, led to hydrolysis to a certain extent. Explosive decompression will then occur by promptly reducing the pressure to the atmospheric level [50,51]. Steam explosion treatment helps to reduce the particle size of biomass, disrupt the structure of lignocellulosic biomass by removing amorphous structures such as hemicellulose and other impurities, and reduce cellulose crystallinity [52]. Similar to hydrothermal, the steam explosion also carried out auto-hydrolysis. During processing, acetic acids and other organic acids will be formed, and this will assist in the breakdown of ester and ether bonds in the cellulose-hemicellulose-lignin matrix. For steam explosion, reaction temperature, pressure, and processing duration are considered as the key factors.

Numerous studies have reported the effectiveness of this treatment in reducing impurities and enhancing the effectiveness of further treatments. For example, Abraham et al. [52] discovered that the sudden pressure drop due to explosion has pre-defibrillated the raw banana, jute, and pineapple leaf fibre biomass after pretreated for 1 h, which then eases and enhances the efficiency of fibrillation process by acid hydrolysis for the production of nanocellulose. Meanwhile, Medina et al. [51] discovered an application of steam explosion pretreatment for empty fruit bunches. The heating time was around 2 min and the reaction time was controlled after the temperature was reached. It was found Polymers 2021, 13,2971 that the application of steam explosion helped to enhance the production of glucans to 34.69%, reduce the amount of hemicellulose to 68.11%, and increase enzymatic digestibility to 33%. This was all due to steam explosion pretreatment, which helped in increasing the fibre porosity of empty fruit bunches. Marques et al. [53] also highlighted that the oil palm mesocarp fibre which has been treated to the steam explosion has higher purity, thermal stability, and crystallinity than the non-treated biomass. The reaction time was between 3 to 17 min. The cellulose pulp yield was increased by 47%. In addition, high-quality lignin was obtained as a co-product of steam explosion pretreatment, which can potentially be used for other purposes such as in the development of resin.

Biological-Chemical Pretreatment

In recent years, a more often used combined pretreatment method is physical and chemical combined pretreatment, while biological and chemical combined pretreatment has yet to be thoroughly researched. Combining microbial and chemical pretreatments, for instance, is seen as a cost-effective technique for reducing pretreatment times, minimizing chemical usage and hence secondary pollution [54]. Table 3 listed different biological-chemical pretreatment approaches to pretreat lignocellulosic biomass. Till now, the biological-alkaline pretreatment for lignocellulosic biomass has been the most widely researched. (+): represents the increment in fibre content.
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The Influence of Pretreatment of Natural Fibre on Several Applications

Pretreatment of lignocellulosic materials has long been known for its advantages. It has been applied for various applications such as biocomposites, adsorbent, paper, packaging, military, biosugars, biomedical, bioenergy and more [55][56][57][58][59][60][61][62][63][64][65][66][67][68]. In Table 4, the purposes of the non-chemical pretreatment strategies and their benefits and drawbacks are summarised [69]. Since there are so many pretreatment-related applications, discussing each pretreatment technique in depth becomes very challenging. For certain applications, pretreatment techniques applied on natural fibre are summarised in the following sections. 

Influence of Physical Pretreatment on Applications

Physical pretreatment is responsible for the changes in specific surface area, particle sizes, crystallinity index, or polymerization degree of biomass. The physical pretreatment avoids the use of chemicals, thus reducing the generation of waste and inhibitors for subsequent reactions. The management of biomass after harvesting, storage, and transportation is made easier by a higher bulk density [70]. Reduced particle size and increased specific surface area facilitate the following process by establishing a phase barrier between lignocellulosic material and chemicals and eliminating heat transfer limitation [71]. Mechanical, microwave or ultrasound pretreatments are the most common techniques carried out to improve the efficiency of the main steps in biomass processing.

It has been discovered that milling leads to higher production of biogas, bioethanol, and biohydrogen. Given the high energy requirements of industrial milling and the increasing energy demand, it seems doubtful that milling will be economically viable [69]. While most studies demonstrated that milling after chemical pretreatment reduces the amount of energy used and the cost of solid-liquid separation, the amount of mixing in pretreatment slurries and fermentation inhibitors are avoided [72]. Thus, understanding the characteristics of the feedstock is critical for making the best choice of technique and equipment for mechanical processing, and this should guarantee an adequate costeffectiveness balance [73].

De la Rubia et al. [74] discovered that the excessive reduction in biomass may lower biofuel generation and impede methane synthesis during anaerobic digestion by the formation of inhibitory volatile fatty acids (VFA). When coupled with other pretreatment techniques, size reduction is more successful. The greatest biogas generation from rice straw Polymers 2021, 13,2971 was achieved via a combination of milling, grinding, and heating treatment. Milling is beneficial since it eliminates inhibitors of fermentation such as furfural and hydroxyl methyl furfural [75]. There have also been suggestions for other types of physical pretreatment, including the use of gamma rays to break the ß-1,4 glycosidic linkages, which results in a higher surface area and a lower crystallinity [76]. Ball milling pretreatment gave the lowest particle size compared to mashing or chipping but resulted in a lower hydrolysis rate [77]. On a wide scale, this technique will certainly be extremely costly, and it will raise significant environmental and safety issues. The use of a twin-screw extruder for methane production may reduce 50% of hemicellulose content. This concomitantly increases the fraction of soluble chemicals, e.g., carbohydrates, proteins, lipids, minerals, and vitamins, and rapidly converted to 15-21% more biogas by methanogenic microorganisms [78]. Table 5 summarises the applications that used physical pretreatments and their yield improvement and product properties. 

Influence of Biological Pretreatment on Applications

The majority of pretreatment methods involve costly instruments or equipment that consumes a lot of energy, depending on the process. Biomass conversion in particular requires a large amount of energy for physical and thermochemical operations. Biological treatment with different kinds of rot fungus is being recommended more than ever as a low-energy delignification technique. The pretreatment is renowned for working with fungal and enzyme-assisted processes to break down the barrier that has formed within the cell wall, allowing for more abundant lignocellulosic components to be utilised in the activities of cellulase enzymes, hence increase their digestibility and yield. For instance, a pretreatment may enhance the enzymatic hydrolysis rate by 3-10-fold [1].

Additionally, any pretreatment should prevent carbohydrate degradation or loss, as well as the production of by-products that are detrimental to future hydrolysis and fermentation. The presence of white-rot fungus allows the organism to delignify, without compensating for the carbohydrate content, resulting in enhanced 30-35% cellulose conversion to sugar [95] and an additional 10-96% methane production [96,97]. In contrast to thermochemical techniques, chemical pretreatment suffers from silica scaling that prohibits the recovery of alkaline chemicals, due to the high silica concentration of many agricultural feedstocks, such as rice and wheat straw. The economic feasibility of scaling up biological pretreatment is higher since it does not need a large initial capital investment due to the lack of or reduced use of chemicals and heat, as well as the absence of a necessity for feedstock size reduction [19]. A further disadvantage of the thermochemical method is that it often produces low-molecular-mass molecules with high pretreatment severities, which may act as an inhibitor to the primary process [98]. As a result, it needs a detoxification step after the thermochemical reaction, which adds to the cost [99].

Another possibility of biological pretreatment is the potential to produce a variety of value-added co-products or intermediates, including enzymes, reducing sugars, furfural, ethanol, protein and amino acids, carbohydrates, lipids, organic acids, phenols, activated carbon, degradable plastic composites, cosmetics, adsorbents, resins, medicines, foods and feeds, methane, pesticides, promoters, secondary metabolites, surfactants, fertiliser, and other miscellaneous products [100-104]. Despite many successful attempts, economic separation and co-products recovery have remained a problem. Nonetheless, the diversity of the product allows for a wide range of markets, which means that market saturation is less of a concern [97].

Despite the advantage of requiring no additional nutrients, the usual fungal breakdown process needs a lengthy incubation period of up to 14-56 days [105]. Carbohydrates also gradually degrade over this period, which results, even with selective lignin-degrading fungus, in a reduced sugar yield, therefore making fungal biological pretreatment is impracticable for use in industrial production. The use of enzymes rather than fungus may overcome these significant drawbacks, including less carbohydrate consumption, shorter treatment time, and better yield [106]. However, only a limited number of enzyme treatments are as efficacious in pulping as fungal treatments, since solid wood enzymes cannot penetrate effectively and need high pressure to get better results [97]. Table 6 summarises the applications that used biological pretreatments and their yield improvement and product properties. 

Challenges and Future Recommendations

There is currently an issue with agro-industrial waste disposal across the world. Therefore, it is vital to continuously explore for alternatives to manage the problem effectively. A review of recent advances in the effect of different pretreatment techniques on the conversion of natural fibres to bioproducts has been discussed. It can be inferred that the downstream application has a profound effect on the selection and optimization of a feasible pretreatment technique. Among all of these, non-chemical approaches for natural fibres pretreatment are gaining popularity since they are more advantageous and greener than chemical pretreatment due to their chemical-free processability, cost-effectiveness, and sustainability. This is due to the fact that an ideal natural fibres pretreatment should have minimum or no solvent costs and also the capacity to process at high solids loadings with shorter treatment times and minimal inhibitor formation.

In fact, each pretreatment has its own set of limitations or shortcomings, and no specific technique can be used to pretreat all types of biomasses. Hence, a thorough understanding of the relationship between biomass structure and pretreatment is needed. Each pretreatment has a substantial impact on fibre properties. The selection of pretreatment is determined by the widespread application of natural fibre materials. Several factors such as type of fibre, crystallinity, molecular weight and other properties may influence in selecting the most effective pretreatment method. Additionally, operating conditions, such as temperature, time, etc must be taken into consideration during pretreatments as they have a direct influence on the fibre properties.

As mentioned previously, each pretreatment method has its benefits and shortcomings depending on the source of biomass, the processes employed, and the desired end product. Nevertheless, many previous studies have been conducted on a small scale, yet there is a significant disparity between laboratory preliminary findings, pilot-scale outcomes, and, eventually, industrial-scale results. Hence, further research is needed to address these issues and provide a feasible pretreatment approach for large-scale biorefinery operations.

Besides that, utilization of by-products derived from the pretreatment is also important to be investigated. For example, the SHS pretreatment had partially degraded the lignocellulosic structure of the biomass into smaller compounds such as acetic acid, formic, levulinic and succinic. These compounds were found useful to be used as antimicrobial agents. This indicates the possibility of having lignocellulosic components degradation products as byproducts during SHS pretreatment [33]. However, to the best of our knowledge, lack of reports was focused on the other type of pretreatments. Moreover, it is also important to ensure that there is no consequence generation of contaminants could be derived during the pretreatment process of fibres.

Even though most of the non-chemical pretreatment as discussed here are known to be more environmentally friendly, improvements are still needed. This is due to the fact that some of the techniques such as milling, SHS, and hydrothermal pretreatment require high production cost, especially at industrial levels. The high energy consumption and long processing time related to the pretreatment of fibres is still an issue that hampers the industrial applicability of some of these pretreatments. However, to the best of our knowledge, progress has been accomplished in this area, and numerous studies to overcome this issue have now been conducted worldwide. 

Introduction

Composite materials are produced from a combination of two or more elements that are easily distinguishable to enhance the characteristics of the individual element [1,2].

Polymers 2021, 13,3514 Newly invented materials may be favored for various reasons, e.g., they are stronger, more lightweight, and less costly than existing materials [3][4][5]. In general, the individual materials making up composites are known as constituents. Principally, most composites comprise two constituent materials-reinforcement and matrix-however, in general, the composites may contain not only two components, matrix and reinforcement, but also other types of components: fillers, compatibilizers, coupling agents, pigments, lubricants, surfactants, solvents, etc. Only the simplest textile-based composites, also called textolites, contain two constituents, polymer matrix and reinforcement such as natural, synthetic or hybrid fibers, or fabrics. The reinforcement is significantly stiffer and stronger than the matrix, contributing to the composites' superior characteristics [6,7]. The main functions of the polymer matrix in textile-based composites are to bind reinforcements (fabric, fibers, or nanofibers) and maintain the integrity of the composite.

Composites' reinforcements can be fabrics elements, fibers, or nanofibers [8][9][10]. Fiber is defined as one very long axis with two other axes that frequently are either circular or near-circular. The fibers have a pronounced axial orientation. As is known, Young's modulus and tensile strength of fiber in the longitudinal direction (along the fiber axis) is usually an order of magnitude higher than in the lateral direction of the fiber. Nanofibers have an ideal form; however, they are smaller in diameter and length compared to fibers [11]. Figure 1 shows the type of reinforcements in composites. The matrix might be thermoset, thermoplastic, or biopolymer. Polyvinyl chloride (PVC) is the most common thermoplastic matrix used in natural fiber composites. Besides this, due to the limited compatibility of nonpolar hydrophobic polyethylene and polypropylene with polar and hydrophilic natural cellulose fibers, these thermoplastics typically are not employed as a matrix for natural cellulose fibers. Meanwhile, polyester, epoxy, and phenolics are the most often used thermoset polymers [13,14].

Nowadays, the availability of bio-based polymer matrices on the market is comparatively meager; however, it has been speedily expanding, thanks to a huge number of industrial investigations and continuous research into the advantages of these materials, as well as their practicability in actual applications. The preliminary data on the essential characteristics of composites attained from eco-based matrices were reported in [15,16].
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Natural Fiber (NF)

Fiber is the continuous filaments hair-like material of elongated piece that is similar to a thread, while fibers is a group of fiber that can be coiled into rope, filaments, or thread [17][18][19]. They are useful as of the composite materials' element and were also formed into sheets to produce felt or paper. Fibers are categorized into three groups:

(1) natural fiber and (2) man-made, and (3) synthetic fiber. Natural fibers are either animal, plant or mineral-based that are extracted from nature without compromising the environment. Commonly used animal-based natural fibers including feather, wool, silk, hair, etc. Examples of plant-based natural fibers are banana, jute, hemp, bamboo, flax, sisal, etc., which are broadly applied to manufacture natural fiber reinforced polymer (NFRP) composites [20]. The classifications of natural fibers are shown in Figure 2, and the annual natural fiber production is presented in Table 1. Over the past few years, natural fibers have become eminent reinforcing fibers in polymer-matrix composites (PMC). They offer rapidly increasing and abundant characteristics, allowing them to be obtained at a small cost. Numerous attempts in terms of studies have been performed worldwide to prove the eligibility of natural fiber-based composites to substitute the synthetic as newly engineered fibers. Due to the growing need for renewable, cost-effective, and environmentally friendly materials, the use of natural fibers as composite materials' reinforcement has proliferated over the years.

When compared to glass fiber composites, natural fiber composites are more advantageous for being more lightweight, biodegradable in nature, ease of machinability, zero toxicity, cheap cost, convenience, and non-abrasive nature [13,21,22]. Many natural fiber composites are reputable and have been satisfactorily proven in research. The number of natural fiber composites has been investigated previously in terms of their physical and mechanical properties, such as arrowroot, hemp, sisal, coir, jute, kenaf, date, pine cone, vakka and bamboo [23][24][25][26][27].

Polymers 2021, 13,3514 Table 1. Annual natural fibers production. Extracted with permission from [28]. 
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Recent Development of Natural Fiber Reinforced Hybrid Composites

It is known that natural fibers possess some limitations compared with those common fibers such as glass and carbon, where it is having more inferior mechanical properties and a higher water absorption [29]. Therefore, an introduction of hybrid biocomposites consists of two or more fibers in one matrix is seen as a solution to enhance the natural fiber-reinforced polymer composites' properties. Zahra et al. [30] stated that hybridizing one natural fiber with another natural fiber/synthetic fiber in one matrix will improve it's thermal and mechanical than the individual fiber composites [31]. This has shown that hybrid composites are more reliable for various applications, besides being more environmentally friendly.

The hybridization of natural fiber-based reinforced polymer composites can be done through a combination of natural-natural fibers, natural-synthetic fibers, natural fiber with carbonaceous materials, and natural fiber with metal [32]. Due to their varied properties and considerations of interfacial adhesion, hybrid natural fiber composite materials are facing difficulties in fabrication. Composites are manufactured in a variety of ways, such as through basic mixing and open or closed molding. Many factors can affect the interactions between the fiber and matrix, for example, and could be mild owing to the existing van der Waals forces, hydrogen bonding, and weak electrostatic interactions. In addition, a good interaction could also exist due to the chemical interactions between those materials. Therefore, studies on hybrid natural fiber composites keep increasing in order to discover the ability of hybrids to be a possible alternative, replacing various petroleum-based products. Some examples of the studies of hybrid natural fiber composites are presented in Table 2.

Polymers 2021, 13, 3514 [144][145][146][147][148][149][150][151][152][153]. Sugar palm fibers are recognized for their great durability, as well as their resistance to seawater. Sugar palm fibers have been used to produce ropes for ship cordages that have confirmed the good performance in saltwater [154]. Via the hand-lay-up technique, Misri et al. [28] manufactured a small boat using innovative material, a hybrid of sugar palm fiber and fiberglass-reinforced unsaturated polyester. The mechanical properties of the hybrid boat were investigated via the tensile and impact tests and were found the increased impact strength of 2.471 kJ/m 2 and tensile modulus of 1840.6 MPa. Sanyang et al. [155] reported that the sugar palm fiber demonstrated a lower density than the commercial E-glass fiber of 1.22-1.26 kg/m 3 and 2.55 kg/m 3 , respectively. This consequently resulted in the weight reduction of the manufactured boat by 50%. Recently, sugar palm fiber has been investigated as a hybrid reinforcement [154,[156][157][158][159]. Certain precautions must be considered in the development of these novel natural fiber composites in terms of applicability. For instance, critical assessment and characterization of these composites for practical use in more comprehensive applications. Figure 3 presents the schematic diagram of layout segmentation and reinforcement layout of sugar palm/glass fiber designed by Nurazzi et al. [139] The results revealed improvements in thermal stability, char residue, as well as decomposition temperature as the glass fibers and sugar palm ratios, were raised to 50/50 for both 30 wt.% and 40 wt.% of fiber loadings.

Afzaluddin et al.

[160] investigated the influence of the different treatments with 2% silane (TSSP), 6% alkaline (TNSP), and a combination of 6% alkaline-2% silane (TNSSP) on the thermal and physical characteristics of sugar palm/glass/thermoplastic polyurethane hybrid composites. The findings showed that the combined alkaline-silane-treated hybrid composites (TNSSP) displayed the minimum water absorption, thickness swelling, and density as with other hybrid composites. Besides this, good thermal stability was observed in the treated sugar palm fiber-based composites compared to the untreated ones. It is suggested that treated sugar palm/glass/thermoplastic polyurethane hybrid composites can fit automotive component applications. The results of this research are aligned with other studies conducted on the treated sugar palm fiber-reinforced polymer hybrid composites [33,35,36,161]. 

Kenaf Fiber Reinforced Hybrid Composites

Kenaf (Hibiscus cannabinus L.) is among the most common natural fibers used as polymer matrix composite (PMC) reinforcement. It is an annual herbaceous plant that can be cultivated in a variety of climates and grows to more than 3 m in 3 months, even in temperate climates [162]. Davoodi et al. [48] replaced an automobile bumper beam with a hybrid kenaf/glass-reinforced epoxy composite to reduce environmental impact while maintaining the requisite strength.

The development of kenaf-glass (KG) fiber reinforced unsaturated polyester (UPE) hybrid composite was performed by Atiqah et al. [49] via the process of sheet molding compound for structural applications. The ratio of 70:30 (by volume) of UPE and KG fibers in a mat form is used using untreated and treated kenaf fiber. During the mercerisation process, the kenaf fiber was alkaline treated for 3 h using a 6% sodium hydroxide (NaOH) diluted solution. Figure 4 shows the sequence of kenaf and glass fibers and matrix in between a mild steel mold for the fabrication of a hybrid composite. The result demonstrated that the highest tensile, flexural and impact strengths were attained from the treated kenaf containing 15/15 v/v KG fibers reinforced UPE hybrid composite. Besides this, the main fracture mode of composites observed under the scanning electron microscopy fractography was fiber debonding, cracking, and pull-out. Better interfacial bonding between the matrix was found in the kenaf treated 15/15 v/v KG reinforced hybrid composite than with other combinations. The hybridization of natural fibers, particularly synthetic and kenaf fibers, is an excellent method to improve the mechanical characteristics of the fabricated hybrid composite, as reported in many works [51][52][53][54][55][56][57][58][59]163].

The fabrication of kenaf fiber reinforced polypropylene (PP) sheets into a sheet form have been successfully carried out via thermoforming, where the optimum process is the compression molding that employs a layered sifting of a micro-fine PP powder and chopped kenaf fibers [164]. 30 and 40 wt.% fiber contents provide sufficient reinforcement which improves the PP matrix's strength. The strength of the molded kenaf-PP composites was evidenced to possess better flexural and tensile strengths compared to the strength of other molded natural fiber composites, e.g., coir, kenaf, and sisal reinforced thermoplastics. The economic advantage of using kenaf composites over E-glass and other natural fibers is the possibility to analyze the elastic modulus data. The fabricated kenaf maleated PP Polymers 2021, 13,3514 composites exhibited a greater modulus/cost and an advanced specific modulus compared to coir, sisal, and E-glass. Therefore, they deliver a choice for substituting the currently used materials with a lower-cost alternative with a higher strength that is also environmentally friendly. The wood flour/kenaf fiber and PP hybrid composites were set to evaluate the hybrid outcome on the properties of the composites [67]. The findings demonstrated that nonhybrid composites (wood flour and kenaf fiber) revealed the lowest moduli compared with the hybrid composites; in addition, moduli of the hybrid composites strictly adhered with the relationship between the fiber reinforcement to wood filler. It was more likely to estimate the elastic modulus of composites using the hybrid mixtures equation rather than with the Halpin-Tsai equation. The influence of natural rubber toughening with polyester resin as the matrix on kenaf fibers were also studied by Bonnia et al. [165].

Oil Palm Fiber Reinforced Hybrid Composites (OPRPC)

Oil palm, Elaeis guineensis consist of two Arecaceae or palm family species. Oil palm empty fruit bunch fibers are among potential reinforcement fibers for polymer composites [166,167]. Agarwal et al. [167] examined the stress relaxation behavior in phenolformaldehyde resin reinforced with oil palm empty fruit bunch fibers and hybrid composites composed of oil palm fibers and glass fibers. The examination of the influences of fiber treatment, loading, strain level, and physical aging on the stress relaxation behavior and the calculation of the rate of relaxation at different time intervals were performed to describe the progressive alterations in the relaxation mechanisms [168].

Suriani et al. [69] introduced the oil palm empty fruit bunch (OPEFB) fiber and Mg(OH) 2 into epoxy resin to obtain a hybrid composite, as shown in Figure 5. Four specimens were considered; (1) specimen A (blank, 0% fiber), (2) specimen B (20% fiber), (3) specimen C (35% fiber), and (4) specimen D (50% fiber). The used reinforcing and fire retarding additives were the PET yarn and magnesium hydroxide, respectively. The burning test result exhibited better flammability in specimen B, with the lowest average burning rate of 11.47 mm/min. Specimen A demonstrated the highest tensile strength of 10.79 N/mm 2 . An SEM morphological test revealed rising surface defects by the rupture that resulted in the decline of the composites' tensile properties. The authors summarized that the tensile properties and flammability of OPEFB fiber-reinforced fire-retardant epoxy composites weakened with the increments in the fiber volume content at the optimum Polymers 2021, 13,3514 20% loading of 11.47 mm/min and 4.29 kPa, respectively. Another study conducted by Farah et al. [70] for the characterization of hybrid epoxy composites containing oil palm empty fruit bunch/woven kenaf fabric reinforcement demonstrated that the increased oil palm fiber content leads to an increase in the impact strength of the hybrid composite. It is described by the other circumstance in which randomly oriented empty fiber bunches (EFB) has a moderate interfacial interaction with epoxy that is vital to attaining a higher impact strength. An investigation into the impact of oil extraction, compounding processes and fiber loading [76], as well as matrix alteration on the mechanical characteristics of oil palm empty fruit bunch filled PP composites was also conducted [71]. Moreover, oil palm empty fruit bunch fiber/PP composites and oil palm-originated cellulose/PP composites were compared [169].

The effect of chemical alteration of the composites containing oil palm/phenol formaldehyde was studied by comparing polyester and epoxy matrices. In addition, the dielectric relaxation and the fiber orientation effect on the dynamic electrical properties of palm tree fiber-reinforced polyester composites were studied [69,[170][171][172]. 

Pineapple Leaf Fiber Reinforced Hybrid Composites (PARPC)

Pineapple-Ananas comosus-is a tropical plant native to Brazil, with long leaves containing fibers that have a high cellulose content. They are cheap and easily available. In addition, pineapple leaves possess the possibility to be used as a reinforcing agent in polymers. At present, pineapple leaf fibers are the by-products of pineapple farming, making these inexpensive fibers accessible for industrial use, especially for the reinforcement of polycarbonate to manufacture composites [173,174]. The composite fabricated from silane-treated pineapple leaf fibers revealed the most excellent impact and tensile strengths. Thermogravimetric analysis data demonstrated that the composites' thermal stability was poorer than neat polycarbonate resin, which also declined with the rising content of pineapple leaf fiber. The Transient Plane Source (TPS) technique was employed to study the thermal conductivity and diffusivity of phenol-formaldehyde composites reinforced with pineapple leaf fibers [175]. The composites' effective thermal diffusivity and conductivity were found to decrease compared to pure phenol-formaldehyde due to the increment in the fiber loading fraction.

Various efforts to improve pineapple leaf fiber's quality have been carried out via several surface alterations, e.g., alkali treatment, dewaxing, cyanoethylation, and grafting acrylonitrile onto dewaxed fibers [176]. The mechanical characteristics were optimum at 30 wt.% fiber loading. From all surface modifications, 10% acrylonitrile grafted Polymers 2021, 13, 3514 fiber-reinforced polyester composite exhibited a maximum tensile strength of 48.36 MPa. However, cyano-ethylated fiber composites demonstrated a better impact and flexural strengths of 27% and 41% more, respectively, compared to unmodified composite. The effect fiber content and surface treatment were also studied using natural rubber and PP as the matrices [177,178].

Hashim et al. [77] conducted a study using a vacuum infusion technique on the influence of stacking sequence and ply orientation on the mechanical characteristics of pineapple leaf fiber (PALF)/Carbon hybrid laminate composites. The tensile and flexural tests' findings displayed that the laminate with inner carbon plies and ply orientation [0 • , 90 • ] resulted in the maximum tensile strength as well as modulus of 187.67 MPa and 5.23 GPa, respectively. Fracture properties of the composite laminates were investigated using scanning electron microscopy and it was discovered that the failure was started at the weakest fiber layer. This phenomenon might be due to the failure modes, including delamination, debonding, matrix crack, fiber breaking, and fiber pull-out [179][180][181][182][183][184][185][186].

In a work conducted by Sathees Kumar et al. [82], the effects of fiber loading on the mechanical characteristics of reinforced polyester reinforced with sisal and pineapple leaf (PALF) fibers using an injection molding technique were studied, as shown in Figure 6. Figure 6 showed that equal weight % share of PALF and sisal enhanced the overall mechanical attributes, e.g., ductile strength (207 MPa), bending strength (90.3 MPa), impact (29 J/m 2 ), and hardness (83.7). The mechanical test results revealed a regular trend of an increase in flexural, tensile, impact, and hardness with the addition of PALF fibers, and this was supported by various works [80,81,187,188]. Besides that, they concluded that this type of composite material could be valuable for multiple industries, including automotive and construction fields. Osorio et al. [83] developed a novel mechanical extraction process of long bamboo fibers (Guadua angustifolia) for use as a reinforcing agent in structural composites. The effectiveness of the new reinforcement was evaluated by fabricating the composites containing unidirectional bamboo fiber/epoxy (BFC) with alkali-treated and untreated fibers. Two orientations of fiber (transverse and longitudinal) were employed in the flexural tests. When untreated fibers were utilized, the composite's longitudinal flexural strength was greater, whereas treatment increased the longitudinal flexural stiffness. For untreated bamboo in epoxy, the transverse strength rose with the decreasing alkali concentrations, while its three-point bending strength was already extremely high at approximately 33 MPa. They concluded that bamboo fiber offers a natural and renewable alternative to glass fiber and is helpful as traditional natural fiber reinforcement in a variety of applications where glass fiber and conventional natural fibers are already in use.

When preparing bamboo fiber-reinforced composites, characteristics of material and method affect the produced bamboo hybrid composite's quality [190]. A novel composite material fabricated from a right reinforcement material and the matrix combination is Polymers 2021, 13,3514 able to fulfill a specific application's requirements [191]. The benefits offered by composite materials include their excellent strength, their lightweight, and their moldability. In contrast, polymeric fiber composites have a high raw material cost. Numerous methods of fabrication have been developed to manufacture bamboo-reinforced plastics as well as hybrid composites, e.g., cold and hot presses, and injection molding. These procedures have been used on various bamboo-reinforced polymeric materials to make hybrid composites [84][85][86][87]192].

Bamboo fiber, aliphatic polyester, and polyolefin blends are particularly appealing. Blending bamboo fiber with polypropylene (PP) and polylactic acid (PLA) will lead to enhanced chemical, mechanical and thermal characteristics. The materials that result may be turned into products with more convenience and at a lower cost. The development of novel composites using a polypropylene (PP)/polylactic acid (PLA) matrix and filler bamboo fiber (BF) results in modifications in the raw thermoplastic's processability, morphology, and rheological characteristics [193]. Maleic anhydride grafted polypropylene (MAH-g-PP) was used at the filler-matrix interface to increase PP, PLA, and BF interface strength and to improve PLA dispersion and composite toughness. The addition of MAH-g-PP to composites resulted in positive morphological and rheological alterations, which were linked to enhanced PLA dispersion and increased bamboo fiber-matrix interactions.

Glass and bamboo fibers were used to create hybrid composites made of isophthalate polyester and vinyl ester resin. The optimized glass fiber reinforced composites were submitted to dynamical mechanical analysis to evaluate the dynamic characteristics as a function of temperature and frequency with 25, 50, and 75% of glass fibers substituted by bamboo fibers. The storage modulus E was spotted to drop as the wt.% of bamboo fibers increased. The loss modulus was observed to reduce with loading; however, the damping property increased significantly. Fiber-matrix bonding was visible in scanning electron micrographs of composite flexural fracture surfaces.

Jute Fiber Reinforced Hybrid Composites (JRPC)

Jute is obtained from Corchorus genus plants that have about 100 species. At present, jute dominates the highest production volume among bast fibers and is globally available as one of the cheapest natural fibers. Jute is best grown in India, Bangladesh, and China. Figure 8 shows that jute plants are being cultivated for fiber production. Sarkar and Ray [94] studied the alkali-treated jute fiber reinforced with vinyl ester resin using the compression molding technique, as shown in Figure 9. The mechanical, dynamic, thermal, and impact fatigue behavior were compared with the untreated jute fiber-vinyl ester composites. Better fiber dispersion resulted from an extended alkali treatment that eliminated hemicelluloses, hence improving the crystallinity. All properties of mechanical, dynamic, thermal and impact were excellent due to the longer treatment period, concentration, and conditions during the alkali treatment [94].

Jute fiber reinforced hybrid composites have a number of advantages, e.g., a low specific gravity, increased tensile and compressive strength and modulus, and improved fatigue strength [194]. In work conducted by Prasath et al. [102], polyester-based polymer composites were developed by a compression molding technique with different stacking sequences of basalt and jute fabrics into the general-purpose polyester matrix. The result showed that a combination of pure basalt fiber maintained higher values during flexural and tensile tests. However, in the impact test, basalt fiber was somewhat lesser than jute fiber-reinforced composites [102].

Polymers 2021, 13, 3514 Ramana and Ramprasad [95] conducted a study on a new hybrid composite developed from jute and carbon fiber reinforced epoxy composite and discussed its superiority or inferiority compared to jute-epoxy and carbon-epoxy composites so that the extent of the utility of the newly developed composite could be established. The hand layup technique was utilized for the composite preparation, and the total fiber content considered was 45%. The newly developed composites, for instance, jute and carbon-epoxy hybrid composites, can replace carbon-epoxy composites without much loss of tensile and flexural strengths as well as a flexural modulus and with improved ductility and impact strength [95]. Mohanty et al. [197] studied the surface modification influence on the biodegradability and mechanical properties of jute/Biopol and jute/PA (Poly Amide) composites. More than 50%, 30%, and 90% in tensile, bending, and impact strengths were found and compared to the values obtained for pure Biopol sheets. In addition, greater than 50% weight loss was observed after 150 days of compost burial of the jute/Biopol composites. The hybridization effects on tensile characteristics of jute-cotton woven fabric reinforced polyester composites were investigated as functions of fiber orientation, content, and texture of roving. Tensile characteristics along the alignment direction of jute roving (transverse to cotton roving alignment) rose continuously with fiber content until 50% before showing a tendency to decline. The composites' tensile strength value at 50% fiber content parallel to the jute roving was approximately 220% greater than pure polyester resin [101].

The evaluations conducted on jute fiber reinforced PP composites include a matrix modification effect, gamma radiation influence, interfacial adhesion effect on creep and dynamic mechanical behaviors, silane coupling agent influence, and natural rubber effect [198][199][200][201]. The jute/plastic composites properties were studied, comprising crystallinity, thermal stability, transesterification, modification, durability, weathering, eco-design of automotive components, fiber orientation on frictional and wear behaviors, Polymers 2021, 13,3514 and alkylation [198,[202][203][204][205][206][207]. Jute fiber reinforced composites used polyester resin matrix, and examinations were carried out on the water absorption and dielectric behavior relationship [208], properties of elasticity, fracture criteria and notched strength [96], characterization of impact damage [209], thermal behavior and weathering [210], and silane treatment effect [211].

Hemp Fiber Reinforced Hybrid Composites (HRPC)

Hemp is another renowned bast fiber crop, an annual plant in the Cannabis family that cultivates in temperate climates. As a European Union subsidy for non-food agriculture, many current initiatives are progressing for its development in Europe. PP composites with hemp fibers were functionalized by the reactions of melt grafting using glycidyl methacrylate (GMA) and were manufactured via batch mixing [212]. The fibers and PP matrix modifications and various compatibilizer additions were conducted to enhance the interactions of the fiber-matrix. In comparison with the unaltered composite, chemical bonding between the fiber and the polymer (PP/Hemp) resulted in improved fiber distribution in the PP matrix as well as higher interfacial adhesion in the modified composite. Matrix and fiber modifications highly influenced the phase behavior and thermal stability of the composites. The alterations in the crystallization behavior and spherulitic morphology of PP in the composites were analyzed due to the hemp fibers' nucleating effect. Additionally, with increasing modified hemp content, a significant rise in the PP isothermal crystallization rate (120-138 • C) was observed. All composites demonstrated a higher tensile modulus (about 2.9 GPa) and lower elongation at break when compared to plain PP. Still, compatibilization with modified PP (10 phr) boosted the stiffness of the composites due to better fiber-matrix interfacial adhesion.

Ramesh et al.

[103] fabricated hybrid composites using carbon, alkaline-treated, and untreated hemp fibers and investigated their properties. The hybrid composites possessed maximum tensile, flexural, impact, and shear strengths of 61.4 MPa, 122.4 MPa, 4.2 J/mm 2 , and 25.5 MPa, respectively. In addition, from the composites' mechanical properties, the alkaline-treated composites exhibited better performance [103]. Thiagamani [104] fabricated hybrid bio-composites using the green epoxy matrix, reinforced with sisal (S) and hemp (H) fiber mats via the cost-effective hand lay-up method and hot press employing different stacking sequences, as presented in Figure 10. As the stacking sequence was changed, the tensile strength varied slightly, where the intercalated arrangement (HSHS) hybrid composite demonstrated a maximum tensile modulus compared with the other hybrid counterparts. Hybrid composites (SHHS and HSSH) possessed a compressive strength that was 40% more than the other layering configurations, and the HHHH sample had the maximum ILSS of 4.08 MPa [104].

Li and co-workers [213-215] investigated the effects of chelators, white rot fungi, and enzyme treatments towards hemp fiber separation from bundles and enhanced the hemp fibers' interfacial interaction with the PP matrix. The findings indicated that treated fiber composites had a greater interfacial shear strength than untreated fiber composites, a conclusion that was corroborated by a large body of literature [92,174,[216][217][218][219]. This demonstrates that the white rot fungal treatment increased the interfacial attachment of hemp fiber to PP. Composites made of chelator concentrate treated hemp fibers exhibited the maximum tensile strength, measuring 42 MPa, a 19% improvement above composites made of untreated hemp fiber. Additionally, hemp fiber reinforced PP composites showed fascinating recyclability [220]. The findings demonstrated that despite the high number of reprocessing cycles, the mechanical properties of hemp fiber/PP composites were well maintained. Newtonian viscosity reduced as the number of cycles increased, indicating a decline in chain scissions and molecular weight caused by reprocessing. Another possible explanation for the decrease in viscosity was the shortening of the fibers during reprocessing. Paturel and Dhakal [109] studied the moisture absorption influence on flax and flax/glass hybrid laminates to investigate their low-velocity impact behavior. Three different composite laminates, (1) flax fiber reinforced vinyl ester, (2) flax fiber hybridized glass fiber, and (3) glass fiber reinforced vinyl ester, were manufactured via the resin infusion method. Moisture immersion tests were conducted by immersing various specimens in seawater baths at room temperature and 70 • C at various periods of time. The low velocity falling weight impact test was conducted at a 25 J incident energy level, and the impact damage behavior was analyzed using scanning electron microscopy (SEM) and X-ray microcomputed tomography (micro CT) under both aging circumstances. With glass fiber hybridization, the percentage of moisture taken in by flax vinyl ester specimens was lowered. The maximum weight growth percentages for flax fiber, flax/glass hybrid, and glass fiber reinforced composites immersed in water at room temperature for 696 h were 3.97%, 1.93%, and 0.431%, respectively. When compared to a flax/vinyl ester composite without hybridization, the hybrid composite demonstrated increased load and energy, demonstrating that the hybrid system is a viable technique for improving the structural performance of natural fiber composites. At room temperature, the composites' moisture absorption behavior was found to follow Fickian behavior [109].

Numerous studies on the composites of flax fiber/polypropylene have been conducted. However, these researches concentrated on various variables, natural fiber thermoplastic mat (NMT) and glass fiber thermoplastic mat (GMT) comparison [229], the effect of glass fiber hybridization and fiber/matrix modification [230], the influence of fiber treatment on crystallization and thermal properties [110], surface treatment influence on the interface by thermoplastic starch, glycerol triacetate, boiled flax yarn, and -methacryl oxypropyl trimethoxy-silane [231], matrices comparison (PP and PLA) on the properties of composites [111], material and processing parameters effects [232], and processing methods influence [233]. Buttlar [234] reported the viability of flax fiber composite applications in the bus and automotive industries.

The bio-technical fiber modification effects are ascribed with: (i) toughness and fracture behavior, (ii) alkaline fiber treatment influence on unidirectional composites, and (iii) processing parameter influence on the successive flax fiber's decortication steps (retting, scotching, and hackling) towards the flax fiber reinforced epoxy composites [112,[235][236][237]. Thermal degradation and fire resistance of flax fiber composites reinforced with polyester resin were studied, as well as the influence of chemical treatments on surface properties Polymers 2021, 13,3514 and adhesion, and also the influence of chemical treatments on the water absorption and mechanical characteristics [238,239]. Three soybean oil-based resins, methacrylic anhydride modified soybean oil, methacrylated soybean oil, and acetic anhydride modified soybean oil, were also used as matrices for the flax fiber-reinforced biocomposites.

Ramie Fiber Reinforced Hybrid Composites (RRPC)

Ramie is a plant from the Urticaceae (Boehmeria spp.) family that comprises approximately 100 species. The exploitation of ramie is for use as textile fiber with two limiting factors: production regions as well as a need for more considerable pre-treatment than other commercial bast fibers [240][241][242][243]. Ramie fiber/sugar palm fiber reinforced epoxy hybrid composites were manufactured using a combination of melt mixing and injection molding techniques as shown in Figure 12 [45]. Numerous ramie fiber/PP composites were manufactured by changing the fiber length, content, and pretreatment technique. Increments in fiber length and content were associated with significant increases in tensile, flexural, and compression strengths. Nonetheless, they negatively affected the elongation behavior and impact strength of composites. The preparation of thermoplastic biodegradable composites containing ramie fibers and a PLA/PCL matrix was carried out via in situ polymerization [116]. The influences of fiber content and length on the impact and tensile strengths of this biodegradable composite reinforced with natural fibers were studied along with the effect of a silane coupling agent towards improving interfacial adhesion. Tensile and impact strengths were found to be highest with the use of a silane coupling agent, ramie fiber length of 5-6 mm, and 45 wt.% fiber content. [45]. Extracted from Ref. [45] with permission.

When compared to other natural fibers, the use of ramie fibers as reinforcement in hybrid composites is favored due to their superior mechanical qualities. Romanzini et al. [117] investigated the changes in chemical composition and thermal stability of ramie fibers post washing with distilled water. Apart from this, research on glass and washed ramie fiber composites was carried out, with an emphasis on the effects of using different fiber lengths (25,35,45, and 55 mm) and the fiber compositions, while the fiber loading was set at 21 vol.%. They reported that composites could be potentially produced from Polymers 2021, 13,3514 washed ramie fibers. The composite containing fiber length of 45 mm exhibited higher flexural strength despite the insignificant difference observed in lower volume fractions of glass fiber of 0:100 and 25:75. Better impact and flexural properties were also obtained from the increased glass fiber's relative volume fraction up to a limit of 75% [117].

The major problem with employing natural fibers is that they are incompatible with a polymer matrix, which reduces the mechanical performance [244-247]. Tezara et al. [97] investigated the influence of stacking sequences, alkali treatment, and orientations of fiber on the mechanical characteristics of hybrid jute (J) and ramie (R) reinforced vinyl ester (VE) composites. First, woven fibers were made using three-and four-layer stacking sequences with a 0 • orientation. A higher tensile strength value of 298.90 MPa was observed from the RJJR stacking sequence fabricated from different fiber orientations, e.g., 0 • , 30 • , 45 • , and 90 • . This was done to study the influence of fiber orientation on the flexural and tensile characteristics. 0 • fiber orientation possessed significantly flexural and tensile strengths compared with other orientations of 28.90 MPa and 66.81 MPa, correspondingly. Enhancement of mechanical properties was also conducted via 5 wt.% and 10 wt.% alkali treatments, resulting in a maximum flexural strength (34.50%) increment in 0 • RJJR with 5 wt.% compared with the untreated RJJR. They concluded that the fiber orientation and a lower alkali treatment concentration (5 wt.%) combination had significantly improved the mechanical characteristics of fiber hybrid composites.

Hand lay-up method employing epoxy as a matrix is used to manufacture bulletproof panels, where the prototype is more lightweight and economical compared to the conventional ones made of steel-based materials, Kevlar/aramid composite, and ceramic plates used in military antiballistic equipment [118]. The findings from bullet testing revealed the panels' ability to resist high-impact projectile (level II) penetration and resulted in minimal fractures. However, level IV ballistic testing demonstrated the failure of all prototype panels to resist the projectile's high-impact velocity. From the tests, ramie fiber has enough breaking strength and toughness to pass level II bullet testing. Among the matrices used to reinforce ramie fiber are included polyester 

Abaca/Banana Fiber Reinforced Hybrid Composites (ARPC)

The banana plant produces abaca/banana fiber, the strongest commercially available cellulose fiber, which is strong and seawater-resistant. Abaca is a native of the Philippines, where it is currently grown, as well as in Ecuador, and was then the most chosen rope fiber in marine applications. Bledzki et al. [120] studied the mechanical characteristics of abaca fiber reinforced PP composites with varying fiber lengths (5, 25, and 40 mm) and compounding procedures (mixer-injection, mixer compression, and direct compression moldings). When the length of the fibers was increased from 5 to 40 mm, the tensile and flexural characteristics were increased slightly, but not significantly. The mixer-injection molding technique outperformed the other two compounding procedures in mechanical performance (tensile strength was roughly 90% greater). The comparison of the composites of abaca fiber PP with the composites of jute and flax fiber PP revealed that the best falling weight impact properties and notched Charpy (Figure 13) were possessed by abaca fiber composites. Figure 14 shows the higher odor concentration of abaca fiber composites compared to flax and jute fiber composites.

The effects of fiber loading, frequency, and temperature on the polarity of banana fiber reinforced polyester composites were studied in a dynamic mechanical analysis [252]. The composites' storage modulus at 40% fiber loading was the greatest, showing that the inclusion of abaca fiber in the polyester matrix resulted in reinforcing effects at higher temperatures. Enhanced fiber and matrix interactions were confirmed by the increased dynamic modulus and low damping values. Abaca fibers were reinforced with the matrices of cement 

Sisal Fiber Reinforced Hybrid Composites (SRPC)

Sisal is a type of agave (Agave sisalana) mostly grown in Brazil and East Africa. Between 1998 and 2010, global demand for sisal fibers and products was predicted to fall by 2.3% each year. Synthetic replacements and harvesting systems adoption that use less or no twine continued to undercut the conventional market for fibers. Sisal fiber will be used to make a wide range of non-structural and structural industrial goods using various polymer matrices.

The composites' mechanical properties are heavily impacted by the bonding between the fiber and matrix, as reported by Senthilkumar et al. [257] and Ilyas et al. [258]. Good interfacial bonding induces transfer of the applied stress by the reinforced polymer composites to fibers. The hydrophilicity and hydrophobicity of the fibers and resin, respectively, usually result in poor bonding of the plant-based fibers that could be overcome via mechanical interlocking, chemical, inter-diffusion and electrostatic bondings, chemical pretreatment, as well as coupling agent [259]. Compression molding (CM), resin transfer molding (RTM), and injection molding are among the common techniques of natural fiber composite fabrication [260-262]. These methods differ from each other in terms of processing temperature, pressure, and speed. Sreekumar [263] studied the mechanical properties of the fabricated sisal fiber polyester composites via resin transfer and compression moldings. The RTM Polymers 2021, 13, 3514 composites demonstrated a higher Young's modulus, tensile and tensile flexural strengths, and flexural modulus. CM composites, on the other hand, possessed more water absorption and voids due to the weaker adhesion of fiber-matrix compared to RTM composites.

Getu et al. [91] reported that composite materials possessed a low density with a high strength to weight ratio, stiffness to weight, strength ratios, and fatigue strength to weight ratio than conventional engineering materials, allowing them to be used in wide structural constructions applications. Lightweight natural fibers produce lightweight composite materials that in automotive applications improve fuel economy by minimizing harmful emissions. As shown in Figure 15, Getu et al. [91] prepared and characterized the performance of sisal and bamboo reinforced polyester hybrid composite (BSFRHC) with various sisal and unidirectional (UD) bamboo fiber orientations. Following that, BSFRHC was developed with a total fiber volume percentage of 20% via hand lay-up method using 3:1 bamboo to sisal fibers ratio prior to compressive, tensile, flexural and impact tests. It was concluded that varying fiber orientation resulted in variation in tensile strength; a higher tensile strength was found in the composite of bamboo/sisal fiber with 0 • fiber orientation. The 0 • fiber orientation composite demonstrated a higher compressive strength than the 90 • fiber orientation composite and the bidirectional (0 • /90 • ) fiber orientation composite. Higher tensile and flexural strengths were observed in the unidirectional 90 • fiber orientation, whereas almost similar tensile strengths were obtained from the unidirectional 90 • and bidirectional (0 • /90 • ), and bidirectional (0 • /90 • ) possesses higher flexural strength compared to unidirectional 90 • fiber orientation. ANSYS Software was used to carry out the impact analysis of BSFRHC based vehicle internal door panel and the potential for the applications of interior automotive parts was revealed from the composites of sisal and bamboo fibers in unidirectional 0 • . 

Asaithambi et al.

[129] conducted a study on the effect of Benzoyl Peroxide (BP) fiber surface treatment towards the mechanical characteristics of banana/sisal fiber (BSF) reinforced PLA composites [129]. BSF underwent BP treatment for the purpose of improving fiber and matrix adhesion. Twin-screw extrusion of BSF (30 wt.%) reinforced PLA (70 wt.%) hybrid composites was performed, followed by injection molding. The findings revealed that treated BSF possessed better bonding and wettability, resulting in the PLA matrix's restricted motion. When comparing the composites of BSF-reinforced PLA with untreated BSF reinforced PLA and virgin PLA, the mechanical characteristics, e.g., flexural and tensile moduli, were improved.

Noorunnisa Khanam et al.

[130] investigated the fluctuation of mechanical characteristics, e.g., flexural and tensile properties of the hybrid composites comprising randomly oriented unsaturated polyester-based sisal/carbon fibers varying fiber weight ratios by the hand lay-up approach. These hybrid composites were tested for chemical resistance to Polymers 2021, 13,3514 different solvents, acids, and alkalis. The influence of treating sisal fibers with NaOH on the tensile, flexural, and chemical resistance characteristics of these sisal/carbon hybrid composites was also investigated. The flexural and tensile characteristics of the hybrid composites were improved with the rising loading of carbon fiber, where the tensile and flexural characteristics of these hybrid composites were found to be superior to those of the matrix. Alkali treatment resulted in significant improvements in the tensile and flexural characteristics of the sisal/carbon hybrid composites. All compounds, excluding carbon tetrachloride, were resistant to these untreated and alkali-treated hybrid composites in chemical resistance tests.

Incorporation of zinc borate and magnesium hydroxide into sisal/PP composites as flame retardants was performed to improve the composites' thermal stability as well as to reduce the composites' burning rate [264]. The same study reported no synergistic effect from incorporating magnesium hydroxide and zinc borate into sisal/PP composites. Furthermore, at high shear rates, the sisal/PP composites showed substantial changes in shear viscosity, showing that the flame retardants utilized in this investigation did not affect the composites' processability. The sisal/PP composites that had flame retardants added to them had tensile and flexural properties comparable to those of the sisal/PP composites without flame retardants.

Environmental impacts of degradation behavior [265], coupling agent influence on abrasive wear qualities, and the ageing effect [266] on mechanical characteristics have all been examined with sisal/PP composites. All plant fiber composites were developed by Zhang et al. [267] by transforming wood flour using a proper benzylation procedure and compounding of both discontinuous and continuous sisal fibers to create composites from renewable resources. The developed sisal/plasticized wood flour composites were found to be fully biodegradable from the degradation tests. The process of decomposition was accelerated by taking into account both lignin and cellulose in the composites. When it comes to practical applications, composites' hydrophobicity and flame resistance are vital; therefore, molecular modification and/or integration of inorganic additives are appropriate approaches as long as the composite's biodegradability is not compromised.

Many studies were performed on the composites of sisal fiber reinforced polyester concerning their characteristics of moisture absorption [268], as well as treatment of fiber with admicellar [269]. A few investigations were conducted on the composites of sisal fiber-reinforced phenolic resin, e.g., chemical alteration of such with lignins [270], hydroxylterminated polybutadiene rubber modification [271], cure cycles effect [272], employing glyoxal from natural resources [272], and alkali treatment effect [273]. Nevertheless, epoxy resin was employed as a matrix for sisal fiber-reinforced composites, and the effects of fiber orientation on electrical characteristics [274] and reinforcing degree [275] were investigated. A different matrix (cement) was also used in the sisal fiber-reinforced composites to study their cracking micro-mechanisms [276] and the influence of accelerated carbonation on cementitious roofing [277].

Towo et al.

[278] prepared composites using treated sisal fibers with epoxy and polyester resin matrices. Dynamic thermal analysis and fatigue evaluation tests were conducted on the produced composites and revealed better mechanical characteristics in alkali-treated fiber bundle composites than untreated fiber bundle composites. The polyester resin matrices were most affected by alkali treatment, where improvements in the composites' fatigue lives were found for the alkali-treated sisal fiber bundles. The superiority of alkali-treated fiber composites was analyzed and was associated with low cycle fatigue. Epoxy matrix composites possessed a longer fatigue life than polyester matrix composites. The chemical treatment had significantly and positively impacted the fatigue life of polyester matrix composites; however, it demonstrated a lesser effect on epoxy matrix composites. Studies on sisal fibers were also conducted with other matrices, e.g., rubber [ 

Mechanical Properties of NF Reinforcement Hybrid Composites

Researchers have been focusing their research interests on composites of natural fibers, e.g., biocomposites made of natural or synthetic resins reinforced by natural fibers. Natural fibers have numerous advantages, including their low density, which results in comparatively lightweight composites having excellent specific properties [244,283,284]. Additionally, these fibers offer significant cost savings and ease of processing, as well as being a highly renewable resource, thereby reducing reliance on domestic and foreign petroleum oil. Researchers have reviewed recent advances in natural fiber (e.g., flax, hemp, jute, kenaf, straw, bamboo, and coir) applications in composites [8,285,286]. Nilza et al. [287] designed and manufactured composites from three Jamaican natural cellulosic fiber: sugar cane bagasse, banana trunk, and coconut husk coir. The prepared samples were tested for carbon and ash contents, moisture content, water absorption, elemental and chemical analyses, and tensile strength.

Tensile Properties

Natural fiber-reinforced composites possess similar mechanical characteristics to synthetic fibers, as reported by Van De Velde and Kiekens [288] for hemp, flax, sisal, and jute fibers, in terms of strength and modulus compared to glass fiber. Srinivasan et al. [289] researched the ultimate tensile strength of the composites of glass fiber and banana/flax reinforced polymer (GFRP). A higher ultimate tensile strength (39 N/mm 2 ) was observed in the flax banana-GFRP hybrid composite compared to the banana-GFRP and flax-GFRP composites with 30 N/mm 2 and 32 N/mm 2 , respectively. Paul et al. revealed the mechanical characteristics of the composites of kenaf reinforced polypropylene showing improvements in ultimate tensile stress and tensile modulus with a rising fraction of fiber weight [23]. Table 3 displays the tensile properties comparison of different natural fibers with synthetic fibers. 

Flexural Properties

The potential of composite materials' use in structural applications is determined via a few parameters. Major strength is the flexural properties that include flexural strength, modulus, and load as well as deflection at the break. Flexural strength is related to the fiber content/fiber length, as reported in a few studies. Satyanarayana et al. [293] demonstrated that improvements in toughness and ductility of bamboo-mesh reinforced cement composites as well as significant enhancements in the tensile, flexural, and impact strengths. Banana and glass fibers were fabricated at different fiber lengths and loadings in the phenol-formaldehyde composites, and the mechanical properties were compared. From the composites of flexural property analysis, the optimum length of fiber needed Polymers 2021, 13,3514 for banana and glass fibers was different from the phenol-formaldehyde resole matrix reinforcement [295]. Aziz et al. observed the influence of random and long kenaf and hemp fibers alkalization and alignment on the formed composite fabricated via a combination of the fibers with polyester resin hot-pressed [296]. Long and alkalized fiber composites exhibited higher flexural strength and modulus compared with the as-received fiber composites. The decline in the flexural properties was due to water absorption that damaged and degraded fiber-matrix interfacial bonding; however, the maximum strain was simultaneously increased [297-299].

Shibata and team reported that the densified structure of kenaf fibers contributes to their composites' higher flexural strength compared to the porous bagasse fibers [300]. Other researchers studied the effect of hybridizing the composites of jute/glass-reinforced epoxy on their mechanical properties. The E-glass fabric layers added to the composites' outer layers revealed improvements in the properties of bending, tensile, and impact of the jute-reinforced composites [98]. A summary of specific moduli of natural and glass fibers is presented in Figure 16. 

Impact Properties

Pothan et al.

[301] examined the composites prepared from short banana fiber reinforced polyester, with the aim of studying the influence of fiber lengths and content on the composites' impact strength. A 40 mm fiber length yielded the highest impact strength, while 40% incorporation of untreated fibers resulted in a 34% improvement of impact strength. Another study on the impact behavior of 35% jute/vinyl ester composites reinforced with alkali-treated and untreated fibers revealed hemicellulose removal, improving the crystallinity and, consequently, better fiber distribution [302]. Sanjay et al. [303] compared different compositions of laminates to investigate the impact behavior of the composites' banana/E-glass fabrics reinforced polyester hybrid and found 6 J impact strength in the hybrid laminate, which was the highest value attained.

Hardness Properties

Zampaloni et al. [304] discussed the excellent potential of the current materials substitute by the Kenaf-maleated polypropylene composites that demonstrated more efficient modulus/cost as well as better specific strength and modulus at a cheaper cost compared Polymers 2021, 13,3514 to the materials reinforced with E-glass, coir, and sisal (Figure 17). The hardness of various laminates fabricated from hybrid composites of banana/E-glass fabrics reinforced polyester utilizing different stacking sequences was measured by Sanjay et al. [303] Laminate L1, or the composite of pure glass fiber, possessed the hardness of 26.72 HV, while laminate L2 (composites of pure banana fiber) exhibited the poorest hardness of 12.36 HV. 

Current Application on NF Reinforcement Hybrid Composites

Due to its low manufacturing cost, max strength ratio, and simple manufacturing process, hybrid natural fiber composites have already been widely extensively utilized in numerous textile and engineering applications. Furthermore, natural fiber composites demonstrated a good combination of mechanical qualities for aerospace and automotive applications, including its enhanced impact strength, tensile, bending and compressive behavior, as well as improved fatigue properties. Bio-based hybrid composites are a rapidly increasing product in the industrial sectors as a means of reducing environmental effects in today's society.

Automotive

The automotive industry demands composite materials in order to comply with new regulations and to remain competitive. At present, plant fibers are used in the exterior and interior components in semi-or non-structural applications, fulfilling the performance standards, e.g., elongation, ultimate breaking force, impact strength, flexural properties, flammability, fogging characteristics, acoustic absorption, odor, dimensional stability, aptness for processing dwell time and temperature, crash resistance, and water absorption. A few renowned automakers, e.g., Volkswagen-Audi, Daimler-Chrysler, and Opel-GM, have already begun incorporating natural fiber composites into their passenger car parts, including rear parcel shelf, door trim panels, and seat squabs [305,306]. Table 4 shows the present use of natural fiber in the automobile sector by the big automobile companies.

The prospects for a lightweight design from plant fiber composites are demonstrated, for instance, in Mercedes E-Class's panels and even external underbody panels and Volkswagen's door structures (phenol-formaldehyde/flax composite) [307]. Given the unique qualities of natural fiber composites, an approximately 15% weight reduction in components is feasible compared to glass fiber reinforced composites. 

Aerospace

During the early stages of the aircraft industry's development, aircraft structures were invented using wire, wood (natural composite), and fabric compositions. Aluminum alloys have been the dominating material in the aerospace industry since the 1930s. The newest components of civil aircraft are made of natural fibers that are also used as a substructure in conjunction with fibers containing composites and other synthetic fibers, e.g., glass, carbon, and Kevlar. The design of V22 Osprey tiltrotor's wings is extremely rigid and risky, and is most likely to be constructed using fiber composites with low-density materials. In defense aircraft, a fascinating advancement called "stealth" has emerged, which requires the designer to achieve the smallest possible radar cross-section (RCS) by reducing the potentials of early detection via defending radar sets. Constant radius changes are required to create the airframe's essential compound curvatures, which are much easier to build using composites compared to metal and radar-absorbent material (RAM).

Oil and Gas

Hybrid natural fiber-reinforced composites of natural fiber-reinforced composites have been found to have less critical environmental impacts than glass fiber reinforced composites in some applications [309]. Natural fibers have been used with glass fiber for underground pipes; this application is faster and offers adequate strength. However, certain issues, e.g., water absorption and strength, have yet to be studied [310].

Maritime

According to Moreau et al. [311], fiber-reinforced plastic (FRP) structures in boat construction uses primarily thermosetting resins (e.g., vinyl ester, epoxy, polyester, etc.) Only lately have thermoplastic resins (polypropylene, polyamide, PBT, PET, etc.) started being applied in fittings or boat-building. In recent times, the resin structure has evolved in 2 forms: both low styrene content and emission are commercially available despite the evolution of bio-based resins; however, conventional resins are still relevant in the nautical area [174].

The environmental benefits of adhesives and bio-based resins are found in their elimination of toxins in common, their emphasis on human health and the environment, their reduction of hazardous as well as toxic materials and waste, recycling capabilities, and the decline of polluting air emissions. Natural fibers are also gaining popularity in the composites sector. However, their application in structural components is limited due to their generally poor physical characteristics, whereas at present, they are applied in filling functions. Glass fibers provide for 89% of the fiber's capacity used in composites on a global scale. In contrast, natural fibers account for just 10%. Simultaneously, several R&D studies of natural fiber uses are underway, resulting in more industrial uses in the foreseeable future.

Glass fibers were accessible during World War II, shortly after polyester resins were created, as a result of the accidental discovery of a manufacturing method involving blown air on a molten glass stream. Soon after, glass-reinforced plastic became popular, and Polymers 2021, 13,3514 in the early 1950s, GRP boats became accessible. Fiberglass boats are significantly more appealing due to their strength, including their high vibration damping ability, lightweight, low construction costs, high impact resistance, ease of fabrication, maintenance, and repair.

Fiberglass boat construction has evolved over the years to include a variety of means with the sole objective of an improvement in boat construction skills and techniques to fulfill the aims of fiberglass boat building, e.g., to produce lightweight products, corrosion and impact resistance, vibration damping, low cost, and ease of construction. Now, hybrid natural fiber (NF) composites are broadly utilized in a variety of technical applications that comprise marine applications, particularly in boat construction.

Textiles

Pineapple leaves (PAL) have been utilized as threads and fabrics in a variety of nations for centuries. Excellent pina fibers are derived from pineapple leaves in the Philippines and are used to create textiles for table linens, dresses, mats, bags, and other apparel items. Applications of PAL in the textile industry are established in Indonesia, while in Malaysia, the efforts in PAL employment in Malaysia are still in their infancy. The PAL dresses, however, are recognized to be expensive, which is understandable because of the tedious procedures involved.

Estimated Costing for NF as Reinforcement in Hybrid Composites

Excellent specific properties and cheap natural fiber composites are the primary factors of their attractiveness for wide applications, as reported by Sanjay et al. [303] and Ho et al. [292] The price lists of NF, synthetic fibers, and matrices in the US and Malaysia currencies, USD and MYR, respectively, are tabulated in Table 5. Table 6 tabulated the estimated cost for hybrid NF/synthetic fibers and matrices for numerous applications. 

Conclusions and Future Directions

Currently, the production of many bio-based plastics has been demonstrated at the demo and pilot scale, and some had been hugely commercialized. Some of the products are partly bio-based (i.e., polyamides, polyols bio-based polyethylene (PE), polypropylene (PP), or polyethylene terephthalate (PET)), and some of them are entirely new plastics (i.e., thermoplastic starch (TPS), polyhydroxybutyrate (PHB), polyhydroxyalkanoates (PHAs), or poly (lactic acid) (PLA). Partly bio-based plastics often require petrochemical monomers that cannot be resembled by bio-based substitutions, at least not at a reasonable price. Today's bio-based plastics are sophisticated materials that could technically be a substitute for around 90% of the plastics we use today.

Natural fiber reinforced hybrid composites are superior to petroleum-based composites because they have a higher strength-to-weight ratio, a low manufacturing cost due to their facile processes, and are environmentally beneficial. As a result, natural fiber composites have numerous advantages in commercial, industrial and engineering applications. Natural fibers, on the other hand, have lower strength than synthetic composites, but Polymers 2021, 13,3514 when combined with synthetic or biosynthetic composites, they offer high strength with a lower environmental impact. This study outlines the properties of natural fiber, composite hybridization, estimated costing, and natural fiber applications in various industries. This gives a comprehensive idea of how natural fibers are processed and commercialized. The characteristics of natural fibers such as sisal, jute, abaca, sugar palm, kenaf and hemp, were studied. In addition, the numerous applications of the hybrid composites in various sectors were described.

Introduction

An energy absorbent structure can be a structure that exchanges half or all of the mechanical energy into another sort of energy. The energy recover will either be reversible similarly in the case of elastic strain energy in solids or it will be irreversible like plastic dissemination of energy related with lasting distortion of the strong structure. Energy absorbing structure design and analysis differ significantly from standard structural design and analysis. Energy absorbing structures must withstand high impact loads due to the complicated deformation and failure by significant geometry changes, strain hardening effects, strain-rate effects, and interactions between distinct deformation modes including bending and stretching [1]. There are several types of sandwich cores that have been studied in recent years. The determination for the core material and its design are crucial and might be vary depending on the application. In addition, structural elements are inserted into the core structures such as foams and honeycombs to modify mechanical properties of the sandwich structures such as core compression strength, buckling instability and in-plane shear [2]. In typical structural applications, the thickness of the face sheet rarely exceeds several millimetres, whereas the thickness of core can be over 50 mm [3]. In a study by Colloca et al. [4] they have reported that the compressive modulus of the foam (Divinycell Polymers 2021, 13, 3603 PVC) increases as the relative density of the foam increases, but the densification strain decreases. Also, a comparison of absorbed energy shows that the energy absorption during compression process rise up to 600% more than under tension due to greater strain value.

To develop crashworthy structures, tubular structures have been commonly used in the design of tube reinforced foam structure. The most frequent and oldest type of foldable energy absorber is thin tubes. When a thin-walled steel tube is subjected to an axial compressive load, it can generate either a concertina (axisymmetric buckle) or a diamond (non-axisymmetric buckle). A concertina deformation mode is most efficient energy absorbing mode [5]. Khan et al. [6] explained that failure mode for thin wall cylindrical composite tube can be divided into three modes; (1) mushrooming failure, (2) brittle fracture of the composite tube and (3) increasing folding and hinging. In addition, the energy absorbing capacity is highest at the first mode, medium at third mode and the least at second mode. Zuhri et al. [7] examined the energy absorbing properties of bamboobased structure by conducting quasi-static and dynamic tests. According to the data, the energy absorbing capability of individual bamboo tubes increases when the diameter-tothickness ratio (D/t) decreases. Also, the small diameter of bamboo tubes showed more noticeable crushing than the larger size. A study from Zhou et al. [8] suggested that by embedding tubes in a foam panel, it will influence the failure process within the composite tubes by significantly improving their ability to absorb energy. However, the SEA values of the hybrid tube reinforced foams were found to be insensitive to variations in foam density. It is important to note that tube-based foams have a larger energy-absorbing capacity than many comparable core systems, emphasising its potential for usage in extreme crushing situations. In a study conducted by Alhawamdeh et al. [9] shows that the failure mode of the axially loaded hollow pultruded fibre-reinforced polymer (PFRP) profiles varied depending on their cross-sectional shape. The hollow box profiles are dominated by local buckling of the walls, whereas the hollow circular profiles dominated by compressive and shear failure at the profiles ends. The results stated that the hollow circular PFRP profiles, the failure mode is the same for all length-to-width (L/D) ratios.

This paper introduces a new combination structure for the purpose to enhance an energy absorption of the current foam structure. Attention is focused on understanding the energy absorbing characteristics of single and multiple tubes reinforced foam structure under quasi-static loading conditions.

Materials and Methods

Material

Two types of crosslinked PVC foams with different densities are used in this study, which are Divinycell F50 and Divinycell HP80 foams with a density of 50 kg/m 3 and 80 kg/m 3 , respectively. The foams are supplied by DiabGroup and comes in the shape of flat panel, which are color-coded to differentiate the foam type and both are having thickness of 20 mm. The selected tubes are Polyvinyl chloride (PVC) and eco-friendly bamboo tube. The commercial PVC tubes used are round conduit where it is mainly used for construction, electrical, etc. Two different sizes of tubing are selected, where the outer diameters (D o ) are 20 mm and 25 mm. Then, it is cut into 20 mm length to ensure it having the same height as the foam. The length of the specimen is similar to work conducted by Alia et al. [10] and Cinar [2]. On the other hand, bamboo tubes used are readily available in the laboratory and it is light brown in colour. This bamboo is originally used to create a beautiful garden edging and is chosen due to their highly versatile natural resource that is easily to sustained and eco-friendly. The selection of D o for the bamboo tube is based on diameter size that is close to 25 mm, due to it is not uniform in nature. Prior to testing, the tubes are cut into 20 mm length (similar reason as for PVC tube) using the circular saw from the internode parts of the bamboo. It is known that the diameter of the node part is slightly larger than the internode part and can affect the structural performance, as investigated by Molari et al. [11]. However, in this study, the node is not considered to Polymers 2021, 13,3603 ensure the insertion tube having an interference fit to the foam. The physical properties of the tested tubes are shown in Table 1. 

Fabrication and Mechanical Testing

Initially, foam thickness of 20 mm is cut into block of square with a dimension of 50 × 50 mm. Then, a hole is formed using circular drill at the centre of the foam to allow an identical size of tube to be inserted. Single tube-reinforced foam samples are designed by embedding a 20 mm long PVC and bamboo tubes into the Divinycell F50 and HP80 foam. In addition, for multiple tubes, the size of the square block is double than the single tube and using the same method as for single tube. Figure 1 shows the illustration and sample of the structure (the unit is in mm).
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Results and Discussion

Compressive Behaviour of Foam Material

A typical stress-strain curves following quasi-static test on the F50 and HP80 foam i shown in Figure 3. There are three phases during the compression process. Initially, in th elastic regime, the material response is roughly linearly occurred up to approximately 4% strain and near to the yield point where the elastic response ends. This is following th Hooke's law, which stated that the strain is proportionate to the applied stress. Next, a the beginning of the crushing regime, a constant plateau stress is forming after the firs substantial deviation from the linear regime. Finally, the densification regime begin where the force increases drastically with little deformation. This illustrates on how th foam materials have unique properties such as the ability to deform extensively whil sustaining modest amounts of stress before reaching the densification regime [1,14].

Finally, the plateau region gradually ends as stiffening occurs when the cell wall collapse and started to interact with the neighbouring cell walls of the foam. Thi The specimen is axially crushed between the parallel steel flat platens by placing it on the bottom platen. The crosshead is then lowered until the specimen come into touched with the surface of the top platen. The quasi-static tests are continued until it reaches a compaction point where the curve begins to rise up steeply after completing the sustained crushing [13]. For analysis purposes, the mechanism of failures is monitored, and the deformation process images are taken throughout the tests. The load-displacement raw data is used to determine the compression strength and specific energy absorption characteristics of the structures. Finally, the multiple tubes reinforced foam structures also being tested using different crosshead speed of 5 and 20 mm/min. Prior to testing the specimens, each specimen is labelled with a code for easily identification. Table 2 shows the code used for single and multiple tube reinforced foam structures. 

Results and Discussion

Compressive Behaviour of Foam Material

A typical stress-strain curves following quasi-static test on the F50 and HP80 foam is shown in Figure 3. There are three phases during the compression process. Initially, in the elastic regime, the material response is roughly linearly occurred up to approximately 4% strain and near to the yield point where the elastic response ends. This is following the Hooke's law, which stated that the strain is proportionate to the applied stress. Next, at the beginning of the crushing regime, a constant plateau stress is forming after the first substantial deviation from the linear regime. Finally, the densification regime begins where the force increases drastically with little deformation. This illustrates on how the foam materials have unique properties such as the ability to deform extensively while sustaining modest amounts of stress before reaching the densification regime [1,14].

Polymers 2021, 13,3603 densification take place at 70 to 80% strain. It is also can be seen that an increase in de will also increase the compressive strength and the SEA. For example, an increa density from 50 to 80 kg/m 3 resulted in 71% increase in the compressive strength values obtained from the experimental testing is summarised in Table 3. 

Compression Behaviour of Single Tube
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Compression Behaviour of Single Tube

In Figure 4, the load-displacement curves present the behaviour of PVC and bamboo tubes. As for PVC tubes, identical traces of compressive force applied is observed, where the force rose until it reached a point before the tube wall buckled and formed a fold due to interpenetration collapsed. The development of the first fold in the PVC tube occurred at the same time that the initial peak force is obtained. Following this, the two sections of formation plastic hinges at cell wall junctions are compacted together while folding process continued to occur. Compaction of the PVC tube would typically cause to increase the load as the curve displayed a second peak. However, folding process will weaken the PVC tubes which causes the load to drop after second peak until the tube is fully compacted as shown in Figure 5a,b. Khan et al. [6] suggested that compaction and delamination can be happened at the same time, where they balanced each other out which yielding in a relatively sustained crushed until reached the densification point. In comparison, the individual 25 mm diameter of PVC tube (D/t = 12.5) offer greater compression strength compared to the 20 mm of PVC tube (D/t = 13.4) counterpart. It is noted that the SEA value for 20 mm PVC tube is 7.74 kJ/kg which is less than 25 mm PVC tube, that is 9.58 kJ/kg. With the increasing of D/t ratio, lower value in compressive strength and the specific energy absorption have been recorded during the testing process. In addition, the SEA value for bamboo tube (D/t = 4.82) is approximately 21.95 kJ/kg, which is greater than both PVC tubes due to the lower diameter-to-thickness ratio as suggested by [7]. In terms of compressive strength and modulus, the bamboo tube In comparison, the individual 25 mm diameter of PVC tube (D/t = 12.5) offer greater compression strength compared to the 20 mm of PVC tube (D/t = 13.4) counterpart. It is noted that the SEA value for 20 mm PVC tube is 7.74 kJ/kg which is less than 25 mm PVC tube, that is 9.58 kJ/kg. With the increasing of D/t ratio, lower value in compressive strength and the specific energy absorption have been recorded during the testing process. In addition, the SEA value for bamboo tube (D/t = 4.82) is approximately 21.95 kJ/kg, which is greater than both PVC tubes due to the lower diameter-to-thickness ratio as suggested by [7]. In terms of compressive strength and modulus, the bamboo tube Similarly for the individual bamboo tube, during the crushing process of the bamboo tube, the tube wall did not fail as in PVC tube, this is due to the bamboo has higher stiffness compared to PVC. The longitudinal fractures of bamboo developed when the load exerted on the tube resulting in tube wall separated into several part as shown in Figure 5a'-e' or Figure 6c. Thus, this event further clarifies why the second peak did not occur for bamboo tube as in the case with the PVC tube. Polymers 2021, 13,3603 In comparison, the individual 25 mm diameter of PVC tube (D/t = 12.5) offer greater compression strength compared to the 20 mm of PVC tube (D/t = 13.4) counterpart. It is noted that the SEA value for 20 mm PVC tube is 7.74 kJ/kg which is less than 25 mm PVC tube, that is 9.58 kJ/kg. With the increasing of D/t ratio, lower value in compressive strength and the specific energy absorption have been recorded during the testing process. In addition, the SEA value for bamboo tube (D/t = 4.82) is approximately 21.95 kJ/kg, which is greater than both PVC tubes due to the lower diameter-to-thickness ratio as suggested by [7]. In terms of compressive strength and modulus, the bamboo tube dominates the response of axial compression loading as shown in Figure 4. The failure deformation of the PVC and bamboo tubes are photographed in Figures 5 and6.

Single Tube Reinforced Foam Structures

A series of tests are undertaken to characterize the energy-absorbing behaviour of the single-tube reinforced foam structure. Figure 7 shows a comparison of typical compressive load-displacement curves following tests on F50, FBS, FSS and FLS. The curves for all tube reinforced structures exhibited similar traits, which is linear response before the fracture occurred to the structure at approximately 1 mm. During this phenomenon, the stiffness for the tube reinforced foam structure will reduce. Non-linear response appears in the curve after the peak load is attained until the compression is in a stable mode with an approximately constant force, before declining throughout the last phase of the test. An examination of the curves for FBS structure indicates that the load increases linearly up to roughly 26.6 kN. This is followed by FLS and FSS which have the peak load at 6.9 kN and 4.5 kN respectively. The benchmark sample, which is F50, provide the lowest maximum load when it started to fracture compared to the other three types of tube reinforced foam structure.

Polymers 2021, 13, x FOR PEER REVIEW 8 A typical load-displacement curve for tube reinforced with HP80 foam is presented in Figure 8. The density of the foam used is 80 kg/m 3 which is denser than the F50 foam. Here, the HBS structure load clearly rise up to 27 kN at 1.3 mm and drop gradually before the densification point at approximately 12.5 mm. Conversely, the curve for HSS and HLS exhibit similar traits under compression load. The initial fracture of HSS structure takes place when the load increases up to 6.3 kN while the HLS structure starts to fail at 7.3 kN which is slightly higher than HSS structure. The curve for three tube reinforced foam structures obviously showed that the strength of the reinforced structure is better than the benchmark sample, i.e., HP80. The increase of density foam in the tube reinforced Polymers 2021, 13,3603 foam structure leading to slightly changes in the strength of the structure. The increment of strength value for HBS and HLS structures are not more than 6% when compared to FBS and FLS structures. However, for the HSS structure, an increment of approximately 40% in strength is recorded. The deformation of the single tube reinforced foam structure after completing compression process is shown in Figure 9. All the tubes were compacted and locked u densification region when the tube walls have fully collapsed, as suggested by Rajpu al. [14]. Here, the lateral movement of tube reinforced structure is limited by increas the foam density from 50 to 80 kg/m 3 . In Figure 9b, there is only a small amount of bam tube splitting is visible on the outside diameter. A closer look reveals that numerou these fractures have penetrated to the neighbouring foam, similar to [15]. For P reinforced foam structures, the buckling and folding failure also being restricted with increasing of foam density. Thus, the foam has been successful in constraining the lat movement and failure mechanism. Based on the energy absorption under the load-displacement curves for both F50 and HP80 foams, the bamboo reinforced foam structure offers an energy-absorbing capability greater than both PVC reinforced foam structures. The SEA values for FBS, FLS and FSS structures are found to be 17.9, 10.0 and 8.2 kJ/kg, respectively. In contrast, the SEA value for HBS, HLS and HSS are 24.5, 10.9 and 10.1 kJ/kg, respectively. Previous study by Umer et al. [15] has found that the SEA values is around 20 kJ/kg for single bamboo tube (D/t = 4.6) reinforced foam structure which is almost similar to the value for FBS and HBS. However, it is interesting to note that the SEA increases with the increasing density foam, similar to study conducted by Alia [1].

The deformation of the single tube reinforced foam structure after completing the compression process is shown in Figure 9. All the tubes were compacted and locked up at densification region when the tube walls have fully collapsed, as suggested by Rajput et al. [14]. Here, the lateral movement of tube reinforced structure is limited by increasing the foam density from 50 to 80 kg/m 3 . In Figure 9b, there is only a small amount of bamboo tube splitting is visible on the outside diameter. A closer look reveals that numerous of these fractures have penetrated to the neighbouring foam, similar to [15]. For PVC reinforced foam structures, the buckling and folding failure also being restricted with the increasing of foam density. Thus, the foam has been successful in constraining the lateral movement and failure mechanism.

Multi Tube Reinforced Foam Structures

The following part of this study focused into the effect of multiple tube reinforced foam structures on its energy-absorbing response. Here, four tubes are used and embedded into the foam similar to the single tube. 
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In this study, the multiple tube reinforced with HP80 foam offer better energy absorption than F50 foam due to the higher density in HP80 as shown in Figures 10 and11. It is observed that the energy absorption for FBM (F50 foam) and HLM (HP80 foam) are the most efficient. Both structures offer greater area of load-displacement curves that is related to SEA value. An increase value of SEA is recorded from 17.9 kJ/kg to 20.9 kJ/kg for FBS and FBM structures (from single to multiple). Relatively, for HLS and HLM structures, the SEA value increase from 10.9 kJ/kg to 11.5 kJ/kg. However, the SEA values from single to multiple tube reinforced foam structure did not vary significantly due to the influence of the initial mass of the structure as it is inversely proportional to the SEA value, as proposed by Alantali et al. [16]. Invariably, the bamboo structures always dominated in any cases. However, the limitation for the testing machine used in this work is not capable of achieving compression loads exceeding 100 kN. This explained why the HBM specimen is not carry on being tested and included in Figure 11 as it has exceeded the machine ability. In this study, the multiple tube reinforced with HP80 foam offer better energy absorption than F50 foam due to the higher density in HP80 as shown in Figures 10 and11. It is observed that the energy absorption for FBM (F50 foam) and HLM (HP80 foam) are the most efficient. Both structures offer greater area of load-displacement curves that is related to SEA value. An increase value of SEA is recorded from 17.9 kJ/kg to 20.9 kJ/kg for FBS and FBM structures (from single to multiple). Relatively, for HLS and HLM structures, the SEA value increase from 10.9 kJ/kg to 11.5 kJ/kg. However, the SEA values from single to multiple tube reinforced foam structure did not vary significantly due to the influence of the initial mass of the structure as it is inversely proportional to the SEA value, as proposed by Alantali et al. [16]. Invariably, the bamboo structures always dominated in any cases. However, the limitation for the testing machine used in this work is not capable of achieving compression loads exceeding 100 kN. This explained why the HBM specimen is not carry on being tested and included in Figure 11 as it has exceeded the machine ability. Furthermore, the SEA value and strength found to be increased w increasing in tube diameter as well as the foam density. This show limitation imposed by the F50 and HP80 foam has a significant impa processes in tubes. In Figure 12, the deformation failure of multiple tube structures after testing is presented. The top section of the PVC tube shi side when interpenetration occurred due to the transverse shear while the occurred in the bamboo tube causes the tube to fractured into ra longitudinal splitting [7,17]. The failure of the bamboo tube can be seen top view. As comparison to the Figure 9a Furthermore, the SEA value and strength found to be increased when the increasing in tube diameter as well as the foam density. This shows that th limitation imposed by the F50 and HP80 foam has a significant impact on the processes in tubes. In Figure 12, the deformation failure of multiple tube reinforc structures after testing is presented. The top section of the PVC tube shift slightl side when interpenetration occurred due to the transverse shear while the fracture occurred in the bamboo tube causes the tube to fractured into radial crac longitudinal splitting [7,17]. The failure of the bamboo tube can be seen clearly f top view. As comparison to the Figure 9a, the failure of the single bamboo tube rei foam structure (FBS) is similar to the multiple bamboo tube reinforced foam s (FBM) as shown in Figure 12a. The failed bamboo tube pushed the foam and le crack in the foam structure. This means that the neighbouring tube properties affected as well. Figure 13 compares the single and multiple tubes reinforce structures. Furthermore, the SEA value and strength found to be increased when there is an increasing in tube diameter as well as the foam density. This shows that the local limitation imposed by the F50 and HP80 foam has a significant impact on the failure processes in tubes. In Figure 13, the deformation failure of multiple tube reinforced foam structures after testing is presented. The top section of the PVC tube shift slightly to one side when interpenetration occurred due to the transverse shear while the fracture of fibre occurred in the bamboo tube causes the tube to fractured into radial cracks and longitudinal splitting [7,17]. The failure of the bamboo tube can be seen clearly from the top view. As comparison to the Figure 9a, the failure of the single bamboo tube reinforced foam structure (FBS) is similar to the multiple bamboo tube reinforced foam structure (FBM) as shown in Figure 13a. The failed bamboo tube pushed the foam and leads to a crack in the foam structure. This means that the neighbouring tube properties can be affected as well. Figure 13 compares the single and multiple tubes reinforced foam structures. 

Influence of Crosshead Speed on Multiple Tube Reinforced Foam Structures

Figure 14 presents the results for HLM structure under different crosshead speed displacement. At the initial stage, the peak force of the crosshead speed at 20 mm/min is only 3.3 kN higher than the 2 mm/min. This is maybe due to the crosshead speed used is not much in difference. However, the crosshead speed of 20 mm/min shows the highest peak force in comparison to the other, followed by 5 mm/min and lastly 2 mm/min. Here, as the crosshead speed is increasing, a higher value of compressive strength is obtained which is similar to the study by [18]. Additionally, by increasing the strain-rate will resulting a slight increase in the SEA capability of the reinforced foams, possibly due to the rate-sensitivity of the failure processes occurring in the reinforced structure. 
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The conclusions of this study can be drawn as follow:

1. Single bamboo tube reinforced foam structure offers highest value in specific energy absorption and compression strength. By increasing the foam density, it will increase 
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Figure 13. Compressive strength and SEA for single and multiple tube embedded in (a) F50 HP80 foams.
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Conclusions

The conclusions of this study can be drawn as follow:

1.

Single bamboo tube reinforced foam structure offers highest value in specific energy absorption and compression strength. By increasing the foam density, it will increase the specific energy absorption and compressive strength value. A larger size of diameter of tube can enhance the specific energy absorption and compressive strength.

2.

The compressive strength increases significantly when several tubes are introduced inside the foam. In contrast, the specific energy absorption does not change significantly for multiple tube reinforced foam structure. The multiple bamboo tube reinforced F50 foam structure offers better value of compression properties. In addition, the multiple PVC tube reinforced foam structure with a diameter of 25 mm gives the highest energy absorbing capability in HP80 foam.

3.

The specific energy absorption does not vary significantly under the different crosshead speed below 20 mm/min. However, an increase in crosshead speed during testing can leads a slightly higher value of specific energy absorption. Therefore, the structures are believed to have a strain-rate effect when a higher speed is applied.

Introduction

From the very beginning, fire outbreak and rate of spread of forest fire were dominantly affected by the various forest waste and Pines roxburghii (pine cone) flower in northern part of India is one of these main sources [1,2]. The devastating effect of forest fires not only effects the vegetation but also devastates the entire ecosystem in that geographic region. The burgeoning awareness regarding forest fuel in spreading fire has lead Polymers 2021, 13,3260 to the development of numerous solutions [3]. One such kernels of an idea is to use dried pine cones to develop composite materials for non-structural applications. These days, forest waste is either parched, or even better high-end uses are found [4]. In past decade, polymer composites with natural fibre have been characterized by many researchers to investigate their potential use in structural and non-structural applications. Among various natural fibres, pine cones' contribution to forest fuel for spreading wild fires in northern India has been reported in numerous studies [5][6][7]. Currently, the demand for biodegradable composites is growing tremendously and they have found specific applications in automobile and packaging industry [8,9]. Recently, polymer composite with natural fibre has been characterized by many researchers to investigate their potential use in structural and non-structural applications. Among various natural fibres, pine cones contribution to forest fuel for spreading fire in northern India is reported in numerous literatures. Current scenario demand of NFRP's is growing tremendously and finds their specific applications in automobile and packaging industry [10][11][12][13]. Materials for biodegradable matrices are also an important aspect in selecting biodegradable composites. Polycaprolactone belongs to the aliphatic polyester family and considered a competitive candidate among other biodegradable polymers [14][15][16][17][18]. It has also been reported that, due to mechanical incompatibility between the two blended media, polycaprolactone tensile strength decreases when blended with starch. In another study, PCL and calcium sulphate (CS) whisker composites were fabricated with different whisker weight percentages and the authors reported that lower weight fractions of reinforcement resulted throughout excellent massive enhancement in (21%) flexibility and (22%) toughness, while the thermal characteristics were unlikely to be affected by the existence of CS-whiskers. They also found numerous applications as construction material [19,20]. In another study by Jha et al., they have utilized the pine cone powder in biodegradable PCL matrix. They have found that pine cone powder at higher loading showed poor performance due to poor interfacial bonding resulted from agglomeration of the microparticles [21][22][23]. Samy Yousef et al., made an attempt to analyse the mechanical and thermal properties of non-metallic components of recycled woven fibreglass and epoxy resin from waste printed circuit boards. The unmodified samples (without holes) had the most stress with 92 Mpa and strain more by 4.7% and sample with hole had reduction of 41% and 1.55% in stress and strain respectively, in thermal properties melting temperature was around 146-175 c for plane the temperature was 165.12 c and crystalline degree decreased by 17%. Due to the presence of notches, the strength of recovered fibreglass declined by 48% [24].

In the present research study, polycaprolactone (PCL) was utilized as a continuous phase and pine cone particles (PCP) with 0-45% weight fraction and graphite powder 0-15% weight fraction were employed as the discontinuous phase. Extracted pine cone was reinforced with PCL by altering weight-fraction and improved the biodegradation characteristics. It was discovered that elongation and toughness characteristics were first increased and then decreased on raising the pine cone weight fraction. The foremost objectives of this investigation are to observe water absorptivity, biodegradability, and fracture energy. Further mechanical properties were enhanced by modifying the continuous phase through graphite addition.

Experimentation

Pine cones were collected from lower Himalayas of Northern India. The density of extracted fibres was calculated by ASTM D792-91 and reported as 0.168 gm/cm 3 [25]. The extraction of pine cone fibre from collected pine flower was depicted in Figure 1. Extracted pine fibres were first treated with an alkali solution to wash out the unwanted biological extracts such as cellulose, hemi-cellulose, and lignin (Figure 2). Treated fibres (Figure 1c) were then ground down to a 200-micron particle size before being incorporated in polycaprolactone, which was purchased from Sigma Aldrich Inc., Anekal Taluk, Bangalore, India and specimens were fabricated with varying weight fractions of fibres and designations as illustrated in Table 1. Pine cones in their ground form were used as reinforcement.

Polymers 2021, 13,3260 Weak interfacial adhesion between pine cone and PCL was reported from previous studies [7]. To compatiblize the present combination of fibre and resin, graphite powder was used. Water absorption was performed with the specimens as per ASTM D570.

Following standards were used for calculations Diffusion-coefficient:

D = π m 2 l 2 /16W 2 ∞ (1) Sorption-coefficient: S = W ∞ /W t (2) 
Permeability-coefficient:

P = D × S ( 3 
)
where m is gradient of the linearity-portion of the sorption-curvature and l is the initial thickness of the sample. W ∞ and W t are molar-percentages of water-uptake at infinite-duration and at time t.

Water-absorption value was evaluated as per the formula:

W t -W 0 W t × 100% (4) 
Thickness-swelling was determined as per the formula:

T t -T 0 T t × 100% (5) 
where, T 0 and T t is the specimen thickness without absorption and at time t. Disintegration tests of developed specimens were conducted in composting condition according to ISO 20200 standard-procedure, by using commercialized composting (Figure 3) with sawdust, rabbit-food, starches, oils, and urea [26]. Weak interfacial adhesion between pine cone and PCL was reported from previous studies [7]. To compatiblize the present combination of fibre and resin, graphite powder was used. Water absorption was performed with the specimens as per ASTM D570.

Following standards were used for calculations Diffusion-coefficient:

𝐷 = 𝜋 𝑚 𝑙 16𝑊 (1) 
Sorption-coefficient:

𝑆 = 𝑊 𝑊 (2) 
Permeability-coefficient:

𝑃 = 𝐷 × 𝑆 ( 3 
)
where m is gradient of the linearity-portion of the sorption-curvature and l is the initial thickness of the sample.

𝑊 and 𝑊 are molar-percentages of water-uptake at infinite-duration and at time t.

Water-absorption value was evaluated as per the formula:

𝑊 -𝑊 𝑊 × 100% (4) 
Thickness-swelling was determined as per the formula:

𝑇 -𝑇 𝑇 × 100% (5) 
where, 𝑇 and 𝑇 is the specimen thickness without absorption and at time t. Disintegration tests of developed specimens were conducted in composting condition according to ISO 20200 standard-procedure, by using commercialized composting (Figure 3) with sawdust, rabbit-food, starches, oils, and urea [26]. 

The percent volume-fraction of void-spaces in composites was estimated employing the underlying correlation: Disintegrability % = 𝑊 -𝑊 𝑊 × 100%

𝑉 = 𝜌 -𝜌 𝜌 × 100 (7) 
The percent volume-fraction of void-spaces in composites was estimated employing the underlying correlation: The samples were dehydrated over 24 h at 23 • C and 50 percent relative-humidity prior to analysis.

𝑉 = 𝜌 -𝜌 𝜌 × 100 (7) 
The disintegrability values for every buried specimen have been determined by employing the accompanying formula:

Disintegrability (%) = W 0 -W t W 0 × 100% (6) 
The percent volume-fraction of void-spaces in composites was estimated employing the underlying correlation:

V v = ρ th -ρ ac ρ th × 100 (7)

Results and Discussion

Water Absorptivity

Water resistance tests were performed at 23 • C and 50% humidity. Figures 6 and7 illustrated the variation of water-absorption (WA) and thickness-swelling (TS) respectively with time for different wt % of PCP in PCL matrix. The percentage values of WA of prepared composites were revealed to be raised [27] with an increase in weight percentage Polymers 2021, 13, 3260 of PCP. Higher absorption percentages were observed for higher wt % of PC as compared to neat PCL. However, water absorption values for 15 wt % loading of PC were found to stabilize at 2% for the entire period of observation. TS tests have revealed that the composites with 15 wt % of PCP have shown higher dimensional stability as compared to other composites. The diffusion coefficient is a material property that describes how solvent molecules migrate through solids, whereas the sorption coefficient is correlated to a saturation of water absorbed by composites. Higher values of sorption coefficient mean that a composite gets saturated in less time, whereas lower sorption coefficient values indicate a longer period until saturation. The cumulative influence of the diffusion coefficient and the sorption coefficient is given by that of the permeability coefficient. Fick's law has been utilized to elucidate the diffusing characteristics of composites [28]. Table 2 showed the values of water absorption parameters for different composite designations. It was evident from the results that neat PCL had maximum sorption coefficient as compared to the samples with PCP content, which displays that pine cone enhanced the hydrophobicity of the composite. Results of absorption tests also revealed that, among the composite fractions, a 30% weight fraction produces better results for sorption, diffusion, and permeability coefficients which indicates that this specimen is best suited for practical applications and this trend was also supported by void volume results presented earlier. Where, 0% is the neat matrix with no fibre; 15% is the fibre wt %; 30% is the fibre wt %; and 45% is the fibre wt % and the rest is the matrix with additives. Where, 0% is the neat-matrix with no fibre; 15% is the fibre wt %; 30% is the fibre wt %; and 45% is the fibre wt % and rest is the matrix with additives.

For graphite samples, the water absorption rate becomes constant after or around 90 h. Whereas, for the P45G0 sample, it was around 84 h. Hybridisation of PCL-PCP compo- Where, 0% is the neat matrix with no fibre; 15% is the fibre wt %; 30% is the fibre wt %; and 45% is the fibre wt % and the rest is the matrix with additives. Where, 0% is the neat matrix with no fibre; 15% is the fibre wt %; 30% is the fibre wt %; and 45% is the fibre wt % and the rest is the matrix with additives. Where, 0% is the neat-matrix with no fibre; 15% is the fibre wt %; 30% is the fibre wt %; and 45% is the fibre wt % and rest is the matrix with additives.

For graphite samples, the water absorption rate becomes constant after or around 90 h. Whereas, for the P45G0 sample, it was around 84 h. Hybridisation of PCL-PCP composites with graphite has somewhat declines the moisture-uptake performance of pine cone Polymers 2021, 13,3260 Where, 0% is the neat-matrix with no fibre; 15% is the fibre wt %; 30% is the fibre wt %; and 45% is the fibre wt % and rest is the matrix with additives. Figure 6 also gives a relation between curve behavior and hydrophilic character of the developed composites. P45 with maximum fibre wt % showed the most water absorption as compared to the samples with low fibre content (P0, P15, P30) which concludes that exposed fibre increased the hydrophilic character in the composite. The region of the curves for all specimens above square root of time from 25 to 60 h show that the substantial rise in the water absorption is due to hydrophilicity of the pine fibre and also due to cellulosic content present in the fibre which causes swelling of the fibre. The hydroxyl group present in the material structure reacts with the hydrogen bond of water molecules and results in high water absorption [29,30]. From the time of 90 h on the X-axis, it can be seen that nearly every specimen reached the saturation point of water uptake and therefore the curves start to flatten, following the Fickian diffusion. Further incorporation of graphite in P45 specimens was also tested for water absorption and thickness swelling, results revealed that graphite micro particles get settled in void, shown in SEM images, thus reducing the water uptake of the specimens as the graphite content increased, as illustrated in Figure 7.

For graphite samples, the water absorption rate becomes constant after or around 90 h. Whereas, for the P45G0 sample, it was around 84 h. Hybridisation of PCL-PCP composites with graphite has somewhat declines the moisture-uptake performance of pine cone fibre composite. It was also evaluated from the Figure 8 that at 5%, 10%, and 15% of graphite the water uptake percentage decreases by 67%, 51.5%, and 61% respectively. This behaviour of graphite was depicting that presence of graphite reduces the hydrophobicity of the pine cone and fill the void-spaces existing in the vicinity of the fibres. Where, 0% is the neat-matrix with no fibre; 5% is the fibre wt %; 10% is the fibre wt %; and 15% is the fibre wt %, and rest is the matrix with additives. Where, 0% is the neat-matrix with no fibre; 5% is the fibre wt %; 10% is the fibre wt %; and 15% is the fibre wt %, and rest is the matrix with additives.

TS results also shows the same behaviour of graphite loading and dimensional stability alters by a large amount for 15% loading. All the samples with graphite loading show dimensional stability after or around 90 h of water absorption (Figure 9). Table 3 shows the Polymers 2021, 13, 3260 values of water-absorption parameters for diverse composite samples loaded with graphite. It was evident from the results that samples without graphite content have maximum sorption coefficient as compared to the samples with graphite content, which displays that graphite enhanced the hydrophobicity of the composites. Where, 0% is the neat-matrix with no fibre; 5% is the fibre wt %; 10% is the fibre wt %; and 15% is the fibre wt %, and rest is the matrix with additives. Where, 0% is the neat-matrix with no fibre; 5% is the fibre wt %; 10% is the fibre wt %; and 15% is the fibre wt %, and rest is the matrix with additives. 

Biodegradability

Use of ligno-cellulosic material as a natural fibre reinforcement improves the microbial-attack and bio-degradation by endorsing bio-fouling. Biodegradation rate generally depends on the interfacial adhesion of fibre-matrix interactions and hydrophilicity of the polymeric matrix [31,32]. The disintegration study was taken for 75 days, when PCL/PCP biocomposites were 90% disintegrated, according to the ISO 20200 (ISO 20200:2006), for a biodegradable material. Biocomposites comprising 15-45 wt % of PCP presented massive Where, 0% is the neat-matrix with no fibre; 5% is the fibre wt %; 10% is the fibre wt %; and 15% is the fibre wt %, and rest is the matrix with additives. 

Biodegradability

Use of ligno-cellulosic material as a natural fibre reinforcement improves the microbialattack and bio-degradation by endorsing bio-fouling. Biodegradation rate generally depends on the interfacial adhesion of fibre-matrix interactions and hydrophilicity of the polymeric matrix [31,32]. The disintegration study was taken for 75 days, when PCL/PCP biocomposites were 90% disintegrated, according to the ISO 20200 (ISO 20200:2006), for a biodegradable material. Biocomposites comprising 15-45 wt % of PCP presented massive disintegration-rate that neat PCL as showed in Figure 9. Test specimens displayed substantial change in their disintegration rate after 20 days of the burial with a nominal roughing and hole formation. Initial PCL degradation was due to ester cleavage and diffusion of oligomeric species causing bulk weight loss [33]. Further biodegradation process was due to the water absorption by PCL matrix. Slow initial degradation was resulted due to hydrophobic nature of PCL. In this sense, addition of PCP accelerated the rate of water-absorption and facilitate the transfer of water to PCL matrix, and higher PCP content enhances the biodegradation of PCL matrix [34]. In later stages, breakdown of cellulosic chains contributes to the higher weight reduction suffered by the biocomposites.

Lignocellulosic natural fibre reinforcement modifies the microbe-based attack and enhances the biodegradation by initiating bio-fouling. The rate of biodegradation greatly depends on the interfacial adhesion of fibre-matrix interactions and hydrophilicity of the polymeric matrix [35]. In the present work developed biodegradable polymer composite was compatibilized with graphite at different weight fraction. Disintegration study of the developed composites were taken for 75 days, when PCL-G-PCP bio-composites were Polymers 2021, 13, 3260 90% disintegrated, according to the ISO 20200 [26], for a biodegradable material. Biocomposites containing low graphite content showed higher disintegration rate as showed in Figure 10. PCL-G-PCP specimens showed considerable change in their disintegration rate after 30 days of the burial with a nominal surface roughing and holes formations. Initial matrix degradation was due to cleavage of ester bonds and diffusion of oligomeric species causing considerable weight loss [31]. Further biodegradation process was due to the water absorption by PCL matrix. Slow initial degradation was resulted due to hydrophobic nature of PCL approximately for first 10 days. In this sense, addition of PCP accelerated the rate of water absorption and facilitate the transfer of water to PCL matrix, and higher PCP content enhances the biodegradation of PCL matrix [36]. In later stages (encircled in figure and in last 5-10 days), breakdown of cellulosic chains contributes to the higher weight reduction suffered by the bio-composites.

chains contributes to the higher weight reduction suffered by the biocomposites.

Lignocellulosic natural fibre reinforcement modifies the microbe-based attack and enhances the biodegradation by initiating bio-fouling. The rate of biodegradation greatly depends on the interfacial adhesion of fibre-matrix interactions and hydrophilicity of the polymeric matrix [35]. In the present work developed biodegradable polymer composite was compatibilized with graphite at different weight fraction. Disintegration study of the developed composites were taken for 75 days, when PCL-G-PCP bio-composites were 90% disintegrated, according to the ISO 20200 [26], for a biodegradable material. Bio-composites containing low graphite content showed higher disintegration rate as showed in Figure 10. PCL-G-PCP specimens showed considerable change in their disintegration rate after 30 days of the burial with a nominal surface roughing and holes formations. Initial matrix degradation was due to cleavage of ester bonds and diffusion of oligomeric species causing considerable weight loss [31]. Further biodegradation process was due to the water absorption by PCL matrix. Slow initial degradation was resulted due to hydrophobic nature of PCL approximately for first 10 days. In this sense, addition of PCP accelerated the rate of water absorption and facilitate the transfer of water to PCL matrix, and higher PCP content enhances the biodegradation of PCL matrix [36]. In later stages (encircled in figure and in last 5-10 days), breakdown of cellulosic chains contributes to the higher weight reduction suffered by the bio-composites. 

Fracture Energy

Fracture energy of the developed bio-composite was found to be optimized at 30% weight fraction of pine cone particle as shown in Figure 11. Initially the fracture energy was decreased as introducing fibres at 15% weight fraction in the matrix [37]. After increasing the weight fraction to 30%, the energy required for crack initiation was increased by 68%. Then it further decreases as weight fraction was increased to 45%, due to the increase in void content. This trend of the tear results was supported by water absorption results (permeability coefficient), in which a 30% weight fraction specimen of bio-composite shows minimum water permeability which was due to the lower void content in the vicinity of the particles clearly observed in SEM results shown in Figure 12. The presence of voids hampers the stress transfer from matrix to fibre phase resulting in higher fracture energy at 30% than at 45% weight fraction [38][39][40].

Polymers 2021, 13, 3260 by 68%. Then it further decreases as weight fraction was increased to 45%, due to the increase in void content. This trend of the tear results was supported by water absorption results (permeability coefficient), in which a 30% weight fraction specimen of bio-composite shows minimum water permeability which was due to the lower void content in the vicinity of the particles clearly observed in SEM results shown in Figure 12. The presence of voids hampers the stress transfer from matrix to fibre phase resulting in higher fracture energy at 30% than at 45% weight fraction [38][39][40]. The experimentally measured and theoretical densities of developed composites were depicted in Table 4. The difference calculated between experimental and theoretical densities of the developed composites gives an idea of the voids in the fabricated composites which adversely affect the properties significantly [36]. The difference in surface tension of matrix and fibre is one of the reasons for void creation in mechanical stirring. Increasing the content, increases the void content. Another reason for increased void content is agglomeration of particles at higher weight fractions. 

Morphology

Micrographs for various weight fractions (15%, 30%, and 45%) of PCP in PCL have been shown in Figure 13 and for different wt % (5%, 10%, and 15%) of graphite loading have been shown in Figure 14. Composites with 15 weight fraction reinforcement shows better interfacial adhesion with the PCP particles as compared to 30 and 45 weight fractions [31]. A closer observation at higher magnifications of graphite loaded samples shows The experimentally measured and theoretical densities of developed composites were depicted in Table 4. The difference calculated between experimental and theoretical densities of the developed composites gives an idea of the voids in the fabricated composites which adversely affect the properties significantly [36]. The difference in surface tension of matrix and fibre is one of the reasons for void creation in mechanical stirring. Increasing the content, increases the void content. Another reason for increased void content is agglomeration of particles at higher weight fractions. 

Morphology

Micrographs for various weight fractions (15%, 30%, and 45%) of PCP in PCL have been shown in Figure 13 and for different wt % (5%, 10%, and 15%) of graphite loading have been shown in Figure 14. Composites with 15 weight fraction reinforcement shows better interfacial adhesion with the PCP particles as compared to 30 and 45 weight fractions [31].

A closer observation at higher magnifications of graphite loaded samples shows that all the graphite granules were well-connected and the pores which are clearly visible in unmodified samples were filled with graphite filler (Figure 13). Uniform blending of graphite at higher graphite loading percentages can be easily seen by micrographs. Micrographs had shown sites of voids for water accumulation which further hamper adhesion and water resistance properties [41][42][43][44][45][46].

Polymers 2021, 13,3260 the voids in the agglomerated fibres, thus imparting graphite composites with lower tendency for water absorption. ii. Bio-composites reinforced with 15-45 wt % of PCP showed higher bio-disintegration than neat PCL. iii. Bio-composites containing low graphite content also showed higher disintegration rate. iv. Fracture energy was found to have negative slope with increasing fibres from 0-45 weight fraction in the matrix. After increasing the weight fraction to 30%, the energy required for crack initiation was increased by 68%. Then it further diminishes as weight fraction of fibre was increased to 45%, due to the increase in void content. v.

Microscopy of the composite fractured surfaces depicts the uniform dispersion of PCP particle embedded in PCL matrix at higher fraction of reinforcement. Pine cone particles (PCP) at 15 weight fractions in PCL matrix was observed.

This study presented a novel approach to utilize pine forest fuel as an alternative for synthetic reinforcements in a polymer matrix. Tensile, flexural, water absorption and morphology for the developed material were analysed and reported. Experimental values depict the behavior of reinforcement over the evaluated properties, and it was found that all specimens have achieved at-par performances for utilization as non-structural panels.

Introduction

Fiber-reinforced polymer composite materials are the modern materials applied in various applications such as automobile interiors, construction articles, transportation materials, packaging, and household ware [1][2][3]. The prerequisite necessary for all the aforementioned applications is good strength, stiffness, durability, flexibility, etc., which a composite does exhibits as reported by several literatures in the past decades [4][5][6]. Synthetic fiber-reinforced polymer composites have several advantages such as extremely high strength comparable to metals but have several demerits such as high carbon release in the environment, non-disposable leading to soil degradation, high cost, etc. [7]. On the other hand, natural fiber reinforced polymer composites exhibit quite remarkable mechanical properties but far lower than synthetic counterparts [8][9][10]. To optimize parameters such as strength, cost, etc., and minimize the hazardous environmental effects, hybridization of natural and synthetic fiber has been performed. For instance, the hybrid composite was prepared by incorporating Cocos nucifera and Lufa cylindrical fiber at a weight fraction of 30% in the mix of MEKP and cobalt naphthenate and reported that mechanical properties improved by 31%. It was also reported that changing the fiber ratio in the composition led to alteration of property from ductile to brittle [11]. The addition of cellulosic fiber (banana, abaca, jute, and hemp, wood) in glass fiber reinforced polymer hybrid composite yields higher mechanical strength than composite containing only glass fiber [12][13][14]. Analysis of the hybrid composite of synthetic-synthetic fiber [15] and plant-animal fiber [16,17] have also been carried out and reported improved results regarding mechanical properties. Kevlar-kenaf fiber reinforced polymer hybrid composite was fabricated to investigate mechanical properties [18,19] and reported that significant enhancement can be obtained in the impact properties at 40 wt% of fiber reinforcement. Automobile door panels and several automotive parts are under consideration to be manufactured from the hybrid composite of hemp and kenaf fiber [20].

Glass fiber is one of the strongest known fiber primarily used as a chief reinforcing material in the polymer composite with a wide range of applications. However, due to its high cost, several natural fibers were reinforced to make the composite economic. In addition, glass fiber is highly brittle and, therefore, mostly reinforced with ductile natural fiber to reduce the brittleness of hybrid polymer composite [21]. In recent times, various natural fibers have been reinforced with glass fiber to enhance the mechanical properties and wear resistance of glass fiber polymer composite. For instance, reinforcement of fibers such as bamboo, sisal, and wood in glass fiber composite enhanced tensile, flexural, and impact properties of hybrid composite [22][23][24]. Silica nanoparticles filled glass fiber reinforced epoxy composites yield five times higher fatigue strength than virgin glass fiber composite [25]. Fracture strength, interlaminar shear strength, flexural strength, and impact strength were improved by incorporating flax, basalt, and jute fiber in glass fiber reinforced polymer composite [26][27][28][29]. It has been observed that the weightage of natural fiber was kept below the weightage of glass fiber in the hybrid composite to obtain optimum mechanical strength [30][31][32]. The mechanical and tribological properties of a hybrid composite comprising more than two fibers, primarily two natural and one glass fiber, were also investigated. In this regard, glass fiber/sisal fiber/chitosan reinforced polymer sandwich were fabricated for orthopaedic fracture application and reported impressive wear resistance and modulus [33]. Hybridization of 10% jute and 10% tea leaf fiber in glass yielded mechanical strength of such value that can even replace virgin glass fiber composite [34]. Reinforcing jute, sisal, kenaf, or combining the two in glass fiber reinforced polymer composites also improves the mechanical properties. [35,36].

Material erosion caused by hard particles is one of several types of material degradation categorized as wear. Polymers composites also work under different working conditions, requiring an analysis of their wear activities before they are located in a real environment. Several studies have been reported in the past for the investigation of erosive wear of polymer composite containing different types of fiber and fillers [37]. For instance, glass fiber reinforced polymer composite filled with micro silica and zinc oxide was fabri-Polymers 2021, 13, 3607 cated via vacuum-assisted method and investigated for erosive wear behavior at a different impingent angle ranging from 20 • to 90 • [38]. It was reported that silica fumes enhanced the composite's erosive wear resistance, while zinc oxide promoted erosive wear.

Moreover, increasing the impingement angle and size of erodent particles increased the erosive wear. The incorporation of marble dust in glass fiber reinforced polymer composite reduces erosive wear of the fabricated composite, as marble dust increases the hardness and stiffness of the composite surface [39]. Diversifying the process parameters and input variables such as matrix type, filling material, and manufacturing method can reduce the erosive wear of the manufactured composites. Calcium carbonate (CaCO 3 ), barium sulphate (BaSO 4 ), and tungsten carbide (WC) filled glass fiber reinforced PA/ABS composite prepared by injection molding exhibited relatively lower erosive wear at higher impingement angle, i.e., 90 • or 75 • [40-42]. However, the incorporation of CaCO 3 and BaSO 4 promoted ductile and semi ductile erosive wear while WC promoted brittle wear of the composite. Treatment of fiber by chemical agents plays a crucial role in enhancing the resistance of composite against erosive wear. Benzoylated treated areca sheath fiber reinforced polyvinyl chloride exhibited lower erosive wear than untreated areca sheath fiber-reinforced composite [43]. In addition, fiber treatment encourages good bonding between fiber and matrix resulted in low erosive wear efficiency. The erosive wear of carbon and glass fibre reinforced composites demonstrated that they could attain excellent erosive wear resistance without using any ceramic filler; however, this was not the case with natural fibre reinforced composites. [44]. It is interesting to observe from the literature that synthetic fiber reinforced composites exhibited lower erosive wear than natural fiberreinforced polymer composite. Jute fiber has excellent strength, good UV protection, low thermal conduction and attractive anti-static properties which qualifies it a good reinforcing material. In addition, low cost Grewia optiva fiber, low density, easily available in the Himalayan region contains high amount of pectin (jelling and thickening agent) which is advantageous in making good bonding with polymeric chain and can be useful in a way of making cheaper and lighter prosthesis with good mechanical and tribological properties. As discussed in the literature, research on the erosive wear of composites combining both natural and synthetic fibers has been limited. As a result, the current research focuses on the hybridization of synthetic and natural fibres and compares the erosive wear of composites comprising three different resins: epoxy, polyester, and vinyl ester, using the Taguchi methodology as shown in the Figure 1. Polymers 2021, 13, 3607

Experimentation 2.1. Materials

Bisphenol resin and epichlorohydrin were purchased from HEXION Specialty Chemicals Pvt. Ltd. Karnataka and mixed in the ratio of 5:1 for the preparation of epoxy (Epikote Resin 828), having good chemical resistance, internal adhesion, and appropriate wetting pigment. Esterification of epoxy with unsaturated mono carboxylic acid purchased from Amtech Ester Pvt. Ltd. Delhi was performed to prepare vinyl ester and dissolve the reactant in the solution of the solution styrene to provide stability to the prepared vinyl ester. Dibasic organic acids with polyhydric alcohols were purchased from Yes composites India Ltd. New Delhi and mixed in the appropriate ratio for the preparation of polyester.

Strand of chopped glass fiber having good strength and high insulating properties were procured from Yes composite Ltd. Natural fibers, i.e., jute and Grewia optiva were purchased in the form of bi-directional mat locally from the Uttarakhand Bamboo Board (India). These fibers were treated from NaOH solution with 8% concentration and then washed in distilled to remove dirt and dust present on the surface of fibers. Fibers used in the present investigation are shown in Figure 2. 

Methods

The composite samples were made using the hand lay-up approach, as shown in Figure 3. Glass plates measuring 500 × 300 × 4 mm 3 were utilized as molding plates for composite manufacturing. Double-sided tape was used on all sides of the molding plate to achieve the desired thickness and secure the side bidding of the fabricated composite. Silicon spray was used over the molding plates to avoid the sticking of the sample with the plates. Firstly the resin was poured over the molding plates and evenly dispersed with the help of a steel roller, after which the natural and synthetic fibre mat of known percentage were placed one by one over the resin. Subsequently, the remaining resin was spread evenly over the mat with the help of a roller. Finally, a 15 kg load was held above the sample and left to cure. The composite sample was taken out of the mould and cut to the appropriate dimension for erosive wear characterization after 24 h of curing, as shown in Figure 4. Samples fabricated by varying fiber weightage are illustrated in Table 1. Considering Table 2, if all the experiments are to be performed, it will be 81 numbers for three control factors and four levels. It will become cumbersome and laborious. Moreover, a lot of time and energy will be required, which makes it a costly deal. Alternatively, the Taguchi approach can be applied, which uses an orthogonal array to break down the 81 numbers in just a handful of experiments offering enough control factors as provided by 81 experiments. Here, L 16 orthogonal array has been constructed as shown in Table 3 for the investigation in the Minitab to analyse erosive wear. Moreover, signal to noise (S/N) ratio was analysed using lower the better characteristics as per equation 1to examine the erosive wear of the composite samples. Lower-the-better characteristic:

S/N ratio = -10log 1 n ∑ n i=1 y i (1) 
Here, y is erosive wear and n is number of experiments.

Literature-Based on Erosive Wear Analysis of Polymer Composites Using Taguchi Approach

The erosive wear analysis of fiber/filler reinforced polymer composites has been carried out recently at different impact velocities, filler content, impingement angle, erodent size, etc., as shown in Table 4. Several types of orthogonal array have been used to examine the effect of different control factors on the erosive wear of composite. Table 4 suggests that erosive wear gets significantly affected by altering the controlling factors. Initially, orthogonal arrays were used only for composite containing epoxy or polyester based composites. But limited or none of the studies were done on vinyl ester-based composites.

Polymers 2021, 13,3607 Furthermore, the effect of three fibers in a composite with different resins has rarely been investigated. Note: Impact velocity: (m/s), erodent size: (mm), impingement angle: (degree), stand-off distance: (mm), normal load: (N), sliding distance: (m), fiber/filler content: (weight percentage), fiber length: (mm).

Results and Discussions

Mechanical Properties

The properties shown in Table 5 are the average of 3 readings taken for each sample which has taken from previous research [55]. When the tensile strength of composites was compared, it was discovered that epoxy-based composites had the maximum tensile strength, 72 MPa, at 15 wt% loading of jute and Grewia optiva fibre. However, in the case of flexural strength, the vinyl ester based composites outperformed both epoxy and polyester-Polymers 2021, 13,3607 based composites with the highest value of 48 MPa at 5 wt% loading of both jute and Grewia optiva fiber. The impact and hardness values were found to be higher for epoxy-based composites. The properties depicted in the Table 5 shows that the fiber reinforcement in epoxy is more advantageous than reinforcement in vinyl ester and polyester due to higher overall enhancement of mechanical properties. The reduction of the mechanical property in viny ester and polyester composites can be related to the photochemical degradation, plasticizing effect, and weak interfacial adhesion, weakening the interface between the matrix and fillers. On the other hand, epoxy-based composites accomplish efficient mechanical interlocking between the fibre and epoxy, resulting in good stress transfer from the epoxy to the fiber [56,57]. 

Taguchi Analysis of Erosive Wear

On the prepared composites, three control factors and four levels were investigated using the L 16 orthogonal array. The analysis of several combinations of control factors was performed using Minitab 15. Erosive wear rates of different resin-based composite and their corresponding S/N ratio have been presented in Table 6. Furthermore, the effect of control factor on the erosive wear with the respective ranking is tabulated in Table 6. Observations revealed that the control factor which influenced erosive the most was found to be impact velocity. The effect of fiber content on erosive wear was low as compared to impact velocity but quite considerable. Impingement angle has the least effect on erosive wear among all the three control factors. Further, a graph of control factors at different levels is shown in Figure 4. For epoxy-based composites, it can be concluded from Table 6 that erosive wear increases with the increase in impact velocity and is found to be minimum at an Impact velocity of 30 m/s, 15 wt% fiber reinforcement and impingement angle of 90 • whereas maximum erosive wear was obtained at 60 m/s 0 wt% fiber reinforcement and impingement angle of 90 • . This indicates that the addition of fiber in epoxy does not necessarily influence the erosive wear but also the impingement angle. When the erodent particles hit the composite surface, the epoxy material is first contacted and then the reinforcement after the erosion. The Rockwell hardness of epoxy is relatively high, with an outstanding value of 80 number, which is capable of bearing the impact of erodent particle at such high velocity. The respective S/N ratio at 3rd run and 13th run erosive wear is also the evidence for minimum and maximum erosive wear.

Polymers 2021, 13, 3607 The p-value of control factors or vinyl ester-based composites is shown in Table 9. It was observed that the value of p for impact velocity is 0.0031, which is lower than the assumed p-value, i.e., 0.05, and is the most significant factor for the analysis of erosive wear. The next significant factor was fiber content with the p-value of 0.275. Impingement angle was observed to be the least significant factor as per the ANOVA Table 9. The contribution of all the factors for vinyl ester-based composites with the highest contribution of impact velocity has a value of 61.82%, followed by fiber content with the contribution factor of 17.15% and the least contribution of impingement angle with 0.37% is shown in Figure 8. The p-value of control factors or polyester-based composites is shown in Table 10. It was observed that the value of p for impact velocity is 0.001, which is lower than the assumed p-value, i.e., 0.05, and is the most significant factor for the analysis of erosive wear. The next significant factor was fiber content with a p-value of 0.043. Impingement angle was observed to be least significant factor as per the ANOVA Table 10. The contribution of all the factors for epoxy-based composites with the highest contribution of impact velocity has a value of 77.75%, followed by fiber content with the contribution factor of 13.53% and least contribution of impingement angle with 3.44% is shown in Figure 9. 

Morphological Analysis

The Figure 10 illustrates the mechanism took place during the wear examination of all three types of composites at highest fiber loading. Epoxy based composites as shown in Figure 10a exhibited fiber pull out leading to exposure of fibers with the wear surface [56][57][58][59][60][61][62]. The patches of ploughing at macro level have also been observed which may be considered as the major factor in the wear of the composite. However, the overall wear of epoxy-based composites reduced by the interaction of fiber with the mating surface took place by fiber pull out. It is to be noted that addition of jute and grewia fibers in the glass fiber-epoxy composites increases the erosive wear till 10 wt% of loading. However, on increasing the natural fiber weightage beyond 10% loading, the erosive wear behaviour reduces significantly. Large wear debris was spotted in vinyl ester-based composites (Figure 10b). These wear debris formed due to the detachment of sub polymeric material from base material due to low van der wall forces. Here, the exposure of fiber is negligible which somehow can be linked to the comparative higher wear than epoxy-based composites. In case of polyester composites (Figure 10c). The bonding between the natural fiber and ester group of vinyl ester and polyester matrix is comparatively low as compared to epoxy-natural fiber bonding which triggered more fiber detachment. Interestingly, at Polymers 2021, 13, 3607 higher natural fiber loading (15 wt% jute and grewia), the improvement in the erosive wear was not significant as obtained in the study. Apparently, the erosive wear examination revealed that main wear mechanism responsible for material removal is groove formation and micro-ploughing [63][64][65]. A close examination also discloses brittle fractures at some parts, which shows that a small amount of impact forces was also acting on the samples. Polymers 2021, 13,3607 The scientometric analysis emphasizing the highlights especially on several of the most notable biocomposite material findings available in the literary works with a prominence on the biocompatibility, and material characteristics of biocomposites for artificiallimp/prosthetic applications as displayed in the Figure 11. Novel bio-based composites have mostly been evolved in response with a burgeoning consumption for eco-friendly sustainable materials and the willingness to minimise the expenditure with conventional fibres reinforced fossil-fuel derived composites. Investigators had already focused primarily on biocomposites, which are constituted of naturally or synthetic resins derived from the natural fibre-reinforcements. Natural fibres have significant upsides as they are a light-density material which tends to produce comparatively light-weight composites with slightly elevated unique characteristics [63][64][65][66][67][68][69][70]. Such filaments now provide substantial savings, efficient use of resources, and processability, and seems to be a profoundly renewable energy source, aiding to curtail dependence on international as well as household petroleum products. In the current context, self-sustaining environmentally sound approaches to traditional materials, explicitly glass-fibres, are now being deemed to be used in the lamination of artificial-limbs or prostheses connectors. Utilizing polymer's higher-thermal conversion power-density, delivery methods that rely on these compounds were being used in photo-thermal therapeutic-treatment [71]. The investigators had summarized the findings, emphasized that, whilst area is still very much in beginning phases, conjugated-polymeric/poly-electrolyte interfacial-interactions have vast potential for healthcare applications [71].

Throughout this perspective, one of the most important aspects of sustainable-development is being utilised the organic-matter (biomass), and its compounds as a predecessor of carbonmaterials [72]. A concise summarization of current developments in the synthesizing approach of self-sustaining carbon-compounds and their promising implications has been investigated. This report discusses fundamental observations and crucial recommendations for the eventual development of green carbon-materials and their burgeoning usage in catalytic and healthcare [72].

Metabolism fingerprinting of biological fluids record a wide range of disorders, and urinary-detecting, in particularly, provides ideal non-invasiveness towards upcoming diagnoses [73]. Owing with a restricted bio-markers and higher sampling intricacy, existing Polymers 2021, 13,3607 urinary identification provides major shortcomings and necessitates use of sophisticated materials to extract biomolecular data. Polymer@Ag generated urinary meta-bolic fingerprinting (UMFs) by LDI-MS within seconds employing approximately One Litre of urinary without enriching or purifying [73].

Selective target, trans-membrane distribution, transport, and stimulation responsiveness could all be integrated within peptide-based theranostic nanostructures [74]. Throughout the article, the researchers had discussed generalized principles for synthesising peptide-based therapeutic, and diagnostic nano-materials, with a focus on performance, design, and numerous bio-medical possibilities, and they have illustrated their significant development over the last five years [74].

The developed microchip identifies tiny metabolite-molecules in human plasma rapidly, sensitively, and preferentially without enriching or purifying [75]. On-chip plasma fingerprinting enable further distinction among women having ovarian/colorectal cancer & control-subjects, and also therapeutic assessment for significant medical surveillance. The research explored the use of laser-de-sorption or ionisation mass-spectroscopy in huge therapeutic medicinal towards vitro-testing [75].

The co-workers have proposed synthesized Palladium-Gold alloys using mass-spectroscopybased metabolite fingerprint, and assessment throughout the diagnostic and radiation treatment of medullo-blastoma [76]. Deep learning has been employed to identify medullo-blastoma individuals, whereas radiation therapy has been observed and an initial array of plasma metabolites-biomarkers was discovered exhibiting progressive alterations [76].

Conclusions

Natural fiber/synthetic fiber reinforced polymeric composites have been successfully fabricated with three different polymer resins by hand lay-up process for the analysis of erosive wear behavior. Taguchi technique L 16 orthogonal array was used to optimize the number of experiments. The obtained results from the investigation revealed that impact velocity is the most significant control factor in the analysis of erosive wear. The second most considerable control was fiber content, followed by impingement angle for all the composites. Polyester-based composites exhibited the highest erosive wear among all the composites, followed by vinyl ester. Epoxy-based composites showed the least erosive wear among all. The contribution charts found that impact velocity has the highest contribution in polyester-based composites, fiber content in vinyl ester composites, and impingement angle in epoxy composites. The morphological analysis exemplified the overarching wear-performance of epoxy-based composites reduced by the interaction of fibers with the contact mating-surface took place by fiber pull-out. Large wear debris was spotted in vinyl ester-based composites as revealed by the SEM analysis. These wear debris formed due to the detachment of sub polymeric material from base material due to low van der wall forces. In case of polyester composites, the examination revealed that main wear mechanism responsible for material removal is groove formation and micro-ploughing. The developed fiber-reinforced polymer sandwich composites are showing significant properties for orthopaedic, bone-fracture fixation applications. The present work can also be investigated for various other polymers such as PE, PC, PLA and PHB for further new possibilities of the composite for better performance. Fillers such as dolomite and marble dust powder can also be added in the composite to further enhance the erosive behaviour of the present composite.

Introduction

Fiber-reinforced polymer (FRP) composites are fabricated by blending reinforcing fibers with a polymer matrix [1]. In nearly all cases, combining a matrix and reinforcing fiber results in composites with higher mechanical properties compared to the single components [2,3]. Optimization of the fabrication parameters are often used to achieve an Polymers 2021, 13,3343 optimum level of overall composite quality [4][5][6]. However, under certain circumstances, the properties of single FRP composites might fail to meet the desired level of characteristics. Accordingly, scientists began to incorporate more than one type of reinforcing fibers in a single matrix, forming hybrid FRP composites [7][8][9]. The synergistic effects of hybridization between more than one fiber could overcome the drawbacks of single FRP composites. This technique is quickly gaining in popularity due to its ability to give the flexibility to alter the composite behavior, which is not possible with single FRB composites. It is essential to note that if the hybrid arrangement is not carefully planned, the resulting hybrid composite may have a lesser strength than its parts.

Glass fiber is a fine synthetic fiber made up of glass that typically comprises more than 50% of silica along with various mineral oxides such as calcium, iron, and aluminum oxides. It is extensively used as thermal, acoustical, and electrical insulation on its own [10]. Moreover, it is utilized as a reinforcing material for polymer composites owing to its lightweight characteristic, strength, versatility, and robustness [11]. Glass fiber reinforced composites are good in terms of performance and cost. Due to its reasonable price and unique properties, it is one of the most prominent reinforcing agents in the current and future segments [12]. Basalt fiber is a mineral-sourced fiber that originates from volcanic magma. The basalt fiber is manufactured by crushing, melting, and extruding molten basalt rocks through small nozzles, producing a fibrous form of basalt. It offers high thermal and chemical resistance, good adhesion to polymer, and high elastic modulus [13].

Recently, several experiments have been conducted to investigate the mechanical characteristics of the basalt/glass fiber reinforced polymer (BGRP), as shown in Table 1.

Basalt fiber is one of the materials considered as reinforcement with polymer composite. The incorporation of this fiber within the polymer composite, has resulted in high operating temperature range, excellent heat, good strength, good chemical resistance, low water absorption, and good sound insulation properties [14][15][16][17][18][19]. Barczewski et al. [20] evaluated the effect of hybridizing mineral basalt (B) powder with glass fiber in the polypropylene (PP) matrix using injection molding. It was discovered that increasing the amount of B filler resulted in decreasing the mechanical properties of the composites. A similar finding was also reported by Mahesh Babu et al. [21], whereby an increase in B filler caused a lower impact strength. Furthermore, the influence of the stacking sequence of hybrid BGRP laminates in terms of mechanical properties was also observed by El-Wazery [22]. It was revealed that there was an enhancement in the mechanical properties of basalt/carbon-reinforced polymer (BCRP) composites with stacking sequences (Carbon/Basalt/Carbon/Basalt/Carbon) as compared to the other stacking sequences (Glass/Basalt/Glass/Basalt/Glass). Moreover, the layering arrangement such as (Glass/Glass/Basalt/Glass/Basalt/Basalt) offered an outstanding tensile performance than the other laminate configurations. However, the hybrid composite still portrayed a lower performance as compared to the plain BFRP and GFRP composites [23]. Most of the studies reported that lamination between the basalt and glass fibers could offer a lower mechanical property as compared with the plain basalt or glass composite laminates [24][25][26]. Bozkurt et al. [24] evaluated the influence of the woven basalt fiber with an E-glass fabric reinforced with epoxy resin using vacuum-assisted resin transfer molding. By increasing the basalt fiber content in all the hybrid composite samples, considerable deteriorations in tensile strength and modulus were observed. In addition, Abd El-Baky et al. [25] mentioned that the tensile characteristics of BGRP composites were inferior compared to GFRP laminates. The authors advised that increasing the G-fiber content enhances the mechanical behavior. Likewise, Patel et al. [24] had concluded that the hybrid BGRP laminate showed the highest tensile strength. However, it demonstrated a lower impact strength as compared to the neat glass laminate. Interestingly, Jain et al. [27] developed hybrid BGRP composites with better flexural strength and lower tensile strength than the BRFP laminate. It runs contrary to the observations reported by Abd El-Baky et al. [25]. Moreover, Ozbek et al. [26] reported a lower value of impact strength of the BGRP sample. However, the result was comparably low in comparison to the levels described in the literature. In contrast, Sapuan et al. [28] stated that the findings Polymers 2021, 13,3343 was provided by Innovative Pultrusion Sdn. Bhd. (Negeri Sembilan, Malaysia). The chemical constituents and physical properties of the fibers are listed in Tables 2 and3, respectively. 

Fabrication of B/G/UP Hybrid Composites

Initially, the basalt fiber was cut into 300 mm pieces, while the woven glass fiber was cut into 300 × 300 mm squares to fit into a 300 × 300 × 5 mm steel mold. Individual layers of fiber were manually laid in the mold and compressed at a compression load of 40 tons. Figure 1 shows the method of laminating basalt fiber with glass fiber plies.
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Materials

The hybrid composites comprise roving basalt fiber, woven E-glass fiber, unsaturated polyester resin matrix, and methyl ethyl ketone peroxide (MEKP) catalyst. The roving basalt fiber was purchased from Basaltex NV (Wevelgem, Belgium), whereas the woven E-glass fiber was provided by Innovative Pultrusion Sdn. Bhd. (Negeri Sembilan, Malaysia). The chemical constituents and physical properties of the fibers are listed in Tables 2 and3, respectively. 

Fabrication of B/G/UP Hybrid Composites

Initially, the basalt fiber was cut into 300 mm pieces, while the woven glass fiber was cut into 300 × 300 mm squares to fit into a 300 × 300 × 5 mm steel mold. Individual layers of fiber were manually laid in the mold and compressed at a compression load of 40 tons. Figure 1 shows the method of laminating basalt fiber with glass fiber plies. The unsaturated polyester resin and the catalyst were combined with compressed fiber, yielding sandwich-structured hybrid composites. The compositions of fabricated composites are depicted in Table 4. The numbers in the sample designation indicate the composition of basalt and glass fibers. One neat unsaturated polyester resin and two non-hybrid reinforced composites were also fabricated. The matrix to fiber ratios for all the hybrid and single reinforced composites were maintained at 7:3. An example calculation of hybrid composite (sample B15/G15) is tabulated in Table 5. 

Chemical Structure of Composites

The FTIR spectra of B/GF/UP composites were obtained using an IR spectrometer (Thermo Nicolet Corporation, Nicolet 6700 AEM, Madison, WI, USA) in the range of 4000 to 400 cm -1 at a 4 cm -1 resolution. The composite samples were mixed with KBr, compacted into pellets, and analyzed afterwards.

Dynamic Mechanical Analysis

A dynamic mechanical analyzer (TA Instruments, Q800 DMA, New Castle, DE, USA) was used to determine the storage modulus, loss modulus, and damping factor Polymers 2021, 13,3343 modify the chemical properties of the composite. As no functional groups are present on the glass fiber's surface, no chemical modification can occur unless the glass fiber is chemically modified or grafted prior to incorporation in the polymer matrix [34]. Regarding the single basalt fiber reinforced composite (BF), the only apparent difference in the spectrum is the intensified peak at 2920 and 2850 cm -1 (C-H stretching). It was previously reported that the basalt fiber would exhibit a single absorbance peak at 1000 to 1200 cm -1 due to the Si-O-Si bond vibration and a minor peak at 2800 to 2900 cm -1 due to C-H stretching, which explains the intensified peak for the C-H stretching bands [35,36].

With regards to the hybrid fiber reinforced composites FTIR spectra (B22.5/G7.5, B15/G15, and B7.5/G22.5), no apparent differences between the single and hybrid composites were observed. All the characteristic bands that were observed in the spectra also appeared in the neat UP matrix. On this basis, it can be inferred that the hybridization of basalt and glass fibers in the matrix does not alter the chemical properties of the composites. Several studies have proposed to chemically treat the basalt fiber to improve the chemical bonding and fiber/matrix adhesion. In particular, Seghini et al. [36] conducted plasma polymerization on basalt fiber to enhance the adhesion with an epoxy matrix and found some chemical changes on the fiber surface via FTIR.

Dynamic Mechanical Properties

Storage Modulus

The storage modulus (E') is a measure of the stored energy in the elastic structure of a material that corresponds to the material's elastic response. This variable is particularly beneficial to evaluate the stiffness and elastic behavior of composites. The variation of the storage modulus with respect to the temperature for the fabricated composites are illustrated in Figure 3. 

Dynamic Mechanical Properties

Storage Modulus

The storage modulus (E') is a measure of the stored energy in the elastic structure of a material that corresponds to the material's elastic response. This variable is particularly beneficial to evaluate the stiffness and elastic behavior of composites. The variation of the storage modulus with respect to the temperature for the fabricated composites are illustrated in Figure 3. As evident from the storage modulus plot, the single reinforced composites (BF and GF) had higher storage modulus values compared to the neat UP. In particular, the GF composite showed a more substantial increment of storage modulus, from 3.70 × 10 9 MPa (UP) to 7.37 × 10 9 MPa at a near transition temperature range within 0 to -50 • C. Upon hybridization of both fibers, only the B7.5/G22.5 hybrid composite had a higher storage modulus (8.04 × 10 9 MPa) than BF (6.40 × 10 9 MPa) and GF (7.37 × 10 9 MPa). It appeared that the hybridization composition in B22.5/G7.5 and B15/G15 had a negative effect on the composites' elasticity as revealed by the reduction of storage modulus as compared to BF and GF. The high storage modulus of B7.5/G22.5 (high proportion of glass fiber) indicates that the glass fiber primarily contributes to the enhanced elastic property of Polymers 2021, 13, 3343 the hybrid composite. This statement is supported by the higher storage modulus GF than the BF composite, as shown in Figure 2. It can be deduced that a high proportion of glass fiber and a small amount of basalt in the hybrid composite promotes an efficient stress transfer between the reinforcing fibers and the unsaturated polyester composite, creating a positive hybrid effect on the elasticity [37,38]. A similar observation was also reported by Barczewski et al. for the glass fiber/basalt powder polypropylene hybrid composite, whereby a hybrid composite with higher glass fiber content portrayed the highest storage modulus [20]. The presence of basalt powder in the composite caused a gradual reduction of elasticity. The current finding also accords with the elastic modulus reported in their work. At a temperature range beyond 90 • C, the storage modulus values of all the composites dropped to a minimum and remained plateau, which portrays that the matrix has reached a rubbery state [39].

Loss Modulus

Contrary to the storage modulus, the loss modulus (E") is helpful to evaluate the viscous attribute of a polymeric material [40]. The quantification of the parameter is made based on the energy lost, that is dissipated as heat, when subjected to a load cycle [41]. The loss modulus plots of single and hybrid reinforced unsaturated polyester composites within -100 to 150 • C are depicted in Figure 4.

(UP) to 7.37 × 10 9 MPa at a near transition temperature range within 0 to -50 °C. Upon hybridization of both fibers, only the B7.5/G22.5 hybrid composite had a higher storage modulus (8.04 × 10 9 MPa) than BF (6.40 × 10 9 MPa) and GF (7.37 × 10 9 MPa). It appeared that the hybridization composition in B22.5/G7.5 and B15/G15 had a negative effect on the composites' elasticity as revealed by the reduction of storage modulus as compared to BF and GF. The high storage modulus of B7.5/G22.5 (high proportion of glass fiber) indicates that the glass fiber primarily contributes to the enhanced elastic property of the hybrid composite. This statement is supported by the higher storage modulus GF than the BF composite, as shown in Figure 2. It can be deduced that a high proportion of glass fiber and a small amount of basalt in the hybrid composite promotes an efficient stress transfer between the reinforcing fibers and the unsaturated polyester composite, creating a positive hybrid effect on the elasticity [37,38]. A similar observation was also reported by Barczewski et al. for the glass fiber/basalt powder polypropylene hybrid composite, whereby a hybrid composite with higher glass fiber content portrayed the highest storage modulus [20]. The presence of basalt powder in the composite caused a gradual reduction of elasticity. The current finding also accords with the elastic modulus reported in their work. At a temperature range beyond 90 °C, the storage modulus values of all the composites dropped to a minimum and remained plateau, which portrays that the matrix has reached a rubbery state [39].

Loss Modulus

Contrary to the storage modulus, the loss modulus (E") is helpful to evaluate the viscous attribute of a polymeric material [40]. The quantification of the parameter is made based on the energy lost, that is dissipated as heat, when subjected to a load cycle [41]. The loss modulus plots of single and hybrid reinforced unsaturated polyester composites within -100 to 150 °C are depicted in Figure 4. Apparently, all the composites exhibited similar loss modulus curve trends. A gradual increase at the low-temperature range (<50 °C), a linear surge at the transition region (50-70 °C), and eventually a steep drop of loss modulus at higher temperatures. Apparently, all the composites exhibited similar loss modulus curve trends. A gradual increase at the low-temperature range (<50 • C), a linear surge at the transition region (50-70 • C), and eventually a steep drop of loss modulus at higher temperatures. The highest point of the loss modulus curve can be used to compute the glass transition temperature (T g ). The neat UP showed the lowest loss modulus peak at 2.74 × 10 8 MPa, implying that the polyester molecular chains are more mobile without the fiber reinforcement [42]. All the reinforced composites exhibited remarkably high loss modulus particularly B7.5/G22.5 and GF composites with 1.32 × 10 9 MPa and 1.10 × 10 9 MPa peak modulus values. The higher peak values suggest that both composites, especially B7.5/G22.5, have a good fibermatrix bond strength compared to the rest. Both composites comprised higher loadings of glass fiber than the other composites, indicating that the glass fiber reinforcement is capable of improving the viscous property. The hybridization of basalt at 7.5 wt% and glass fiber at 22.5 wt% seemed to have a notable enhancement effect on the loss modulus. The enhancement of glass fiber reinforced composites' viscous response for the sisal/woven glass fiber reinforced polyester composite with higher glass fiber loading was also reported by Gupta and Deep [43]. The B22.5/G7.5 and B15/G15 hybrid composites showed marginally lower loss modulus peaks than the BF composite. Although exhibiting Polymers 2021, 13,3343 no viscous response improvement, the addition of basalt fiber at higher composition in the matrix had improved the composites' thermal stability, as evidenced by the peak shifting to a higher temperature range. This thermal stability enhancement is ascribable to the polymer chains segmental motion restriction caused by the reinforcing fiber [44]. The T g derived from the loss modulus curve will be described shortly.

Tan δ

The tan δ or damping factor is the ratio of loss modulus to storage modulus that represents a material's impact resistance and its elastic and viscous phase weightage [39,45]. A high tan δ value indicates that the material is more viscous and has high energy dissipation potential, whereas a low tan δ is associated with a highly elastic material capable of storing energy within its structure [46]. Figure 5 displays the tan δ plots of the fabricated single and hybrid reinforced unsaturated polyester composites within -100 to 150 • C. The peak tan δ values along with the T g derived from the tan δ and loss modulus curves are summarized in Table 6.

the glass fiber reinforcement is capable of improving the viscous property. The hybridization of basalt at 7.5 wt% and glass fiber at 22.5 wt% seemed to have a notable enhancement effect on the loss modulus. The enhancement of glass fiber reinforced composites' viscous response for the sisal/woven glass fiber reinforced polyester composite with higher glass fiber loading was also reported by Gupta and Deep [43]. The B22.5/G7.5 and B15/G15 hybrid composites showed marginally lower loss modulus peaks than the BF composite. Although exhibiting no viscous response improvement, the addition of basalt fiber at higher composition in the matrix had improved the composites' thermal stability, as evidenced by the peak shifting to a higher temperature range. This thermal stability enhancement is ascribable to the polymer chains segmental motion restriction caused by the reinforcing fiber [44]. The Tg derived from the loss modulus curve will be described shortly.

Tan δ

The tan δ or damping factor is the ratio of loss modulus to storage modulus that represents a material's impact resistance and its elastic and viscous phase weightage [39,45]. A high tan δ value indicates that the material is more viscous and has high energy dissipation potential, whereas a low tan δ is associated with a highly elastic material capable of storing energy within its structure [46]. Figure 5 displays the tan δ plots of the fabricated single and hybrid reinforced unsaturated polyester composites within -100 to 150 °C. The peak tan δ values along with the Tg derived from the tan δ and loss modulus curves are summarized in Table 6. As evident in the plot, UP showed the highest tan δ peak, indicating a more viscous characteristic with high polymeric chain mobility. Single and hybrid fiber reinforcements in the matrix have substantially affected the damping property of the composites, making them more elastic than the neat matrix as observable by the lowered peaks of tan δ. Among all the reinforced composites, the GF composite showed the most significant tan δ reduction relative to the UP composite by 38% from 0.71 to 0.44. The BF composite portrayed a slightly Polymers 2021, 13,3343 lower tan δ peak reduction, which was 32% compared to the neat matrix. The incorporation of reinforcing fibers has led to restricted polymeric chain mobility due to strong adhesion at the fiber-matrix interface, and thus lowers the flexibility of the composite [46]. All the hybrid composites, namely B22.5/G7.5, B15/G15, and B7.5/G22.5 exhibited roughly similar reductions of tan δ. Based on this observation, it is inferred that the hybrid reinforcement has a negligible effect on the damping property of the composite.

With respect to the T g derived from the tan δ plot, it appeared that the incorporation of single basalt fiber had marginally improved the thermal stability as evidenced by the increase of T g from 80.24 to 81.37 • C. However, the inclusion of single glass fiber reinforcement had reduced the T g from 80.24 to 76.98 • C. Higher T g values were obtained for hybrid composites with higher loadings of basalt fiber relative to glass fiber. This finding suggests that basalt fiber is more prominent than glass fiber when it comes to enhancing the thermal stability of the composites. The higher thermal stability indicates that the composite has better molecular chain crosslinking in its structure [47]. A similar trend was found based on the T g values derived from loss modulus peaks. The hybridization of both fibers had resulted in composites with intermediate T g values within 70.80 and 69.70 • C, indicating a moderate improvement of interface bonding between the matrix and fiber [48]. The inclusion of basalt and glass fibers had decreased the mobility of the polymer chain, yielding higher T g for single and hybrid composites than the UP specimen. Amuthakkannan and Manikandan reported a similar T g of basalt fiber reinforced UP composite at approximately 68 • C [49]. The T g of glass fiber reinforced UP composite from this study also accords with those reported by Subrata et al. at 71.35 • C [50]. Comparing the T g values derived from both methods, the trend exhibited by the data of loss modulus is more realistic, whereby all the reinforced fiber showed improved thermal stability. In particular, single reinforced composites showed the highest and lowest increment, whereas the hybrid composites showed an intermediate improvement of thermal stability. The validity and more realistic data of T g obtained from the loss modulus was also reported by numerous researchers that dealt with hybrid reinforced composites [42,43].

Thermomechanical Properties

TMA is a straightforward and convenient tool to evaluate the thermal properties of a polymeric material. The instrument measures and records the changes of a sample's dimension as it is subjected to heat or load, revealing information on the structure, composition, and potential application of the material [51]. The TMA result of the fabricated single and hybrid basalt/woven glass fiber reinforced unsaturated polyester composites is presented in Figure 6.

Based on the plot, it is evident that the UP composite exhibited the lowest extent of expansion and shrinkage among all the examined composites. This finding suggests that the neat matrix has better dimensional stability when subjected to temperature variation [52]. The reinforced composites portrayed a more notable expansion and shrinkage upon temperature changes, implying that fiber reinforcement at all fiber loadings caused an undesired effect on the dimensional properties. The detrimental effect is more obvious between 50 to 80 • C than the other temperatures, whereby all the reinforced composites exhibited steep increments of dimension. BF, B15/G15, B7.5/G22.5, and GF showed a similar behavior of dimensional change as evidenced by the overlapping curves in the TMA plot. As the temperature gradually increased, the dimension increased correspondingly, implying the occurrence of faster and unrestrained molecular movements and lack of fiber/matrix interaction [53]. On the other hand, B22.5/G7.5 had a slightly different response, whereby a sudden shrinkage occurred from 60 to 67 • C. The shrinkage indicates the penetration of reinforcing fibers into the polymer matrix [54]. Asim et al. [54] reported a similar behavior of dimensional change for the pineapple leaf/kenaf fiber reinforced phenolic composite. Overall, it can be deduced that the inclusion of basalt and glass fibers in the matrix negatively impacts the composites' dimensional stability, particularly at sition, and potential application of the material [51]. The TMA result of the fabricated single and hybrid basalt/woven glass fiber reinforced unsaturated polyester composites is presented in Figure 6. Based on the plot, it is evident that the UP composite exhibited the lowest extent of expansion and shrinkage among all the examined composites. This finding suggests that the neat matrix has better dimensional stability when subjected to temperature variation [52]. The reinforced composites portrayed a more notable expansion and shrinkage upon temperature changes, implying that fiber reinforcement at all fiber loadings caused an undesired effect on the dimensional properties. The detrimental effect is more obvious between 50 to 80 °C than the other temperatures, whereby all the reinforced composites exhibited steep increments of dimension. BF, B15/G15, B7.5/G22.5, and GF showed a similar behavior of dimensional change as evidenced by the overlapping curves in the TMA plot. As the temperature gradually increased, the dimension increased correspondingly, implying the occurrence of faster and unrestrained molecular movements and lack of fiber/matrix interaction [53]. On the other hand, B22.5/G7.5 had a slightly different response, whereby a sudden shrinkage occurred from 60 to 67 °C. The shrinkage indicates the penetration of reinforcing fibers into the polymer matrix [54]. Asim et al. [54] reported a similar behavior of dimensional change for the pineapple leaf/kenaf fiber reinforced phenolic composite. Overall, it can be deduced that the inclusion of basalt and glass fibers in the matrix negatively impacts the composites' dimensional stability, particularly at higher temperatures. Despite that fact, the dimensional changes beyond 80 °C occurred gradually and steadily.

Conclusions

This study was undertaken to investigate the mechanical, thermal, and chemical properties of hybrid BGRP composites. The FTIR data revealed that the incorporation of single and hybrid basalt and glass fibers in the matrix do not eloquently alter the composites' chemical properties as no additional peaks were identified in the spectra. In future studies, chemical modification and grafting on the fiber prior to composite fabrication can be performed to promote chemical interactions between the components.

Moreover, the dynamic mechanical and thermal properties of hybrid BGRP composites were investigated using DMA. Among all the hybrid composites, only the B7.5/G22.5 composite portrayed a positive hybrid effect on the elasticity behavior, evi- 
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This study was undertaken to investigate the mechanical, thermal, and chemical properties of hybrid BGRP composites. The FTIR data revealed that the incorporation of single and hybrid basalt and glass fibers in the matrix do not eloquently alter the composites' chemical properties as no additional peaks were identified in the spectra. In future studies, chemical modification and grafting on the fiber prior to composite fabrication can be performed to promote chemical interactions between the components.

Moreover, the dynamic mechanical and thermal properties of hybrid BGRP composites were investigated using DMA. Among all the hybrid composites, only the B7.5/G22.5 composite portrayed a positive hybrid effect on the elasticity behavior, evidenced by a significantly high storage modulus value. It was deduced that an efficient stress transfer between the reinforcing fibers and the unsaturated polyester is achievable with a high proportion of glass fiber and a small amount of basalt fiber in the composite. The B7.5/G22.5 composite is also good in terms of viscous property, as revealed by the highest loss modulus value compared to the other hybrid BGRP composites. A higher glass fiber ratio yields remarkably better hybrid composite viscosity. Concerning the damping property, it appeared that all the hybrid BGRP composites showed no substantial improvement compared to the single reinforced GF composite. Despite having lower tan δ reductions than the single reinforced GF composite, the damping behavior of all the hybrid composites are still better than the neat matrix. The T g values derived from the tan δ and loss modulus plots have revealed that the hybridization has marginally improved the thermal stability. The T g had improved by up to 15 • C with glass and basalt fibers hybridization in a single matrix.

Lastly, the dimensional stability of the composites were evaluated using the thermomechanical analysis. Based on the result, it was found that the inclusion of basalt and glass fibers in the matrix negatively impacts the composites' dimensional stability, particularly at higher temperatures. Therefore, the hybrid BGRP composite is deemed suitable for lower temperature applications.

Overall, the findings suggest that the hybridization of basalt and glass fibers in the unsaturated polyester formed composites with better mechanical and thermal properties than the single reinforced composites and a neat matrix.

Introduction

For decades, synthetic fibers have been the leading commodity in the composites industry. However, synthetic fibers possess many disadvantages, as they catch fire easily very hydrophobic and non-biodegradable. Since synthetic fibers have many shortcomings, researchers have had growing interest in producing polymers that incorporate natural fibers. Natural fibers are becoming more common as a viable option due to the harmful environmental and health consequences of synthetic fibers. Concerns about the environment and the rising greenhouse effect and increasing interest in the use of sustainable materials has motivated researchers to investigate biocomposite materials. In today's manufacturing environment, natural fiber composites are playing a prominent role in many vital applications, such as in fuselages and propellers in the aerospace industry, racing car bodies, wings of wind turbines, bicycle frames, and automobile interiors, seat cushions, and door panels, etc. [1][2][3]. The great interest in natural fiber composites is due to their high performance, biodegradability, non-abrasive light weight, and low cost [4,5]. Moreover, the widespread adoption of natural fibers and biopolymers as green materials is being motivated by the rapid depletion of petroleum supplies, as well as by a growing recognition of global environmental issues associated with the use of traditional plastics. [6][7][8]. The Polymers 2021, 13,2961 successful application of biopolymers and the promise of alternative pathways with a reduced carbon footprint arising from the use of green materials bodes well for the future design and development of ever more sophisticated green materials [9].

Natural fibers and biopolymers have attracted scientists and industry because of their environmentally beneficial and long-lasting properties. Natural fibers such as sugar palm fiber, corn husk fiber [10], jute, and wheat arrowroot, as well as cassava bagasse, are used as reinforcement materials in polymer composites for a variety of reasons, including their ability to be reusable and their low cost, and because they are environmentally sustainable and have good strength and stiffness properties [11]. For material applications, a broad variety of naturally occurring biopolymers extracted from renewable materials are available. Some bacteria and plants (chitin, starch, and cellulose) are currently used in commercial products, whereas others are underutilized [12]. Starch has been explored as a possible alternative to traditional plastic packaging. These starch (or cellulose) biopolymers include animalbased (chitin) polymers and microbial (exopolysaccharides and polyhydroxyalkanoate) polymers [13] that are chemically synthesized from agro-based resource monomer (poly lactic acid) as well as chemically synthesized from conventionally synthesized monomers. Despite their current use, starch biopolymers have been characterized as having weak mechanical properties and a low water barrier resistance [14,15]. These drawbacks have significantly hindered a wider range of their application, especially in packaging [16,17]. Much research has been performed in an attempt to improve the mechanical properties of starch biopolymers without affecting their biodegradation properties. Research has found that reinforcing starch biopolymer with natural fiber is one way to strengthen both its mechanical and thermal properties.

Among the many different types of natural resources, kenaf plants have been extensively exploited over the past few years [18]. One of the reasons for this growing interest is that natural fibers such as kenaf have a higher specific strength as glass fiber and a similar specific modulus strength [19]. Kenaf, which is from the Hibiscus cannabinus family, was selected due to its low cost, low density, good toughness, recyclability, good sound absorption performance, acceptable strength properties, and biodegradability [20,21]. Furthermore, kenaf fiber was selected because it has already been utilized in the automotive industry and because it has a good surface and produces a lightweight material with high mechanical properties and thus does not have to prove itself as a reliable product. Since kenaf brings a lot of promising qualities, a study on the hybridization of two types of natural fiber-reinforced thermoplastic composites was an alternative option for a novel breakthrough. The hybridization of composite fibers refers to the merger of two or more reinforcing materials, such as filler, to enhance the overall properties of a material [22].

Meanwhile, sugar palm (also known as Arenga pinnata) is a tropical tree that belongs to the Palmae family. Apart from the production of its sugar and starch extract [23], this tree was also known for the fiber from its trunk and from its fronds: sugar palm fiber (SPF). Traditionally, sugar palm fiber was used for various domestic materials [24]. This is due to the excellent characteristics of sugar palm fiber that improve tensile strength and reduce the wettability degree of a composite surface. Owing to that, incorporation of treated fibers in a polymer matrix promised a good thermal resistance and reduced thermal degradation [25]. As the research has grown, sugar palm fiber has shown many significant advantages to be considered: it is abundant and widespread, and it shows a promising ability to enrich physical and mechanical strength, thermal stability, and density, as well as showing excellent biodegradability [26].

The hybridization of sugar palm fiber and kenaf fiber as a filler was not a recent finding for composite reinforcement. Polymer composites with reinforced fibers usually consist of more than one type of particle fiber compounded together with a polymer as part of their matrix system [27]. The properties of a hybrid composite are influenced by the fiber content, length, and orientation. The selection of the fiber constituent for hybrid composites affects the hybridization and the requirement of the material being fabricated.

Polymers 2021, 13,2961 Several studies have shown that hybridization of natural and synthetic fiber can improve mechanical and thermal properties. A study by Devi et al. [28] showed that the dynamic mechanical properties-including the storage modulus, loss modulus and tan δ-of pineapple/glass hybrid-reinforced unsaturated polyester resin composites were enhanced when more content of glass fiber was added to the composites. A previous study examined the effects on a composite's behavior of combining rattan nanoparticles into polypropylene with filler contents ranging from 2% to 20% [29]. The study found that 5% was the most optimal filler content for achieving better mechanical properties of the composite. Furthermore, mechanical performance decreased when the filler content was increased from 5% to 20%. Another research study observed hybrid composites with different composition that were prepared with different amounts of fibers (i.e., 10%, 20% and 30% by weight percent), in which the ratios between sugar palm and kenaf fiber were 30:70, 50:50, and 70:30. The study found that the tensile strength of composites tended to decrease when the content of loading fibers increased [30]. Therefore, the current study focused only on the implementation of 10% of kenaf/sugar palm as the composite filler content in order to offer better bonding between the fibers and polypropylene matrix.

The selection of compatible fibers and fiber properties, therefore, contributes a critical aspect in designing a better hybrid composite. The previous research has thoroughly examined the effects of benzoylation treatment of SPF with different parameters. A previous study found that kenaf and sugar palm fibers were compatible combinations for hybrid composites due to the outcomes of high tensile strength and toughness of the kenaf/sugar palm composites [31][32][33]. As reported, the benzoylation of fibers improves fiber-matrix adhesion, thus improving thermal stability, increasing composite strength, and decreasing water absorption [34][35][36]. Benzoyl chloride was used in this research for SPF and KF treatment. This benzoyl chloride helps to decrease the hydrophilic nature of SPF and KF and improves the interaction with the resin matrix [37].

Hence, in this paper, the hybridized polypropylene composite with kenaf/sugar palm fiber was further examined for its thermal stability using dynamic thermal analysis. The preparation and characterization of thermosetting and thermoplastic composite materials reinforced with kenaf and sugar palm fibers with and without treatment using benzoylation methods were conducted. As presumed, treatment using alkaline on the surface of the fiber changed the surface wettability, altering the mechanical and physical properties of the natural fibers. Moreover, the benzoylation of kenaf and sugar palm fibers treatment also successfully confirmed an incremental increase in tensile strength. Thus, the main objective for this paper was an investigation of thermosetting composites based on their thermal stability, thermal degradation, flammability, and modulus stress by using instrumentation such as diffraction calorimetry (DSC), thermogravimetry analysis (TGA), dynamic mechanical analysis (DMA), thermomechanical analysis (TMA), and flammability analysis.

Material and Methods

Materials

Polypropylene pellet and benzoyl chloride were supplied by Mecha Solve Engineering (M) Sdn Bhd. Sugar palm fiber (SPF) was purchased from Jempol, Negeri Sembilan, Malaysia, and kenaf fiber (KF) was obtained from Lembaga Kenaf and Tembakau Negara (LKTN) Kelantan, Malaysia. Kenaf (Hibiscus cannabinus) and the sugar palm tree (Arenga pinnata) were used. In addition, raw kenaf palm and kenaf fibers were washed with deionized water and rinsed. They were then pulverized, cleaned, and dried at 70 • C in an oven. All other chemicals and solvents that were used in this work were at 98% purity. Polypropylene pellet crystals with 0.946 g/cm 3 density were used. The pellets that were used were whitish gray, ovular, and 5mm long and 3mm diameter.

Alkalization and Benzoylation of Kenaf and Sugar Palm Fiber (KF/SPF)

The clean dried kenaf and sugar palm fibers were then soaked. An amount of this fiber was soaked in 18% concentration of NaOH solution as a pre-treatment for 30 min. After Polymers 2021, 13, 2961 that, the partially treated kenaf and sugar palm fibers were filtered and rinsed with ionized water and dried in an oven at 70 • C [34,35]. The treated fibers were then immersed in 10% concentration NaOH solution agitated well with 50 mL benzoyl chloride for 15 min. The treated KF and SPF was then soaked with ethanol for 1 h and rinsed with tap water in order to remove unreacted benzoyl chloride and excess dirt. Treated KF and SPF were then dried at 60 • C for 24 h [36]. Alkalization of the samples was performed to remove impurities and benzoylation was performed to enhance the melting point of the samples [37]. The treated and untreated kenaf and sugar palm fibers were ground into short-form fibers with an approximate length of 0.1-0.5 mm by using a pulverizing machine (Pulveriseet P-19). In order to obtain uniformly cut fiber particle sizes, the fibers were sieved by using a 40 mesh electronic sieve (Endecotts). Finally, ground KF and SPF fibers were dried at 60 • C for 12 h to avoid contamination. Next, a melt extruder was used to compound the treated and untreated ground KF and SPF with polypropylene as their polymer matrix by using a Brabender plastograph (Model 815651, Brabender GmbH & Co. KG, Duisburg, Germany). An amount of 20 g of mixture was prepared for each cycle of extrusion, and the compositions of the hybrid composites of SPF/KF/PP are presented in Table 1. The initial 'U' and 'T' indicate untreated and treated hybrid composites, respectively. The mixing temperature was set at 180 • C, while the rotor speed of the rotating screw was set at 50 rpm. Polypropylene was discharged in the chamber and melted for 3 min before the compounding took place. The KF and SPF particle fibers and the polymer were extruded over approximately 10 min of holistic mixing. Thermoset composites of SPF/KF/PP were crushed into granular size, followed by the use of a hot mold pressing. Customized samples of hybrid composites were then pre-heated at 180 • C for 5 min and pressed at 190 • C for 7 min by using a hot press machine. After that, the composite samples were cold pressed at 25 • C for 5 min and chopped into plain composite sheets sized 150 × 150 × 3 mm before being cut into a standard shape for TGA, DMA, TMA, DSC, and flammability test, as illustrated in Figure 1. Polymers 2021, 13, 2961 recorded as shown in Figure 2b. The linear rate of the burning samples was calculated using Equation ( 2).

V = L t 60 ( 2 
)
where V is the linear burning rate (mm/min), L is the burnt length (mm), and t is the time (minutes) [35].

samples via a horizontal burning test according to ASTM D635. Three specimens from each composite ratio, with dimensions of 125 mm × 13 mm × 3 mm, were prepared, and two lines at 25 and 100 mm from one end of the sample were drawn as the reference marks as shown in Figure 1a [38]. Then, the burning time from the first reference mark to the second reference mark (25 mm from the end and 100 mm from the end, respectively) was recorded as shown in Figure 1b. The linear rate of the burning samples was calculated using Equation ( 2).

V = L t 60 ( 2 
)
where V is the linear burning rate (mm/min), L is the burnt length (mm), and t is the time (minutes) [35]. 

Results and Discussions.

Thermogravimetric Analysis (TGA and DTG)

Thermogravimetry is primarily influenced by an accurate heating rate and conditions. Thermogravimetry offers a quantifiable analysis of the amount of moisture and volatile compounds present in fibers, the weight loss, and the thermal breakdown. It also assists in determining the degradation mechanism. Thermogravimetric analysis (TGA) and derivative thermogravimetric (DTG) curves of hybrid composites of sugar palm, kenaf, and polypropylene (SPF/KF/PP) were employed to investigate the thermal stability and decomposition of the polymeric system. As shown in Table 2, weight loss (%) at Tmax and percentage residual (%) were investigated with different composition weight ratios of hybrid samples.

Pure PP [39], treated, and untreated fibers hybrid composite SPF/KF/PP with varied ratios were compared, as illustrated in Figure 2. The thermogram in Figure 2a shows that at the first quartile degradation, there was a slight weight loss for all SPF/KF/PP hybrid composites ratios. Owing to that, the reduction in percentage weight was due to the release of moisture content in the SPF/KF/PP hybrid composites [40]. In addition, because of the differences in the chemical topology of the fiber components-mostly lignin, hemicellulose, and cellulose-kenaf and sugar palm fibers presumed to decomposes at significant temperatures. In this study, it was confirmed that the thermal degradation of PP 
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Thermogravimetric Analysis (TGA and DTG)

Thermogravimetry is primarily influenced by an accurate heating rate and conditions. Thermogravimetry offers a quantifiable analysis of the amount of moisture and volatile compounds present in fibers, the weight loss, and the thermal breakdown. It also assists in determining the degradation mechanism. Thermogravimetric analysis (TGA) and derivative thermogravimetric (DTG) curves of hybrid composites of sugar palm, kenaf, and polypropylene (SPF/KF/PP) were employed to investigate the thermal stability and decomposition of the polymeric system. As shown in Table 2, weight loss (%) at T max and percentage residual (%) were investigated with different composition weight ratios of hybrid samples. Pure PP [39], treated, and untreated fibers hybrid composite SPF/KF/PP with varied ratios were compared, as illustrated in Figure 3. The thermogram in Figure 3a shows that at the first quartile degradation, there was a slight weight loss for all SPF/KF/PP Polymers 2021, 13, 2961 hybrid composites ratios. Owing to that, the reduction in percentage weight was due to the release of moisture content in the SPF/KF/PP hybrid composites [40]. In addition, because of the differences in the chemical topology of the fiber components-mostly lignin, hemicellulose, and cellulose-kenaf and sugar palm fibers presumed to decomposes at significant temperatures. In this study, it was confirmed that the thermal degradation of PP kenaf/SP composites had a multi-stepped degradation. The initial transition between 30 and 150 • C indicates the water loss of SPF/KF/PP hybrid composites [41]. Polymers 2021, 13,2961 Different natural fibers exhibit different decomposition profiles, as shown in Figure 2. The curves for pure PP are also presented for comparison. For all SPF/KF/PP hybrid composite formulations, the TG curves (Figure 3a) indicate that composites containing kenaf fibers and sugar palm exhibited very similar weight loss trends until the temperature range of 400-450 • C, where the second quartile of degradation took place. During the second quartile, the weight loss can be seen at max, which is when composite tends to decompose at a higher rate. This is explained by the fact that other elements inside the fiber, such as lignin, cellulosic material, and detangled of hydrogen bond of polypropylene, are decomposing [41].

As shown in Table 2, pure polypropylene showed the highest weight loss at T max (wt%), which can be seen at 99.46%, with only 0.53% total residual char at 800 • C. In addition, the untreated hybrid composite with 5 percent of sugar palm and kenaf fiber (U-SP5K5) showed an increment of total residual after 800 • C. However, the highest total residual of SPF/KF/PP hybrid composite T-SP5K5 was recorded at a total weight residue of 15.8% at T max and 5.22% char at 800 • C. First, as shown in TGA analysis, the addition of fibers increased thermal stability by lowering the total weight loss at T max , which can be seen by the weight loss (%) trends at T max for all compositions of the SPF/KF/PP hybrid composite. Furthermore, the benzoylation treatment gave an additional retardancy to the thermal stability [42].

Figure 3b shows the derivative thermogram (DTG) analysis. The DTG curves of the composites reveal that their degradation process occurred in three stages. Figure 3b shows zero degradation at first and the derivative weight decreasing at around 350-400 • C degradation. It starts with the decomposition of the PP, followed by that of the U-SPK and T-SPK. U-SP5K5 showed the least derivative weight loss for untreated hybrid composite. Meanwhile, the best degradation behavior of the SPF and KF hybrid composite was for T-SP5K5. The peak of degradation for all samples showed that organic elements start first to deteriorate. This is explained by the presence of moisture in the fiber and its loss at the first quartile, 100-200 • C. U-SPFKF responds to the decomposition process earlier than the T-SPFKF composites because the benzoylation treatment increased the thermal stability of SPF/KF/PP. The rearrangement of the hydroxyl group after benzoylation treatment inside the cellulosic moieties of the fibers presumes to increase the heat retardancy of the hybrid composites and to slow the thermal degradation [43].

Differential Scanning Calorimetry Analysis

The DSC curves of the hybrid composites SPF/KF/PP are presented in Figure 4. Information on the DSC analysis is listed in Table 3 and discussion of the analysis follows. As observed from the graph in Figure 4, all samples shared comparable values around 95-125 • C, which was due to the loss of moisture from all composites samples. Polypropylene did not show any transition glass temperature, as it is in a crystalline state. In comparison with the treated and untreated composite SPF/KF/PP, the glass transition temperature of all hybrid composite compositions showed a slight peak of transition glass (T g ) temperature. The transition glass temperature was shown to be the highest for the T-SP5K5 hybrid composite at 121. 60%. A significant trend was shown in the results of treated kenaf and sugar palm filler with U-SP7K3, U-SP5K5, and U-SP3K7, which had overall greater crystallinity degree at 46.63%, 57.87%, and 47.44%, compared with treated composites T-SP7K3, T-SP5K5, and T-SP3K7 with values of 53.22%, 52.88%, and 50.66%, respectively. Furthermore, the addition of fibers content in PP resulted in a decrease in the degree of crystallinity of the polymer, which happened due to both treated and untreated fillers kenaf and sugar palm fibers obstructing the mobilization of the PP macromolecular chain and preventing the macromolecular segment from obtaining an ordered alignment of the crystal lattice. Cellulose is also meant to hinder the formation of crystallinity in polymer. Thus, the crystallinity of composites was decreased [49].

Flammability Analysis (FA)

One of the characterizations of plastics resin is that they can easily flare up when exposed to sufficient heat in the presence of oxygen. Because of the rate of burning for plastics, considerable work has been directed to the study and minimization of the flammability of these materials, such as by the addition of flame retardant chemicals to prevent or minimize the combustion of these materials. A test was done to classify and measure the burning characteristics of the plastics resin. The burning rates of PP and PP composites measured by a horizontal burning test are shown in a bar chart in Figure 5.
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Dynamic Mechanical Analysis (DMA)

Typically, DMA is conducted to assess differences in the stiffness, damping, and Tg of polymeric composites during curing [55]. A DMA exhibits the outcomes on storage modulus (E′), which is related to the Young's modulus of the composite. The storage modulus, or E′, is exploited by material researchers to identify the stiffness of a composite. In general, the E′ describes the ability of a material/composite to store energy for the upcoming application [56]. A viscous response of a material/composite is referred to as loss modulus (E″) or dynamic loss modulus [57,58]. E″ establishes output data on the tendency of material/composites to release the applied energy, and it is frequently linked with the term internal friction. E″ is sensitive to distinct types of relaxation processes, morphology, transitions, molecular motions, and other heterogeneities of the material structure. DMA aids material engineers and researchers in estimating the amount of polymer chains immobilized by the filler surface [57]. Figure 5 shows the storage modulus E'(Pa) for pure PP and for treated and untreated U(SPF/KF) /T(SPF/KF). From Table 4, the highest E' at 20, 40, and 60 °C was recorded at 1360, 1002, and 741 MPa, respectively, which belonged to hybrid composite sample T-SP7K3. In comparison with the hybrid sample with un- Overall, neat PP and untreated and treated kenaf and sugar palm composites U-(SPF/KF) /T-(SPF/KF) showed a burning rate (mm/min) for neat polypropylene of 25.12 (mm) min -1 . Most polymer resins, including PP, are extremely flammable. During the burning process, the untreated kenaf and sugar palm hybrid composite formed a non-protective oil layer on the surface of the matrix, serving as an oxygen conductor and permitting heat to penetrate the matrix [50,51]. Therefore, the quantity of decomposed volatiles that escaped the interior polymer matrix was increased, resulting in a shorter burning time and thus increasing the linear burning rate.

With the incorporation of untreated kenaf and sugar palm fibers, a higher burning rate was recorded. Examination shows that composite hybrid samples U-SP3K7, U-SP5K5, and U-SP7K3 achieved 28.72, 30.16, and 29.43 (mm) min -1 burning rates, respectively. In these cases, natural fibers are expected to act as combustion sources for the composites. As we know, fibers have high sensitivity towards flame; thus, the incorporation of fibers indeed increased the flammability rate. The high lignin content of kenaf, as compared Polymers 2021, 13,2961 with some other natural fibers such as flax, hemp, and sisal [48], promotes high heat of combustion and initiates ignition by reducing the thermal stability, which promotes ignition. Generally, kenaf and sugar palm fibers, like other natural fibers, consist of 60-80% cellulose, 5-20% lignin (pectin), and up to 20% moisture [52,53].

However, with the incorporation of benzoyl treatment of palm and kenaf fibers. The flammability rate was reduced consistently. The treated hybrid composites T-SP3K7, T-SP5K5, and T-SP7K3 showed 23.16, 22.76, and 24.16 (mm) min -1 burning rate, respectively, which indicates that PP composite incorporating benzoyl-treated fibers has improved flame retardancy properties, compared with the untreated sample of hybrid composites [54]. In this experiment, it can be deduced that the incorporation of untreated fibers increases the burning rate of the fibers and lowers the burning rate of treated fibers.

Dynamic Mechanical Analysis (DMA)

Typically, DMA is conducted to assess differences in the stiffness, damping, and T g of polymeric composites during curing [55]. A DMA exhibits the outcomes on storage modulus (E ), which is related to the Young's modulus of the composite. The storage modulus, or E , is exploited by material researchers to identify the stiffness of a composite. In general, the E describes the ability of a material/composite to store energy for the upcoming application [56]. A viscous response of a material/composite is referred to as loss modulus (E") or dynamic loss modulus [57,58]. E" establishes output data on the tendency of material/composites to release the applied energy, and it is frequently linked with the term internal friction. E" is sensitive to distinct types of relaxation processes, morphology, transitions, molecular motions, and other heterogeneities of the material structure. DMA aids material engineers and researchers in estimating the amount of polymer chains immobilized by the filler surface [57]. Figure 6 shows the storage modulus E'(Pa) for pure PP and for treated and untreated U(SPF/KF) /T(SPF/KF). From Table 4, the highest E' at 20, 40, and 60 • C was recorded at 1360, 1002, and 741 MPa, respectively, which belonged to hybrid composite sample T-SP7K3. In comparison with the hybrid sample with untreated loading fiber U-SP3K7, the lowest E' was shown at 20, 40, and 60 • C with 1200, 879, and 622 MPa, respectively. The storage modulus trend proposed a reduction in storage modulus proportional to the increase of temperature for all ratios sampled. There were no significant differences in storage modulus (E') for any of the compositions of hybrid composite (SPF/KF/PP). It is evident that incorporation of kenaf and sugar palm fibers results in an increase in the storage modulus of the biocomposite which reveals the effective stress transfer from the fiber to the matrix at the interface. The loss modulus E" (Pa) was examined, which confirmed that alkalization and benzoylation on kenaf fiber aids in increasing the surface area of the fiber via the fibrillation effect, as the process splits the single-fiber bundle into small ones. At higher temperature, due to loss in stiffness of both the fiber and the matrix, the loss modulus drops. It is worth noticing that composites reinforced with benzoyl chloride and NaOH-treated fibers had a lower reduction in the value of E" when temperature was increased compared both with composites reinforced with untreated fibers and with neat residual, as shown in Figure 7a. The loss modulus E" (Pa) was examined, which confirmed that alkalization and benzoylation on kenaf fiber aids in increasing the surface area of the fiber via the fibrillation effect, as the process splits the single-fiber bundle into small ones. At higher temperature, due to loss in stiffness of both the fiber and the matrix, the loss modulus drops. It is worth noticing that composites reinforced with benzoyl chloride and NaOH-treated fibers had a lower reduction in the value of E" when temperature was increased compared both with composites reinforced with untreated fibers and with neat residual, as shown in Figure 6a. In particular, the loss modulus was tabulated as shown in Table 5. The loss modulus at peak (E") was determined at peak 13 • C. The loss modulus (E") of polypropylene (PP) was notably higher than those of the untreated and treated composites SPF/KF/PP at 105.3 MPa. Untreated hybrid composites U-SP7K3, U-SP5K5, and U-SP3K7 showed varied E" at 81.5, 80.7, and 79.8 MPa, respectively. On the other hand, treated hybrid composites T-SP7K3, T-SP5K5, and T-SP3K7 showed 71.3, 86.2, and 91.2 MPa, respectively. The higher loss modulus for the two composition ratios of treated hybrid composites T-SP5K5 and T-SP3K7 indicates that benzoylation treatment affected their mechanical properties, especially the loss modulus E" of SPF/KF/PP. Hence, this treatment escalated the effective area for the mechanical interlocking between the two phases of composites, which are fibers (kenaf and sugar palm) and polymer, and subsequently led to increased interfacial loading, which contributed to improved dynamic mechanical properties. Figure 7a shows that T-SP7K3 presented the highest loss modulus at peak, with 91.2 MPa. In addition, Figure 7b depicts the tan δ curves of the neat PP with all composition ratios of SPF/KF/PP composites. It was observed that incorporation of kenaf and sugar palm fibers led to a pronounced decrease in the maximum value of tan δ. Neat PP showed a damping value at 0.060 Pa. For the incorporation of untreated fibers, U-SP7K3, U-SP5K5, and U-SP3K7 showed damping values of 0.056, 0.058, and 0.057 Pa, respectively. In particular, the loss modulus was tabulated as shown in Table 5. The loss m at peak (E") was determined at peak 13 °C. The loss modulus (E") of polypropyle was notably higher than those of the untreated and treated composites SPF/KF/PP a MPa. Untreated hybrid composites U-SP7K3, U-SP5K5, and U-SP3K7 showed va at 81.5, 80.7, and 79.8 MPa, respectively. On the other hand, treated hybrid compo SP7K3, T-SP5K5, and T-SP3K7 showed 71.3, 86.2, and 91.2 MPa, respectively. The loss modulus for the two composition ratios of treated hybrid composites T-SP5K5 SP3K7 indicates that benzoylation treatment affected their mechanical properties cially the loss modulus E" of SPF/KF/PP. Hence, this treatment escalated the effecti for the mechanical interlocking between the two phases of composites, which are (kenaf and sugar palm) and polymer, and subsequently led to increased interfacia ing, which contributed to improved dynamic mechanical properties. Figure 6a As observed in Figure 7b, the fibers contribution to the damping were low as compared with those of the neat PP matrix. This suggests that the combined attenuation of sugar palm and kenaf fiber reinforced composites would be primarily caused by the molecular motion of PP and the strong interaction between the fibers surface and the matrix interface. Moreover, the removal of the lignin in mercerized fibers led to a change in the extent of hydrogen-bonding, affecting the tan δ in the hybrid composites. Additionally, the width of the tan δ peak was increased in all the biocomposites; this phenomenon can be attributed to molecular relaxations taking place in the composite, which were not present in the matrix.

Polymers 2021, 13,2961 It shows that the presence of the treated sugar palm and kenaf fibers dramatically reduced tan δ, thus indicating the presence of good adhesion, resulting in low damping. Conversely, the damping of U-SPFKF composites was found to be higher than that of neat PP resin due to weak adhesion between the hydrophilic untreated fibers and the hydrophobic polymer used as the matrix. These results also confirm the good effect of the mercerization performed on the fiber/matrix compatibility, resulting in improved stress transfer and good interfacial adhesion.

Thermomechanical Analysis (TMA)

Thermomechanical analysis of the pure PP as well as their hybrid composites with treated and untreated sugar palm/kenaf composites were examined at different fiber ratios. They were carried out to explore the dimensional changes or the coefficient of thermal expansion (CTE) in both regions. Due to the stretching and quenching of the composite during fabrication, internal stress in composites was created. In the testing, when an external load was applied to sample in the axial direction with temperature, the porosity of sample started to collapse or 'shrink', and the sample showed three phases of deformities.

The deformities began with the positive strain due to elastic creep. Near or at the T g of the polymer, in between 45 and 105 • C, the creep strain was recovered, followed by shrinking. As demonstrated in Table 6, thermal expansion coefficient (CTE) after 45 • C shows pure PP with 10.23. In addition, untreated reinforced composite U-SP7K3, U-SP5K5, and U-SP3K7 were shown CTE at 1.13, 3.21, and 2.14 respectively. In addition, the treated reinforced-composite, T-SP7K3, T-SP5K5, and T-SP3K7 were shown CTE at 1.23-7.32 and 6.14. Overall, the small amount of CTE in both treated and untreated composite portrayed low CTE value as the transition state and moisture evaporation which hindered an extreme expansion. On the other hand after 105 • C demonstrate U-SP7K3, U-SP5K5, and U-SP3K7 with 11.31, 24.93 and 24.74 value of CTE respectively. However, T-SP7K3, T-SP5K5, and T-SP3K7 shown a huge expansion at 12.74, 30.11, and 18.23 respectively. Due to the melting of the polymer composite, (SPF/KF/PP), CTE were shown higher at 105 Highly cross-linked polymers and the large number of stretched tie chains contributed to the high modulus of elasticity and reversible (recoverable) deformation [59,60]. The negative strain showed pore shrinkage, termed T deformation at T deformation , and strain induced necking began and propagated along the drawing direction until the sample ruptured. From the TMA graphs, it may be noted that the pure PP and untreated and treated duo fiber composites showed different patterns of TMA curves. Figure 8 demonstrates that the glass transition temperature could not be detected for the neat PP, and the curves showed a steep drop for the untreated hybrid composites, which is associated with the low cross-linking in these materials compared with the treated SPF/KF/PP [61]. SPF/KF/PP composite turned out to have highly mobile materials in the rubbery stage. Benzoyl-treated sugar palm-and kenaf-reinforced composites revealed better interfacial bonding between the PP matrix, causing better surface adhesion and cross-linking in composites. Compared with the untreated fibers, the hybrid composite demonstrated a lower dimensional µm change due to the poor compatibility between untreated fibers and the polymer matrix.

Abstract: Electrically-conducting polymers (CPs) were first developed as a revolutionary class of organic compounds that possess optical and electrical properties comparable to that of metals as well as inorganic semiconductors and display the commendable properties correlated with traditional polymers, like the ease of manufacture along with resilience in processing. Polymer nanocomposites are designed and manufactured to ensure excellent promising properties for anti-static (electrically conducting), anti-corrosion, actuators, sensors, shape memory alloys, biomedical, flexible electronics, solar cells, fuel cells, supercapacitors, LEDs, and adhesive applications with desired-appealing and cost-effective, functional surface coatings. The distinctive properties of nanocomposite materials involve significantly improved mechanical characteristics, barrier-properties, weight-reduction, and increased, long-lasting performance in terms of heat, wear, and scratch-resistant. Constraint in availability of power due to continuous depletion in the reservoirs of fossil fuels has affected the performance and functioning of electronic and energy storage appliances. For such reasons, efforts to modify the performance of such appliances are under way through blending design engineering with organic electronics. Unlike conventional inorganic semiconductors, organic electronic materials are developed from conducting polymers (CPs), dyes and charge transfer complexes. However, the conductive polymers are perhaps more bio-compatible rather than conventional metals or semi-conductive materials. Such characteristics make it more fascinating for bio-engineering investigators to conduct research on polymers possessing antistatic properties for various applications. An extensive overview of different techniques of synthesis and the applications of polymer bio-nanocomposites in various fields of sensors, actuators, shape memory polymers, flexible electronics, optical limiting, electrical properties (batteries, solar cells, fuel cells, supercapacitors, LEDs), corrosion-protection and biomedical application are well-summarized from the findings all across the world in more than 150 references, exclusively from the past four years. This paper also presents recent advancements in composites of rare-earth oxides based on conducting polymer composites. Across a variety of biological and medical applications, the fact that numerous tissues were receptive to electric fields and stimuli made CPs more enticing. Keywords: biomedical; conducting polymers; corrosion; doped; electronics; shape memory polymers; sensors; actuators; optical limiting

Introduction

Approximately three decades ago, intrinsically conducting polymers were discovered and this discovery drew the attention of researchers because of countless applications of these polymers in the scientific field. These are also called synthetic metals as their electrical conductivity is very high, similar to those of metals. Examples of various conducting polymers (CPs) are polyacetylene, poly furan, polypyrrole, and polythiophene, which are insulators in their neutral state, as illustrated in Figure 1. The insulating behavior of polymers can be converted into conducting by carrying out doping of different salts by chemical and electrochemical redox reactions. The highly conducting polysulfur nitride [SN] x was discovered by Walatka et al. in 1973 [1]. MacDiarmid, Shirakawa, and Heeger enhanced the semiconducting behavior of organic polyacetylene in late 1970, which was synthesized by the chemical polymerization method. Their work on doping of polyacetylene with halogen derivatives was noticed and published in the chemical communication journal in 1977. These three scientists were conferred with the Nobel Prize in Chemistry in 2000 for discovering conducting polymers (CPs). After discovering conducting polyacetylene, scientists became interested in making other conducting polymers like polythiophene, polyaniline, polypyrrole, and polyfuran. Contrary to metals, these polymers can be processed at low temperatures, but their main problem is their stability. The conducting nature of these polymers is intrinsic due to their structure rather than by adding any conducting materials.

Fillers also play a pivotal role towards modification in the semiconducting and electrochemical performance of CPs. Since past decades, a wide range of chalcogenides derived from transition metals has been employed as fillers for modification in semiconducting [2] and electrochemical performance of CPs [3,, as illustrated in Table 1. The product derived through the blending of such fillers with CPs is defined as PNCs. The electrochemical supercapacitance of such PNCs is well documented , whereas limited research has been made on the implication of rare earth oxides (REOs) as fillers for semiconducting and electrochemical applications, as demonstrated in The electrical and electrochemical characteristics of REOs vary in a size dependent manner. Furthermore, PNCs derived through blending REOs with CPs offer a wide spectrum of applications such as solid polymer electrolytes [4], semiconductors [2], windows in dye-sensitized cells [5], electrochemical behavior, and charge storage [6][7][8]. Common CPs involved in synthesis of REOs based PNCs are PPY [9], PTh [10], PANI [11], and PIN [12].

The electrical conductivity of electrodes is routinely recorded at variable temperatures without taking the cognizance variations in their microstructure. The electronic and electrochemical significance of CPs has been well documented since decades [11,[13][14][15]. CPs commonly utilized for charging a storage battery and semi-conducting applications are PPY, PIN, PCbz, PAc, PANI, and PTh [16], as illustrated in Figure 2a-f.

In 1987, Heeger and his coworkers used polythiophene for making diodes for electronic devices applications and then developed high efficiency polymer-based LEDs. These polymer LEDs have been used to make emission displays, which were used in cell phones in 2003 [17].

The various applications of conducting polymers can be increased by doping with other functional materials to form polymer composites [18]. These are used in different fields like physics, chemistry, electronics, and biomedical science [19].

Conducting polymers containing metal particles possess interesting properties of scientific and practical interests [20]. During the past few decades, researchers are paying more attention in conducting polymer composites to develop some new properties that were not observed in individual materials [21,22]. Researchers are more interested in developing the three-dimensional structure of conducting polymers, hybrid and nano hybrid materials of conducting polymers. The hybrid and nanohybrid conducting polymers are synthesized by adding metal, metal oxides, graphene, graphene oxide in conducting polymers. These new materials improve functionality in different areas like sensors, electronic devices, and biomedical application. The graphene nano hybrid of these polymers is used Polymers 2021, 13,2898 as an electrode in synthesis of capacitors. These nanohybrid materials increase stability, flexibility, and capacitances of capacitors [23]. Such polymers can be deposited either chemically or electrochemically on the metal. The different properties of polymers, like thermal stability, mechanical properties, conductivity, and corrosion protection properties on steel and aluminium, can be improved by doping. The doped conducting polymers have more capability for corrosion protection than undoped polymers because they give a suitable environment for corrosion protection on metal surfaces by restricting movements of corrosive agents or forming a uniform passive layer of doped polymers on metal surfaces [24][25][26]. Figure 3 reveals the bio-informatic visualization, which exhibits current progressions on the polymeric nanocomposites in a broader spectrum of anti-static, anti-corrosion, actuators, sensors, shape memory alloys, biomedical application, flexible electronics, solar cells, fuel cells, supercapacitors, LEDs, and adhesive domains using the Vosviewer Scientometric analysis. Conducting polymers containing metal particles possess interesting properties of scientific and practical interests [20]. During the past few decades, researchers are paying more attention in conducting polymer composites to develop some new properties that were not observed in individual materials [21,22]. Researchers are more interested in developing the three-dimensional structure of conducting polymers, hybrid and nano hybrid materials of conducting polymers. The hybrid and nanohybrid conducting polymers are synthesized by adding metal, metal oxides, graphene, graphene oxide in conducting polymers. These new materials improve functionality in different areas like sensors, electronic devices, and biomedical application. The graphene nano hybrid of these polymers is used as an electrode in synthesis of capacitors. These nanohybrid materials increase stability, flexibility, and capacitances of capacitors [23]. Such polymers can be deposited either chemically or electrochemically on the metal. The different properties of polymers, like thermal stability, mechanical properties, conductivity, and corrosion protection properties on steel and aluminium, can be improved by doping. The doped conducting polymers have more capability for corrosion protection than undoped polymers because they 

Synthesis of Conducting Polymers

In the available literature, different ways to produce inductively coupled plasma (ICP) have been demonstrated. The polymerization process forms a solution containing the monomer is either a chemical or electrochemical process.

Chemical Polymerization

In this polymerization, monomers can be polymerized by various oxidizing agents like ammonium per sulphate, hydrogen per oxides, etc. [27]. The chemical polymerization of aniline is shown in Figure 4. This type of polymerization occurs by any of the methods: Addition polymerization and step growth polymerization. An oxidant is used to polymerize the monomer, and anions are doped as a counter part of the oxidative CP. This method to produce ICPs is widely used in industry.

Polyaniline and polypyrrole were synthesized on various substrates such as Pt, Au, Fe, Al, stainless steel, carbon fibers, brass, and zinc [28][29][30]. Isomers of poly-toluidine have been synthesized using the chemical oxidation method at 0 • C using potassium dichromate as oxidant and hydrochloric acid as dopant [31]. Polyaniline composites doped with TiO 2 were also synthesized by this method [32]. Polypyrrole doped with various dopants like Lithium per Chlorate (LiClO 4 ), para-Toluene Sulfonate (p-TS), and Naphthalene Sulfonic acid (NSA) was synthesized by chemical polymerization [33]. Polyaniline doped with tungstate was also chemically synthesized and characterized by various techniques [34]. The composite films of polypyrrole and polyvinylidine fluoride were formed by the chemical oxidation method and ammonium per sulphate used as an oxidant [35]. The nanocomposites of polypyrrole with copper sulfide were synthesized and characterized by various techniques [36].

Polymerization of furan by acidic catalysts has been reported by various researchers [37,38]. Armour et al. observed the electrical conductivity of polyfuran, which was synthesized chemically utilizing trichloroacetic acid [39]. Polyfuran was synthesized using pyridinium chlorochromate (PCC) as oxidizing agent [40].

Pyrrole was polymerized by chemical an oxidation method in the presence of Fe 2 (SO 4 ) 3 and surfactant. The surfactant and oxidizing agent increased the conductivity and yield of polypyrrole [41]. Polypyrrole doped with tungstate or vanadate was synthesized by the chemical polymerization method and characterized by various techniques [42].

Electrochemical Synthesis

Electrochemical methods also synthesize the conducting polymers. It is very simple and a better technique for the preparation of conducting polymers because, in this technique, polymerization and doping levels could be controlled [43]. In this technique, three electrodes, working, counter, and reference electrodes, are required.

The physical properties of CPs coating are affected by the nature and size of counter ions used. The properties of conducting polymers like thermal and mechanical can be improved by the incorporating sulfonated aromatic ions [44]. The coating of poly (N-methyl pyrrole) doped with TiO 2 deposited on steel substrates by this method was studied [45]. PPy/TiO 2 nanocomposites were synthesized, and these composites are used for paint application [46]. The electro-polymerization of polyaniline, polypyrrole, and their composites was carried out on stainless steel and aluminium using the cyclic voltammetry technique [47,48]. Oxalic acid and tungstate doped polypyrrole films were potentiostatically electro-polymerized on the surface of aluminum alloy 1100 [49]. Polyaniline composites doped with tungstate and molybdate were synthesized by the electrochemical method [50,51]. Polypyrrole composites doped with zinc phosphate were deposited on AISI 1010 steel [52]. The copper doped polypyrrole was synthesized on steel by an electrochemical method for corrosion protection [53]. Table 2 

exhibits the comparison of chemical

Polymers 2021, 13,2898 and electrochemical polymerization synthesis methods with their respective merits and demerits. 

Chemical Polymerization Electrochemical Polymerization

Yield of the product is large in amount Yield is less, and synthesis of the thin film is possible Synthesis is difficult Synthesis is quite easy They do not offer control of polymerization and doping level In this method, polymerization and doping levels can be controlled Doping and polymerization do not occur simultaneously Doping and polymerization occur simultaneously Polymer is easily collected and packed Difficult to remove the film from the electrode surface

The semiconducting and electrochemical performance of PNCs is evaluated as to their working electrode (WE) fabricated through coating composition of carbonaceous material with CPs and a polymeric binder. Common carbonaceous materials employed for the fabrication of WE are graphite and its tubular nanostructures. CPs used are either synthesized or commercially procured. The common conduction mechanism in rare earth oxides (REOs) (polar) has been explained through polaron theory, as revealed in Figure 5. Interaction involving conformation degree of freedom through semi-conducting polymerics could localize an electric charge, and also have a substantial impact on carrier mobility, energy, and mass-transfer. Polarons could arise whenever charged particles cause aberrations, distortions, and abnormalities in the surrounding media, like locally stretching vibratory patterns or dielectric polarization. Such deformations, subsequently, come into contact with the charge-particles in an appealing manner, striving to localise it. First, the development of vibrating polarons in conducting polymers using a firmly binding model paradigm for charge hops across adjoining rings, which is linked to ring deformities. The coupling constants employing theoretical calculations, and molecular dynamics, for ring aberrations, and the couplings to the charged particles and carrier mobility. One such mechanism produces mainly wide, loosely knit/linked polarons on individual chain-rings. Furthermore, the polarons stabilized via dielectric polarization, which have been semi-classically characterized by a charged polarizable continua, are then interacting with the charge-carrier wave-function. Di-electrically stabilised polarons, in contrary to vibrating polarons, are narrower, more firmly coupled, and persistent, and stabilized in two-dimensional crystallographic layers.

Polymers 2021, 13,2898 An excitation activating energy level indicates the presence of a relaxed mechanism (a conduction activity), which can be characterized as polaron-hopping among adjacent locations in within the crystalline lattice structure. Through use of lattice oscillating, it is necessary to mobilise the confined localized electron. Among these instances, electrons are assumed to travel through hopping movement stimulated by lattice crystalline oscillating, i.e., a conducting method is supposed to be multiphonon-assisted hopping of tiny polarons across localized regions.

Doping with acidic functionalities reduces the band gap that enhances the conductivity of PPY [54]. Semiconducting components and electrodes for charge storage devices are routinely developed through either of chemical or physical vapor deposition over semiconducting wafers. Alternatively, PPY electrodes are produced through electrode position over metals or by hand laying of a composition of PPY over metallic substrates in presence of graphite, dopants and polymeric binders [11,13,14]. Common polymeric binders employed for the development of WE are polyvinylidene fluoride (PVDF), polytetrafluoroethylene (PTFE), and sulphonated polysulphone (SPS), as shown in Figure 6. 

Properties and Multifunctional Applications of Conducting Polymers

Conducting polymers have wide applications in various fields such as supercapacitors, electrochromic devices, biosensors, and electrocatalysts [55][56][57]. Conducting polymer nanocomposites of inorganic oxides have various applications in the field of chemistry and physics due to their electro-optical properties [58]. Various applications and properties of conducting polymers are shown in Figure 7. Several properties of conducting polymers like processability, conductivity, permeability, and mechanical properties are increased by dopant anions [59][60][61]. 

Electrical Properties

Conducting polymers have various applications in electronic devices like batteries, solar cells, fuel cells, and supercapacitors due to the highly conducting nature of polymers. Various applications of CPs are described below.

Lithium-Ion Batteries

Conducting polymers have been used in batteries. Several polymers like polypyrrole, polyaniline, and polyacetylene are used as electrodes in batteries. PPy composites doped with MnCo 2 O 4 are used as anode in lithium-ion batteries. These composites have good stability, a high-performance rate, and are light weight [62]. These batteries are used in electrical vehicles, mobile phone, and tablets.

Since lithium-ion batteries have such a complicated intricate architecture framework, all electrode elements, comprising active materials, binding additives, conductive agents, electrolytes, and membranes, must be designed in an inventive manner. One such review demonstrated how physicomechanical deterioration might have been whittled down by replacing the conventional PVDF/C electrodes matrices with CP-based bindings as elastic and adherent conducting materials. This is one way whereby research towards passive components and composite materials extends the electrode surface, active material, absorber layer area through shifting prerequisites and demands for active materials, like lower volumetric changes, to passive components, which could handle those demands, like flexibility, adhesion-conducting [62].

Multi-functionalized CP-based binding adhesives have demonstrated intriguing characteristics like suitability with solvent-treatment, appropriate electrochemical-ionic, carriermobility properties, significant adherence to active components, and probable capacities contributions. Through formation of composites with nonpolar hydrophile polymerics, altering CP side-branches with hydrophilic groups, and manufacturing a hydrogel-derived three-dimensional electrode structure of conducting polymeric active components through in-situ-polymerization, investigators have already also addressed the inherent and profoundly poor processing of pristine CPs. The previous two methods are appealing due to their ease of synthesis and scaling reproducibility at an affordable price. Another technique Polymers 2021, 13,2898 inherited the benefits of hydrogel materials, like adjustable nanostructures and centralized hierarchical three-dimensional electrode structures comprising interconnecting ionic and electronic conductions. Furthermore, consequentially, the above-mentioned designing notion for CP-based binding adhesives, specifically hydrogel-based CP composites, might discover usage in energy storage devices, rechargeable-batteries, super-capacitors, and flexible/elastic equipments [62].

Solar Cells

Conducting polymers have been used in solar cells. These are used as an electro catalyst in solar cells. PPy aluminium oxide composites were used as electro catalyst for solar cells. Dye sensitized and photovoltaic solar cells based on conducting polymers are used in the place of silicon solar cells because these have high energy conversion efficiency and a lower cost than silicon-based solar cells. These are also used as energy transfer mediators in solar cells [63].

Conducting polymers have found widespread application in solar-sectors like dye sensitized solar cells (D.S.S.C.), perovskite-structured solar cells (P.S.C.), and organic/polymerphotovoltaics (O.P.V.).

Polymers could be utilised in D.S.S.C. as not only an elastic adjustable surface, but rather as pore-forming and films-forming agents of photo-anode-films; likewise, owing to their rising catalytic-properties, conductive polymerics as well as comparative composite materials are being employed to manufacture Pt-free counter-electrode materials; and in PSC, polymers could indeed be utilized to promote nucleating polymerization, crystallization, and control crystal-growth. Because of its remarkable energy-gap and charge carrier mobility, polymerics could also be employed as hole-transporting materials. Developing innovative polymeric hole-transporting materials with higher charge carrier mobility and optimal binding energy-level design layout is problematic [63].

Conducting polymerics are extensively employed as active absorber layered-structure in O.P.V.s to affect photo-harvesting efficiencies and equipment operating performance parameters. The technique of obtaining escalating efficiency O.P.V.s seems to be the emergence of various polymeric donors/drivers with a narrower band-gap as well as optimal energy barrier frameworks [63].

Fuel Cells

In the past few decades, fuel cells had various advantages for applications in electric vehicles, such as automobiles [64]. Polymer fuel cells are of two types: low temperature and high temperature fuel cells. The membrane of high temperature fuel cells is made with poly (benzimidazoles). Direct methanol fuel cells (DMFCs) have been used in the field of energy applications because they have fuel portability and high energy conversion efficiency [65]. Conducting polymers with 1D-nanostructures are used as electro catalyst supports in cells [66].

Even though conducting polymeric materials have distinctive characteristics such as rising electron-carrier charge mobility, conductivity, and electrochemical performance, owing to the existence of the organic conjugated polymeric backbone, excellent electron de-localization from of the CPs to the hybrid material, and higher surface-area, such characteristics assist in making conducting polymeric-based nano-hybrids (C.P.N.H.s) an appealing material for analyzing their physical and chemical characteristics but also continuing to expand their application areas (P.E.M.F.C.s) to various sorts of polymeric electrolytic-membrane fuel cells. Till date, relatively few polymer multimetallic effectual electro-catalyst-supported CPs have been explored, and transitions material-based C.P.N.H.s have also still not been disclosed. These steep prices have had the ability to strengthen the catalysis performances and functionality and efficiency of fuel cell energy storage equipment [65,66]. Conducting polymers like Poly(p-phenylenevinylenes) (PPVs), Poly(dialkylfluorenes) (PFs), Polythiophenes (PThs), and their derivatives exhibit potential for polymer lightemitting diodes (PLED) applications [67,68]. By introducing bulky phenyl side groups in the polymer, the performance of PLED could be improved [69,70].

Supercapacitors

These are energy storage devices and are used in solar arrays, hybrid electric vehicles. They have intermediate specific energy between batteries and capacitors. They have a high charging and discharging capability. The supercapacitors based on conducting polymers have high charge storage efficiency so they can store a large amount of energy [71]. Conducting polymers have been used as active electrode materials for supercapacitors due to high conductivity, flexibility, stability, and low cost [72][73][74]. The hybrid type supercapacitor is shown in Figure 8. 

Anticorrosion Properties

These days, conducting polymers and their composites have been used as corrosion protecting agents on metal surfaces [76,77]. Corrosion protecting behavior of these composites is due to the capacity of inhibit the movement of corrosion causing agents on surface of metals [78][79][80]. It was studied that the polyaniline coating on the steel surface protects from corrosion by forming the passive film [81]. Polyaniline epoxy blended coating on steel as a corrosion inhibitor has been studied [82]. Polyaniline/polypyrrole and polyaniline-polypyrrole phosphotungstate composites were used as corrosion protecting agents on the mild steel surface. Composite films give better corrosion protection than bare polyaniline and polypyrrole [83]. Polyaniline doped with TiO 2 nanoparticles (PTC) were used as corrosion protectors, and they were more effective than undoped polyaniline [32].

Oxalate, as well as tungstate doped-PPy, used as a corrosion protector on aluminum has been observed [49]. It was observed that the PANI-MoO 4 2-coating acts as a better corrosion inhibitor as compared to pure PANI coating [51]. Polyaniline and its composites films possess corrosion inhibition properties [84,85]. It was studied that zinc phosphatedoped PPy gives better corrosion protection than undoped PPy [52,53]. Poly-6-amino-mcresol doped with copper nanocomposites give corrosion protection of mild steel. These composites give better performance than bare polymers [86]. The corrosion behavior of 7075 aluminum, copper modified Al, polypyrrole modified Al, and copper/polypyrrole modified Al samples were noticed.
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Catalytic Properties

Conducting polymers have been used as electrocatalysts and photocatalysts in biosensors, cells, and energy-related devices because of high conductivity and electroactive properties of conducting polymers. The high conductivity of conducting polymers increases the efficiency of charge transfer between electrode and electrolyte, which improves catalytic activity. These are used as a catalyst for enzymes in electrochemical sensors. The nanocomposites of polymers were used as photocatalysts [87]. The nanocomposites of polypyrrole-titanium dioxide showed more photocatalytic activities in the degradation of Rhodamine B than pure TiO 2 [88]. Fe 3 O 4 /Pd@PPy composites showed superior catalytic activity and better stability in successive cycling tests [89].

Sensors

In the recent past, polymer nanocomposites have emerged as the most promising materials for cost effective sensors with excellent sensitivity and selectivity with fast and reliable sensing techniques. The unique electrical, thermal, and optical properties of graphene when combined with the light weight, good processability, and excellent mechanical properties of polymers, offer a new class of materials capable of fulfilling the stringent requirements for a wide variety of sensors. Graphene-polymer nanocomposites have attracted enormous interest, mainly due to the fact that exceptionally high performing composites can be prepared by the use of extremely small quantities of the filler due to their nano-level dispersion in the polymer matrix. Basically, 'Sensors' detect the changes in any of its physical properties and convert them into a measurable signal. Based on the changes in their optical, electrical, chemical, electrochemical, and mechanical properties, graphene-polymer nanocomposites can be used as biosensors, chemical sensors, gas/vapor sensors, strain sensors, etc.

Conducting polymers have wide applications in sensors like gas sensors, bio sensors, optical sensors, strain sensors, and chemiresistor sensors.

Gas Sensors

Conducting polymers are used in gas sensors. These are employed in forming the active layer in sensors due to the conductive and flexible nature of conducting polymers. Gas sensors have a wide range of applications in different areas, like industrial production, food processing, environmental monitoring, and health care, etc. [90][91][92]. Conducting polymers and doped conducting polymers with different metal salts have been used in gas sensors. Polypyrrole film with various dopants has been used in gas sensors [93,94].

Biochemical sensors are made of a responsive component towards a specified analyte (molecular-identification) and transduction processor, which converts analyte-concentrations into measurable input-physical electrical signals like voltage, absorption, current, or mass. Gas sensor devices based on CPs were being categorized by IUPAC dependent on inputsignaling waveform transduction. Sensors appertaining to the chemically modulating of electrochemical, optoelectronic, or physicomechanical transmission and propagation processes of CPs would be thoroughly addressed through consideration with gas-sensing applications.

Around ambient temperature, the contact interface among the conducting polymer as well as the gas analyte is still quite significant. As a result, sensors predicated on conducting polymerics could provide spectacular signal output responses, whereas those dependent on synthetic transition metal-oxide have almost zero responsiveness at room temperature. Consequentially, conducting polymeric sensing devices require less energy and also have a simplified device architecture.

Bio Sensors

Conducting polymers are very useful for the expansion of biosensors because these are good materials for the immobilization of biomolecules. Conducting polymers and their composites are used in fabrication of different biosensors and also improve speed Polymers 2021, 13,2898 and sensitivity of biosensors. Delocalization of electrons in conducting polymers is very fast, which is good for efficient biosensors [95]. The conducting polymers provide suitable environment for immobilization of enzymes and biomolecules on the electrode surface. The enzymes and biomolecules may be amalgamated in conducting polymer films during electrochemical deposition on electrodes. The amalgamation of enzymes in conducting polymers gives proximity between active site of the enzyme and conducting surface of the electrode, making it suitable for biosensor construction. Glucose oxidase can be successfully amalgamated in polypyrrole films for glucose detection [96]. The biosensors based on conducting polymers were discovered to treat penicillin and detect innumerable chromosomal disorders. A highly sensitive and rapid flow injection system for urea analysis was fabricated using the composite film of polypyrrole and a polyion complex [97]. Glucose biosensors are used to estimate glucose by the arrest of glucose oxidase enzymes with conducting polymers. The DNA biosensors based on conducting polymers have been investigated for diagnosing and treating of various diseases like chromosomal disorder by repairing, degradation, or multiplication. Biosensors have a great role in environmental monitoring by controlling various hazardous chemicals like formaldehyde and hydrogen peroxide, which cause pollution in the environment [98].

Chemiresistor Sensors

The conducting polymers have also been used in chemiresistor sensors due to their conductivity. The conducting polymers play an important role in sensors because they can act as both electron donors and electron acceptors when interacting with the gaseous form. The conductivity of conducting polymers increases when it acts as an electron donor to gas and decreases when it acts as an electron acceptor to gas [99]. Pt, Au, and Pt-Ni IDAs pre-patterned over alumina, quartz, glass, acrylic strip, silicon chips, Si 3 N 4 /Si are normally used as chemiresistor sensors [100].

Strain Sensors

Strain sensors measure a local deformation due to an applied strain. Strain sensors mainly find application in damage detection, structural health monitoring, and structural and fatigue studies of materials. The outstanding electrical properties of graphene have made it the most promising material for developing strain sensors. In general, graphenebased strain sensors can work mainly based on three mechanisms: a.

based on structure deformation of graphene, b. based on over connected graphene sheets and finally, c.

based on tunneling effect of neighboring graphene sheets.

The structural deformation of graphene due to an applied strain can induce attractive changes to its electronic band structure and electrical properties. There have been a lot of theoretical calculations to find out the effect of different types of strain on graphene. Experimentally, strain sensors based on the structural deformation of graphene have already been demonstrated by many researchers. CVD-grown graphene, transferred on flexible polydimethylsiloxane (PDMS) substrate, showed a gauge factor of ~151 [101]. When the strain was applied, initially, the resistance was decreased, which was due to the relaxation of pre-existing wrinkles on the graphene sheet.

Further increase in strain resulted in increase in resistance due to distortion of the hexagonal honeycomb crystal structure of graphene. Even though these sensors have high sensitivity, the large strains can cause unrecoverable structural deformation, limiting their practical application. Researchers made efforts to overcome this limitation by forming rippled graphene layers on pre-strained PDMS [102]. The graphene layer was deposited on a pre-strained PDMS, and when the strain of the PDMS was released, the graphene layer above the PDMS formed a rippled structure. The resistance of this sensor was found to linearly decrease with increasing strain. The resistance changed from 5.9 kΩ to 3.6 kΩ when the strain was increased from 0% to 20% till the graphene layer was completely flat.
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Actuators

These features make them the most promising candidates for many applications, including artificial muscles and robotics. Graphene polymer composite actuators are considered one of the most versatile actuator systems.

The electrically triggered polymer actuators can follow two different mechanisms: either utilizing Maxwell's stress, which is generated as a result of the electrostatic attraction between the two electrodes, or by pure electrostrictive effect [103]. However, there can be another class of polymer actuators in which the large mechanical deformation is caused by ionic charge movement at lower voltages like in ionic polymer based metallic composites [104]. During the last few years, there have been several reports to develop electromechanical actuators with excellent actuator performance by combining the unique properties of graphene with different polymer systems. Unlike the conventional polymer based electromechanical actuators, graphene-polymer composite actuators follow different mechanisms in different systems depending on the materials and the design of the actuators. This makes them the most versatile actuator materials for various practical applications.

In a study by Chen et al. using poly(methylmethacrylate) functionalized graphenepolyurethane (MG-PU) composite actuators, it was found that the introduction of functionalized graphene into the PU matrix significantly improved the electric field induced strain behavior when compared to pure PU films. The electrical field-induced straintronics increased from 17.6 per cent for pure PU to around 32.8 per cent for 1.5 wt. per cent, MG-PU composite film and was nearly two-timing that of pure film as presented in Figure 9 [105].

Graphene can undergo contraction on heating due to its negative temperature coefficient of thermal expansion. This unique property was utilized by Zhu et al. for designing a bimorph actuator using a graphene-epoxy hybrid system [106]. The graphene-on-organic film actuator was developed as a cantilever in which graphene acted both as the conducting layer and heating layer. Upon applying electric power, the graphene was directly heated, and the epoxy was warmed up by diffused heating. Due to the mismatch in thermal expansion of graphene and epoxy, the cantilever exhibited a deflection towards the graphene coated side. The device exhibited high actuation behavior at very low power. For instance, the cantilever tip deflected 1 µm with an input voltage as low as 1 V within 0.02 s and returned back to its original position within 0.1 s. They have also reported that the flapping and bending motion of the actuators can be controlled by changing the frequency and duration of applied voltage. They have demonstrated the working of this graphene on organic film actuator in the form of a dragon fly wing, as illustrated in Figure 10.

A similar bimorph actuator based on a bilayer of graphene and polydiacetylene (PDA) was reported by Liang et al. [107]. The actuator generated a large actuation motion under a low electric current in response to both dc and ac signals. For example, for a bimorph of size 10 mm length by 2.7 mm width, at a very low dc current of 20 mA, a displacement as large as 1.8 mm and curvature of 0.37 cm -1 were obtained. Similarly, at applied DC of just 0.29 A/mm 2 , actuation stress as high as 160 MPa/g was obtained. Under the ac signal, this actuator displayed reversible swing behavior.

Recently, the electroactive performance of graphene-loaded cellulose composite actuators was reported by Sen et al. [108]. The films of microcrystalline cellulose (MCC) loaded with graphene nanoplatelets were prepared by the solvent casting method. An ionic liquid, 1-butyl-3-methylimidazolium chloride (BMCl), was used as the solvent. The composite films were converted into actuator strips by forming electrodes using gold leaf. The incorporation of graphene enhanced the conductivity and mechanical properties of the polymer composite. The actuator performance was measured at 3 to 7 V. The study reported that the graphene-based polymer composite loading reduced the actuation speed but operating at higher excitation voltages. Moreover, an increase of 267% in the maximum displacement at an excitation voltage of 3 V was achieved with the addition of graphene, as revealed from the Figure 11a-d. This clearly indicates that the loading of graphene nanoplatelets has led to improved electro-active actuator efficiency of the polymer composites. Polymers 2021, 13,2898 Polymer nanocomposite based optical actuator is one of the fast-developing fields in contemporary research.

In a graphene-polymer composite actuator, the homogeneous dispersion of graphene is one of the important aspects to be ensured for good optical actuation behavior. The homogeneity of graphene dispersion was achieved by many researchers using functionalization techniques [109,110]. The IR triggered actuation in graphene-polydimethylsiloxane (PDMS) systems showed less photomechanical stress and strain. For example, 2 wt.% graphene nanoplatelet-PDMS system exhibited a change in stress of only less than 40 kPa [111]. Even with single layer graphene (1 wt.%), the photomechanical stress of the PDMS system was <50 kPa [112]. However, graphene-PDMS systems exhibited excellent reversibility.

Seema et al. reported a Thermally reduced graphene oxide (TRGO)-PDMS system with higher photomechanical stress of 133.44 kPa [113]. Even though the strain obtained was only 7.17%, the actuation behavior was 100% reversible.

Similarly, graphene/styrene-isoprene-styrene (SIS) copolymer composite was studied as an optical actuator [114]. The maximum photomechanical stress and strain obtained were 28.34 kPa and 3.1%, respectively. However, the on-off cycle of the actuator exhibited a marching behavior due to creep deformation, which became less prominent after a few on-off cycles.

Graphene-polymer composite actuators which can be driven by solvents, pH, chemicals, etc., can find a wide range of applications particularly in the biomedical field. A solvent driven actuator was developed by Deng et al. by pattering few-layer graphene (FLG) on an epoxy-based photoresist polymer (SU-8) [115]. The FLG/SU-8 bilayer can fold when immersed in water due to de-solvation of SU-8 or can unfold when immersed in acetone due to re-solvation of SU-8. Even after solvation and de-solvation, the graphene layer is held intact. This also puts up an opportunity to integrate graphene-based sensors on solvent driven self-folding polymer actuators.

Flexible Electronics

In recent years, there has been intensive research on flexible and stretchable electronics especially in the field of wearable electronic devices, stretchable circuits, flexible batteries, membrane keyboards, biomedical sensors, and artificial tissues. One of the critical parameters to realize flexible electronics is to retain the high conductivity under mechanical deformations.

Wong et al. have developed a process to fabricate highly conductive and flexible graphene aerogel/PDMS composites. [116] A spontaneous reduction process prepared graphene aerogel, and due to its porous nature of this aerogel the incorporation of PDMS into the graphene framework was easier. Graphene aerogel/PDMS composite showed a high conductivity of 95 S/m at small filler loading of 0.8 wt%, as exhibited in Figure 12. The flexibility of the composites was studied by electromechanical tests and achieved good retention in conductivity (of about 80%) under various bending conditions.

Shape Memory Polymers

Incorporating conducting fillers into the shape memory polymer (SMP) is one of the most widely adopted methods to develop smarter shape memory materials. Many researchers have already succeeded in improving the shape memory effect by incorporating conducting fillers like graphene into the polymer matrix. In addition to imparting mechanical strength due to the high thermal conductivity of graphene, it can uniformly heat the SMP composites, which results in faster response and better shape recoverability.

A composite with triple stage shape memory performance was demonstrated by combining chemically modified graphene oxide with an interpenetrating polymer network of polyurethane with two different molecular weights [117].

The shape memory effect (SME) of graphene oxide (GO) incorporated shape memory polyurethane (SMPU) nanofibers were studied by thermal cyclic tests [118]. The SMPU/GO Polymers 2021, 13, 2898 nanofibrous mats exhibited a better SME and lowered thermal shrinkage when compared with pristine SMPU nanofibrous mats. With a GO loading of 4.0 wt.%, a very low thermal shrinkage ratio of 4.7 ± 0.3%, a very high average fixation ratio, and a recovery ratio of 92.1% and 96.5% were obtained, exhibited from the Figures 13 and14, respectively [118]. The GO cross-linked SMPU molecular chains are not free to shrink and, hence, can be stabilized much more quickly for reaching the final structure, which results in high fixation and recovery ratio.

In a similar study, the correlation between the temperature dependent SME, and the cross-linking density in GO/polyurethane nano composites was established by Ponnamma et al. [119]. As the filler concentration was varied, the crosslinking density was also varied affecting the shape memory properties.

Graphene-polymer composites have emerged as one of the most promising materials that can revolutionize the field of electronics and optoelectronics. 

Optical Limiting Applications

Optical limiting is a mechanism by which certain materials, which are transparent to light at low intensities, restrict the transmission of light above a threshold input intensity. Graphene, GO, and RGO exhibited high nonlinear optical absorption, which makes them suitable as good optical limiters. Most of the studies were based on dispersions in liquid. However, for practical device applications, these need to be used as solid materials, and the dispersion of graphene or GO or RGO in the solid matrix is very important. There have been a few studies on the nonlinear optical properties of RGO in various solid matrices including glass and polymers. The nonlinear optical properties of covalently functionalized GO in silica gel glasses were studied by Tao et al. [120]. They have observed that the nonlinear optical response of functionalized GO was better in silica gel glass than in deionized water.

Similarly, RGO with porphyrin incorporated in polymers was studied as optical limiters by a few researchers [121]. There have been a few reports on the optical limiting properties of graphene-polymer composites also. However, in order to avoid the dispersibility issues of graphene, functionalization was required in most of the cases [122,123].

Biomedical Applications

Conducting polymers have innumerable applications in the field of medical science like drug delivery, biomedical implants, tissue engineering, and diabetic monitoring.

Drug Delivery

During last few years conducting polymers have been used in drug delivery due to biomedical compatibility. These are good for drug release applications [124]. The choice of drug delivery method depends upon the types of drug and types of treatment required. The routes of drug delivery are peroral, gastrointestinal, rectal, ocular, intravaginal, transdermal, vascular injection, nasal, and pulmonary [125]. The different types of drugs like anionic, cationic or neutral can be injected into the polymer backbone [126].

The surface area of conducting polymer films can be increased by titanium and carbon nanotubes to store drugs [127,128]. Many therapeutic drugs, such as 2-ethylhexyl phosphate, dopamine, naproxen, heparin, and dexamethasone, have been bound and successfully released from these polymers [129][130][131][132][133][134][135][136][137][138][139][140][141][142][143][144].

Polymers 2021, 13, 2898 3.9.2. Tissue Engineering Conducting polymers also find applications in tissue engineering due to their stimulusresponsive property. The composites of these polymers act as substrates that promote cell growth, adhesion, and proliferation at the polymer-tissue interface [130,131,145-158].

Diabetic Monitoring

Conducting polymers and their nanocomposites have advantages in the diagnosis and treatment of diabetes. These are used for the manufacturing of devices that are needed in the diabetes treatment of human beings. The pros of employing conducting polymers in diabetic-treatment are that their physical and chemical characteristics are being modified by doping with numerous chemical agents whenever required. The glucose biosensor is used in the treatment of diabetes. Conducting polymers are applied in closed loop delivery devices, which are needed for diabetic patients [132].

Thus, conducting polymers containing metal particles possess interesting properties of scientific and practical interests [132][133][134][135][136][137][138][139][140][141][142][143][144][145][146][147][148]. Researchers are more interested in developing the three-dimensional structure of conducting polymers, hybrid, and nanohybrid materials of conducting polymers. The hybrid and nanohybrid conducting polymers are synthesized by adding metal, metal oxides, graphene, and graphene oxide to conducting polymers. These new materials improve functionality in different areas like sensors, electronic devices, and biomedical application. The graphene nanohybrid of these polymers is used as an electrode in synthesis of capacitors. These nanohybrid materials increase stability, flexibility, and capacity of capacitors [149][150][151][152][153][154][155][156][157][158][159][160][161]. The different properties of polymers like thermal stability, mechanical properties, conductivity, corrosion protection properties on steel and aluminium can be escalated to a firm extent by doping.

Novel Polymer Nanocomposite Materials for Multifunctional Engineering Applications

Li et al. outline the synthetic-polymeric composite biomedical-coatings comprising of inorganic elements, but also present their design methodologies and manufacturing processes. For developing composites coatings, synthetic as well as polymeric elements can indeed be blended prior to applying coating methods, yet they can be subsequently coated and sprayed onto surfaces. Generally, the operations really are not challenging [162].

For most scenarios, polymerics serve as hosting matrixes while inorganic particles act as dispersing filling materials, emphasizing the existing concern that elements of composite coatings generally exhibit their merits and take measures in such a discrete way instead of in a spontaneous synergistic manner. Additionally, study on intermolecular-level interfacial contact and interactions among synthetic and polymeric elements is inadequate [162].

How else to optimize the proportion and focus on improving functionality and suitability of the elements, as well as how to strengthen the stimulatory synergic effect to develop novel bio-functions, might just be the upcoming challenging issue for polymeric composite coatings, which also relies heavily on a comprehensive understanding of the interactions among polymeric materials as well as inorganic particles. It is indeed worthwhile to examine alternative prospects for synthetic-polymeric composite coatings, including their realistic medical applications [162].

Rikhari et al. mixed graphene-oxide (GO) with a conducting poly-pyrrole (PPy) polymeric and then deposited it on titanium material, employing a traditional electropolymerization process. Such hybrid coatings exhibited excellent resistance to corrosion, and bio-compatibility, rendering them attractive for orthopaedic implants, bone-regeneration, and biomedical applications [163].

Sulfonic acids were being utilized as doping agents in the electro-chemical synthesis of poly-pyrrole (PPy) coatings on carbon-steel as reported by the Nautiyal et al. [164]. The influence of acidity doping (p-toluene sulfonic-acid (p-T.S.A.), sulfuric-acid (S.A.), camphor-sulfonic-acid (C.S.A.)) upon carbon-steel surface modification passivation was analyzed employing linear-potentio-dynamics and contrasted to a coating's microstructure as Polymers 2021, 13,2898 well as corrosive shielding effectiveness as showed in Figure 15. The sorts of doping agents utilized had a substantial influence on the coating's potential to shield the surface of the metal against chloride-ion attacks. The corrosive behavior of a polymeric backbone is primarily determined by the volume, structure, magnitude, size, positioning, and orientation of the doping agent. Furthermore, both p-T.S.A. and sodium-do-decyl-benzene-sulfonate (S.D.B.S.) have included additional benzene-rings, which stacked around each other to produce lamellar-membranous sheet-like barriers to chloride-ions, rendering them effective doping agents for PPy coatings for reducing corrosion to a considerable extent. Additionally, adhesive ability was strengthened via directly introducing long-chain carboxylic-acid into to the monomer's solvent. Besides that, PPy coatings coated with SDBS indicated remarkable bio-cidal characteristics against Staphylococci. PPy coatings on carbon-steels with double anticorrosion and superior bio-cidal abilities have such a promising possibility to be used throughout the industries for anticorrosion and anti-microbial applications [164]. The phenomena of static-charge are unforeseeable, especially when an airplane is traveling at higher latitudes, inflicting the accumulation of static charge-carriers to surpass a specified threshold, resulting in the breakdown of its components and subsystems, involving devastating explosive blasts and radio-transmission malfunction loss, as revealed by Yadav et al. [165]. The accumulating of static charge-carriers on aeroplanes is caused by the interaction among the aircraft's outermost exterior surface-layer as well as the external atmospheric characteristics, which would include surrounding air, snow, hailstorm, dirt, and volcanism eruption-ash, in addition to its tribo-electric charging. Because of the lightweight materials, and similar physicomechanical characteristics, innovative polymericbased composites or nanocomposites have become prevalent structural constituents for aviation sectors throughout the last few decades. However, such polymeric composites do not provide low-resistance trajectory for electric charge transport, thus, attempting to make them susceptible to influence of thunderstorms, lightning-attacks, and p-static interference. For this perspective, nano-filler formulations are critical for developing conducting polymeric composite structures using nonconductive polymeric matrices. With the emergence of carbon-derived polymeric nanocomposites, certain challenges pertaining to non-conductive polymeric matrices have indeed been satisfactorily resolved, and the composites have evolved into an avantgarde genre [165].

Owing to its remarkable electrical properties, redox characteristic, but also functionality at ambient temperatures, novel nanocomposites appertaining to graphene and conducting polymerics like poly-aniline (P.A.N.i.), poly-pyrrole (PPy), poly (3,4 ethyl-dioxythiophene) (P.E.D.O.T.), poly-thiophene (PTh), as well as their compound-derivatives have Polymers 2021, 13,2898 notably become extensively utilized as active materials throughout gas-sensing applications as enumerated by the Zamiri et al. [166] Whenever these two materials have been blended, they excelled, pure graphene as well as conducting polymerics, in terms of sensors-based characteristics. This could be attributable to the nanocomposites' high specific surface area, and indeed the combined synergic effects of graphene and conductive polymerics. A kind of graphene, as well as conductive polymeric nanocomposites processing techniques, including in situ polymerization, electro-polymerization, solution-blending, selfassemblage, and many others, have been revealed, and utilization of such nanocomposites as sensing materials has also been shown to enhance the effectiveness of gas-sensing.

A kind of graphene, as well as conductive polymeric nano-composites processing techniques, including in situ polymerization, electro-polymerization, solution-blending, selfassemblage, and many others, have been revealed, and utilisation of such nanocomposites as sensing materials has also been shown to enhance the effectiveness of gas-sensing [166].

Findings unveiled that the reduced graphene oxide-P.A.N.I. blends packed on a flexible-based poly-ethylene-terephthalates thin film demonstrated the maximum response of 344.12 to 100 ppm ammonia, the gas sensor activity of P.E.D.O.T./reduced graphene oxide nanocomposites processed through in situ-polymerization method unveiled outstanding sensing effectiveness to nitrogen-dioxide, and reduced graphene oxide/PPy nanocomposite demonstrated the maximum sensitivity of 102 percent under 50 ppm as displayed in Figure 16 [166]. rate. Palladium/poly-pyrrole (PPy) C.P.N.H.'s possesses 7.5 and 78 times more massactivities of commercialized palladium/carbon, and bulk palladium/PPy used as anode materials for ethanol-oxidation, respectively. The electro-catalytic activities of Palladiumrich multi-metallic alloy-compositions placed on PPy nanofibrous was roughly 5.5 times more than the mono-metallic counter-parts. Likewise, binary and ternary platinum-rich electro-catalysts displayed higher catalysis performance for the methyl-alcohol-oxidation, as well as the catalysis behavior of Pt-24Pd-26Au-50/PPy considerably enhanced up to 12.45 A/mg platinum, which itself is around fifteen times superior than those of commercialized platinum/carbon (0.85 A/mg platinum) [167].

Outcomes also reported that such a novel class of C.P.s-based bio-materials can still be employed in cellular investigations, like tissue-engineered, regenerative-medicine, bioengineering, bio-medical equipment, scaffoldings, and so on. It might be immensely favorable to the progress of such a domain [168].

Drawbacks of Conducting-Polymers

Conducting-polymerics (C.P.'s) with multifunctional-applications have had some constraints owing to their toxic-carcinogenic character and disparities in in vivo and in vitro investigations. In general, the crucial challenges for C.P.'s include physical characteristics, cytocompatibility, bioactivity, and bio-compatibility.

Though C.P.'s have tremendous promising opportunities in multi-functional applications, they have numerous downsides due to the initial bursting drug-delivery release-rate, and the hydrophobic characteristics of the polymeric, thus, hindering their usage. Nonetheless, drug-releasing mechanisms seem to be of enormous interest to scientists as well as providing possibilities in treating cancer, and in minimal invasive-methods for myriads of neuro, and cardio-vascular treatments.

Another key drawback of existing C.P.'s are as follows: the cyclic-stabilisation is worse than that of carbon materials, and the energy-capacity, power-density, specific-capacitive, and specific-power are significantly low while comparing to transition metal-oxides.

Concluding Remarks and Future-Outlook

Nowadays, great advancements in conducting polymers and rare earth oxides have been achieved in electrochemical and conductors by modifying the surface of the working electrode. This review paper gives sound information about the chemical and electrochemical synthesis methods and applications of conducting polymers in different fields, like electronic devices, sensors, protection of corrosion, shape memory polymers, actuators, flexible electronics, optical limiting, drug delivery, and tissue engineering. The nanocomposites and nanohybrid materials of conducting polymers improve the useful properties of polymers in different fields. An improved thermal and cyclic stability with a low internal resistance of the composites was observed with the application as dielectric, antistatic properties, semiconductor, and energy storage devices. Biopolymeric nanocomposites for storing energy, power-generation, energy production, conservation of energy, and corrosion inhibitors purposes have indeed been presented in this article. ICP nanocomposites have piqued the curiosity of researchers due to their high electrical properties, being relatively inexpensive, the ease of manufacture, and their biodegradability. Graphene and certain other nano-fillers are proliferating and gaining momentum as appealing possibilities for nanocomposites. Progressions in the fabrication, evaluation, testing, characterization, and computation modeling of nanostructures have offered ample and endless possibilities for tailoring the engineering characteristics of PNC frameworks.

Corrosive inhibitors and anodic shielding are the two foremost significant methods for reducing the metal corrosion rates. Composite-conducting polymerics (C.C.P.'s) were shown to offer excellent corrosion-resistant characteristics compared to conductive polymeric-coating materials. This seems to be attributable to the nanoadditive's increased area of surface for dopant-releasing and the development of a barriers impact versus diffusion transport. It is predicted that in upcoming investigations, a plethora of reinforcing Polymers 2021, 13,2898 particulates will be at the forefront of interest, with a heavy emphasis on the application of C.C.P.'s on certain metal surfaces and in diverse domains. Furthermore, since corrosive resistance by C.P.'s is predominantly focused on anodic shielding, the stabilization of the passive oxide layer underneath the polymeric coating and the inhibitors of aggressive anion-ions from penetrating the polymeric membrane must, therefore, be thoroughly studied.

The toxic effect of electro-active poly(aniline)-based oligomers has indeed been thoroughly examined, and it is a restrictive concern for bio-medical applications. Throughout this domain, suggestions for novel electro-active oligomers predicated on better stabilized, and bio-compatible electro-active monomeric-subunits and/or oligomers could be of interest. A further approach would be to utilize a relatively minimal, aniline-based oligomer concentration, or even to explore newer possibilities to escalate bio-compatibility.

Electro-active macro-monomers appear as a promising strategy for obtaining grafting co-polymers with conductance, and bio-degradability. Substantial research is required, nevertheless, before these bio-materials can still be employed in cellular investigations, like tissue-engineered, regenerative-medicine, bioengineering, bio-medical equipment, scaffoldings, and so on. It might be immensely favorable to the progress of such a domain.

Some other crucial trend is that it would be worthwhile not only to synthesize novel materials, but also to delve deeply into their characterization. Significant investigations have recently concentrated on the bio-interface of materials with cellular, either by investigating nano-sized scaling characteristics or interacting with bio-molecules, in order to properly comprehend what could be better for cellular interface interaction. Subsequently, the insights could contribute to developing intelligent bio-materials inside the upcoming years.

C.P.'s are generally infusible, and unsolvable, rendering treatment of such materials challenging, particularly when mixed with the other polymeric matrices for anti-static applications. Even so, with advancement of manufacturing methods, the afore-mentioned concern is now being overcome, and C.P.'s are showing promise in conductive materials in anti-static applications, owing to their convenience of synthesizing, their lower-density, their light-color, and the manageable electrical characteristics, between whereby the waterbased conductive coatings have been remarkably alluring, deserving additional endeavour for useful anti-static devices.

Nevertheless, numerous impediments have yet to be overcome. The first one is the paucity of elevated nano-fillers, as well as the exorbitant operating costs and complexity in scaling-up. The next difficulty is correlated with the handling and treatment of PNCs. Controlling a dispersal scattering and orientations of the nano-fillers is paramount for optimising the functionality efficacy of PNCs. The final barrier is a dearth of comprehensive insight and prediction capabilities of the recurring viable fundamental processing structural-characteristic interactions necessary to completely maximize the commercialization prospects of such innovative biomaterials. The generated models frequently failed to anticipate scientific findings. Furthermore, substantial extensive research attempts to generate breakthrough innovative biopolymer nano-composites employing cleaner sustainable, economical, environmentally-sound, and alternative renewable sources of energy are desired from the standpoint perspective of attaining sustainable development. 

Introduction

Polymer composites are globally recognized due to their thermal insulation properties. To improve their thermal and heat resistant performance further, certain metallic materials are added to polymers, such as copper [1], nickel [2], magnesium [3][4][5], and zinc [6]. The inclusion of metal component in polymer-based composites has produced new promising materials with high potential in various engineering sectors. Metal-filled composites offer numerous advantages, such as heat conduction, static electricity discharge, conversion of mechanical signal into electrical signal, and electromagnetic interference shielding signal [7]. Metal-filled polymer composites have been widely used in recent years, particularly as flame retardants, due to their superior characteristics. Figure 1 shows the trending of research conducted on flame retardant metal filled polymer composite. It can be seen that the trending of this research is increasing by 2000% over 20 years. These conductive polymer composites potentially combine significant advantageous characteristics of plastics and metals, offering less cost with high production rate [8], design flexibility [9], noncorrosive [10], and lightweight properties [11]. Processing methods, including the use of an internal mixer and extrusion and injection molding, can be adopted to fabricate these compounds [12][13][14].
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Flame Retardancy of Polymer Reinforced Composites

Using a mixture of recyclable waste polymer and PP fiber-reinforced materials has been demonstrated to be the most suitable method for the economical production of an entirely recyclable fire safety engineering design [70]. Figure 2 shows the metal particle distributions in polymer composites. In the case of natural fiber-reinforced polymer composites, their susceptibility to heat and flame retardant is one of the limitations. This is because of the presence of cellulose in plant fibers and hydrocarbon-based polymers causes the composites to be highly flammable [71]. Understanding the thermal decomposition and flammability of bio-based fibers, polymers, and their composites is crucial. Furthermore, appropriate flame retardant treatments and addition of metal component in these composites have been shown to significantly improve their thermal stability and fire resistance. According to Girisha et al. [72], adding amount of cellulosic fiber raises flammability of sisal/coir fiber reinforced epoxy composites since natural fiber embraces combustion. It is a weak flame retardant owing to the formation of a surface layer during the pyrolysis of the cellulosic material, which has a low fire resistance and act as a fire supporter, preventing heat from being transmitted to unpyrolized products. To date, several studies have investigated the flame retardancy of polymer composites filled with metal derivatives. Bar et al. [69] examined the flame retardation of polymer compounds. They determined that a particular fire retardation method and the effect of polymer composites were enhanced by FR with different composite properties. Figure 3 illustrates the FR synthesis process in composites via melt condensation reaction. Methodological approaches for improving the fireproofing effect are based on firefighting chemicals. The insertion of FR compounds or micro/nano FR fillers into a polymer backbone can increase the polymer matrix's flame slope. To achieve a highly FR composite material, the polymer frame matrix must exhibit more than 15% fireproofing filtration; this condition compromises its mechanical properties. In the current analysis, halogenbased FRs can increase the flame retardation effect of the formulation at lower concentrations relative to metal hydroxides. However, halogen is toxic to the atmosphere, and thus, its use has been banned. The size of the nano type filer would be very harmful to human health. To date, several studies have investigated the flame retardancy of polymer composites filled with metal derivatives. Bar et al. [69] examined the flame retardation of polymer compounds. They determined that a particular fire retardation method and the effect of polymer composites were enhanced by FR with different composite properties. Figure 3 illustrates the FR synthesis process in composites via melt condensation reaction. Methodological approaches for improving the fireproofing effect are based on firefighting chemicals. The insertion of FR compounds or micro/nano FR fillers into a polymer backbone can increase the polymer matrix's flame slope. To achieve a highly FR composite material, the polymer frame matrix must exhibit more than 15% fireproofing filtration; this condition compromises its mechanical properties. In the current analysis, halogen-based FRs can increase the flame retardation effect of the formulation at lower concentrations relative to Polymers 2021, 13, 1701 metal hydroxides. However, halogen is toxic to the atmosphere, and thus, its use has been banned. The size of the nano type filer would be very harmful to human health. mer compounds. They determined that a particular fire retardation method and the effect of polymer composites were enhanced by FR with different composite properties. Figure 3 illustrates the FR synthesis process in composites via melt condensation reaction. Methodological approaches for improving the fireproofing effect are based on firefighting chemicals. The insertion of FR compounds or micro/nano FR fillers into a polymer backbone can increase the polymer matrix's flame slope. To achieve a highly FR composite material, the polymer frame matrix must exhibit more than 15% fireproofing filtration; this condition compromises its mechanical properties. In the current analysis, halogenbased FRs can increase the flame retardation effect of the formulation at lower concentrations relative to metal hydroxides. However, halogen is toxic to the atmosphere, and thus, its use has been banned. The size of the nano type filer would be very harmful to human health. Zadeh et al. [74] researched the recovery of polymerized FR mixtures enhanced with palm fiber. Their findings demonstrated that magnesium hydroxide (Mg(OH)2) is used on artificial composites; the material was fireproofed. This research was conducted using a conical calorimeter to measure fire resistance and analyze limiting oxygen index (LOI). Zadeh et al. [74] researched the recovery of polymerized FR mixtures enhanced with palm fiber. Their findings demonstrated that magnesium hydroxide (Mg(OH) 2 ) is used on artificial composites; the material was fireproofed. This research was conducted using a conical calorimeter to measure fire resistance and analyze limiting oxygen index (LOI). The exhaust gas emission rate, overall heat release rate of the composite material comprising the refractory filler were tested in accordance with oxygen consumption theory. The most important development was that recycled materials and palm oil waste can produce composites that are affordable and environmentally safe. Although palm oil retains the mechanical properties of ternary composite mixtures, FRs exhibit heat resistance. This study showed that fire protection decreases mechanical efficiency. However, palm fiber increases the total strength of the construction material, helping achieve physical and mechanical properties. Composite products with 10% fibers and 1% binder (a combination of polyvinyl anhydride and maleic acid) exhibit mechanical strength and thermal tolerance.

Recently, the literature that presents the flame retardancy findings of metal composites has emerged. Yuan et al. [75] experimented on melamine (MA)-modified graphene oxide (GO). They found that slowing the combustion of PP altered MA-modified GO via heavy ∆-∆ interactions and hydrogen and electrostatic bonds. In their thesis, GO used the modified Hummers process to oxidize graphite powder. In particular, 0.6 g of GO and 3 g of MA were combined to create FGO. Interestingly, the findings of the transmission electron microscopy (TEM) and scanning electron microscopy (SEM) demonstrated that FGO nanosheets are evenly scattered in polymer matrices with embedded and flaky microstructures. FGO/PP nanocomposites exhibited better thermal stability and flame tolerance relative to their GO counterparts.

Fiber metal laminates (FMLs) are often used in the manufacture of hybrid natural fiber/metal polymer composites because of their strong electrical and thermal conductivity. FMLs are lightweight construction structures made up of thin metal contrasting with thin composite plies of metal as exterior surfaces (0.3-0.5 mm in thickness). Rather than improved thermal properties, various studies on hybridization of natural fiber with FML has been reported to enhanced their mechanical properties. Because of the inclusion of aluminum layers in the composite structure, tensile, flexural, and impact properties in sisal fiber reinforced aluminum laminates is significantly improved [76]. The tensile strength and dimensional stability of kenaf woven fabric reinforced with polypropylene also improved when utilizing FML aluminum, as reported by Ishak et al. [77].

Combustion Mechanism and Flame Retardancy of Composites

Considering the continuous increase in plastic waste and environmental degradation, biodegradables that use renewable products as a substitute for traditional petroleum plastics are becoming increasingly common. In recent years, halogen-free FRs have elicited considerable attention because halogen fuels used for combustion produce large and fast volumes of fires. Some types of fire prevention equipment include thermoplastic polyester and commonly use halogenation agents, special bromine, polymers, and antimony sources. Halogen-free systems pose problems, some of which are new to municipal authorities; halogen-free phosphorus compounds, surface treatments, and reaction processes have been used in polyethylene terephthalate (PET) textiles for many years [78]. Figure 4 depicts the combustion cycle and potential flame retardancy approach. 

Combustion Mechanism

Several researchers have also investigated the burning of metals in the shapes of chains, rods, and ribbons. Figure 5 illustrates the combustion mechanism of polymers. A motion picture technique is used to calculate burning times in different atmospheres. The addition of small amounts of water vapor exhibits a remarkably significant effect. Effort has been exerted to quantify burning times on the basis of the fact that transport processes are considerably slower than chemical reactions, and thus, the pace of the burning phase can be controlled. Burn instability processes in functional combustion systems are highly complicated due to coupled correlations and intrinsic nonlinearities correlated with the involved phenomena. Consequently, most instability processes cannot be modelled or represented using conventional analytical techniques unless several simplification processes are introduced to solve the issue. 
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Flame Retardant Techniques

Advanced fire protection equipment may include three components: (1) acid source, including ammonium polyphosphate (APP); (2) Fourier transform infrared (FTIR) output (metals may increase the release of ammonia and carbon dioxide); and (3) fuel gas. Figure 6 illustrates flame retardancy techniques. The finding is consistent with microscale combustion calorimetry (MCC) and cone calorimetry (CONE) products. That is, if oxygen amounts can be diluted more easily, then ammonia and carbon dioxide emissions will increase. The reduced gas emissions can result in a decline in a material's heat release. The preceding experimental results and previous experiments have been developed for potential fire safety methods involving metals (iron, magnesium, aluminum, and zinc) in paraffin/intumescent FR (IFR) systems. Applications may produce polyphosphoric acid at high temperatures, and polyphosphoric acid may react with the pentaerythritol OH group. The FRs filler would emit ammonia gas to suppress the oxygen. Simultaneously, polyphosphoric acid can interact with metal oxide (metal +), in which this structure may be extended to the stability of polyphosphoric acid, and increasing the molecular weight of polyphosphoric acid can increase the viscosity of the FR layer, making the protective layer more efficient in shielding the polymer matrix [79].
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One of the disadvantages of polymer composites is their high flammability, which prevents their use in a variety of areas. As a result, improving their flame retardant properties is important, and a lot of effort has gone into it. The most effective approach for modifying the flame retardant properties is to incorporate FRs during the compounding phase. Recent findings show that the development in flame-retardant additives has been developed rapidly and new trends were discovered. The use of Ammonium polyphosphate (APP) in order to boost the flame retardant properties has found to increase the fire properties in polymer-based composites [80,81]. In addition, a combination of APP with other flame retardants, such as expandable graphite, SiO2, or CaCO3 [82][83][84], recorded to increase the effectiveness of fire retardancy. Furthermore, there are a variety of inorganic additives [85], organic flame retardants, nano-fillers [86], and anionic nano-clays [87] that were reported can improve the flame retardancy. 
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Characterization of Composites after Flame Retardant Treatment

The fire efficiency of the reinforcement components is enhanced by treating with FR chemicals. However, the fireproofing performance of the polymer matrix can be increased by using micro/nano FR fillers or by adding FR composites to the polymer backbone.

Polymers 2021, 13,1701 This process resolves the degradation of micro-compounds and nanofillers used in newly developed polymers and polymer replacements, along with their effects on composite features, such as automatic and thermal effects. However, the production of all FR material composites is the same during the development stage; for further innovations, researchers must focus on the production of healthy and environmentally sustainable FRs that can increase the firing efficiency of composite products at minimal concentration levels [69]. Table 2 summarizes metal particle functions as FR additives in various composites. of Mg(OH) 2 and ZnB enhanced the flame retardancy of sisal/PP composites without losing their mechanical properties. The past 30 years have witnessed increasingly rapid advances in the flame retardancy of metal composites. Davies et al. [115] conducted a study on the sensitization of the heat treatment of APP by selected metal ions and their potential to improved cotton fabric flame retardancy. The effect of adding a series of metal salts on the thermal behavior of APP as a means of sensitizing FR behavior was determined. The addition of metal salts apparently improved the FR efficiency of APP as part of the pentaerythritol FR method in a PP matrix. Dry APP (MCM) mixtures were prepared from various dry mixtures of 2% w/w of each metal salt. Ferric sulphate APP mixtures with salt amounts ranging from 1% to 5% w/w were also prepared. Interestingly, the sodium and magnesium salts produce the highest increases with ∆LOI (salt) ≥ 1.8. Salts, such as manganese and zinc sulphates, the largest of which existed at the same DTG transition temperatures, exhibited lower DLOI (salt) values of 0.9 × 10 1.1 . This study demonstrated that some metal ions, particularly Mn 2+ and Zn 2+ , are absent when facilitating the thermal degradation of APP, improving the performance of flame retardation in the polymer at lower temperatures. The metal ion-doped APP did not only exhibit higher sensitization to cellulose decomposition in the presence of cellulose, but it also improved flame retardancy by limiting the oxygen index of cotton fabric.

Studies on composite materials have demonstrated the importance of the flame retardancy of metal composites. Beyer [103] investigated the fire-resistant property of EVA nanocomposites and advancements in the combination of nanofillers with ATH. FR nanocomposites were found to be formulated with modified layered silicates by melt blending ethylene-vinyl acetate (EVA) copolymers (MMT). Thermogravimetry (TGA) was conducted in various atmospheres, such as nitrogen and air. A major improvement in the thermal stability of the nanocomposites based on silicate was demonstrated. Moreover, a cone calorimeter was used to examine the fire properties of materials. The observation from the results showed a reduction in the cone calorimeter's heat release peak, indicating that the char formation of the nanocomposites was enhanced and was responsible for the improved flame retardation. The thermal properties of EVA were reportedly improved. Moreover, EVA nanocomposites combined with metal hydroxides, such as ATH, presented the possibility of FRs as new compounds with reduced total filler contents.

The problem of metal-filled polymer composites flame retardancy has received considerable attention. Yen et al. [88] conducted research on the synergistic FR effects of metal hydroxides and nano-clay on EVA composites. The results of the observation indicated that LOI value was significantly improved when 1-2% weight nano-clay was replaced with aluminum hydroxide or Mg(OH) 2 in the EVA blend, while maintaining the V-0 rating. The CONE test data showed that the peak heat release rate decrease was approximately 28% to 47%. Smoke density data registered a decrease of approximately 16-25%. TGA data also showed that the thermal stability and char residue of the EVA samples were improved by nano-clay. The metal oxide layer on the burning surface was also suggested to be reinforced by creating a silicate layer. Lujan-Acosta et al. [99] studied the synergistic effects of organo-modified MMT and metal hydroxides, namely, Mg(OH) 2 and ATH, as FRs in low-density polyethylene (LDPE)/EVA nanocomposites integrated with amino alcohol. Grafted polyethylene was found to be compatible with LDPE/EVA/clay/FR nanocomposites (PEgDMAE). The structural characterization of nanocomposites was performed via X-ray diffraction (XRD) analysis and scanning transmission electron microscopy (STEM). In addition, horizontal burning and CONE tests for UL-94 and LOI were conducted to analyze the FR properties of nanocomposites. Thermal degradation output was also tested via FTIR coupled with TGA (TG-FTIR). The XRD analysis showed a change in the d001 plane to the lower-angle characteristic of the clay peak, indicating an intercalated-exfoliated microstructure. In the polymer matrix, which was expressed in FR properties, a significant dispersion of FRs by Mg(OH) 2 and ATH was observed in the STEM images. Lujan-Acosta et al. [99] reported that the TG-FTIR result showed excellent thermal stability of the nanocomposites, and a major reduction was observed in the gases emitted during combustion. Therefore, the Polymers 2021, 13,1701 FR mechanism of LDPE/PEgDMAE/EVA/clay/Mg(OH) 2 nanocomposite was proposed on the basis of the findings of thermal degradation and thermal stability.

Jeencham et al. [92] examined the effect of FRs on the mechanical and thermal properties of sisal fiber/PP composites. The FR performance of APP, Mg(OH) 2 , ZnB, and sisal fiber/PP composite combination was presented. The experiment was performed via vertical and horizontal burning tests. Moreover, MAPP was used as an integration enhancer for the PP/fiber and PP/FR systems. The result indicated that the addition of FRs to the composites decelerated the burning rate of the PP composite. Among several types of FRs, APP showed that the most powerful FR improvement was achieved by the PP composites during the vertical and horizontal burning tests. Jeencham et al. [92] reported that the flame retardancy and thermal stability of PP composites were enhanced without weakening their mechanical properties.

Li et al.

[125] investigated the varying effects of flame retardancy and aluminum phosphonate (AlPi) mechanisms on poly (p-phenylene oxide) (PPO), thermoplastic polyurethane (TPU), and PP. The influence of AlPi on the flame retardancy of the three polymers (PPO, TPU, and PP) was determined. Experiments using LOI, SEM, vertical burning test (UL-94), CONE, and TGA were conducted. The results showed that the addition of AlPi substantially increased the LOI values of PPO and PP, but had nearly no effect on the LOI of TPU. In addition, although PP increased, the peak heat release rates of PPO and TPU decreased. A dense char layer was developed by the PPO composite, demonstrating the best flame retardancy. Meanwhile, a thinner char layer was developed by the TPU composite. During combustion, however, the PP composite did not form any char layer. The addition of AlPi effectively reduced the TPU matrix's melt dripping and improved flame retardation. AlPi/PP composites acted as a fire resistor, decreasing the productive combustion heat of the volatiles, and increasing the amount of released carbon monoxide. Sharma and Saxena [105] studied the FR smoke suppressant protection provided by polyvinyl chloride (PVC). The metal-based organic (MBO) complexes were synthesized to be used as FR smoke suppressants in PVC formulations. FR smoke suppressant ingredients with 325-400 mesh size were mixed with a 2-5% thickener solution and appropriate amounts of wetting, antisettling and anti-foaming agents. Vinyl acetate and vinyl versatate copolymer emulsions (binders) were modified by reacting with a polymeric plasticizer and dihydroxydimethylol ethylene urea. The observation results showed that the smoke suppression output achieved outstanding results when either of the two MBOs was used. Moreover, LOI increased, particularly when the PVC samples were plasticized using a phosphate plasticizer. The coated cables did not exhibit any surface flame spread when exposed. Moreover, the generation of smoke was extremely poor for the coated cables. The coatings were highly efficient in minimizing the burning actions of power cables, significantly improving circuit failure time.

The effect of FR ZnB or boric acid mixed with Mg(OH) 2 was observed in Sain et al. [91] on the FR and mechanical properties of natural fiber/PP composites with Mg(OH) 2 . The experiment was conducted using the horizontal burning rate test. The specimen was held horizontally, and a flame ignited by gas was added to flare up the end of the specimen. In addition, LOI analysis was performed by placing the sample vertically in a glass chamber wherein nitrogen and oxygen flow was controlled. The observation results indicated that 25% of Mg(OH) 2 can significantly minimize the filled composite's flammability to approximately 50% without FR. The partial substitution of 5% Mg(OH) 2 with ZnB or boric acid exhibited a retarding effect on the flame retardancy properties of Mg(OH) 2 . Mg(OH) 2 can affect the flammability of natural fiber-filled PP composites by reducing the capability to ignite the composites. Even when Mg(OH) 2 was used with ZnB and boric acid, no synergetic effect was observed. Finally, a small reduction in the mechanical properties of the composites was observed with the combination of FRs.

Braun et al. [97] investigated the fire retardancy mechanisms of metal phosphonates and metal phosphonates combined with MA cyanide (MC) in glass-fiber-reinforced poly (1,4-butylene terephthalate) (PBT/GF). The result showed the pyrolysis and fire activity Polymers 2021, 13, 1701 organic polymers and the number of residual groups on the filler surface is still insufficient to produce strong adhesion with the polymer matrix. Metal compounds as the inorganic components show catalytic effect on reducing smoke emission and promote the char forming process. Thus, the hybridizing of metal/polymer composites in a feasible manner would result in significant advantages to promote these characteristics, which represent intriguing characteristics superior to normal FRs [130]. For instance, the good compatibility of metal oxides reinforced polyurethane composite exhibited superior pHRR reduction and LOI value as compared to normal FRs [90].

Good dispersion and orientation of metal derivative fillers in polymers for fire retardant applications are also fundamental challenges. In some cases, the metal fillers that are in uniaxial alignment inside polymer matrix would reduce dispersivity of the fillers well. Besides that, the application of metallic fillers in polymer composites would limit their dispersivity, due to the presence of abundant impurities and residual groups on the fillers' surface. This will increase the interlayer spacing and decrease the van der Waals interaction between the metallic fillers and polymer resins [131].

Whether metal derivative fillers can have a better impact on thermal and flame retardance properties than common FRs remains an open question for polymer-based composites. Nevertheless, common FRs may not compete with metal derivative fillers in terms of cost since a huge amount of filler volume is needed for composite applications. The structure of FRs composites and appropriate manufacturing technique has to be developed to ensure an optimized used of metal fillers and to obtain high performance flame retardance composites.

Conclusions and Future Outlooks

This review discusses various types of metal components of FRs with different types of polymer, such as LDPE, PP, rubber, and PA. The incorporation of metal to polymer composite systems has ushered in a modern age in polymer composites for a variety of applications. Different types of metal components with distinct and special properties have promising strong electrical and thermal conductivity features as polymer matrix reinforcements. One of the most notable discoveries of this review is that metal components efficiently enhance the flame retardancy of polymer composites. The use of qualitative case studies is a well-established approach for determining the chemical nature of FRs, which includes metal oxides and hydroxides, boron-based, halogen-based, phosphorus-based, synergistic, and intumescent. Metal components are combined with FR's chemical nature to strengthen the thermal properties and flammability of polymers. Moreover, different compositions of metal components and chemical nature of FRs prove that self-reinforced composite properties can be modified to achieve better properties. The incorporation of metal components into polymer composites has been shown to significantly improve the fire resistance, providing an insulation layer, decreased flammability, and increased tensile strength. Initially, several metal components added to FR's chemical nature do not exhibit any improvement during the CONE test, TGA, SEM, and EDS. However, with the right ratio of material compositions, the properties of the reinforced composites exhibit better improvement than the original composites. Therefore, finding the compatible ratio of the components is significant in this experiment. Most metal components used to improve fire retardancy positively affect the reinforced composites. According to the articles reviewed in this study, a positive potential outlook for research on the integration and functionalization of polymer with metal components for a new generation of highperformance composites can be expected and could have a bright future. Although there is no doubt that metal filled polymer composites can promote pioneering science and lead to industrial advancements. In recommendation, additional fundamental studies are needed to gain a deeper understanding of the relationship between metal components in this rapidly growing class of polymer composite materials. The crucial understanding and characterization of each metal in these advanced polymer composites, as well as experimental and theoretical proofs, is needed to make a prediction on the overall metal-

Introduction

In the last few decades, advanced application of composite materials has gained a lot of interest from various sectors, especially transmission towers, defense, aircrafts, marine, and the automotive industry [1][2][3][4]. Industries have sought environmentally friendly materials for their products due to increasing global awareness about the environmental impact [5,6]. Natural fibers are renewable sources that have emerged as a new generation of reinforcement and supplement for polymers [7,8]. Growing industrial activities have Polymers 2021, 13,1532 prompted continuous demand for better materials that satisfy various requirements, such as higher strength, higher modulus, reduced cost, etc. These requirements often involve a combination of many properties that are difficult to attain. The use of a composite material whose constituents will synergize to solve the needs of the application is therefore necessary. Many researchers in the past have developed composites using natural fibers, such as sugar palm [9][10][11][12][13][14][15], oil palm [16], sugarcane [17][18][19], water hyacinth [20], kenaf [21][22][23], corn husk [24], bamboo [25], coir [26], sisal [27], cogon [28], and banana [29,30]. These natural fibers possess good reinforcing capability when properly combined with polymers [31].

Nowadays, hybrid composites are widely used in industrial and automobile applications. A hybrid composite can be defined as a combination of two or more different types of fibers in which one fiber balances the deficiency of another fiber [32][33][34][35]. They are composites with two or more reinforcing materials incorporated in a mixture and filling materials in a single matrix [36]. The properties of hybrid composite are influenced by the fiber content, length, and orientation. The selection of the fiber constituent for hybrid composites affects the hybridization and the requirement of the material being constructed. The selection of compatible fibers and fiber properties is therefore a critical aspect in designing hybrid composites [37]. This step is crucial in order to achieve hybrid composites with the best performance [38]. A previous study found that sisal and oil palm fibers were compatible combinations for hybrid composites due to the high tensile strength and toughness of the sisal and oil palm fibers, respectively [39]. In addition, there are some specific advantages of hybrid composites compared to conventional composites. For instance, hybrid composites can balance strength and stiffness, improve fatigue resistance, balance bending and membrane mechanical properties, increase fracture toughness, and improve impact resistance [40]. The advantages of hybrid composites could complement other fiber constituents. The hybridization of kenaf with polyester (PET) and polyoxymethylene (POM) composites improved the mechanical performance of the composites due to the high strength of PET fiber [41]. Ramesh et al. [42] studied the effect of hybridization on mechanical properties for sisal, jute natural fiber, and glass fiber woven mat. They found that a sisal/jute/glass composite enhanced the mechanical properties compared to a composite made of only sisal and jute fibers. Polymer composites can be hybridized with different combinations, such as cellulosic/cellulosic, synthetic/synthetic, and cellulosic/synthetic fibers [43]. As for cost reduction of fibers such as carbon and glass, an attempt was made by combining jute, a cost-effective and eco-friendly natural fiber, with fiber metal laminate (FML) [44]. The use of natural resources to make high-performance materials is increasing [45]. Fiber hybridization with synthetic fibers results in improvement of the properties of hybrid composites by increasing their strength [46,47]. Synthetic fibers have good potential for hybridization with natural fibers due to their low cost and high strength. PET fibers have good mechanical properties and hydrophobic characteristics, which means hybridization of kenaf fiber with PET yarn could improve the strength of the composite material.

Natural fibers contain hydrogen bonds and other linkages that give them strength and stiffness. In Western Europe, natural fibers are being used in the automotive industry and for packaging materials. Natural fibers are cellulosic materials, which have several fibrils that run all along the length of the fiber [48]. The demand for natural fiber composites has grown rapidly for various applications, such as automotive components, building materials, and the aerospace industry, due to their ecological and economic advantages compared to conventional composites [49]. The use of sisal, bamboo, sugar palm, kenaf, cotton, and jute from natural resources has helped engineers develop high-performance and environmentally safe engineering products.

One of the potential constituents of natural fiber reinforced plastic composites in Malaysia is kenaf fiber (KF). Research on kenaf has grown tremendously. Kenaf long fibers could be used for a wide variety of applications if the properties were found to be comparable to existing synthesis composites. Nowadays, there are various new applications for kenaf, such as in furniture, composite boards, automotive panels, insulation mats, geotextiles, packaging, absorbents, building materials, and paper products. Kenaf also Polymers 2021, 13,1532 has commercial applications, such as in the automotive industry [37,50,51]. Large global corporations, such as Toyota Motor Corporation, have led the world in the use of kenaf. Biocomposites can result in a 25% reduction of vehicle weight, consequently contributing to saving 39.45 trillion of crude oil [52]. Moreover, this material can be used for composite frames for electric vehicles as it will reduce energy consumption. Because kenaf is always available in long fiber form, the mechanical properties could be of use in many industrial applications, such as insulator seals. In addition, kenaf fibers have the advantage of being biodegradable, low density, nonabrasive during processing, and environmentally safe [53]. The attractive features of kenaf fibers are low cost, lightweight, renewability, biodegradability, and high specific mechanical properties. Kenaf has a bast fiber that contains 75% cellulose and 15% lignin and offers the advantage of being biodegradable and environmentally safe [54]. Kenaf, like all agro (lignocellulosic) fibers or cell wall polymers, is a three-dimensional polymeric composite primarily made up of cellulose (56-64%), hemicelluloses (29-35%), lignin (11-14%), and small amounts of extractives and ash.

When using natural fibers as reinforcement, the composite is prone to fire damage, and it is therefore essential to find additives that have low total emission of heat [55]. Therefore, it is really important to improve the flame retardancy of composite materials [49]. With natural fibers being increasingly used, the development of safe and environmentally friendly flame retardant polymer composites is very important. Previous studies have used magnesium hydroxide and zinc borate as flame retardants to enhance the mechanical and flammability properties of sisal/polypropylene (PP) composites. They showed that addition of flame retardant to sisal/PP composites increased the thermal stability of the composites and reduced burning. Just like other organic materials, polymers and natural fibers are very sensitive to flame. In order to minimize the fire risk and meet fire safety requirements, solutions to prevent the ignition of these materials have been developed. Thus, flame retardant composites were produced [56]. Flame retardants are chemical substances that are added to materials both to constrain and delay the spread of fire after ignition [57]. Magnesium hydroxide is low in cost and has good flame retardancy for use as a fire retardant. It is an environmentally friendly, inorganic flame retardant with low smoke and nontoxic characteristics [58]. Besides examining the addition of flame retardant material in natural fiber/polymer composites, there is also research being undertaken for treatment of natural fibers with fire retardant materials. The preparation and characterization of thermosetting and thermoplastic composite materials reinforced with the most commonly used fibers with and without treatment using different methods have been conducted in the past. Treatment using alkaline on the surface of the fiber changes the surface wettability, altering the mechanical and physical properties of the natural fibers. Previous studies have also shown that, as the fiber content increases in accordance with the mixture rule, the strength and modulus of longitudinal composites in tensile and flexural loading also increases [59].

Compared to other natural fibers, kenaf is eco-friendly and has a high growth rate. Therefore, in the present work, an investigation was carried out to study the horizontal burning rate, with magnesium hydroxide used to determine its capability as a fire retardant composite. Different percentages of kenaf fibers were added, with PET yarn and magnesium hydroxide used as controls. The objective was to determine the horizontal burning rate, tensile strength, and surface morphology of kenaf fiber/PET yarn reinforced epoxy fire retardant composites.

Materials and Methods

Materials

The main materials used in the study were kenaf fiber and PET yarn. Kenaf fiber was ordered from Innovative Pultrusion Sdn. Bhd., Negeri Sembilan. First, the kenaf fibers were combed to clean and untangle the strong bonds between individual fibers. Combed fibers exhibit stronger mechanical properties compared to uncombed ones [60]. Then, the kenaf fibers were cut to 22 cm pieces using scissors. PET yarn was bought from Wellward Polymers 2021, 13,1532 Sdn. Bhd., Johor, and were also cut into 22 cm pieces using scissors. The matrix used in this research was epoxy resin and hardener supplied by HR Team Enterprise, Kuala Terengganu, Terengganu. Magnesium hydroxide was ordered from HR Team Enterprise, Kuala Terengganu, Terengganu. Table 1 shows the properties of the epoxy resin and hardener. The densities of the materials used in this research are shown in Table 2. 

Research Methodology

Figure 1 shows the research methodology of the experiment. The experiment started with the preparation of materials, followed by fabrication of hybrid composites, and then tests carried out to determine burning, tensile, and surface morphology properties of the hybrid composites. The data obtained were analyzed and are critically discussed.

Preparation of Materials

The composite comprised a hybrid of kenaf fiber/PET yarn as reinforcement, while epoxy resin was used as the matrix and magnesium hydroxide as the fire retardant [61]. Epoxy with a density of 1.21 g/cm 3 was used as a binding material to fabricate the composite specimen. The recommended mixing ratio for epoxy resin and hardener is 2:1. The volume of epoxy used depended on the different ratios of kenaf fiber/epoxy, which determined the weight of epoxy needed. In this study, magnesium hydroxide was used as the control and a high filled-type inorganic flame retardant, with 5% magnesium hydroxide mixed with the epoxy resin to enhance the flame retardancy of the composite material.

Fabrication Process

The composite samples were prepared using a hybrid of kenaf fibers/PET yarn with the epoxy resin as binder and magnesium hydroxide as fire retardant through a random hand lay-up technique. The composition of the samples of kenaf fiber reinforced epoxy fire retardant composites is shown in Table 3. Before fabricating, kenaf fibers were combed and then cut into 22 cm pieces. After that, the fibers were weighed based on the density of the fiber to determine the exact portion of fiber that should be used in the fiber polymer composite samples to obtain the designated fiber volume content. One of the problems with kenaf fiber reinforced epoxy that needs to be addressed is uneven fiber distribution [62]. In addition, it is difficult to manually and visually separate kenaf fibers during manufacturing [63].

The fabricating process of the composites in this study was as follows. The molds were polished using grease oil (releasing agent) before starting fabrication. Epoxy resin was mixed with a ratio of 2:1 (resin: hardener by weight) according to the manufacturer's specifications. The mixture was stirred slowly for 10 minutes to ensure that both epoxy and hardener were uniformly mixed. Then, magnesium hydroxide was poured into the mixture of epoxy and hardener. The mixture of magnesium hydroxide was then stirred slowly for 5-10 min to ensure the mixtures were uniformly mixed.

A transparent plastic sheet was placed on the surface of the mold. Then, the mixture of magnesium hydroxide with epoxy and hardener was poured slowly into the mold. Next, Polymers 2021, 13, 1532 electron backscatter diffraction (EBSD)). The design and function of the SEM are very similar to EPMA, and considerable overlap in capabilities exists between the two instruments. From the tensile test fracture samples, the samples at the edge of the fracture side were cut using a jigsaw machine. Then, the samples were coated with gold using a vacuum sputter coater to make them conductive prior to SEM observation. The cross section of samples was coated with gold as shown in Figure 4. The samples underwent observation to detect defects on the surface using SEM. 

Results and Discussion

Flammability Properties

From the results of horizontal burning test for every sample, the average horizontal burning rate was determined. Figure 5 shows samples of each composition after the burning test. The average burning rate for each sample was converted to a graph so that the trend of this average can be clearly seen (Figure 6). From Figure 6, it can be clearly seen that the epoxy/Mg/PET with 0% KF showed the highest average burning rate of 22.151 mm/min compared to the other samples. Epoxy/Mg/PET ignited earlier, released more heat overall, and took shorter average time to reach its burning point. The ignition time is related to the fiber volume fraction of resin exposed to the flame on the composite surface [64]. Polymeric matrices have poor flammability behavior. The polymer matrix depends on the reinforcements and fillers, and it has no prominent role in improving the flame resistance of composites. The PET yarn was melted and moved away from the flame and burned with smoky flame during the burning test.

The KF content for epoxy/PET/KF-20, epoxy/PET/KF-35, and epoxy/PET/KF-50 was 20%, 35%, and 50%, respectively. The average burning rate of epoxy/PET/KF-35 was the lowest at 14.553 mm/min compared to the other samples. As a result, the composite with 35% KF and 5% magnesium hydroxide showed better result due to the compatible combination of fiber and fire retardant compared to 20% and 50% KF. The fiber volume content in epoxy/PET/KF-35 was the best compared to epoxy/PET/KF-20 and epoxy/PET/KF-50 samples because of the lower burning rate and higher fire retardant effectiveness. When the fiber content was increased above 20%, the characteristics of the composite became more similar to lignocellulosic materials [65]. A recent study showed that the presence of kenaf fiber increased the smoke density rating due to the characteristics of kenaf fiber that promote smoke production through char formation when exposed to flame [66].

The flame took a long time to propagate along epoxy/PET/KF-35 and also produced char at the same time. The production of char was the reaction of Mg in front of the flame. Charring is known as a chemical process of incomplete combustion of certain solids when subjected to high heat. By the action of heat, charring removes hydrogen and oxygen, so only carbon remains in the char. In addition, as acid and halogen-free flame retardant, Mg releases the water of hydration when it decomposes endothermically, which helps the flame retarding action [67]. The energy absorption mechanism then occurs because the magnesium compound undergoes a highly endothermic decomposition reaction that 355 Polymers 2021, 13,1532 slows the heating rate of most materials in fire [68]. Epoxy/PET/KF-50 showed the highest average burning rate among the samples that contained the natural fiber. This might be due to possible environmental conditions that promote increased burning rate [66].

Tensile Properties

The ultimate tensile strength, elongation break, and elastic modulus were determined from the stress-strain curve of hybrid kenaf fiber/PET yarn reinforced epoxy fire retardant composite after the test. Statistical analysis was conducted based on the data of five specimens for each composite sample. Figure 7 shows the stress-strain curve of hybrid kenaf fiber/PET yarn reinforced epoxy fire retardant composites with different fiber volume contents (epoxy/Mg/PET, epoxy/PET/KF-20, epoxy/PET/KF-35, and epoxy/PET/KF-50), which was linear and followed the Hooke's law. It can be seen that epoxy/PET/KF-50 had better tensile properties compared to the other samples. Its ultimate tensile stress was 32.02 MPa, which was higher than the those of epoxy/Mg/PET, epoxy/PET/KF-20, and epoxy/PET/KF-35, which were 10.87, 19.96, and 25.24 MPa, respectively. The tensile strength of hybrid kenaf fiber/PET yarn increased with the increase of fiber volume content, as shown in Figure 8. The tensile strength of the composites is tabulated in Table 5. The combination of kenaf fiber and PET yarn resulted in an enhancement of tensile properties of the composites. The ultimate strain of the epoxy/Mg/PET composite was the lowest compared to the other samples. The tensile strength is greatly dependent on effective and uniform stress distribution [69][70][71]. The increased strength of the hybrid composite was primarily due to the high strength of the hemp fiber rather than the low strength of the PET fiber [72].

Polymers 2021, 13,1532 Two problems are critical to the material response: defects (built-in at manufacture) and damage (changes due to use). The effects of damage have been extensively covered in the open literature. Heslehurst and Scott [75] found that the "level of structural degradation in engineering properties varied" with defect severity, defect location and orientation, frequency of defect occurrence, component load path criticality and stress state, and defect idealization. As shown in Figure 9, the presence of agglomeration could be seen in the SEM micrograph of the epoxy/Mg/PET sample. It is known that Mg(OH) 2 has a great tendency to form agglomerates. In fact, agglomeration is a well-known phenomenon, and its probability increases with decreasing particle size. These agglomerated particles could be stress concentrator points and could affect the final performance of the composites. This might result from the defects that occur in the composites during fabrication. Moreover, it is possible to identify the needled structure of Mg(OH) 2 particles in images of higher magnification, e.g., 950×. This behavior might be an indication of poor interaction between the matrix and Mg(OH) 2 [76]. As shown in Figure 10, there was good interfacial bonding of matrix and fiber in the epoxy/PET/KF-20 sample. The effective stress transfer between the fiber and the matrix was due to good interfacial bonding and was further promoted by maximizing the fiber strength [43]. The small particles of magnesium hydroxide possessed good dispersity and compatibility in the matrix, which provided a strengthening and toughening effect. Therefore, the tensile strength and elongation at break were substantially increased. Figure 11 presents the SEM micrograph of the tensile-fractured surface for debonding of the fiber within the epoxy/PET/KF-35 sample. The poor compactness of the composite caused weaker bonding strength between the matrix and the fiber.
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 1336243 Figure 3. Rapid Visco-Analyzer pasting profiles of (A) normal wheat and (B) waxy wheat starch [77].
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 4 Figure 4. Morphology of native wheat starch [85].
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 2 Figure 2. Thickness of corn starch films with various plasticizer types at different concentrations.
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 3 Figure 3. Solubility of corn starch films with various plasticizer types at different concentrations.

Figure 4 .

 4 Figure 4. Water absorption for biofilms using different plasticizers at varying concentrations.
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 5 Figure 5. FTIR spectra of CS films with various plasticizers at different concentrations; (a) F-plasticized film, (b) G-plasticized film, (c) FG-plasticized film.
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 6 Figure 6. Thermogravimetric analysis of corn starch films with various plasticizers type at different concentrations: (a) F-plasticized film; (b) G-plasticized film; and (c) FG-plasticized film.
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 7 Figure 7. Tensile strength analysis of corn starch film with various plasticizers type at different concentrations: F30-F60: F-plasticized film; G30-G60: G-plasticized film; and FG30-FG60: FG-plasticized film.
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 1334878 Figure 8. Young's modulus of corn starch film with various plasticizer types at different concentrations: F30-F60: F-plasticized film; G30-G60: G-plasticized film; and FG30-FG60: FG-plasticized film.
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 9 Figure 9. Extension at break of corn starch film with various plasticizer types at different concentrations: F30-F60: F-plasticized film; G30-G60: G-plasticized film; and FG30-FG60: FG-plasticized film.
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  Scanning electron micrograph of CS films with various plasticizers and concentrations, Figure S2: XRD analysis of corn starch film with various plasticizers type at different concentrations; (a) F-plasticized film, (b) G-plasticized film, (c) FG-plasticized film.
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 3 Figure 3. The morphology of nanocellulose produced from various methods. (a) electrospinning, (b) wet disk milling, (c,d) acid hydrolysis. This figure is adapted with permission from the [49-52].
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 5 Figure 5. A chart of published manuscripts focusing on the functionalization of nanocellulose from Lens.org.
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 7 Figure 7. A structure design of coronavirus particle. Reproduced with permission from [100].
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 8 Figure 8. Illustration on the electrostatic attraction between Chlorella vulgaris and APIm-modified CNC. This figure was adapted from [120].
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 2021279 Figure 9. Schematic design of CNF induced microalgal flocculation. This figure was adapted from [122].
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 1 Figure 1. Schematic of the molecular structure of bacterial cellulose and its bound and free water [23].
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 23 Figure 2. Optical images (a,b), scanning electron microscope (SEM) images (c) of BC samples and ultrastructural transmission electron microscopy (TEM) images (d) of BC samples [24,27,28].

Figure 5 .

 5 Figure 5. Experimental images of (A) clay-needle template with needles at the centre, (B) growing BC scaffolds with aid from clay-needle templates in static cultures, and (C) clean BC pellicles with channels to be an effective hydrogel-like material for different tissue engineering applications. (D) Enlargement of the channel area in (C). The channel diameter was approximately 250 µm and the inter-distance approximately 1 mm. (E) Scanning electron images (SEM) of channeled area in (C).(F) Cross-section of channels[85].
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 6 Figure 6. (A) Network structure of ribbon-shaped fibrils of BC, (B) natural biomaterial of BC, and (C) 3D-shaped BC for bone tissue engineering [87,89].

Figure 7 .

 7 Figure 7. Schematic diagram to explain the approach for bacterial cellulose matrices production [78].

  al. [112], there are two main sources in cellulose production including plants and microorganisms, as shown in Figure 1. Extensive research has been conducted on the extraction of cellulose fibre from various plant fibre, i.e., sugar palm fibre [130-138], water hyacinth [139], ginger fibre [140,141], kenaf [142], sugarcane [143,144], lemongrass [145], cassava, corn, oat, palm oil fibre, and others [146-148]. Next is cellulose biosynthesis by using different types of microorganisms; (i) bacteria (gram-negative: Alcaligenes [149], Salmonella, Enterobacter, Pseudomonas [150], Gluconacetobacter xylinus [151], Agrobacterium [152], Komagataeibacter Medellinensis [153], Aerobacter, Achromobacter insuavis [154], Rhizobium leguminosarum [155], Acetobacter spp. [156], Acetobacter xylinum [157], Zoogloea [97], and grampositive: Sarcina ventriculi [158], Leifsonia sp [159], Rhizosphere bacterium, Bacillus subtilis [70,160]); (ii) fungi (Aspergillus ornatus [161], Penicillium sp. [162,163], Aspergillus terreus MS105 [164], Aspergillus terreus M1 [165], Aspergillus niger, Rhizopus sp. [166,167], Aspergillus niger [168], Trichoderma longibrachiatum [169], Beauveria Bassiana [170], Ascomycota [171,172], or Basidiomycota [173]); (iii) algae (Gelidium elegans [174], Posidonia oceanica [175], Aegagropila Linnaei [176], Komagataeibacter hansenii [177], Cladophora glomerata [178]). However, extracellular synthesized cellulose as fibres is not achievable in some microorganisms. From the scientific viewpoint, the first enzymatic in vitro synthesis was initiated from cellobiosyl fluoride [179,180], and the earliest chemosynthesis was started from glucose via ring-opening polymerization of benzylated and pivaloylated derivatives [181]. These principle paths are schematically described in Figure 8 [112].
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 8 Figure 8. Major pathways to the cellulose [112].

  [185,186]. The function of thermal acidic pre-treatment of molasses in virtually complete breakdown of the contained sucrose to its original constituents, glucose and fructose, was clarified byBae and Shoda [187].

Figure 9 .

 9 Figure 9. Schematic illustrations of pre-treatment of wastes for BC biosynthesis [184].
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 10 Figure 10. Representation of cellulose chains formation in microbial cells, and formation of microand macro fibrils, bundles, and ribbons [188].

Figure 11 .

 11 Figure 11. Schematic overview of Bacterial Cellulose (BC) production from different industrial wastes.
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 1 Figure 1. Overview of the complex structure of natural fibers and pretreatments.
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 2 Figure 2. Different pretreatments, which fall into four main categories: physical, chemical, biological, and combination have been used to improve lignocellulosic fractionation for natural fibres.

Figure 3 .

 3 Figure 3. The phylogenetic tree of the (a) bacterial and (b) fungus communities found in hemp fibre samples. The color of the branches indicates the type of proteobacteria present, while the color of the tag indicates the number of bacteria/fungi present on different days [28].

  Changes in the hemp stem's and fibre's ultrastructure (i) Stem with a well-preserved layered structure (ii) Un-collapsed, unbroken cells with their original cell geometry (iii) Living cells with cytoplasm (iv) Cuticle and trichomes are unharmed on the clear surface.

Figure 5 .

 5 Figure 5. Schematic diagram of steam explosion process. Page: 11 Reprinted with permission from ref. [51]. 2016 Elsevier.
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 1 Figure 1. Types of reinforcements in composites. Redrawn with permission from Saba and Jawaid [12].
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 2 Figure 2. Classifications of natural fibers. Redrawn with permission from Jawaid and Khalil [12].

Figure 3 .

 3 Figure 3. Schematic diagram of layup segmentation and reinforcement layout [139]. Extracted with permission from Elsevier.
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 4 Figure 4. The sequence of kenaf and glass fibers and matrix in between mold for hybridization conducted by Atiqah et al. [48]. Extracted with permission from Elsevier.

Figure 5 .

 5 Figure5. Extraction of OPEBF, and fabrication of OPEBF/polyester yarn, magnesium hydroxide reinforced epoxy resin hybrid composite. Extracted from[69] with permission.

Figure 6 .

 6 Figure6. The fabrication process of pineapple leaf (PALF) and sisal fiber reinforced polyester composites using injection molding technique. Extracted from ref.[82] with permission.

Polymers 2021 ,

 2021 13, 3514 3.5. Bamboo Fiber Reinforced Hybrid Composites (BRPC) Bamboo (Bambusa Shreb.) is a perennial plant that is able to reach a height of 40 m in monsoon climates. Figure7displays the morphological structure of the bamboo fiber[189]. Bamboo is used in carpentry, construction, plaiting, and weaving. Curtains are made from bamboo fiber and absorb various wavelengths of ultraviolet radiation, resulting in less harmful radiation to the human body.

Figure 7 .

 7 Figure 7. (a) Bamboo culm, (b) bamboo culm cross-section, (c) vascular bundle, (d) polylamellar cells, (e) microstructure fibers, and (f) bamboo's model of polylamellae structure. Extracted with permission from Ref. [189].
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 8 Figure 8. Jute plant. Reproduced with permission from Ramesh et al. [195].

Figure 9 .

 9 Figure 9. Fabrication procedure of jute fiber reinforced polymer composites [196]. Reproduced with permission.
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 2021 13, 3514 86.6 MPa [100]. A similar trend has been shown by Fiore et al. [228], fabricating jute-basalt reinforced hybrid composites via the hand-lay-up method, as presented in Figure 11, for structural applications.

Figure 11 .

 11 Figure 11. Jute-basalt reinforced hybrid composites including (a) jute fibre, (b) intercalate and (c) sandwich laminates [228]. Reproduced with permission, Elsevier.

Figure 12 .

 12 Figure 12. Various hybrid composite stacking sequences: (a) SSSSS, (b) RRRRR, (c) SRSRS, and (d) RSRSR[45]. Extracted from Ref.[45] with permission.

  [119], epoxy-bioresin [248], soy protein [249], epoxy [250] and PP [251].

  [121], polyurethane [253], aliphatic polyester resin [254], PP [122,255], Polymers 2021, 13, 3514 urea-formaldehyde [256], PE [123,124], polyester [125,126], and polyvinyl alcohol [127] to evaluate the properties of the produced composites.
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 13 Figure 13. Notch Charpy strength of abaca/jute/flax fiber-PP composites comparison with and without MAH-PP. Reprinted with permission, Elsevier.
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 14 Figure 14. Comparison of odor emission concentration abaca/jute/flax fiber-PP composites. Reprinted with permission, Elsevier.
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 15 Figure 15. Fabrication of composite with varied orientations of sisal fiber [91]. Reprinted with permission, Elsevier.
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 16 Figure 16. Comparison of values and ranges of potential specific modulus between natural and glass fibers [299]. Extracted with permission from Elsevier.
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 17 Figure 17. Kenaf-PP/MAPP composite hybrid composites tested for hardness properties [304]. Extracted with permission.
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 1 Figure 1. Dimension and positioning for (a) single tube and (b) multiple tube reinforced foam structure.
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 2 Figure 2. Quasi-static compression testing of specimen.
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 3 Figure 3. Stress-strain curves of F50 and HP80 foam.
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 5 Figure 5. The compression modes at several displacement values of (a)-(e) PVC tube and (a')-(e') Bamboo tube.
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 3 Figure 3. Compost box as per standards. Tested samples were cut as per the standard (15 × 15 × 0.2 mm 3 Figure 4) and buried at 10 cm depth in perforated boxes and incubated at 25 °C, represented in Figure 5. Periodical addition of water and proper proportion of compost guaranteed the aerobic conditions. After disintegration experiments (0, 10, 20, 30, 40, 50, 60, 70, and 75 days), samples have been expelled from composting and subsequently cleaned with filtered water to
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 3 Figure 3. Compost box as per standards.Tested samples were cut as per the standard (15 × 15 × 0.2 mm 3 Figure4) and buried at 10 cm depth in perforated boxes and incubated at 25 • C, represented in Figure5. Periodical addition of water and proper proportion of compost guaranteed the aerobic conditions. After disintegration experiments (0, 10, 20, 30, 40, 50, 60, 70, and 75 days), samples have been expelled from composting and subsequently cleaned with filtered water to eradicate remaining residues of compost and also to prevent additional microorganism attacks.
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 4 Figure 4. Mounting of bio-specimen on wire gauge (a) for unmodified matrix, (b) Modified matrix with graphite content.
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 1 Figure 1. Bibliometrics visualisation overview of technology-based progressions on the erosionbehaviour of composites obtained from the various thermoset-resins (epoxy, polyester, and vinylester) for a multitude of scenarios.
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 2 Figure 2. Showing (a) Glass fiber, (b) Jute fiber and (c) Grewia optiva fiber.
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 3 Figure 3. Process of fabrication of composite.
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 4 Figure 4. (a) Epoxy based, (b) vinyl ester based and (c) poly ester-based sample for erosive wear test.
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 7 Figure 7. Contribution chart of factors for epoxy-based composites.
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 8 Figure 8. Contribution chart of factors for vinyl ester-based composites.
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 9 Figure 9. Contribution chart of factors for polyester based composites.
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 10 Figure 10. SEM images at highest fiber loading (a) epoxy based composite, (b) vinyl ester and (c) polyester based composite.
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 11 Figure 11. Bibliometric assessment on the applications of natural fiber/synthetic fiber reinforced thermosetting polymeric composites for biomedical and human prosthetic applications.
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 1 Figure 1. Typical lamination process of basalt fiber and glass fiber plies.Figure 1. Typical lamination process of basalt fiber and glass fiber plies.
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 1333434 Basalt/glass fiber composition in hybrid composites.

Table 5 .

 5 Example calculation of hybrid composite (sample B15/G15). 300 × 5 mm 3 = 0.45 L Glass Fiber = 15% × 0.45 L = 0.0675 L Basalt Fiber = 15% × 0.45 L = 0.0675 L Unsaturated Polyester Resin = 70% × 0.45 L = 0.315 L MEKP = 0.5% × 0.315 L = 0.001575 L Weight Glass Fiber = 0.00675 L × 2.2 kg/L = 0.01485 kg = 148.5 g Basalt Fiber = 0.00675 L × 2.65 kg/L = 0.01788 kg = 178.8 g Unsaturated Polyester Resin = 0.315 L × 1.87 kg/L = 0.589 kg = 589 g MEKP = 0.001575 L × 1.152 kg/L = 0.0018144 kg = 1.8144 g
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 1 Figure 1. Intrinsically conducting polymers. Reproduced with permission from [1-19].
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 3 Figure3. Systematic mapping summary of scientific advancements on polymer bio-nanocomposites for Multifunctional applications in anti-static, anti-corrosion, actuators, sensors, shape memory alloys, biomedical application, flexible electronics, solar cells, fuel cells, supercapacitors, LEDs, and adhesive domains.
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 4 Figure 4. Reaction showing Chemical Polymerization of aniline. Reproduced with permission from [27-30].

Figure 5 .

 5 Figure 5. Conduction mechanism through polaron theory.

Figure 6 .

 6 Figure 6. Binders, (a). PVDF-polymeric structure; (b). PTFE-polymeric structure; and (c). SPS-polymeric structures, used for electrode fabrication. Reproduced with permission from[11,13,14].
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 1328987 Figure 7. Numerous applications and properties of conducting polymers. Reproduced with permission from [62,63].
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Figure 8 .

 8 Figure 8. Hybrid type supercapacitor. Reproduced with permission from [75].
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 1328989 Figure 9. DTA curve (a). Load-deflection curves; (b) of Polyurethane and 1.5 wt. percent poly(methylmethacrylate) functionalized graphene-polyurethane, dielectric-constant; (c) and dielectric-loss; (d) of poly(methylmethacrylate) functionalized graphene-polyurethane composites, electrical field induced strain-nephograms; ((e) Voltage-off, (f) Voltage-on) of 1.50 wt. percent poly(methylmethacrylate) functionalized graphene-polyurethane composite film. Reproduced with permission from [105].

Figure 12 .

 12 Figure 12. Variations in resistance as a function of bending-radius for the graphene aerogel/PDMS composites. Reproduced with permission from [116].

Figure 13 .

 13 Figure 13. Thermal-shrinkage during physical-testing of pristine SMPU/GO nanofibrous mats. Reproduced with permission from [118].
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 13289814 Figure 14. Average fixation-ratio of SMPU/GO nanofibrous mats during cyclic-tensile test resembling shape-memory effect. Reproduced with permission from [118].

Figure 15 .

 15 Figure 15. Poly-pyrrole (PPy) polymeric-coatings on carbon-steel for bio-medical applications. Reproduced with permission from [164].

Figure 16 .

 16 Figure 16. Sensitivity response of reduced graphene-oxide-PANI hybridized thin films towards various gases at 100 ppm. Reproduced with permission from [166]. Conducting-polymerics with ultra-high conductivity, and electro-chemical characteristics have attracted the attention of investigators as catalysis accelerators for polymericelectrolytic-membrane-based fuel-cells (P.E.M.F.C.'s) including microbial fuel-cells (M.F.C.'s) as discussed by Ghosh et al. [167]. Furthermore, metallic or metallic-oxide catalyticaccelerators can be immobilized on the surface of a virgin polymer, or a biocompatiblepolymer to produce conductive polymeric-based nano-hybrids (C.P.N.H.'s) having excellent catalyzed activity and durability. Transition metal-oxides, which provide greater superficial surface area and porosity and permeable nanostructures, exhibited distinctive synergic activity with conducting polymerics. As a result, C.P.N.H.'s could be employed to produce a stabilized, environment-friendly bio-or electrocatalyst, exhibiting enhanced catalytic performance as well as an increased electron charge particle transfer
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 1 Figure 1. The number of publications on flame retardant metal polymer composite in the last two decades indicating the increasing interest from (Scopus, May 2021, Search: "Metal" and "Flame" and "Polymer").
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 1 Figure 1. Research methodology.

Figure 4 .

 4 Figure 4. Cross section of sample after being coated with gold.

Figure 5 .

 5 Figure 5. Samples of each composition after the burning test.

Figure 6 .

 6 Figure 6. Graph of horizontal burning test for each composition.

Figure 7 .

 7 Figure 7. The stress-strain diagram of hybrid kenaf fiber/PET yarn reinforced epoxy fire retardant composites.

Figure 9 .

 9 Figure 9. Agglomeration of Mg(OH) 2 in the epoxy/Mg/PET sample.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 2 .

 2 Chemical structure and physical properties of wheat, corn and rice husk [167-174].

Table 5 .

 5 Fabrication, filler loading and optimum mechanical properties of wheat biocomposite.

	Polymer	Filler	Fabrication Process	Filler Loading (%)	Optimum Tensile Modulus (MPa)	Optimum Yield Strength (MPa)	Ref.
	Modified potato starch	Wheat straw nanofiber	Solution casting	2-10	271 ± 27.4	7.71 ± 0.67	[98]
	Wheat gluten	Coconut coir	Mixing and compression molding	10	2.29 ± 0.47	123.2 ± 34.7	[144]
	Natural rubber	Wheat bran	Mixing and compression molding	10-50 phr	-	22	[245]
	Wheat gluten	Wheat straw fibers	Mixing and compression molding	0-11.1	18.4 ± 2.3	41.7 ± 3.4	[154]
	Polyethylene	Wheat Bran	Extrusion	10-50	371	11.5	[246]
	Wheat gluten	Hydroxyethyl cellulose	Mixing and compression molding	0-35	70	2.4	[247]
	Ecovio	Wheat husk	Mixing and compression molding	13.5	Flexural: 60	Flexural: 0.75	[248]
	Wheat gluten	Chemlal olive pomace	Mixing and compression molding	0-20	40	3.5	[249]
	Native Wheat Phosphorylated Wheat	CNCs rice CNCs oat CNCs eucalyptus CNCs rice CNCs oat CNCs eucalyptus	Solution casting	0.18 g	34.86 ± 3.3 56.58 ± 9.06 70.81 ± 8.22 31.94 ± 1.38 24.37 ± 1.5 30.12 ± 0.35	3.64 ± 0.18 5.07 ± 0.33 4.32 ± 0.13 3.78 ± 0.08 3.52 ± 0.14 3.08 ± 0.02	[236]

Table 5 .

 5 Cont. 

	Polymer	Filler	Fabrication Process	Filler Loading (%)	Optimum Tensile Modulus (MPa)	Optimum Yield Strength (MPa)	Ref.
	PHBV	Wheat straw fibers	Extrusion and compression molding	20	3100 ± 200	21 ± 2	[235]
	PLA	Wheat straw fibers	Extrusion and injection molding	0-40	3450	61.2	[234]
	Polyester resin	Wheat straw strands	Mixing and compression molding	25	Flexural: 2427.2	Flexural: 28.21	[250]
	Polypropylene	Wheat straw/Clay	Extrusion and injection molding	Wheat: 0-50Clay: 0-5	Flexural: 2400	-	[245]
		Fabrication, filler loading and optimum mechanical properties of corn biocomposite		
	PLA	Corn Cob	Mixing and compression molding	0-40	3.7	53	[251]
	Corn starch	Corn husk	Solution casting	0-8	620	13	[40]
	Polypropylene (PP)	Corn stalk	Mixing and injection molding	40	4.3	34.1	[252]

CNCs = cellulose nanocrystals; MPa = MegaPascal; PHBV = Poly(3-hydroxybutyrate-co-3-hydroxyvalerate); PLA = polylactic acid.

Table 1 .

 1 Moisture content and density of biofilm at different concentrations of plasticizers.

	Polymers 2021, 13, 3487									
	Sample	Control	F30	Fructose F45	F60	G30	Glycerol G45	G60	Combination FG30 FG45 FG60
	MC (%)	10.15	6.11 5.40 5.32 11.06 15.19 16.97 10.64 13.31 13.63
	Density (g/cm 3 )	1.69	1.49 1.46	1.4	1.40	1.36	1.34	1.45	1.41	1.39

Table 2 .

 2 Crystallinity Index of samples using different plasticizers.

	Sample	Crystallinity Index (%)
	Control F-30 F-45 F-60 G-30 G-45 G-60 FG-30 FG-45 FG-60	21.3 33.4 36.5 37.2 20.8 19.7 19.3 21.1 20.6 20.2

Table 3 .

 3 Weight loss of all samples at different stages of degradation.

	Temperature Range	C	F30	F45	F60	Weight Loss (%) G30 G45	G60	FG30 FG45 FG60

Table 4 .

 4 Comparison of F-plasticized film properties with previous studies.

	CS Film Type	Moisture Content (%)	Water Absorption (%)	Tensile Strength (MPa)	Mechanical Properties Tensile Modulus (MPa)	Elongation at Break (%)	Ref.
	Control	10.15	194.3	20.36	107.48	25.62	This study
	Fructose	5.32 (F60)	74.1(F60)	7.44 (F60)	32.97 (F60)	70.718 (F60)	This study
	Glycerol	11.06 (G30)	48.2 (G60)	2.24 (G30), 1.52 (G60)	28.8 (G30), 9.28 (G60)	33.30 (G30), 33.88 (G60)	This study
	Fructose/Glycerol 10.64 (FG30)	48.8(FG60)	10.66 (FG30), 3.29 (FG60)	66.4 (FG30), 17.58 (FG60)	57.67 (FG30), 50.90 (FG60)	This study
	Sorbitol	9.25-10.04	147	13.62 (S30)	495.97 (S30)	NA	[53]
	Glycerol	14.7-16.55	112	2.53 (G30)	19.43 (G30)	NA	[53]
	Sorbitol/glycerol	9.11-14.99	135	5.74 (SG30)	47.17 (SG30)	NA	[53]
	Urea	21.05-27.86	NA	0.62 (U25)	1.67 (U25)	NA	[54]
	Formamide	NA	96.09	3.42	NA	105.21	[89]
	Ethylene Glycol	NA	92.24	3.8	NA	98.22	[89]

Table 1 .

 1 Several infectious diseases caused by microbes.

	Infectious Disease	Microbe That Causes the Disease	Type of Microbe	Reference
	Coronavirus (COVID-19) Cold Chickenpox German measles Whooping cough Bubonic plague TB (Tuberculosis) Malaria Tinea barbae (dermatophyte infection) Athletes' foot	Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) Rhinovirus Varicella zoster Rubella Bordatella pertussis Yersinia pestis Mycobacterium tuberculosis Plasmodium falciparum Trichophyton rubrum Trichophyton mentagrophytes	Virus Virus Virus Virus Bacteria Bacteria Bacteria Protozoa Fungus Fungus	[1] [2] [3] [4] [5] [6] [7] [8] [9] [10]

Table 2

 2 summarized the properties of CNF films from different sources.
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Table 2 .

 2 Representative studies on the properties of CNF films from different raw materials.

	Source of CNF	Modulus (GPa)	Tensile Strength (MPa)	Strain to Failure (%)	Reference
	Pulp	10.4-13.7	129-214	3.3-10.1	[45]
	Kraft pulp	17	250	2-6	[46]
	Wood	6.2-6.9	222-233	7.0-7.6	[47]
	Wood	13	223	-	[48]

Table 2 .

 2 Representative studies on the properties of CNF films from different raw materials.

	Source of CNF	Modulus (GPa)	Tensile Strength (MPa)	Strain to Failure (%)	Reference
	Pulp Kraft pulp Wood Wood	10.4-13.7 17 6.2-6.9 13	129-214 250 222-233 223	3.3-10.1 2-6 7.0-7.6 -	[45] [46] [47] [48]
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Table 3 .

 3 Comparison of PP and nanocellulose membrane.

	Characteristic	PP	Nanocellulose
	Fibre length (nm) Diameter (nm) Efficiency against pathogens Tensile modulus (GPa) Tensile strength (GPa) Poison's ratio	-25,000 ~100% 1.5 0.02 0.4	400 1-100 99.9980-99.9995% 145 7.5 0.3

Table 4 .

 4 Certain interesting properties of nanocellulose related to membrane filtration materials.

Table 6 .

 6 Functionalized nanocellulose with quaternary compounds for virus removal applications.

	Polymers 2021, 13, x FOR PEER REVIEW	12 of 27
	Functional Group	Chemical Structure
	a. Functional group: aminoethyl methacrylate or poly(N-(2-aminoethylmethacrylamide)	
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 6 Functionalized nanocellulose with quaternary compounds for virus removal applications.

	Polymers 2021, 13, x FOR PEER REVIEW	13 of 28
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	a. Functional group: aminoethyl	
	methacrylate or poly(N-(2-	
	aminoethylmethacrylamide)	
	b. Functional group: 2,3-epoxypropyl trimethylammonium chloride	
	b. Functional group: 2,3-epoxypropyl	
	trimethylammonium chloride	
	c. Imidazolium	
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 6 Functionalized nanocellulose with quaternary compounds for virus removal applications.

	Functional Group	Chemical Structure
	a. Functional group: aminoethyl	
	methacrylate or poly(N-(2-	
	aminoethylmethacrylamide)	
	b. Functional group: 2,3-epoxypropyl	
	trimethylammonium chloride	
	c. Imidazolium	

Table 6 .

 6 Cont. 

	b. Functional group: 2,3-epoxypropyl b. Functional group: 2,3-epoxypropyl	
	trimethylammonium chloride trimethylammonium chloride	
	Functional Group	Chemical Structure
	c. Imidazolium c. Imidazolium c. Imidazolium	
	d. Pyridinium d. Pyridinium	
	d. Pyridinium	
	Polymers 2021, 13, x FOR PEER REVIEW	13 of 27
	e. e-vinylpyidine	

Polymers 2021, 13, 3249 Polymers 2021, 13, x FOR PEER REVIEW 16 of 27

  

Table 7 .

 7 Nanocellulose developed filtration material for virus removal.

	Microbes	Type of Nanocellulose Functionalization		Findings	Reference
	A/swine/Sweden/9706/2010 (H1N2)-Swine influenza	BNC	Not applicable	•	The newly developed non-woven, µm thick membrane filter consisting of crystalline BNC able to remove virus particles solely based on the size-exclusion principle, removal filters currently in use. synthetic polymer virus performance of industrial ≥6.3, thereby matching the with a log 10 reduction value	[15]
	Xenotropic murine	BNC	Not applicable	•	The developed BNC membrane filter could remove the endogenous rodent retrovirus-like particles. retroviruses and	[97]
	MS2 viruses	BNC	Not applicable	•	This study highlights the efficiency of the nanocellulose-based membrane filter in removing/filtering out clearance (28 nm; pI 6.6). value of 5-6 log virus the ΦX174 bacteriophage with	[53]
	ColiphagesΦX174	BNC	Not applicable			

Table 7 .

 7 Cont. 

	Microbes	Type of Nanocellulose Functionalization	Findings	Reference
	EV71	CNF	Polyglutamic acid and mesoporous silica nanoparticles	

Table 8 .

 8 Nanocellulose developed filtration material for bacterial removal.

	Microbes	Type of Nanocellulose	Functionalization		Findings	Reference
	Escherichia coli	CNC	Silver nanoparticles	•	It possesses high adsorption capacity and is reusable. Beneficial in total removal of Escherichia coli.	[40]
	Bacillus subtilis and Escherichia coli	CNF	ZnO and CeO 2	•	It has high anti-bacterial activity, MIC 50 against Bacillus subtilis (10.6 µg (10.3 µg mL -1 ). mL -1 ) and Escherichia coli	[111]
	Escherichia coli	BNC	Not applicable	• •	The significance of Brownian motion caused by microorganisms captured with BNC-based membrane filter through theoretical modelling and was capable of filtering the bacteria. It was found that the BNC-based filter investigated by the authors. filtration experiments was	[112]
	Escherichia coli, Staphylococcus aureus	CNF	Activated carbon	•	The two-layer AC/OCNF/CNF membrane able to remove Escherichia coli bacteria up to ~96-99% and CNF surface and Staphylococcus aureus on the upper inhibits the growth of Escherichia coli	[41]

Table 8 .

 8 Cont. 

	Microbes	Type of Nanocellulose	Functionalization		Findings	Reference
	Escherichia coli	BNC	Silver nanoparticle	•	Higher amount of silver nanoparticles loaded onto the BNC membrane surface could increase the inhibition Escherichia coli. antimicrobial property against zone hence highlighting its good	[113]
	Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa	BNC	Silver nanoparticle	•	BNC-silver nanoparticle membrane showed strong antimicrobial activity against Gram positive (Staphylococcus Pseudomonas aeruginosa) bacteria. coli and aureus) and Gram-negative (Escherichia	[114]
	Escherichia coli, Staphylococcus aureus	BNC	Silver nanoparticle	•	The developed Ag/BNC membrane exhibited good property as antimicrobial agent against Escherichia coli and Staphylococcus aureus as the 99.4% and 98.4%, respectively. coli and Staphylococcus aureus reached antibacterial ratio against Escherichia	[115]
	Escherichia coli	CNF	Polyethersulfone (PES) membranes	•	TEMPO oxidized-CNF coating is effective against Escherichia coli. The effectiveness was attributed to the pH carboxyl groups reduction effect induced by	[116]

Table 1 .

 1 Physical properties of the 3D printed samples.

ell Size (mm) Sample No. Height (mm) Length (mm) Width (mm) Wall Thickness (mm) Weight (g)

  

	S1	57.96	56.06		23
	S2	57.96	56.06	1.5	23

Table 1 .

 1 Physical properties of the 3D printed samples.

Cell Size (mm) Sample No. Height (mm) Length (mm) Width (mm) Wall Thickness (mm) Weight (g)

  

	20 25 30 Polymers 2021, 13, x FOR PEER REVIEW S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14 S15 S16 S17 S18 S19 S20 S21 S22 S23 S24 S25 S26 S27	57.96 57.96 57.96 59.96 59.96 59.96 61.96 61.96 61.96 70.94 70.94 70.94 72.94 72.94 72.94 74.94 74.94 74.94 83.94 83.94 83.94 85.94 85.94 85.94 87.94 87.94 87.94	56.06 56.06 56.06 58.08 58.08 58.08 60.11 60.11 60.11 68.56 68.56 68.56 70.58 70.58 70.58 72.61 72.61 72.61 81.06 81.06 81.06 83.08 83.08 83.08 85.11 85.11 85.11	15	1.5 2.0 2.5 1.5 2.0 2.5 1.5 2.0 2.5	6 of 17

Table 2 .

 2 Comparison of structure failure deformation under different cell sizes.

	Stage

20 mm Cell Size 2.0 mm Wall Thickness 25 mm Cell Size 2.0 mm Wall Thickness

  

I (Initial stage)
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 2 Comparison of structure failure deformation under different cell sizes.
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Table 1 displays

 1 BC and its biocomposites yielded in static and agitation/shaking culture bioreactor and their various applications.
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Table 1 .

 1 Fabrication of BC and BC-based biocomposites under static and agitation culture methods, their properties, and applications.

	Bacterial

Cellulose and Bacterial Cellulose-Based Biocomposites Applications Structure and Properties References Fabrication of BC and BC-based composites under static culture methods BC

  

	Saxena et al. [107]	Putra et al. [108]	Nimeskern et al. [109]	Bodin et al. [110]	Charpentier et al. [111]	Klemm et al. [112]	Padra et al. [98]	Sepúlveda et al. [113]	Barud et al. [114]	Caiut et al. [115]	Sukhavattanakul et al. [102]	Kim et al. [116]	Buruaga-Ramiro [78]	Legeza et al. [117]	Cazón et al. [3]	Seoane et al. [99]
	Fast healing, high moisture donation, and high conformability	Excellent mechanical properties, thin layers, dense	Compatible mechanical strength and patient-specific shapes	High compression strain and mechanical strength	High water holding capacity and mechanical strength	The smooth inner surface, moldability, and high mechanical properties	High elastic modulus, tensile strength and elongation at break, high initial cell adhesion, porous, permeable up to 300 kDa, and dimensionally stable	Signs of the moderate inflammatory process, pro-tected ocular surface and remained stable in corneal tissue during the 45-day follow-up	Good transparency of the BC/PCL, smooth surface morphology	Improvement of the luminescence characteristics	Successfully detected H 2 S gas	The improved proliferation and fibroblast adhesion	Specific activity was higher for BC/ Lipase suspension (4.2 U/mg), improved thermal stability, reusability, and durability	Highly transparency, antibacterial activity	Improved mechanical properties; UV-light barrier properties; Reduce WVP and porosity value	low dispersion of BC in the matrix; increased crystallinity of the incubated samples; low interfacial adhesion
	BC mask	Blood vessel; Vascular grafts	Implant material for auricular cartilage regeneration and for ear cartilage replacement	Potential meniscus implant	Replacement of blood vessels and diseased arteries	Artificial blood vessels for microsurgery	Artificial cornea and eye bioengineering Retinal pigment epithelium (RPE)	Tissue substitutes in rabbits' cornea	Biodegradable food packaging	Phosphors and UV to Visible energy converting devices	Hydrogen sulfide (H 2 S) gas sensor	Wound dressing	Bioactive paper for developing a simple, handheld, and disposable devices; industrials bio-processes of detergents and food industry and biomedicine	Skin regeneration scaffold; Membranes for skin tissue regeneration	The food industry, food packaging	Food packaging applications
	Polymers 2021, 13, 3365							BC/polycaprolactone biocomposites	BC/polycaprolactone (PCL) biocomposites	BC/benzoyltrifluoroacetone	BC/ AgNPs/ lginate-molybdenum trioxide nanoparticles (MoO 3 NPs)	BC/chitosan biocomposites	BC/Lipase nanocomposites	BC/ SOD (Procel-Super) and poviargol (Procel-PA) biocomposites	BC/ PVOH	BC/ PHB

Table 1 .

 1 Cont.

	References	Messaddeq et al. [118]	Zhang et al. [100]	Sepúlveda et al. [113]	Osorio et al. [119]	Gupta et al. [103]
	Structure and Properties	No mutagenicity, genotoxicity and cytotoxicity effects	BC was uniformly mixed into the PVA gel; PVA/BC/C-Ag composite membranes exhibited excellent antibacterial activity; good reusability	High transparency and mechanical properties	Skin cell support and fabrication of optimal moist condition	High cytocompatibility; high moisture content and; good level of transparency; broad-spectrum antimicrobial activity along with antioxidant properties
	Applications	Contact lens for better tissue regeneration, enhance the recovery of ocular burns, replacement for antibiotics eye drops, wound dressing after eye surgery or protection against bacteria.	Drinking water treatment	Tissue substitutes in rabbit cornea	BC gloves	Wound dressing
	Bacterial Cellulose and Bacterial Cellulose-Based Biocomposites	BC/ciprofloxacin biocomposites	BC/ polyvinyl alcohol coated biochar nanosilver biocomposites	BC/polycaprolactone biocomposites	BC/polyvinyl alcohol biocomposites	BC/ cAgNP

Fabrication of BC and BC-based composites under agitation/shaking culture method

  

		Zhu, Jia, Yang, et al. [120]	Wu & Li, [121]	Hu et al. [122]	Bi et al. [24]	Hu & Catchmark [123]	Czaja et al. [124]	Cai et al. [125]
		Porous and loose structure, BC adhering to each other; diameter of composites with a size range of 0.5-6 mm	BC spheres were produced with various range of sizes such as 0.5-1.5, 2-3, and 4-5 mm; Large functional group, as well as great surface area to connect with enzymes, resulted to the higher activity of small spheres.	Sphere formation was affected by temperature; solid structure formed; diameter of composites with a size range of 2-8 mm formed	IR: 6.52-3.85; Crystallinity: 81.43-84.35 %; Flocky asterisk-like; diameter of composites with a size range of 5-10 mm,	Diameter is less than 1-8 mm at 150 rpm; Form solid structure however the central region is not layered; Layer spacing 10 µm (150 rpm) and 20 µm (125 rpm)	Thinner microfibrils structure; IR: 4.48; crystallinity: 84%; large and unique spheres; diameter of composites with a size range of 5-10 mm	High hydrolytic activity; High operational activity; Lipase immobilized BC sphere; Size of diameter between 3-9 mm.
		Sewage treatment; Immobilized reaction; Adsorption of Pb 2+ bio-separation and bovine serum albumin	The production of immobilized glucoamylase was supported by BC spheres for industrial applications usage	For good viability and adhesion on the surface of the material	Fermentation	Food, healthcare, and materials applications	Good production yield	High-efficiency lipase-immobilization system for large-scale industrial hydrolysis of fats and oils Suitable for enzymatic immobilization.
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	References	Gu & Catchmark [126]	Hamedi et al. [101]	Yan et al. [127]	Zhu, Jia, Wan, et al. [128]	Hu [129]
	Structure and Properties	Xyloglucan: Layered structure, densely packed cellulose bundles with the layered structure were formed; Central core is not obviously seen; diameter of composites with a size range of 4-5 mm; aster-likePectin: Densely packed cellulose bundles with layered structure; diameter of composites with a size range of 5-6 mm; aster-like Xylan: Pore structure of cellulose bundles with a few tails formed on the surface of sphere; diameter of composites with a size range of 7-8 mm; layered structure Arabinogalactan: Cellulose linkage between layered structure; diameter of composites with a size range of 4-6 mm; Sphere	Mechanical, swelling and antibacterial properties were improved; moderate antibacterial activity	BC: IR index 2.23, crystallinity 67.2%; snow like structuredBC/CNT composites: IR index 2.56; crystallinity 76.2%, the diameter of composites with a size range of 2-5 mm, rice-like structured	Iron(II,III) oxide (Fe 3 O 4 ) particles with a size of 15 nm were distributed uniformly in spheres The diameter of composites with a size range of 3-5 mm	Superior absorption capacity; Interconnected structure with a honeycomb-like surface pattern; diameter of composites with a size range of 3-7 mm
	Applications	Pectin and xyloglucan can be used to enhance cellulose growth and cellulose assembly.	Anti-wrinkle dressing masks, wound healing and absorption materials	-	Elution: Mn 2+ > Pb 2+ > Cr 3+ Superparamagnetic Adsorption: Pb 2+ > Mn 2+ > Cr 3+	Superabsorbent for water environmental protection
	Bacterial Cellulose and Bacterial Cellulose-Based Biocomposites		BC/ schizophyllan (SPG) biopolymers	BC/CNT biocomposites	BC/Fe 3 O 4 biocomposites	BC/GO biocomposites

Table 2 .

 2 Various modifications, product specifications, and advantages of different reactors for BC production.

	Polymers 2021, 13, 3365	Modification

Production Specification and Advantages BC Production References Enriched Oxygen Bioreactors Bubble column (controlled pH) Aeration

  

	Choi et al. [192]	Chao et al. [193]	Chao et al. [194]	Chao et al. [195]	Wu and Li [121]		Mormino & Bungay [196] Zahan et al. [197]	Lin et al. [198]
	0.07-0.09 g/L/h	0.20 g/L/h	0.22 g/L/h	0.116 g/L/h	-		-	0.01 g/L/day
	Low degree of polymerization and molecular weight Advantages: High oxygen transfer rate	Attribute: After 30 h the production decreased Advantages: Higher productivity; High oxygen transfer rate; Low power requirement.	Attribute: The highest concentration: 10.4 g/L at 60-70 g/L fructose Advantages: Formed a unique ellipse; Low mechanical strength; High hydrodynamic characteristic; High volumetric oxygen transfer	Advantages: Unique ellipse was formed; High hydrodynamic characteristic; High volumetric oxygen transfer	Attribute: A membrane-type BC was produced Advantages: Varying the net plates number would result in high Young's modulus and water holding capacity		Attribute: A consistent product Advantages: Produced strong and intact cellulosic matrix, BC pore size of 10-15 µm; High tensile strength	Attribute: A semi-continuous process Advantages: Low mechanical property (Young's modulus of 372.5 MPa); Low crystallinity: 66.9%; similar thermostability and water content with BC produced by static culture
	Polymers 2021, 13, 3365	High oxygen concentration	Internal loop airlift with controlled pH/ fresh and glucose medium	Internal loop airlift with enriched oxygen	Shaking flask with controlled pH/ Hestrin & Schramm medium	Rotating disc bioreactors	A rotating disk bioreactor	Rotating disk bioreactor supported by plastic composites

rate:1.0 vvm (30 L/min) Attributes: Low concentrated solution state culture; Low shear stress; Low mechanical properties: 17.15 to 11.66 MPa; Low crystallinity: 86 to 79.6%,

Table 2 .
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	References	Lin et al. [199]	Fijałkowski et al. [200-203]		Jung et al. [204]		Cheng et al. [206]	Cheng et al. [207]
	BC Production	0.64 g/slice with 0.8% carboxymethylcellulose and avicel	-		0.02 to 0.06 g/L/h		7.05 g/L	13 g/L
	Production Specification and Advantages	Attribute: A semi-continuous process Advantages: Similar strain but lower stress for carboxymethylcellulose and avicel, respectively; High water retention properties of 98.6-99%; Disc rotation speed and oxygen concentration improved the fermentation process; Fructose concentration was decreased from 50 to 10 g/L; No re-inoculation	Advantages: Yield BC with an altered degree of porosity and microstructure; Increased biochemical properties; Positive impact on the growth of bacteria; Increased water retention by 26% as compared to the control sample; high density with tangled and long fibres		Advantages: BC concentration was increased from 5.65 to 11.52 g/L/140 h; An abundance of Cel + cells were converted into Cel-mutants		Advantages: High crystallinity: 93% with a crystal size of 5.2 nm; high biomass density; Water retention ability up to 95 %; better thermal performance	Advantages: Continuous BC production; High biomass density; High Young's modulus and tensile strength; High crystallinity: 80% with a crystal size of 4.2 nm; potential application of BC paper sheets
	Modification	Rotating disk bioreactor with different additions supported by plastic composites	Rotating magnetic field	Other bioreactors for BC production	Spin filter supporting bioreactor	Fed-batch principle	Biofilm reactor	Biofilm reactor with additives

Advantages:

The gradient of a graph in the load-displacement diagram: (aerosol bioreactor = 34.7 N/10 mm, usual surface culture = 8.9 N/10 mm); High tensile strength: 114 N; High-quality cellulose; the degree of polymerization of BC is 5200; Best time interval: 6 h; BC layer or slices (3-4 cm); Culture box: low cost -Hornung et al. [205]

  Acetobacter xylinum [245]. The concentration of BC produced was 19.46 g/L of the product in a period of 15 days and a temperature of 30 o C. Similar results were achieved with coconut water and pineapple juice as substrates for the same bacteria [245]. The date is a fruit with a potential carbon source for BC production. Date trees are grown mainly in tropical and arid areas of North Africa and Southwest Asia. Date syrup consists of essential nutrients that are sufficient for the growth of numerous microorganisms [246]. However, date processing is accompanied by massive loss and wastage, which can be converted to useful byproducts. Lotfiman et al. [247] assessed the
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Table 3 .

 3 Industrial wastes utilized as sustainable feedstock for the production of bacterial cellulose (BC).

	Microorganism

Production Mode BC Production Time Industrial Waste Additional Nutrients References Beverages/Brewery Waste as carbon source with additional nutrients

  

		Fan et al. [216]	Vazquez et al. [190]	Hyun et al. [267]	Wu & Liu [232]	Jahan et al. [268]		Ha et al. [269]			Gayathri et al. [270]	Wu & Liu [232]	Vazquez et al. [190]	Hyun et al. [267]		Urbina et al. [271]
		Yeast extract, ethanol and peptone	Corn steep liquor	Diammonium phosphate	Modified HS (MHS) medium	Mixed modified HS (MMHS)	50% TS	50/50 TS-HS	Sucrose (carbon source) and corn steep liquor (nitrogen source)	1% Glucose	1% Glucose	Glucose	1% Glucose		-	-	-	-	-	-
		Citrus peel and pomace enzymolysis medium	Grape bagasse	Grape bagasse	Makgeolli sludge filtrate	Makgeolli sludge filtrate	Thin stillage (TS) wastewater	Thin stillage (TS) wastewater	Distillery effluent	Untreated WBFB	Untreated WBFB	Autolyzed WBFB	Hydrolysed WBFB		UB breweries limited, Baikampady, Mangalore, India	Thin stillage (TS) wastewater	Grape bagasse	Makgeolli sludge filtrate	Fresh apple peel/ sugar cane ratio (w/w) (1/2.3)	Apple residue (AR)/ sugar cane (SC) ratio (w/w) (1/2.3)
		8 days	14 days	14 days	3 days	3 days	7 days	7 days	72 h	336 h	168 h	336 h	336 h		8 days	7 days	14 days	3 days	14 days	14 days
		5.7 g/L	8.00 g/L	7.20 g/L	0.35 g/L	1.2 g/L	0.90 g/L	6.26 g/L	10.8 g/L	13.95 g/L	1.50 g/L	7.37 g/L	3.64 g/L		1.24 g/L	3.10 g/L	4.20 g/L	0.30 g/L	1.5 g/L	1.4 g/L
	Polymers 2021, 13, 3365	Komagataeibacter xylinus CICC No.10529 Static	Gluconacetobacter xylinus NRRL B-42 Static	Gluconacetobacter xylinus NRRL B-42 Static	Gluconacetobacter xylinus ATCC ®® 10788™ Static	Gluconacetobacter xylinus ATCC ®® 10788™ Static	Gluconacetobacter xylinus BCRC 12334 Static	Gluconacetobacter xylinus BCRC 12334 Static	Gluconacetobacter oboediens Shaking	Gluconacetobacter hansenii PJK KCTC 10505BP Static	Gluconacetobacter hansenii PJK KCTC 10505BP Shaking	Gluconacetobacter hansenii PJK KCTC 10505BP Static	Gluconacetobacter hansenii PJK KCTC 10505BP Static	Waste as a complex medium without any additional nutrients	Static Komagataeibacter saccharivorans strain BC1 (K. saccharivorans strain BC1)	Static Gluconacetobacter xylinus BCRC 12334	Static Gluconacetobacter xylinus NRRL B-42	Static Gluconacetobacter xylinus ATCC ®® 10788™	Static Gluconacetobacter medellinensis ID13488	Static Gluconacetobacter medellinensis ID13488

Table 3 .
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	References					Khattak et al. [272]		Jahan et al. [268,273]	Cerrutti et al. [274]	Ha et al. [270]				Revin et al. [230]				Luo et al. [275]		Lin et al. [237]	
	Industrial Waste Additional Nutrients	AR/SC ratio (w/w) (0.5/2.8) -	AR/SC ratio (w/w) (2/1.3) -	AR/SC ratio (w/w) (1.5/2.3) -	Black strap molasses -	Black strap molasses -	Brewery molasses -	Brewery molasses -	Crude effluent -	Grape pomace extract/corn steep liquor -	Untreated Waste from beer fermentation broth (WBFB) -	Autolyzed WBFB -	Hydrolysed WBFB -	Hestrin and Schramm (HS) medium -	Thin stillage -	Cheese whey -	Thin stillage pH 3.95 -	Thin stillage pH 5 -	Thin stillage pH 6 -	Acid hydrolysate of waste oleaginous yeast biomass -	Waste beer yeast treated with ultrasonication treatment -	Waste beer yeast treated with NaOH treatment -	Waste beer yeast treated with high speed homogenizer treatment -
	Time	14 days	14 days	14 days	9 days	9 days	9 days	9 days	72 h	21 days	336 h	336 h	336 h	3 days	3 days	3 days	3 days	3 days	3 days	4 days	14 days	14 days	14 days
	BC Production	2.0 g/L	1.2 g/L	2.5 g/L	2.9 g/L	3.05 g/L	1.70 g/L	1.75 g/L	8.5 g/L	6.7 g/L	8.46 g/L	2.00 g/L	2.82 g/L	2.40 g/L	6.19 g/L	5.50 g/L	6.19 g/L	5.40 g/L	3.50 g/L	2.90 g/L	3.89 g/L	2.40 g/L	2.00 g/L
	Microorganism Production Mode	Gluconacetobacter medellinensis ID13488 Static	Gluconacetobacter medellinensis ID13488 Static	Gluconacetobacter medellinensis ID13488 Static	Gluconoacetobacter xylinum ATCC 23768 Static	Gluconoacetobacter xylinum ATCC 23768 Shaking	Gluconoacetobacter xylinum ATCC 23768 Static	Gluconoacetobacter xylinum ATCC 23768 Shaking	Gluconacetobacter oboediens Shaking	Acetobacter xylinum NRRL B-42 Static	Gluconacetobacter hansenii PJK KCTC 10505BP Static	Gluconacetobacter hansenii PJK KCTC 10505BP Static	Gluconacetobacter hansenii PJK KCTC 10505BP Static	Gluconacetobacter sucrofermentans B-11267 Shaking	Gluconacetobacter sucrofermentans B-11267 Shaking	Gluconacetobacter sucrofermentans B-11267 Shaking	Gluconacetobacter sucrofermentans B-11267 Shaking	Gluconacetobacter sucrofermentans B-11267 Shaking	Gluconacetobacter sucrofermentans B-11267 Shaking	Gluconacetobacter xylinus Static	Gluconacetobacter hansenii CGMCC 3917 Static	Gluconacetobacter hansenii CGMCC 3917 Static	Gluconacetobacter hansenii CGMCC 3917 Static
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	References			Zhao et al. [236]			Castro et al. [235]		Castro et al. [235]	Goyat [266]	Bilgi et al. [276,277]	Pacheco et al. [278]	Hong & Qiu [279]			Rani & Appaiah [242]		
	Additional Nutrients	-	-	-			Glucose, fructose and sucrose		Glucose, fructose and sucrose	Corn steep liquor (CSL)	Citric acid	HS medium	HS medium	Yeast extract and tryptone	8% corn steep liquor (CSL)	0.2% Urea	Ethyl alcohol (EA) + Acetic acid (AA)	8% CSL + EA + AA	0.2% urea + EA + AA
	Industrial Waste	Waste beer yeast treated with microwaves treatment	Waste beer yeast treated with untreatment	Wastewater after pullulan polysaccharide fermentation			Pineapple peel juice		Sugar cane juice	Wheat straw	Carob and haricot bean (CHb) medium	HS medium and Cashew tree exudates (HSCTE)	HS medium and Cashew tree exudates (HSCG)	Cheap agricultural product konjac powder	Coffee cherry husk (CCH)	Coffee cherry husk (CCH)	Coffee cherry husk (CCH)	Coffee cherry husk (CCH)	Coffee cherry husk (CCH)
	Time	14 days	14 days	10 days			13 days		13 days	7 days	9 days	7 days	7 days	8 days	14 days	14 days	14 days	14 days	14 days
	BC Production	1.50 g/L	1.20 g/L	1.18 g/L			2.8 g/L		-	10.6 g/L	1.8 g/L	6.0 g/L	6.0 g/L	2.12 g/L	8.2 g/L	6.5 g/L	6.9 g/L	7.5 g/L	6.6 g/L
	Microorganism Production Mode	Gluconacetobacter hansenii CGMCC 3917 Static	Gluconacetobacter hansenii CGMCC 3917 Static	Gluconacetobacterxylinus BC-11 K. Static	Agro industrial waste	Waste as nitrogen source	Gluconacetobacter swingsii Static	Waste as carbon source with additional nutrients	Gluconacetobacter swingsii Static	Gluconacetobacter xylinum bacterium (ATCC 700178) Shaking	Gluconacetobacterxylinus Static	Komagataeibacter rhaeticus Static	Komagataeibacter rhaeticus Static	Acetobacter aceti ATCC 23770 Shaking and static	Gluconacetobacter hansenii UAC09 Static	Gluconacetobacter hansenii UAC09 Static	Gluconacetobacter hansenii UAC09 Static	Gluconacetobacter hansenii UAC09 Static	Gluconacetobacter hansenii UAC09 Static
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	References	Chen et al. [280]		Lotfiman et al. [247]		Carreira et al. [281]			Adebayo-Tayo et al. [282]			Kuo et al. [214]	Voon et al. [226]			Kurosumi et al. [283]		
	Additional Nutrients	Other components are same as of HS medium	Other components are same as of HS medium	Other components are same as of HS medium	Other components are same as of HS medium	Organic or inorganic nitrogen	Other components are same as that of HS medium	Other components are same as that of HS medium	Other components are same as that of HS medium	Other components are same as that of HS medium	Other components are same as that of HS medium	Other components are same as that of HS medium	Acetate buffer, peptone and yeast extract	Other components are same as of HS medium	Other components are same as of HS medium	Disodium hydrogen phosphate buffer	Disodium hydrogen phosphate buffer	Disodium hydrogen phosphate buffer	Disodium hydrogen phosphate buffer	Disodium hydrogen phosphate buffer
	Industrial Waste	Enzymatic hydrolysate of wheat straw	Extracted date syrup (DSH-2%)	Extracted date syrup (DSH-3%)	Extracted date syrup (DSH-5%)	Grape skins aqueous extract, cheese whey, crude glycerol and sulfite pulping liquor	Pineapple juice medium (PIJM)	Pawpaw juice medium (PAJM)	Watermelon juice medium (WMJM)	Pineapple juice medium (PIJM)	Pawpaw juice medium (PAJM)	Watermelon juice medium (WMJM)	Orange peel fluid and orange peel hydrolysate	Sago byproduct	Sago byproduct	Pineapple	Apple	Orange	Japanese pear	Grape
	Time	7 days	8 days	8 days	8 days	96 h	15 days	15 days	15 days	15 days	15 days	15 days	8 days	14 days	14 days	14 days	14 days	14 days	14 days	14 days
	BC Production	8.3 g/L	4.0 g/L	5.8 g/L	4.5 g/L	0.1 g/L	0.3 g/L	6.4 g/L	0.6 g/L	0.1 g/L	7.7 g/L	0.4 g/L	3.40 g/L	0.47 g/L	1.55 g/L	4.1 g/L	3.95 g/L	5.9 g/L	3.5 g/L	1.8 g/L
	Production Mode	Static	Static	Static	Static	Static	Static	Static	Static	Static	Static	Static	Static	Static	Static	Static	Static	Static	Static	Static
	Microorganism	Acetobacter xylinus ATCC 23770	Acetobacter xylinum 0416 MARDI	Acetobacter xylinum 0416 MARDI	Acetobacter xylinum 0416 MARDI	Gluconacetobacter sacchari	Acinetobacter sp. BAN1	Acinetobacter sp. BAN1	Acinetobacter sp. BAN1	Acetobacter pasteurianus PW1	Acetobacter pasteurianus PW1	Acetobacter pasteurianus PW1	Gluconoacetobacter xylinus BCRC 12334	Beijerinkia fluminensis WAUPM53	Gluconacetobacter xylinus 0416	Acetobacter xylinum NBRC 13693	Acetobacter xylinum NBRC 13693	Acetobacter xylinum NBRC 13693	Acetobacter xylinum NBRC 13693	Acetobacter xylinum NBRC 13693

Table 3 .
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	References						Gomes et al. [248]	Kumbhar et al. [284]	Casarica et al. [285]	Lin et al. [286]			Güzel & Akpınar [287]		Luo, Huang et al. [275]	Luo, Huang, et al.[288]
	Additional Nutrients	Sugar reagent (glucose, fructose and sucrose)	Sugar reagent (glucose, fructose and sucrose)	Sugar reagent (glucose, fructose and sucrose)	Sugar reagent (glucose, fructose and sucrose)	Sugar reagent (glucose, fructose and sucrose)	Nitrogen	Phosphorus	Sucrose, ammonium sulfate and cycloheximide	Apple glucose equivalents, glycerol, ammonium sulfate and citric acid	Sugar		-	-	-	-	-	-
	Industrial Waste	Pineapple	Apple	Orange	Japanese pear	Grape	Dry olive mill residue (DOR100) Water extraction at 100 • C	Dry olive mill residue (DOR100) Water extraction at 100 • C	Pineapple and watermelon peels	Poor quality apple residues in combination with glycerol	Coconut-water		Lemon peels (LBC)	Mandarin peels (MBC)	Orange peels (OBC)	Grapefruit peels (GBC)	Discarded waste durian shell	Discarded waste durian shell
	BC Production Time	0.5 g/L 14 days	0.2 g/L 14 days	1.85 g/L 14 days	0.5 g/L 14 days	0.4 g/L 14 days	1.7 g/L 96 h	1.4 g/L 96 h	125 g/L 7 days	8.6 g/L 48 h	-3-7 days		2.06 BC/100 g peel 21 days	3.92 BC/100 g peel 21 days	2.33 BC/100 g peel 21 days	2.68 BC/100 g peel 21 days	2.90 g/L 10 days	2.67 g/L 10 days
	Microorganism Production Mode	Acetobacter xylinum NBRC 13693 Static	Acetobacter xylinum NBRC 13693 Static	Acetobacter xylinum NBRC 13693 Static	Acetobacter xylinum NBRC 13693 Static	Acetobacter xylinum NBRC 13693 Static	Gluconacetobacter sacchari Static	Gluconacetobacter sacchari Static	Komagataeibacter hansenii MCM B-967 Static	Acetobacter xylinum DSMZ2004 Static	Acetobacter xylinum BCRC 14182 (purchased) Static	Waste as complex medium without any additional nutrients	Komagataeibacter hansenii GA2016 Static	Komagataeibacter hansenii GA2016 Static	Komagataeibacter hansenii GA2016 Static	Komagataeibacter hansenii GA2016 Static	Komagataeibacter xylinus Static	Gluconacetobacter xylinus CH001 Static

Table 3 .
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	References	Algar et al. [289]			Adebayo-Tayo et al. [290]		Florea et al. [291]	Gomes et al. [248]			Hungund et al. [292]		Hungund et al. [245]	Jozala et al. [293]	Li et al. [252]	Zahan et al. [197]	Pacheco et al. [278]	
	Industrial Waste Additional Nutrients	Sugar cane juice and pineapple residues -	Sugar cane juice and pineapple residues -	Pineapple waste medium (PIWAM) -	Pawpaw waste medium (PAWAM) -	Pawpaw waste medium (PAWAM) -	Pineapple waste medium (PIWAM) -	Fermented tea -	Industrial residues from olive oil production -	Watermelon + HS medium -	Orange juice + HS medium -	Muskmelon + HS medium -	Coconut water +HS medium -	Banana peel -	Rotten fruit culture -	Waste water of candied jujube hydrolysate -	Pineapple waste medium -	Cashew tree exudates (CTE) -	Cashew gum (CG) -	Coffee cherry husk (CCH) -
	Time	7 days	7 days	15 days	15 days	15 days	15 days	10 days	-	14 days	14 days	14 days	14 days	15 days	96 h	114 h	4 days	7 days	7 days	14 days
	BC Production	3.24 g/L	0.82 g/L	0.4-0.6 g/L	0.2-1.1 g/L	0.2-1.0 g/L	0.1-3.9 g/L	-	1.28 g/L	5.75 g/L	5.98 g/L	6.18 g/L	8.08 g/L	19.46 g/L	60 g/L	2.25 g/L	28.30 g/L	2.8 g/L	2.3 g/L	5.6 g/L
	Production Mode	Static	Dynamic	Static	Static	Static	Static	Static	-	Static	Static	Static	Static	Static	Static	Static	Rotary disc reactor	Static	Static	Static
	Microorganism	Gluconacetobacter medellinensis	Gluconacetobacter medellinensis	Acinetobacter sp. BAN1	Acinetobacter sp. BAN1	Acetobacter pasteurianus PW1	Acetobacter pasteurianus PW1	Komagataeibacter rhaeticus iGEM	Gluconacetobactersacchari	Gluconacetobacter persimmonis GH-2	Gluconacetobacter persimmonis GH-2	Gluconacetobacter persimmonis GH-2	Gluconacetobacter persimmonis GH-2	Acetobacterxylinum	Gluconacetobacter xylinus ATCC 53582	Gluconacetobacter xylinus CGMCC 2955	Acetobacter xylinum 0416	Komagataeibacter rhaeticus	Komagataeibacter rhaeticus	Gluconacetobacter hansenii UAC09
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	References	Gomes et al. [248]
	Additional Nutrients	-	
	Industrial Waste	Dry olive mill residue (DOR40) Water extraction at 40 • C	Dry olive mill residue (DOR100) Water extraction at 100
	Time	96 h	96 h
	BC Production	0.81 g/L	0.85 g/L
	Production Mode	Static	Static
	Microorganism	Gluconacetobacter sacchari	Gluconacetobacter sacchari

• C -Sugar industries,

pulp mills and lignocellulosic biorefineries wastes Waste as carbon source with additional nutrients

  

	Barshan et al. [294]		Bae & Shoda [187]	Vazquez et al. [190]	Jung et al. [204]	Premjet et al. [295]		Machado et al. [296]
	Other components are same as of HS medium	Corn steep liquor	Corn steep liquor	Corn steep liquor and diammonium phosphate	Acetic acid	Carbohydrates, minerals, vitamins and amino acids	40 g/L of glucose	
	Vinasse	Molasses	H 2 SO 4 heat treated molasses	Cane molasses	Molasses and corn steep liquor	Sugar cane molasses	Sugarcane molasses (SCM) 10 g/L of SCM	
	10 days	70 h	70 h	14 days	168 h	7 days	120 h	
	7.02 g/L	3.01 g/L	5.30 g/L	5.9 g/L	3.12 g/L	223% as compared to 100% in HS medium	3.90 g/L	
	Static	Rotary shaker	Rotary shaker	Static	Agitated	Static	Static	
	Komagatacibacter xylinus PTCC 1734	Acetobacter xylinum BPR2001	Acetobacter xylinum BPR2001	Gluconacetobacter xylinus	Acetobacter sp. V6	Acetobacter xylinum ATCC 10245	Komagataeibacter rhaeticus	Komagataeibacter rhaeticus
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	References				Erbas Kiziltas et al. [298]	Khattak, Khan, Ul-Islam, Wahid, et al. [299]
	Additional Nutrients	Other components are same as of HS medium	Other components are same as of HS medium		-	-	
	Industrial Waste	Softwood purified water-soluble (SPWS)	Hardwood purified water-soluble (HPWS)		Hot water extract	Scum of sugarcane jaggery or gur (JS)	
	Time	7 days	7 days			10 days	
	BC Production	5.4 %	8.9 %		0.15 g/L	2.51 g/L	
	Microorganism Production Mode	Acetobacter xylinum ATCC 53582 Static	Acetobacter xylinum ATCC 53582 Static	Waste as carbon source without any additional nutrients	Acetobacter xylinus 23769	Shaking Gluconoacetobacter xylinum ATCC 23768	Gluconoacetobacter xylinum ATCC 23768

Table 3 .

 3 Cont.

	References		Guo et al. [257]		Kuo et al. [256]	Kuo et al. [256]			Soemphol et al. [264]	Adnan [304]	Adnan [304]	Vazquez et al. [190]	Kose et al. [305]	Tsouko et al. [259]	Tsouko et al. [259]	Tsouko et al. [259]		Vazquez et al. [190]
	Additional Nutrients	Peptone and yeast extract	Peptone and yeast extract	Peptone and yeast extract	Peptone and yeast extract	Peptone and yeast extract			Pineapple and in combination with HS medium components	Yeast extract, ammonium sulphate, potassium hydrogen orthophosphate and magnesium sulphate	Yeast extract, ammonium sulphate, potassium hydrogen orthophosphate and magnesium sulphate	Diammonium phosphate and corn steep liquor	Carboxymethyl Cellulose	Yeast extract and peptone	Sunflower meal hydrolysates	Flour-rich hydrolysates		-
	Industrial Waste	Waste dyed cotton fabrics hydrolysate -Purple bed sheet (PBS)	Waste dyed cotton fabrics hydrolysate-rose -Red bed sheet (RRBS)	Waste dyed cotton fabrics hydrolysate-green bed sheet (GBS)	Coloured hydrolysate	Discoloured hydrolysate			Non-detoxified crude glycerol	20 g/L glycerol	50 g/L glucose	Glycerol from biodiesel	Waste glycerol	Crude glycerol from biodiesel	Crude glycerol from biodiesel	Crude glycerol from biodiesel		Glycerol from biodiesel
	Time	10 days	10 days	10 days	7 days	7 days			7 days	5 days	5 days	14 days	4 days	15 days	15 days	15 days		14 days
	BC Production	14.2 g/L	13.7 g/L	14.1 g/L	1.59 g/L	1.88 g/L			12.31 g/L	2.87 g/L	2.87 g/L	10 g/L	3.4 g/L	3.2 g/L	13.3 g/L	13 g/L		3.5 g/L
	Microorganism Production Mode	Gluconacetobacter xylinus Static	Gluconacetobacter xylinus Static	Gluconacetobacter xylinus Static	Gluconacetobacter xylinus Static	Gluconacetobacter xylinus Static	Biodiesel industry	Waste as carbon source with additional nutrients	Gluconaceter xylinus BNKC19 Static	Gluconacetobacter xylinus DSM 46604 Agitated	Gluconacetobacter xylinus DSM 46604 Agitated	Gluconacetobacter xylinus Static	Gluconacetobacter intermedius NEDO-01 Static	Komagataeibacter sucrofermentans DSM 15973 Shaking	Komagataeibacter sucrofermentans DSM 15973 Shaking	Komagataeibacter sucrofermentans DSM 15973 Shaking	Waste as carbon source without additional nutrients	Gluconacetobacter xylinus Static

Table 3 .
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	References			Goyat [266]		Chen et al. [306]		Uzyol & Saçan [177]		Nóbrega et al. [307]
	Additional Nutrients			Corn steep liquor (CSL)	Glucose/yeast extract	Glucose/yeast extract	Glucose/yeast extract	Meat extract, peptone, NaCl and ethanol		-
	Industrial Waste			Algae	Chlorella vulgaris	Scenedesmus obliqnus	Chlamydomonas reinhardtii	Algae (Chlorella vulgaris) algae based glucose		Algae (Chlamydomonas debaryana) (BEA0067)
	Time			7 days	7 days	7 days	7 days	7 days		14 days
	BC Production			4.86 g/L	77%	94%	85%	1.104 g/L		85.1%
	Microorganism Production Mode	Micro-algae industry	Waste as carbon source with additional nutrients	Gluconacetobacter xylinum bacterium (ATCC 700178) Shaking	Gluconacetobacter xylinus (ATCC #700178) Static	Gluconacetobacter xylinus (ATCC #700178) Static	Gluconacetobacter xylinus (ATCC #700178) Static	Komagataeibacter hansenii DSMZ Static	Waste as carbon source without additional nutrients	Komagataeibacter saccharivorans Static

Table 1 .

 1 Recent review articles related to greener pretreatment approaches for lignocellulosic biomass.

Table 3 .

 3 Previous research on biological-chemical pretreatment approaches to pretreat lignocellulosic biomass. Data retrieved from Ref.[54].

	Substrate	1st Step	Conditions	2nd Step	Component's Degradation (%) Lignin Hemicellulose Cellulose
			Biological-alkaline pretreatment		
	Corn stalks	Irpex lacteus (28 • C, 15 d)		0.25 M NaOH solution (75 • C, 2 h)	80	51.37	6.62
	Populus tomentosa	Trametes velutina D10149 (28 • C, 28 d)	70% (v/v) ethanol aqueous solution containing 1%(w/v) NaOH (75 • C, 3 h)	23.08	22.22	18.91
	Willow sawdust	Leiotrametes menziesii (27 • C, 30 d) Abortiporus biennis (27 • C, 30 d)	1% (w/v) NaOH (80 • C, 24 h)	59.8 54.2	68.1 51.8	51.2 29.1
			Biological-acid pretreatment		
	Populus tomentosa	Trametes velutina D1014 (28 • C, 56 d)	1% sulphuric acid (140 • C, 1 h)	23.82	75.96	(+) 18.74
	Oil palm empty fruit bunches	Pleurotus floridanus LIPIMC996 (31 • C, 28 d)	Ball milled at 29.6/s for 4 min. Phosphoric acid treatment (50 • C, 5 h)	(+) 8.29	60.63	(+) 37.52
	Olive tree biomass	Irpex lacteus (Fr.238 617/93) (30 • C, 28 d)	2% w/v H 2 SO 4 (130 • C, 1.5 h)	(+) 105.82	75.29	(+) 62.95
			Biological-oxidative pretreatment		
	Corn Straw	Echinodontium taxodii (25 • C, 15 d)	0.0016% NaOH and 3% H 2 O 2 (25 • C, 16 h)	52.00	23.64	(+) 45.45
	Hemp chips	Pleurotus eryngii (28 • C, 21 d)	3% NaOH and 3% (v/v) H 2 O 2 (40 • C, 24 h)	55.7	23.2	25.1
			Biological-organosolv pretreatment		
	Sugarcane straw	Ceriporiopsis subvermispora (27 • C, 15 d)	Acetosolv pulping (Acetic acid with 0.3% w/w HCl) (120 • C, 5 h	86.8	93.8	32.1
	Pinus radiata	Gloeophyllum trabeum (27 • C, 28 d)	60% ethanol in water solvent (200 • C, 1 h)	74.26	80.74	-
		Biological-liquid hot water (LHW) pretreatment		
	Soybean Corn stover	Liquid Hot water (170 • C, 3 min, 400 rpm, 110 psi, solid to liquid ratio of 1:10)	Ceriporiopsis subvermispora (28 • C, 18 d)	36.69 41.99	41.34 42.91	0.84 7.09
	Wheat straw Corn stover	Hot water extraction (HWE) (85 • C, 10 min, solid to liquid ratio of 1:20)	Ceriporiopsis subvermispora (28 • C, 18 d)	24.87 30.09	13.19 28.14	1.86 4.96
	Soybean				0.09	0.09	0.09
		Biological-steam explosion pretreatment		
	Beech woodmeal	Phanerochaete chrysosporium (37 • C, 28 d)	Steam explosion (215 • C, 6.5 min)	42.00	-	-
	Sawtooth oak, corn and bran	Lentinula edodes (120 d)		Steam explosion (214 • C, 5 min, 20 atm)	17.1	80.43	(+) 5.19

Table 4 .

 4 Purposes of the pretreatment strategies and their advantages and disadvantages.

	Pretreatments	Preferred Natural Fibres	Purposes	Advantages	Disadvantages
	Physical	Hardwoods and agricultural residues	Enhance the digestibility of lignocellulosic biomass by increase the available specific surface area, and reduce both the degree of polymerisation and cellulose crystallinity	(1) No recycling cost (2) No chemical usage (3) Increase biogas, bioethanol and biohydrogen yields	(1) Excessive size reduction decreases biofuel production (2) Formation of fermentation inhibitors at high temperature (3) Incomplete digestion of lignin-carbohydrate matrix (4) The need to wash the hydrolysate decreases sugar yield (5) High energy requirement
	Biological	Hardwoods, softwoods, and agricultural residues	Leverage the action of fungi capable of producing enzymes that can degrade lignin, hemicellulose, and polyphenols	(1) The depolymerisation is very selective and efficient (2) Low-capital cost (3) Low energy requirement (4) No chemicals requirement (5) Mild process conditions	(1) The rate of biological pretreatment is too slow for industrial purposes (10-14 days) (2) Require careful growth conditions and a large amount of space (3) A fraction of carbohydrate is consumed by the microbes, thus reduces the sugar yield

Table 5 .

 5 A summary of physical pretreatments applied for numerous applications.

	Bioproducts	Natural Fibres	Pretreatments	Conditions	Yield Improvement/Product Properties	References
	Biohydrogen	Corn stover Rice straw	Steam explosion Hydrothermal	1.5 Mpa and 198 • C for 1.5 min pH 7.0, 210 • C, 15.4 • C min -1 , and 20% TS	51.9 L H 2 kg -1 TS * 28.0 mL H 2 g -1 VS *	[79] [80]
		Sugarcane bagasse	Hydrolysis	178.6 • C, 43.4 min, and solid to liquid ratio of 0.24	1.56 Nm 3 CH 4 kg -1 TOC *	[81]
		Wheat straw Pennisetum hybrid	Microwave irradiation	260 • C, 33 bars, 3 min	28% 12%	[82] [83]
	Biomethane	Blend of maize, ryegrass, and rice straw	Extrusion	Exit slit opened at 60%	11.5-13.4%	[84]
		Hay	Steam explosion	220 • C for 15 min	16%	[85]
		Vine trimming shoot	Extrusion	200 g h -1 feed rate	51-58% hemicellulose reduction, 15.7-21.4% CH 4 increased	[78]
		Wheat straw	Supercritical CO 2 & steam explosion	A steam explosion at 200 • C for 15 min and supercritical 60 min CO 2 of 12 MPa at 190 • C for	36.5%	[86]
	Biosugar	Poplar wood chips	Mechanical pulping & steam	Disc clearance set 0.5-0.1 mm for mechanical pulping and for 5 min steam pretreatment at 210 • C	76%	[87]
		Poplar wood	Steam explosion	180 • C and 18 min	94%	[88]
		Cane bagasse Pinewood	Hydrothermal	200 • C 240 • C and 10 min	4 mg xylose ml -1 * 32% **	[89] [90]
		Rapeseed meal		260 • C and 10 min	51 g glucose kg -1 *	[91]
		Poplar wood	Steam explosion	2 MPa for 180 s	13.2%	[92]
	Nanocellulose	Cotton Sugarcane bagasse	High-pressure homogeniza-tion	80 MPa for 30 HPH	10-20 nm in diameter, reduced thermal stability, and crystallinity 10-20 nm in diameter, reduced thermal stability, and crystallinity	[93] [94]
		Oil palm biomass	Superheated steam	260 • C for 30 min	<100 nm diameter, 27% crystallinity reduced	[35]

* The highest yield obtained. ** In carbohydrate.
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	Natural Fiber	Matrix	Hybrids	Process	Ref.
		Abaca/banana fiber (ABF)		
	Abaca/banana fiber Abaca fiber Enzyme modified abaca fiber Abaca fiber Banana fiber Abaca fiber Plain weave abaca fiber Banana fiber	Polypropylene Cement Polypropylene Polyethylene Low density polyethylene Polystyrene Polyester resin Polyvinyl alcohol resin	Silica Banana fiber	Mixer-injection, mixer compression, and direct compression moldings Injection molding Rotational molding Compression molding Compression molding Hand lay-up Hand lay-up	[120] [121] [122] [123] [124] [125] [126] [127]
			Sisal fiber (SF)		
	Sisal fiber Sisal fiber Sisal fiber Sisal fiber Sisal fiber Sisal fiber Sisal fiber	Phenolic resin Bioepoxy Polyester PLA Unsaturated polyester Waste carbon Epoxy	Aramid fiber Hemp fiber Bamboo fiber Banana fiber Carbon fibers Glass fiber Jute fiber	Compression molding Hand lay-up Hand lay-up Injection molding Hand lay-up Single extrusion and press consolidation Hand lay-up	[128] [104] [91] [129] [130] [131] [132]

3.1. Sugar Palm Fiber Reinforced Hybrid Composites Arenga Pinnata (also known as sugar palm) is a versatile palm species with wide applications in foods and beverages [133], timber commodities [134], biofibers [135-141], biopolymers [142,143] and biocomposites

  279], phenol-formaldehyde [256], cellulose acetate [280], bio polyurethane [281], and polyethylene [282] in terms of their morphological, mechanical, cure, and chemical properties.

	Polymers 2021, 13, 3514

Table 3 .

 3 Tensile properties of natural and inorganic fibers.

	Fibers	Density (kg/m 3 )	Diameter (µm)	Tensile Strength (MPa)	Tensile Modulus (GPa)	% Elongation	Ref.
	Sugar Palm Jute Sisal Kenaf Flax Hemp Banana Coir Bamboo Cotton E-glass S-glass Carbon (Std. PAN-based)	1290 1460 1450 1400 1500 1480 1350 1150 910 1600 2550 2500 1400	99-311 -50-300 81 --80-250 100-460 --<17 --	190.29 393-800 227-400 250 345-1500 550-900 529-759 108-252 503 287-597 3400 4580 4000	3.69 10-30 9-20 4.3 27.6-80 70 8.20 4-6 35.91 5.5-12.6 73 85 230-240	19.6 1.5-1.8 2-14 -1.2-2.3 1.6 1-3.5 15-40 1.4 3-10 3.4 4.6 1.4-1.8	[157] [290] [290] [290] [291] [291] [292] [292] [292] [293] [294] [294] [294]

Table 4 .

 4 Lists of natural fibers reinforced hybrid composites currently being used in the automotive industry. Extracted from Ref.[308] with permission.

	Polymers 2021, 13, 3514		
	Automobile Model	Natural Fiber Utilized	Applications
	Audi A2 BMW 7 Series Chevrolet Impala Ford Focus and Fiesta Honda Pilot Mercedes Benz A, C, E and S-class Toyota Prius and Raum	Flax, sisal fibers and polyurethane Sisal fiber Flax fiber and polypropylene Kenaf fiber and sun Wood fiber Flax, hemp, sisal, cotton, abaca and jute fibers Corn biopolymer, starch and kenaf fiber	Door trim panels Door trim panels Rear shelf compartment Interior door panels Floor area parts Underbody panels, seat back rests, engine and transmission cover and rear panel shelves Instrument panels, sun visors, ceiling surface skins and spare tire cover

Table 5 .

 5 Estimated cost of natural, synthetic fiber and matrices in US Dollar (USD) and Malaysia Ringgit (MYR). Extracted from Ref. [292] with permission.

	No.	Types of Natural Fiber	Cost (Money per Tons) USD MYR
	1. 2. 3. 4. 5. 6. 7. 8. 9.	Bamboo Banana Flax Hemp Jute Kenaf Pineapple Sisal Sugar palm	500 890 3150 1550 950 400 455 650 4000	2092.80 3725.18 13,184.64 6487.68 3976.32 1674.24 1904.45 2720.64 16,742.40
	No.	Types of Synthetic Fiber	Cost (Money per Tons) USD MYR
	1. 2. 3. 4.	Carbon Kevlar (aramid) Fiber Glass Glass	12,500 20,000 980 1500	52,320.00 83,712.00 4101.89 6278.40
	No.	Types of Matrices	Cost (Money per Tons) USD MYR
	1. 2. 3. 4.	Epoxy Polyester Vinyl ester Polyurethane	2650 550 1550 2750	11,091.84 2302.08 6487.68 11,510.40

Currency United States Dollar (USD) to Malaysian Ringgit (MYR) on date 8 June 2021.
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 1 Physical properties of PVC and Bamboo tubes.

	Tube	Outer Diameter, D o (mm)	Inner Diameter, D i (mm)	Thickness (mm)	D i /t Ratio
	PVC 20 PVC 25 Bamboo	20 25 25	17 21 18	1.5 2.0 3.5	11.3 10.5 5.1

Table 1 .

 1 Physical properties of PVC and Bamboo tubes.

	Tube

Outer Diameter, Do (mm) Inner Diameter, Di (mm) Thickness (mm)

  

					Di/t
					Ratio
	PVC 20	20	17	1.5	11.3
	PVC 25	25	21	2.0	10.5
	Bamboo	25	18	3.5	5.1

Table 2 .

 2 Code used for the tube reinforced foam structures.

		Type of Specimen	Code	
	Foam	Tube	Single	Multiple
	F50	Bamboo Ø 25 mm	FBS	FBM
	F50	PVC Ø 20 mm	FSS	FSM
	F50	PVC Ø 25 mm	FLS	FLM
	HP80	Bamboo Ø 25 mm	HBS	HBM
	HP80	PVC Ø 20 mm	HSS	HSM
	HP80	PVC Ø 25 mm	HLS	HLM

Table 2 .

 2 Code used for the tube reinforced foam structures.

		Type of Specimen	Code	
	Foam F50 F50 F50 HP80 HP80 HP80	Tube Bamboo Ø 25 mm PVC Ø 20 mm PVC Ø 25 mm Bamboo Ø 25 mm PVC Ø 20 mm PVC Ø 25 mm	Single FBS FSS FLS HBS HSS HLS	Multiple FBM FSM FLM HBM HSM HLM

Table 3 .

 3 Compression properties of foam.

	Foam	Density (kg/m 3 )	Compressive Load (kN)	Compressive Strength (MPa)	Compressive Modulus (MPa)	SEA (kJ
	F50	50	1.76	0.70	26.45	7.89
	HP80	80	2.99	1.20	29.66	9.46

Table 3 .

 3 Compression properties of foam.

	Foam	Density (kg/m 3 )	Compressive Load (kN)	Compressive Strength (MPa)	Compressive Modulus (MPa)	SEA (kJ/kg)
	F50 HP80	50 80	1.76 2.99	0.70 1.20	26.45 29.66	7.89 9.46

Table 2 .

 2 Diffusion, sorption, and permeability study of composites.

	Samples	Percentages of Water-Uptake at Infinite Time (W ∞ )	Sorption Coefficient (S)	Diffusion Coefficient (D) (mm 2 /s)	Permeability Coefficient (P) (mm 2 /s)
	0% 15% 30% 45%	0.43 2.36 8.21 20.99	26.88 1.25 2.77 2.12	6.44 × 10 -8 2.97× 10 -5 6.05 × 10 -6 1.04 × 10 -5	1.73 × 10 -6 3.72 × 10 -5 1.68 × 10 -5 2.20 × 10 -5

Table 3 .

 3 Diffusion, sorption, and permeability study of graphite-loaded composites

	Samples	% of Water-uptake at Infinite-Time (W∞)	Diffusion Coefficient (D) (mm 2 /s)	Sorption Coefficient (S)	Permeability Coefficient (P) (mm 2 /s)
	CD-4	0.43	6.44064 × 10 -8	26.875	3.71538 × 10 -5
	CD-5	7.04	4.34 × 10 -8	32.74419	1.42 × 10 -6
	CD-6	10.2	3.1 × 10 -7	12.24049	3.8 × 10 -6
	CD-7	8.17	6.09 × 10 -7	8.742643	5.32 × 10 -6

Table 3 .

 3 Diffusion, sorption, and permeability study of graphite-loaded composites.

	Diffusion Coefficient (D) (mm 2 /s)	Sorption Coefficient (S)	Permeability Coefficient (P) (mm 2 /s)

Samples

% of Water-Uptake at Infinite-Time (W ∞ )

Table 4 .

 4 Density and void content (%) of developed composites. Actual density by ASTM C693.

	Samples	Theoretical Density (g/cm 3 )	Actual Density (g/cm 3 )	Void's Volume (%)
	CD-1	1.145	1.141	0.3
	CD-2	0.9707	0.92	5.2
	CD-3	0.9360	0.83	1.13
	CD-4	0.7983	0.805	6.8

Table 4 .

 4 Density and void content (%) of developed composites. Actual density by ASTM C693.

	Samples	Theoretical Density (g/cm 3 )	Actual Density (g/cm 3 )	Void's Volume (%)
	CD-1 CD-2 CD-3 CD-4	1.145 0.9707 0.9360 0.7983	1.141 0.92 0.83 0.805	0.3 5.2 1.13 6.8

Table 2 .

 2 Control factors and respective levels.

	Control Factors	I	II	Levels III	IV	Units
	Impact Velocity Impingement angle Fiber content (For composites E 1 , E 2 , E 3 ) (For composites V 1 , V 2 , V 3 ) (For composites P 1 , P 2 , P 3 )	30 45 0 0 0	40 60 05 05 05	50 75 10 10 10	60 90 15 15 15	m/s degree wt%

Table 3 .

 3 Design-matrix array arrangement.

	S. No.	Impact Velocity (m/s)	Natural Fiber (wt%)	Impingent Angle (Degree)
	1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16	30 30 30 30 40 40 40 40 50 50 50 50 60 60 60 60	0 5 10 15 0 5 10 15 0 5 10 15 0 5 10 15	

Table 4 .

 4 List of work carried out for erosive wear using Taguchi experiment.

	S. No.	Composition	Optimization Technique (Taguchi)		Control Factor with Corresponding Level			Highlights of Work	References
	1	Grewia optiva-glass fiber-dolomite filler-epoxy	L 16 orthogonal array	Impact velocity: Dolomite content: Impingement angle Erodent size:	10 0 30 • 100	20 5 45 • 150	30 10 60 • 200	40 15 90 • 250	Highest influence on erosive wear was shown by impact velocity followed by dolomite content and erodent size. Lowest wear was obtained at impingent angle of 30 •	[45]
	2	Jute-SiC-epoxy	L 9 orthogonal array	Impact velocity Impingement angle Erodent size: Fiber content	32 30 200 20		44 60 300 30	58 90 400 40	Erosive wear increased with the increase in impact velocity, fiber content and impingement angle. Erodent size showed least effect on erosive wear.	[46]
				Impact Velocity	43		54	65		
	3	Al 2 O 3 -glass fiber-polyester	L 27 orthogonal array	Filler content Impingement angle Stand-off distance	0 30 65		10 60 75	20 90 85	At low impact velocity, the composite responded in a semi ductile manner while at high velocity, the composite responded in a ductile manner	[47]
				Erodent size	250		350	450		
	4	AlN-glass fiber-epoxy	L 9 orthogonal array	Impact Velocity Filler content Impingement angle Temperature	33 5 30 50		47 10 60 75	57 15 90 100	Most influential parameter in the analysis of erosive was impact velocity followed by temperature and filler content respectively.	[48]
	5	Bagasse fiber-epoxy	L 27 orthogonal array	Impact Velocity Filler content Impingement angle Stand-off distance Erodent size	30 10 30 65 250		50 20 60 75 350	70 30 90 85 450	Around 80% influence of fiber weightage was observed in the erosive wear followed by 14% impingement angle and 4% impact velocity. Maximum erosive wear was observed at high fiber weightage of impingement angle of 60 •	[49]
	6	Needle punched Polyester fiber mat-epoxy	L 27 orthogonal array	Impact Velocity Filler content Impingement angle Stand-off distance Erodent size	43 10 30 65 250		54 20 60 75 350	65 30 90 85 450	Erosive wear increased with the increase in impingement angle till 60 • but as the impingement angle increased beyond 60 • , the erosive wear decreased. Composite exhibited semi ductile erosive wear.	[50]

Table 5 .

 5 Mechanical properties of composites.

			Mechanical Properties	
	Sample	Tensile Strength (MPa)	Flexural Strength (MPa)	Impact Strength (J)	Hardness (HRL)
	E0 E1 E2 E3 V0 V1 V2 V3 P0 P1 P2 P3	38 54 68 72 32 47 62 69 28 42 56 60	22 38 42 36 24 42 48 38 18 28 35 31	1.2 1.4 1.68 2.1 1.1 1.2 1.5 1.9 0.9 1.05 1.26 1.71	52 68 76 57 38 48 54 42 44 56 64 51

Table 8 .

 8 Analysis of variance for SNRA2, using adjusted SS for tests epoxy-based composites.

	Source	DF	Seq SS	Adj SS	Adj MS	F-Value	p-Value
	Impact Velocity (m/s) Fiber content (wt%) Impingement angle (Degree) Error Total	3 3 3 6 15	74.915 14.098 3.43 5.67 98.113	74.915 14.098 3.43 5.67	24.972 4.699 1.143 0.945	26.43 4.97 1.21	0.001 0.046 0.384

Table 9 .

 9 Analysis of Variance for SNRA2, using adjusted SS for tests vinylester based composites.

	Source	DF	Seq SS	Adj SS	Adj MS	F-Value	p-Value
	Impactvelocity (m/s) Fiber content (wt%) Impingement angle (Degree) Error Total	3 3 3 6 15	60.893 16.829 0.362 20.405 98.489	60.893 16.829 0.362 20.405	20.298 5.61 0.121 3.401	5.97 1.65 0.04	0.031 0.275 0.99

Table 10 .

 10 Analysis of variance for SNRA2, using adjusted SS for tests polyester.

	Source	DF	Seq SS	Adj SS	Adj MS	F-Value	p-Value
	Impact Velocity (m/s) Fiber content (wt%) Impingement angle (Degree) Error Total	3 3 3 6 15	86.549 15.069 3.835 5.853 111.305	86.549 15.069 3.835 5.853	28.85 5.023 1.278 0.975	29.58 5.15 1.31	0.001 0.043 0.355

Table 2 .

 2 Chemical constituents of basalt and E-glass fibers.

	Chemical Components	Basalt	Composition (wt%)	E-Glass
	SiO 2 (silica)	57.5		55
	Al 2 O 3 (alumina)	16.9		15
	Fe 2 O 3 (ferric oxide)	9.5		0.3
	MgO	3.7		3
	Na 2 O	2.5		0.8
	TiO 2	1.1		-
	K 2 O	0.8		0.2
	B 2 O 3	-		7
	F	-		0.3

Table 3 .

 3 Physical properties of basalt and E-glass fibers.

	Properties	Basalt	E-Glass
	Density	2.67	2.55-2.58
	Modulus (GPa)	85-89	78-80
	Strength (MPa)	2900-3100	2000-2500
	Moisture (%)	0.008	0.1

Table 2 .

 2 Chemical constituents of basalt and E-glass fibers.

	Chemical Components	Composition (wt%) Basalt E-Glass
	SiO2 (silica)	57.5	55
	Al2O3 (alumina)	16.9	15
	Fe2O3 (ferric oxide)	9.5	0.3
	MgO	3.7	3
	Na2O	2.5	0.8
	TiO2	1.1	-
	K2O	0.8	0.2
	B2O3	-	7
	F	-	0.3

Table 3 .

 3 Physical properties of basalt and E-glass fibers.

	Properties	Basalt	E-Glass
	Density	2.67	2.55-2.58
	Modulus (GPa)	85-89	78-80
	Strength (MPa)	2900-3100	2000-2500
	Moisture (%)	0.008	0.1

Table 6 .

 6 Peak height and glass transition temperatures of hybrid basalt/glass reinforced unsaturated polyester resin composites.

	Sample ID	Peak Height of Tan δ	Temperature ( • C) T g from Tan δ T g from Loss Modulus
	BF	0.49	81.37	71.48
	B22.5/G7.5	0.52	84.47	70.80
	B15/G15	0.46	83.36	69.85
	B7.5/G22.5	0.48	80.24	69.70
	GF	0.44	76.98	66.17
	UP	0.71	80.24	55.72

Table 1 .

 1 Compositions of sugar palm fiber, kenaf fiber, and polypropylene hybrid composite (SPF/KF/PP).

	Hybrid Composites	SPF (g)	KF (g)	PP (g)	Total Weight (g)
	U-SP3K7 U-SP5K5 U-SP7K3 T-SP3K7 T-SP5K5 T-SP7K3	0.6 1 1.4 0.6 1 1.4	1.4 1 0.6 1.4 1 0.6	18 18 18 18 18 18	20 20 20 20 20 20

  Flowchart of different steps for polypropylene with sugar palm and kenaf fibers (PP/KF/SPF) composite.Thermogravimetric analysis (TGA) was performed to examine the structural properties and thermal stability of the hybrid composite materials. The analysis was carried out
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	Illustration 1. Treated and untreated fibers were pulverized into small size particle, dried, and sieved	Extrusion of 180 °C polymer (polypropylene) and fibers (sugar palm and kenaf) 10 minutes at	Hot mold pressing (190 °C for 7 min )	Sample analysis for TGA, DMA, TMA, DSC, and flammability test.

2.4. Thermal Instrumentations 2.4.1. Thermogravimetric Analysis (TGA and DTG)

Table 2 .

 2 Onset temperature, maximum temperature, weight loss, and maximum temperature and residual at 800 • C, analyzed in TGA analysis.

	Samples	T on ( • C)	T max ( • C)	Weight Loss at T max (wt%)	Char at 800 • C (wt%)
	PP U-SP3K7 U-SP5K5 U-SP7K3 T-SP3K7 T-SP5K5 T-SP7K3	-274 276.1 298.6 294.2 285.8 279.4	439 421.8 442.9 437.3 425.8 443.13 442.7	99.46 93.37 91.22 90.84 92.65 85.02 83.05	0.53 2.02 2.357 1.86 2.1 5.22 3.196

Table 4 .

 4 Hybrid composite sample (SP/K/PP) with storage modulus (MPa).

	Sample with Storage Modulus (MPa)

Table 4 .

 4 Hybrid composite sample (SP/K/PP) with storage modulus (MPa).

	Sample with Storage Modulus (MPa)

Table 5 .

 5 Loss modulus at peak (E") (MPa) and damping at peak (Tan δ).

	Sample	Loss Modulus at Peak (E") (MPa)	Damping at Peak (Tan δ) (Pa)
	PP U-SP7K3 U-SP5K5 U-SP3K7 T-SP7K3 T-SP5K5 T-SP3K7	105.3 ± 2.16 81.5 ± 1.34 80.7 ± 1.14 79.8 ± 1.27 71.3 ± 1.62 86.2 ± 1.06 85.2 ± 1.11	0.0617 ± 0.012 0.0564 ± 0.034 0.0585 ± 0.041 0.0572 ± 0.032 0.0513 ± 0.023 0.0531 ± 0.041 0.0529 ± 0.022

Table 6 .

 6 Thermal expansion after 45 • C and 105 • C.

	Samples	Thermal Expansion (CTE) after 45 • C	Thermal Expansion (CTE) after 105 • C
	PP U-SP7K3 U-SP5K5 U-SP3K7 T-SP7K3 T-SP5K5 T-SP3K7	10.21 ± 0.12 1.13 ± 0.12 3.21 ± 0.14 2.14 ± 0.41 1.23 ± 0.53 7.32± 0.81 6.14 ± 0.73	31.23 ± 1.82 11.31 ± 0.49 24.93 ± 0.74 24.74 ± 0.45 12.74 ± 0.61 30.11 ± 0.43 18.23 ± 0.72

Table 1 [

 1 .

	Polymers 2021, 13, 2898

Table 1 .

 1 Applications of various rare earth oxides based conducting polymer nanocomposites.

	Polymer	REO	Applications	References
	Poly(ethylene oxide) (PEO) Polyaniline (PANI) PANI PANI PANI PANI PANI PANI PANI PANI PANI Polycarbazole Polyindole (PIN) PIN Polypyrrole (PPY) PPY PPY PPY PPY PPY PPY PPY PPY PPY Polyvinyl Alcohol (PVA) PVA/PPY Polyvinylidene fluoride (PVDF)	La 2 O 3 La0.67Sr0.33MnO 3 Sm 2 O 3 , La 2 O 3 CeO 2 CeO 2 La-Nd Ce-TiO 2 CeO 2 , Dy 2 O 3 Terbium(iii) WO 3 Nd 2 O 3 :Al 2 O 3 -TiO 2 Y 2 O 3 CeO 2 CeO 2 Nb 2 O 5 Y 2 O 3 Sm 2 O 3 Y 2 O 3 La 3+ , Sm 3+ , Tb 3+ , Eu 3+ RuO 2 Eu 2 O 3 Y 2 O 3 Ho 3+ , Gd 3+ -La 2 O 3	Semiconductor and Solid Polymer Electrolyte (SPE) Sensor Thermally stable material Thermally stable material Semiconductor and supercapacitor Electromagnetic Interference Sensor Thermally stable material Light Emitting Diode Sensing Dielectric constant Semiconductor Semiconductor Dielectric constant Semiconductor Sensor Semiconductor Semiconductor Supercapacitor Batteries, sensors and actuators Supercapacitor Supercapacitor Supercapacitor Dielectric constant Optical display Dielectric Thermally stable material	[4] [110] [111] [112] [112] [11] [113] [114] [10] [115] [116] [117] [118] [119] [120] [121] [122] [2] [6] [123] [124] [9] [125] [123] [126] [127] [128]

Table 2 .

 2 Comparison of Chemical and Electrochemical Polymerization.

  Polymers 2021, 13, 2898 166. Zamiri, G.; Haseeb, A.S.M.A. Recent Trends and Developments in Graphene/Conducting Polymer Nanocomposites Chemiresistive Sensors. Materials 2020, 13, 3311. [CrossRef] 167. Ghosh, S.; Das, S.; Mosquera, M.E.G. Conducting Polymer-Based Nanohybrids for Fuel Cell Application. Polymers 2020, 12, 2993. [CrossRef] 168. Sharma, S.; Sudhakara, P.; Singh, J.; Ilyas, R.A.; Asyraf, M.R.M.; Razman, M.R. Critical Review of Biodegradable and Bioactive Polymer Composites for Bone Tissue Engineering and Drug Delivery Applications. Polymers 2021, 13, 2623. [CrossRef]

Table 2 .

 2 Reported type for metal components of flame retardant on different types of composites.

	Metal Components	Composites	Effect of Reinforcement	Reference
	Metal hydroxide Silicon-containing, metal hydrate and oxide Metal oxides Zinc borate and magnesium hydroxide Magnesium hydroxide (Mg(OH) 2 and zinc borate (Zb) Magnesium hydroxide Salicylaldoxime and chelated copper(II)salicylaldehyde Metal chelates Aluminum and magnesium hydroxides Zinc phosphonate Manganese (IV) oxide (MnO 2 ), zinc oxide (ZnO), and nickel(III) oxide (Ni 2 O 3 ) Magnesium hydroxide and alumina trihydrate Nanometer titanium dioxide (nano-TiO 2 ), aluminum oxide (Al 2 O 3 ), and magnesium aluminate spinel (MgAl 2 O 4 ) Ionic liquid-based metal-organic hybrid (PMAIL) Aluminum phosphonate (AlPi), antimony oxide, and nanometric iron oxide Aluminum trihydrate Iron, magnesium, aluminum, and zinc Metal hydroxides and antimony trioxide Metal-based organic (MBO) Aluminum trihydrate Silicon-containing materials and metal oxides Zinc borate (ZnB)	Ethylene-vinyl acetate (EVA) Polypropylene (PP) Thermoplastic polyurethane (TPU) Sawdust/rice husk filled polypropylene Fiber/polypropylene Ethylene-vinyl acetate (EVA) Polyethylene (PE) Polyvinyl alcohol (PVA) Rubbers and ethylene-vinyl acetate (EVA) Glass-fiber reinforced poly(butylene terephthalate) Polypropylene (PP) Low-density polyethylene (LDPE) and ethylene-vinyl acetate (EVA) Ammonium polyphosphate-pentaerythritol-melamine (APP-PER-MEL) Epoxy resin (EP) Poly(3-hydroxy-butyrate-co-3-hydroxyvalerate) /poly(butylene adipate-co-terephthalate) (PHBV/PBAT) Ethylene-vinyl acetate (EVA) and montmorillonites (MMT) Paraffin Thermoplastics Polyvinylchloride (PVC) Ethylene-vinyl acetate (EVA) Aliphatic and aromatic phosphonates Polyamides, polyesters, polyolefin, and boron Compounds	Form new layer that acts as insulation to flame Decreasing the flow rate of the burning surface Low flammability and smoke emission A marginal reduction in mechanical properties and reduce flammability Improved thermal stability and flame retardancy Better water resistance, flame retardancy, and higher pyrolysis temperature Provide good flame retardant behavior Promotes thermal stability and improve flame-retardant No corrosive or potentially toxic substances occur and reducing the smoke level No improvement on fire behavior satisfactorily Enhance the charring and corresponds well to the gas release with increasing temperature Superior thermal stability and reduction of gases produced during burning Enhance fire-resistant and anti-aging properties of the APP-PER-MEL coating Total smoke production was reduced Great pyrolysis and the fire retardancy Improvement of thermal stability and flame retardancy Increase the char yield and decrease volatilization for the combustible gases Improvements in thermal stability and pigmentation properties Improved resistance to ignition, flame spread, and smoke generation Reduction in heat release rates Good smoke suppressant effects Lower heat release and lower total heat evolved	[88] [89] [90] [91] [92] [93] [94] [95] [96] [97] [98] [99] [100] [101] [102] [103] [79] [104] [105] [106] [107] [108]
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Table 1 .

 1 Properties of epoxy resin and hardener.

	Property	Epoxy Resin	Hardener
	Form Density (g/cm 3 ) Curing time (hours) Ratio	Liquid 1.21 24 2	Liquid 1.03 24 1

Table 2 .

 2 Densities of materials used.

	Material	Density (g/cm 3 )
	Kenaf PET yarn Epoxy Magnesium hydroxide (Mg(OH 2 )) powder	0.37 1.38 1.21 1.20

Table 3 .

 3 Composition of samples.

	Sample Designation	KF	PET Yarn	Percentage (%) Mg(OH) 2	Epoxy + Hardener
	Epoxy/Mg/PET Epoxy/PET/KF-20 Epoxy/PET/KF-35 Epoxy/PET/KF-50	0 20 35 50	5 5 5 5	5 5 5 5	90 70 55 40

350
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Polymers 2021, 13,3514 [67] Polylactic acid (PLA) Kenaf Fused Deposition Modeling (FDM) [68] Oil palm empty fruit bunches fiber (OPEFB)

Oil palm empty fruit bunches fiber Epoxy MgO 2 pet yarn Compression molding [69] Oil palm empty fruit bunches fiber Polyester resin MgO 2 pet yarn Compression molding [69] Oil palm empty fruit bunches fiber Epoxy Woven kenaf fabric Hand lay-up [70] Oil palm empty fruit bunches fiber Polypropylene (PP) matrix Injection molding [71] Oil palm empty fruit bunches fiber Phenolic formaldehyde (PF) resin Sugarcane bagasse (SCB) fiber Hand lay-up [72] Oil palm empty fruit bunches fiber Resin Gamma-irradiated kevlar Hand lay-up [73] Oil palm empty fruit bunches fiber Recycled polypropylene (RPP) Glass fiber Extrusion and injection molding [74] Oil palm fibers Polyester resin Chopped strand mat (CSM) glass fibers Hybrid laminates [75] Oil palm empty fruit bunches fiber Polypropylene Glass fiber Hot pressing [76] Polymers 2021, 13, 3514 In addition, several investigations on the hemp-based composites have also been conducted in terms of their effect on the falling weight impact properties [221], composites' properties and performances for curved pipes [222], impact load performance of resin transfer molded composites [223], composites' micromechanics [224], the influence of soybean oil and nano clay hybrid blends [105], as well as the practicality of untreated hemp as the biocomposites' fiber source [225]. Kunanopparat et al. [226] investigated the viability of using wheat gluten as a hemp fiber-reinforced composite matrix, focusing on the effect of thermal treatment and plasticization on mechanical properties.

Flax Fiber Reinforced Hybrid Composites (FRPC)

Flax is among the world's oldest fiber crops, containing bast fiber that is cultivated in temperate regions. Flax bast fiber is often utilized for applications in the higher value-added textile industries. Recently, flax has been broadly used in composites. The dynamic and static mechanical characteristics of nonwoven-based flax fiber reinforced PP composites were investigated while taking into account the effect of zein coupling agent, a zein protein [227]. It was discovered that composites containing zein protein as a coupling agent have improved mechanical properties. The composites' storage modulus increased with the addition of a zein coupling agent due to the increased interfacial adhesion. The diameter and position of flax fibers in the stems are used to evaluate their tensile mechanical properties. The substantial dispersion of these attributes is a result of the fiber's longitudinal axis size variation. The increased mechanical qualities of the fibers originating from the stem's center are related to their cell walls' chemical composition. The mechanical characteristics of unidirectional flax fiber/epoxy matrix composites were investigated in terms of their fiber content. The composites' properties were poorer than predicted from the characteristics of a single fiber.

Chaudhary et al.

[100] developed and characterized the composites made from natural fibers (hemp/epoxy, jute/epoxy, flax/epoxy) and their hybrid composites (hemp/flax/epoxy, jute/hemp/epoxy, and jute/hemp/flax/epoxy). Among hemp/epoxy, jute/epoxy, and flax/epoxy, a higher hardness (98 Shore-D) and tensile strength (46.2 MPa) was shown by flax/epoxy composite. In contrast, better impact and flexural strengths were exhibited by jute/epoxy (7.68 kJ/m 2 ) and hemp/epoxy (85.59 MPa) composites, respectively. In general, hybrid composites exhibited better mechanical performance. For example, jute/hemp/flax/epoxy hybrid composite demonstrated the highest tensile modulus strength and sn impact strength of 1.88 GPa, 58.59 MPa, and 10.19, kJ/m 2 , respectively. In contrast, the flexural strength of jute/hemp/epoxy hybrid composite was maximum, 
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Conclusions

Novel bio-composites were developed based on polycaprolactone (PCL) and plantbased residue pine cone particles based on graphite compatibilization in polycaprolactone (PCL-G) and PCP.

i.

Compatibilising with graphite reduces the effect of the hydrophobic nature of pine cone and improves the interfacial adhesion at a molecular level, as well as diminishing Polyester + glass fiber (5 wt%) + jute (7.5 wt%) + Grewia optiva (7.5 wt%)

Erosive Wear Analysis

The analysis of erosive wear for the fabricated samples was carried out as per ASTM-G 76 standard of size 30 × 30 × 5 mm 3 on air jet erosion tester supplied by DUCOM, India as shown in Figure 5. The erodent particles used in the experiment were silica of size varying from 100 to 250 µm. Silica particles were forced to impinge at the surface of the sample through a tungsten carbide nozzle for 15 min at different experimental conditions. After completing the test, the surface of the samples was cleaned by using acetone, and an electronic weighing machine measured its weight. 

Taguchi Experiment Design

Various control factors influence the erosive wear, such as the size of the erosive particle, velocity of impact, angle of impingement, filler content, concentration, etc. In this present investigation, erosive wear is assessed by evaluating three control factors, each having four levels as tabulated in Table 2. It can also be observed from Table 6 that the erosive wear of vinyl ester composites among the 16 runs was found to be minimum at 7th run maximum at 14th run, which is at an impact velocity of 40 m/s, fiber weightage of 10 wt%, 90 • impingement angle and impact velocity of 60 m/s, fiber weightage of 0 wt%, impingement angle of 75 • . The magnitude of erosive wear was approximately similar to epoxy-based composites but 0.7% higher in magnitude. Interestingly, the most increased erosive wear occurs at 75 • impingement angle and 0 wt%. This shows that fiber inclusion in the vinyl ester composites reduces the erosive wear, and impingement angles from 75 • to 90 • showed the same erosive wear. Moreover, the upsurge in impact velocity increases the erosive wear of the vinyl ester composite.

Erosive wear for polyester-based composites was found to be higher as compared to both epoxy and vinyl ester-based composites. It was observed that minimum and maximum erosive wear were obtained at an impact velocity of 30 m/s, fiber reinforcement of 0 wt%, 75 • impingement angle (3rd run) and impact velocity of 60 m/s, fiber reinforcement of 0 wt% and impingement angle of 90 • (13th run), respectively. The reason of higher wear may be attributed to the low hardness of polyester resulting in low resistance against the impact of erodent particles [58].

The analysis of results as shown in Figure 6 concludes that the combination at an impact velocity of 30 m/s, fiber content of 10 wt% and impingement angles of 45 • yields the lowest erosive wear in epoxy-based composites. For the vinyl ester composites, the lowest wear rate was obtained for the combination at impact velocity of 30 m/s and fiber content of 10 wt% and impingement angles of 45 • . Additionally, in the case of polyester-based composite, the lowest erosive wear was obtained at 30 m/s, fiber content of 10 wt% and impingement angles of 45 • . Furthermore, as described in Table 7, the order of effectiveness of control factors is impact velocity (1st), fiber content (2nd), and impingement angle (3rd). 

Analysis of Variance

Analysis of variance (ANOVA) was used for the analysis of the statistical significance of control factors at 95% confidence level. The p-value of control factors or epoxy-based composites is shown in Table 8 which shows the degree of significance of the control factor on erosive wear. It was observed that the value of p for impact velocity is 0.001 which is lower than assumed p-value, i.e., 0.05 and is the most significant factor for the analysis of erosive wear. The next significant factor was fiber content with the p-value of 0.046. Impingement angle was observed to be least significant factor as per the ANOVA Table 8. The contribution of all the factors for epoxy-based composites with the highest contribution of impact velocity has a value of 76.35%, followed by fiber content with the contribution factor of 14.36% and the least contribution of impingement angle with 3.49% is shown in Figure 7. Despite the fact that numerous studies have attempted to fabricate BGRP hybrid composites, only a few or no extensive investigation was reported on the mechanical, thermal, and chemical properties of BGRP hybrid unsaturated polyester (UP) composite. On that account, this study was performed to fabricate hybrid unsaturated polyester composites at various compositions of reinforcing fibers using the hand layup technique. The mechanical and thermal properties of fabricated composites were analyzed using DMA and TMA.

Materials and Methods

Materials

The hybrid composites comprise roving basalt fiber, woven E-glass fiber, unsaturated polyester resin matrix, and methyl ethyl ketone peroxide (MEKP) catalyst. The roving basalt fiber was purchased from Basaltex NV (Wevelgem, Belgium), whereas the woven E-glass fiber Polymers 2021, 13,3343 of B/GF/UP composites as a function of temperature (-100 to 150 • C). The frequency and heating rate were fixed at 1 Hz and 10 • C•min -1 , respectively.

Thermomechanical Analysis

The dimensional changes of B/GF/UP composites as a function of temperature were measured using a thermomechanical analyzer (TA Instruments, TMA Q400, New Castle, DE, USA) per ASTM E831 [30]. The analysis was performed under a constant flow of nitrogen gas within a temperature range of -100 to 150 • C at a 5 • C•min -1 heating rate.

Results and Discussion

Chemical Structure of Composites

The FTIR spectra for the neat polyester and basalt/woven glass fiber reinforced composites from 4000 to 400 cm -1 wavenumbers are shown in Figure 2. Based on the UP spectrum, some low intensity peaks appeared at high-range wavenumbers (>2000 cm -1 ) at 3530 cm -1 (O-H stretching), 2920 cm -1 , and 2850 cm -1 (C-H stretching) [31]. At lower wavenumbers, numerous intense bands were observed at 1715 cm -1 (ester C=O stretching), 1600 cm -1 (ester C=O stretching), 1462 cm -1 , 1450 cm -1 , (C-H bending), 1250 cm -1 (aromatic ester C-O stretching), 1066 cm -1 (C-O stretching), and 703 cm -1 (C-H bending) [31][32][33]. All the identified bands are attributed to the chemical moieties in the unsaturated polyester chemical structure. Similar neat UP spectra were also reported by Arrieta et al., Chukwu et al., and Koto and Soegijono [31][32][33]. 

Dynamic Mechanical Properties

Storage Modulus

The storage modulus (E') is a measure of the stored energy in the elastic structure of a material that corresponds to the material's elastic response. This variable is particularly beneficial to evaluate the stiffness and elastic behavior of composites. The variation of the storage modulus with respect to the temperature for the fabricated composites are illustrated in Figure 3. Upon incorporating fiber reinforcements, slight changes in the composites' chemical characteristics were observed. For the single glass fiber reinforced composite (GF), the intensity of all the absorbance peaks appeared to be lower than the neat UP, but no new peak was identified. This observation suggests that the addition of glass fiber did not Polymers 2021, 13,3343 Funding: This study was funded by Universiti Teknologi Malaysia through the 'Geran Universiti Penyelidik' (GUP) UTMFR Scheme Q.K.130000.2656.21H13 and the 'Collaborative Research Grant' Project Q.K.130000.2456.08G38, as well as the Ministry of Higher Education (MOHE) through the Fundamental Research Grant Scheme FRGS/1/2019/TK08/UTM/02/4. In addition, the authors would like to express their gratitude for the financial support received from Universiti Teknologi Malaysia, project CRG 30.3: Retardant coating using graphene/bamboo aerogel mixtures on SAR robotics system, grant number PY/2020/03495-R.J130000.7351.4B534. The research has been carried out under the program Research Excellent Consortium (JPT)(BKI)1000/016/018/25 (57) provided by the Ministry of Higher Education Malaysia (MOHE).
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Polymers 2021, 13, 2961 2.4. Thermal Instrumentations 2.4.1. Thermogravimetric Analysis (TGA and DTG) Thermogravimetric analysis (TGA) was performed to examine the structural properties and thermal stability of the hybrid composite materials. The analysis was carried out to calculate the degradation curve of the SPF/KF/PP composites towards their degradation temperature ( • C). A Mettler Toledo machine (TGA/SDTA 851e, USA) was used, and all composites (SPF/KF/PP) were observed between 30 to 600 • C at a heating rate of 20 • C/min. Nitrogen gas flow was recorded at 50 mL/min. The weight of the samples varied from between 6 and 20 mg.

Differential Scanning Calorimetry Analysis (DSC)

Differential scanning calorimetry (DSC) analysis of the samples was carried out with a PerkinElmer (USA) Diamond thermogravimetric (TG)/DSC analyzer. The work was carried out with 20 milligram of the composite fibers sample filled in aluminum pans under a dynamic nitrogen atmosphere in a temperature range of 25-600 • C and a heating rate of 5 • C/min. The percentage of crystallinity X (%) was calculated as Equation ( 1):

where ∆H is the heat of crystallization of the sample analyzed (J/g), and ∆H 100 is a reference value that represents the heat of crystallization for a 100% crystalline polymer.

For PP, ∆H 100 is taken as 209 J/g.

Dynamic Mechanical Analysis (DMA)

A dynamic mechanical analyzer (TA Instrument, Q800, USA) was used for the evaluation of the storage modulus, loss modulus, and mechanical damping factor (tan δ). The storage modulus (E'), loss modulus (E"), and loss factor (tan δ) of the composite specimen were evaluated as a function of temperature (-100 • C to 100 • C) using TA 2980 software (TA Universal Analysis, USA). A dynamic mechanical analyzer was equipped with a dual cantilever bending fixture at the frequency of 1 Hz with the heating constant rate at 10 • C/min. Three-point bending mode was examined. The heating rate used was at 5 • C/min under an amplitude frequency of 1 Hz. Liquid nitrogen was used as the cooling agent, and the temperature range was from -150 • C to 150 • C. The amplitude was set at 7-10 mm, depending on the thickness of the samples. The samples had a thickness of 4-5 mm, width of 9-10 mm, and length of 50-60 mm.

Thermal Mechanical Analysis (TMA)

The coefficient of thermal expansion (CTE) was measured by heating the specimen from -50 • C to 100 • C at a rate of 5 • C/min under a nitrogen atmosphere with a flow rate of 100 mL/min. The probe was applied with a 0.05 N loading to measure the strain in the specimens and their temperature. The coefficient of thermal expansion was estimated from the linear slope of the strain-temperature curve using a thermomechanical analyzer (TMA Q 400, TA Instruments, New Castle, DE, USA). The specimen dimensions were 7 mm × 7 mm × 1.8 mm.

Flammability Analysis

A flammability test of pure PP and SPF/KF/PP composites was carried out for all samples via a horizontal burning test according to ASTM D635. Three specimens from each composite ratio, with dimensions of 125 mm × 13 mm × 3 mm, were prepared, and two lines at 25 and 100 mm from one end of the sample were drawn as the reference marks as shown in Figure 2a [38]. Then, the burning time from the first reference mark to the second reference mark (25 mm from the end and 100 mm from the end, respectively) was Polymers 2021, 13, 2961 the composites [45]. A more noticeable effect on the thermal properties of the hybrid composites can be observed through the enthalpy peaks of the DSC curves. All peaks occurred at a T m approximately in the same temperature range but at different enthalpy intensity, which took place at around 140-185 • C [46]. These results were in good agreement with the above discussion, where the effect of the benzoyl group on the surface of KF and SPF after benzoylation treatment increased the composites' thermal endurance compared with the untreated fibers. In addition, as we have proved in the research, the existence of a T g peak shows that the hybrid composite SPF/KF/PP in all composition is amorphous [47]. 63 °C, which might correspond to the additional increased interaction between matrix and filler and might have led to a restriction in the polymer chain of the composites [45]. A more noticeable effect on the thermal properties of the hybrid composites can be observed through the enthalpy peaks of the DSC curves. All peaks occurred at a Tm approximately in the same temperature range but at different enthalpy intensity, Transition glass (Tg) The ∆Hc (crystallization enthalpy) values of the PP were obtained at 126.7 J/g. The result demonstrates that the ∆Hc of composites decreased with the absence of both treated and untreated sugar palm and kenaf fibers. This trend is in agreement with the results of Huda et al., where lower melting temperature and crystallization enthalpies of the composites was observed to decrease with the addition of recycled newspaper cellulose fibers and talc, compared with neat PP [48]. Table 3 also demonstrates that the degree of crystallinity of SP/K/PP composites was lower compared with neat PP, which was below The curve of the T-SP7K3 hybrid composite showed rigidity in the rubbery region, which is an indication of the high degree of cross-linking of fiber [62]. The obtained results also demonstrate better mechanical properties of the T-SP7K3 hybrid composite.

low cross-linking in these materials compared with the treated SPF/KF/PP [61]. SPF/KF/P composite turned out to have highly mobile materials in the rubbery stage. Benzoy treated sugar palm-and kenaf-reinforced composites revealed better interfacial bondin between the PP matrix, causing better surface adhesion and cross-linking in composite Compared with the untreated fibers, the hybrid composite demonstrated a lower dime sional µ m change due to the poor compatibility between untreated fibers and the polym matrix. The curve of the T-SP7K3 hybrid composite showed rigidity in the rubbery regio which is an indication of the high degree of cross-linking of fiber [62]. The obtained resul also demonstrate better mechanical properties of the T-SP7K3 hybrid composite. 

Conclusions

This research investigated the thermal stability and the dynamic and thermomechanical properties of treated and untreated sugar palm-and kenaf fibers-reinforced polypropylene composites and found that composition T-SPF/KF/PP showed better thermal stability in comparison with all untreated SPF/KF/PP hybrid composite ratios. After incorporation with treated kenaf and sugar palm fiber, thermal properties of the hybrid composites were improved. The lowest weight loss wt% at T max was for hybrid composite T-SP5K5, with 85.02% total residue char at 800 • C (wt%) recorded at 5.22%. The benzoylation treatment towards the fibers gave a good interfacial bonding, where the polymer acted as a barrier to prevent the degradation of the natural fibers. These results were in good agreement with the above discussion, where the effect of the benzoyl group on the surface of KF and SPF after benzoylation treatment increased the thermal stability of the composites, compared with the untreated composites. A flammability test it showed a reduction in the burning rate (mm/min) with the incorporation of treated fibers in the SPF/KF/PP hybrid composite. T-SP5K5 was determined to achieve the lowest burning rate at 22.53 (mm/min). In addition, as proved by the DSC curve, the existence of a T g peak showed that the hybrid composite SPF/KF/PP in all compositions was amorphous, except for neat polypropylene, which showed no transition glass peak. The DSC curve also confirmed that the highest transition glass and melting point was for T-SP5K5, with a T g at 127.63 and a T m at 165. 63.

Storage modulus analysis showed that hybrid composite T-SP5K5 at 20, 40, and 60 • C with 1360, 991, and 711 MPa (SPF/KF/PP) with benzoylation treatment, respectively, showed the highest storage modulus (E'). Loss modulus (E") and damping tan δ at peak rating showed that the incorporation of fibers into a polymer restricts the mobility of 
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Polymers 2021, 13,1701 fibers (e.g., glass and carbon-aramids) with biodegradable fibers (e.g., corn [28],water hyacinth [29], coir [30], ginger [31,32], cotton [33,34], kenaf [11,[35][36][37][38][39], sugarcane [40][41][42][43], flax [44], ramie [45], hemp [46], kapok [47], sisal [48], wood [17], oil palm [3,49], banana [50], and sugar palm [4,[51][52][53][54][55][56][57][58][59][60]. However, polymer composites reinforced with natural fibers frequently heat up efficiently [61] and exhibit high thermal conductivity [62].

In this review, the term "flame retardant" (FR) is applied to various industrial and consumer products. The requirements of FRs that are relevant to the product's quality and longevity must be fulfilled. FRs provide fire protection by restricting the flow of oxygen to the flames. Expanded polyurethane foams and their compound foams are frequently used in fire suppressants, increasing metal combustion temperature, and minimizing flame diffusion [63]. Meanwhile, other important features, such as mechanical and thermal performance and environmental friendliness, e.g., not posing hazards to humans and the environment and capable of being recycled and reused, must be maintained. The usage of halogenated materials to prepare FRs is an efficient process. However, a gradual decrease in the acceptability of these products has been noted due to the increasing emphasis on environmental and health issues involving FRs.

Numerous metal particles, such as aluminum, copper, zinc, stainless steel, silver, gold, and nickel, are used in different polymer matrices [64]. Metal-filled polymer composites are reported to have increased electrical and thermal conductivity. Table 1 lists the metallic fillers used in FR applications. In some polymer composites, the metal and natural fibers such as kenaf [65], flax [66], and jute [67] have been added together with the polymeric resin to enhance the structural and thermal stability. Krishnasamy et al. [65] reported that the addition of aluminum and copper in jute epoxy hybrid composite resulted in the excellent thermal stability, as well as improved in their mechanical strength such as tensile and flexural performance. According to El-sabbagh et al. [68], by adding some amount of magnesium hydroxide (Mg(OH) 2 )-about 20-30 wt% to the flax reinforced polypropylene composite improved the onset of decomposition temperature and LOI values. The composite comprising 50 wt% flax and 30 wt% flame retardant, in particular, achieved a 27% LOI score and a V-2 grade from the UL-94 test, with a long burning period and no dripping. By releasing a large amount of water, Mg(OH) 2 have efficient flame retardant efficiency by diluting the amount of fuel required to support combustion. They also reported that the addition of fibers and Mg(OH) 2 increased tensile stiffness in this study. 

Intumescent

Acid donor (ex-phosphoric acid, ammonium polyphosphate), carbonizing agent (ex-pentaerythritol), bowling agent (ex-melamine, urea) Both in the gas and condensed phase Thus, the importance of flame retardants of metal polymers composite is discussed in this review. The impact of various addition of metal component, such as zinc, copper, aluminum, and nickel, on the flammability and fire retardancy of polymer composites are examined, with an emphasis on natural fiber reinforced polymer composites. The method of combustion and the commonly employed flammability measurement methods for Interests in the flame retardancy of metal composites have been renewed recently. Kusakli et al. [110] improved the flame retardancy and mechanical properties of epoxy composites by using FR with red mud (RM) waste to demonstrate the FR properties of these polymer composites and to prove that FR systems are safe to use because of their high chemical and thermal resistance. The effects of ammonium tetrafluoroborate (ATFB), RM waste and aluminum hydroxide (Al(OH) 3 ) on the composites' mechanical and flameresistant characteristics were investigated. RM waste was ground and sieved into particles measuring less than 63 µm to prepare the ER-based composite materials. Subsequently, different amounts of ATFB, RM waste, and Al(OH) 3 were mixed with the ER matrix at 2000 rpm via mechanical stirring and ultrasonication for 1.5 h at 60 • C to achieve strong dispersion. The combustion test demonstrated that the RM-ATFB-Al(OH) 3 mixture can be Polymers 2021, 13,1701 efficient if halogen-free FR is used in coating and construction areas for materials based on epoxy. Al 2 O 3 , which is formed by Al(OH) 3 decomposition reaction, prevents heat and oxygen from being transferred between the material and the environment, and thus, additional oxygen is required to ignite the sample. This previous study indicated that the burned area of the composite was only a small proportion of the total. For this composite, the experimental and estimated LOI values were 26 and 29, respectively. Burning studies were conducted to test the flammability of hydroxide and boron retardants.

The extensive literature signifies that numerous studies have examined the flame retardancy of metal composites. Song et al. [111] investigated the effect of metal chelates on flame retardancy of polypropylene (PP)/PDBPP. This study demonstrated the synthesis of the new oligomeric phosphorus-nitrogen containing intumescent flame retardant, poly(4,4-diamino diphenyl methane-O-bicydicpentaerythritol phosphate-phosphate) (PDBPP). Moreover, this study assessed whether the presence of metal chelates can enhance the flame retardancy of PP/PDBPP systems. Two metal chelates (zinc and chromium acetylacetone) are commercially available for the purpose of analysis. They were used as synergic agents without additional purification and other starting materials and solvents. The LOI value of PP/PDBPP (80/20) increased to 25, indicating a substantial improvement in PP flame retardancy in the presence of PDBPP. As demonstrated via Raman spectroscopy, infrared spectroscopy, and electron scanning microscopy, metal chelates (a decomposition product of PDBPP) may react with polyphosphoric acid as a cross-related network. A more compact layer, which produced PP/PDBPP with enhanced thermal and FR performance, was formed via salt bridges. This result showed that highly valuable metal chelates may improve the delays of FRs. Chang et al. [121] studied the flame retardancy and thermal stability of ethylene-vinyl acetate (EVA) copolymer nanocomposites when reinforced with alumina trihydrate (ATH) and montmorillonite (MMT). Organoclay (OMMT) was prepared by adding 20 g of MMT to 92 meq100 g -1 to 1000 mL of deionized (DI) water, with cationic exchange capacity. The mixture was agitated for 6 h and labelled as Solution A. Then, 4.96 g of octadecyl amine was dissolved in 50 mL of DI water, stirred for 3 h and called Solution B. Solutions A and B were mixed and heated for 3 h at 80 • C. OMMT was stored after 24 h of filtration, washing, and vacuum drying. The best FR quality (40/60%) of the total cable wire included a small amount of MMT. This study indicated that superior tensile strength was achieved at 3 wt% MMT. Furthermore, EVA's flame retardancy is free from halogen, with 3% OMMT and 47% ATH achieving optimum deformation and flame resistance (LOI = 28). The tensile and fire inhibition characteristics of the nanocomposites were improved significantly.

Researchers have attempted to evaluate the effect of the flame retardancy of metal composites. Suppakarn and Jarukumjorn [124] examined the mechanical and thermal properties of sisal/PP composites and determined the effects of FR type and content. The objective of this research was to add FRs Mg(OH) 2 and zinc borate (ZnB) to enhance the flame resistance of the morphological and mechanical features of sisal/PP composites. The ratio of Mg(OH) 2 to ZnB was different in each sisal/PP composite location, while the overall content was maintained frequently at 30 wt%. Maleic anhydride grafted PP (MAPP) was also used as a compatibilizer to enhance adhesion between PP/sisal and PP/FRs. The flammability of PP and PP composites was investigated using ASTM D635 (standard test method for rate of burning and/or extent and time of burning of plastics in a horizontal position). The specimen was held horizontally, and a flame was applied to one end of the sample. Marking time was recorded from the first mark, 25 mm from the end of the mark to the second mark, and 100 mm from the end of the mark. Three specimens were tested for each composite. The composites were then measured for burning speed. The burning rate of the 30 ZnB composite was close to that of the clean PP. Meanwhile, the burning rate was immediately below that of pure PP for the 15 Mg/15 ZnB composite stage. Consequently, Mg(OH) 2 more efficiently decreased PP composite's burning intensity than ZnB addition. This study demonstrated comparable tensile and flexural properties with the addition of Mg(OH) 2 and ZnB without FRs for the sisal/PP composites. The addition Polymers 2021, 13,1701 of PBT/GF with two distinct metal phosphonates as fire retardants with and without MC. An experiment was performed via TGA and TGA coupled with infrared spectroscopy. The analysis data were collected from flammability tests, CONE tests, and SEM/energydispersive X-ray spectroscopy (EDS) and X-ray fluorescence (XRF) spectroscopy. Dosages of approximately 13% to 20% of halogen-free FR aluminum phosphonate or aluminum phosphonate with MC in PBT/GF were able to meet the requirements for electrical engineering and computer applications (UL 94 1⁄4 V-0; LOI > 42%). Meanwhile, the average 16% for zinc phosphonate with MC did not satisfactorily increase fire behavior (UL 94 1 4 HB; LOI 1 4 27-28%). The AlPi content indicated that the residue remained mechanically intact in the examined specimen and covered the polymeric materials from pyrolysis. This phenomenon created superior flame retardancy in the AlPi materials and met the application test criteria. Gallo et al. [102] studied the synergistic effects between nanometric metal oxides and phosphonate. They determined that for petroleum-based plastics, the FR synergy between phosphorus-based additives and metal oxides was used and applied to bio-based materials. The pyrolysis and flame retardancy properties of AlPi, along with antimony oxide and nanometric iron oxide, on a blend of poly (3-hydroxybutyrate-co-3hydroxyvalerate)/poly(butyleneadipate-co-terephthalate) (PHBV/PBAT) were analyzed. Crystallinity changed, and the reaction between the polymer and additives may influence biodegradation because biodegradation occurred first in the unstructured polymer region. Moreover, AlPi decomposed separately from PHBV/Ecoflex, which was primarily in gas phase as phosphonic acid. In the solid phase, AlPi was partly retained as inorganic phosphate. However, the addition of metal oxide did not considerably affect the thermal and combustion activities of PHBV/Ecoflex. Only the synchronous inclusion of AlPi and metal oxide with a global filler content of 10 wt% contributed to the good effect on flame retardancy, increasing the value for UL 94 rating and inducing additional char formation. Fire retardation improvement was due to the increase in char production and the preferred changes in the classification of UL 94. Moreover, the nanofiller and phosphorus components worked together in the FR mechanism, with the primary mechanism behaving like FR in gas state. Xiao et al. [101] examined the effect of ionic liquid-based metal-organic hybrid on the thermal degradation, fire retardancy, and smoke suppression properties of ER composites. An anion exchange occurred between phosphomolybdic acid and phosphonate-based ionic liquid. A new multifunctional ionic liquid-based metal-organic mixture (PMAIL) was developed and applied to ER as an effective FR. PMAIL-based ER composite was prepared. Firstly, 1.24 g of PMAIL was dispersed into 15 mL of ethanol. Then, 100 g bisphenol A diglycidyl ether ER was added with magnetic stirring. Secondly, the mixture was stirred at 100 • C for 1 h to eliminate ethanol. Lastly, the mixture was cast into preheated molds and cured at 100 • C for 2 h. The carbonized yield of ER-PMAIL1 (1 wt% addition) composite at 700 • C was dramatically increased by 108% from 12% and 25% for ER. Meanwhile, ER-PMAIL6 (6 wt% addition) composite could reach V-0 rating in the UL-94 vertical burning experiment. The total smoke output and peak heat release rate of ER-PMAIL6 decreased by 15.4% and 31%, respectively, compared with ER. The carbonized yield of ER-PMAIL6 was improved by nearly 160% from 9% to 25% compared with ER for the CONE test, indicating strong mechanical properties and intumescent carbonized layer for superior flame retardance. Suriani et al. [3] investigated the horizontal burning rate by using Mg(OH) 2 to determine its capability as FR composite. Different percentages of oil palm empty fruit bunch fiber (OPEFB) were added, with PET yarn and Mg(OH) 2 as controls. The burning test showed that the specimen with 20% OPEFB exhibited better flammability properties, with the lowest average burning rate (11.47 mm/min). Figure 7 depicts the sample of specimens after the horizontal burning test. A conclusion was drawn that the flammability and tensile properties of OPEFB fiber-reinforced epoxy composites were reduced when fiber volume contents were increased at an optimal loading of 20%, with values of 11.47 mm/min and 4.29 MPa, respectively.
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The Economic Analysis of Metal-Filled Polymer Composites

In the last few decades, there has been a surge of concern in the effect of metal materials on composite manufacturing particularly in thermal stability component. Using metal as a reinforcing medium has the ability to improve recycling rates while still locating high-value uses for polymer composites. For the case of polymer composites filled with metal derivatives, by eliminating the exploration, processing, and shipping, it will dramatically minimize environmental impacts. The latest study by Bulei et al. [126] found that recycle process of aluminum alloys for metal matrix composite has economic and technological advantages. It is also mention in this paper that it is not cost-effective to use fresh raw materials to produce high-value-added goods, where they can be obtained from scrap by competitive non-ferrous metal recycling technologies. In terms of waste utilization, the strategies adopted are achievable from an economic standpoint. As a result, the cost-benefit ratio satisfies the economic feasibility criterion. In addition, in a study by Dong et al. [127] concerning environmental effects modelling and the economic effects of composite recycling for fiber reinforced polymers, which motivated both environmental and economic factors in creating recycling routes for increasing quantity of fiber reinforced polymer scrap generated. Both glass and carbon fiber reinforced polymers recycling methods were compared to low-value end-of-life options, with pyrolysis appearing 
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Drawbacks and Challenges

According to a review of polymer composites filled with metal derivatives, it is clear that the metal filled polymer composites are favorable materials in terms of thermal and fire retardance properties and have a great potential in fire safety applications. Yet, the enhancements are far from what is needed for various fire safety applications. In this manner, numerous technical barriers such as dispersion of fillers within their matrix, structural control, contact between individual fillers, and interfacial interaction filler/matrix should be considered to realize the wide applications of these advanced composites [129].

The poor interfacial adhesion between metal filler and polymeric matrix has been the essential factors in designing and fabricating high flame retardance performance composites. This is due to most metallic derivatives that are incompatible with most Polymers 2021, 13, 1701 polymer interaction. Based on the latest applications, metal-polymer hybridization has the ability to be used in a variety of fields, including aerospace, sport, electronic, and computer applications. 
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Polymers 2021, 13, 1532 the fibers and PET yarn were completely immersed in resin by portion and then distributed randomly in the mold. The composite was covered by a transparent plastic sheet to avoid formation of air bubbles inside the mold. The plastic cover was used to prevent the fibers from attaching to the steel plate during curing. The composite was pressed using a flat plate to remove the remaining bubbles inside the mold. The mold was then compressed by another steel plate on top of the transparent plastic sheet. Demoulding of specimens was carried out after 24 h of fabrication. Figure 2 depicts the arrangement of KF and PET yarn with epoxy in the metal mold. Finally, the mold was cleaned to be used for the next specimen. For each composition, the fiber and its binder were calculated to determine the weight of the fiber and epoxy needed to fill the mold. After fabrication of the composite was complete, the specimen of each composition was cut into nine pieces of 1.3 cm width for use in the horizontal burning test and eight pieces of 1.5 cm width for use in the tensile test. The images of these composites were also captured after the tensile test. Table 4 shows the results for all samples. Figure 3 presents the samples of each composition that were completely cured. The burning test was conducted to determine the burning rate of the samples. The samples were set up according to ASTM standard D635. For these points, all specimens were cut to exact length with dimension of 12.5 cm length × 1.3 cm width × 0.3 cm thickness. The test was carried out in triplicate. The test samples were supported horizontally at one end. Next, the free end was exposed to a specified gas flame for 30 s. The time and extent of burning were measured using a stopwatch, and it was noted if the specimen did not burn. An average burning rate was noted for the material if it was burned to the 100 mm mark from the ignited end. The formula below was used to determine the average burning rate of each sample: Average burning rate (mm/min) = Damaged length, L (mm) Time, t (min)

Tensile Test

The fiber tensile test was used to determine the strength of the composite materials. The samples were set up according to ASTM standard D3039M. First, all of the samples were cut into the same size of 20 cm height × 1.5 cm width × 0.3 cm thickness. Then, four aluminum plates with a dimension of 25 mm × 15 mm × 1 mm were attached to the two sides of both ends of the samples using the epoxy resin. The test was carried out in five replications using the Universal Testing Machine (INSTRON 5556) (Norwood, MA, USA) with a 5 kN load cell; the crosshead speed was maintained at 2 mm/min.

Scanning Electron Microscopy

SEM is capable of performing analyses of selected point locations on a sample, which is especially useful for qualitatively or semiquantitatively determining chemical composition (using energy-dispersive (EDS)), crystalline structure, and crystal orientations (using According to the study by Mobedi et al. [73], the addition of magnesium hydroxide has a negative impact on the tensile properties, with magnesium hydroxide found to be a cursor for controlling the polymer degradation rate and accelerating the rate of degradation of composites. A previous study revealed that the deterioration of strength was insignificant with addition of 15% and 20% magnesium hydroxide [74]. However, in this study, the epoxy/Mg/PET composite had the lowest tensile strength. This might be due to the defects that occurred in the composites during fabrication. It might have also been caused by the addition of only 5% (control) magnesium hydroxide, which did not have much influence on the tensile strength compared to the increase in percentage of KF.

Surface Morphology

The surface morphology of all the specimens after the tensile test was studied by capturing images of the fractured area. From this analysis, it was concluded that several types of defects occurred on the specimens. Defects typically take place during the production of composites and sometimes by manual construction known as "lay-up". Variations in the amount of defects in composites during manufacturing will increase the likelihood of composite failure. Figure 12 shows the tensile damage that occurred on the composite, which consisted of fiber pull-outs and ensured enhanced interfacial adhesion in the epoxy/PET/KF-50 sample. As reported by Sanadi et al. [77], the primary disadvantage of natural fibers is the poor interfacial adhesion due to the hydrophilic character of cellulose, which is commonly Polymers 2021, 13,1532 mismatched with the hydrophobic matrix material [78,79]. Therefore, this phenomenon leads to poor fiber dispersion and fiber-matrix interfacial adhesion. This might also be due to the high fiber content, with the quantity of matrix not enough to cover the fiber [80][81][82]. 

Conclusions

In order to reduce cost and provide a pollution-free environment, the flammability and mechanical properties of hybrid kenaf fiber/PET yarn reinforced epoxy fire retardant composites was analyzed. The horizontal burning test showed that epoxy/Mg/PET with 0% KF had the highest average burning rate of 22.151 mm/min compared to epoxy/PET/KF-20, epoxy/PET/KF-35, and epoxy/PET/KF-50, which contained 20, 35, and 50% KF, respectively. The average burning rate of epoxy/PET/KF-35 was the lowest at 14.553 mm/min compared to the other samples. This suggests that epoxy/PET/KF-35 would be better for application as a fire retardant composite because of the optimum composition. Epoxy/PET/KF-50 demonstrated the highest tensile strength of 32.022 MPa compared to the other samples. The tensile strengths of epoxy/Mg/PET, epoxy/PET/KF-20, and epoxy/PET/KF-35 were 10.867, 19.956, and 25.244 MPa, respectively. The tensile strength of the hybrid kenaf fiber/PET yarn increased with the increase of fiber volume content. The combination of kenaf fiber and PET yarn enhanced the tensile properties of the composites. In addition, too many defects result in poor mechanical properties of composites. Epoxy/PET/KF-50 showed the fewest defects. In general, the surface morphology of the hybrid kenaf fiber/PET yarn possessed defects such as fiber pull-out and debonding.
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