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Abstract

:

In the recent past, significant research effort has been dedicated to examining the usage of nanomaterials hybridized with lignocellulosic fibers as reinforcement in the fabrication of polymer nanocomposites. The introduction of nanoparticles like montmorillonite (MMT) nanoclay was found to increase the strength, modulus of elasticity and stiffness of composites and provide thermal stability. The resulting composite materials has figured prominently in research and development efforts devoted to nanocomposites and are often used as strengthening agents, especially for structural applications. The distinct properties of MMT, namely its hydrophilicity, as well as high strength, high aspect ratio and high modulus, aids in the dispersion of this inorganic crystalline layer in water-soluble polymers. The ability of MMT nanoclay to intercalate into the interlayer space of monomers and polymers is used, followed by the exfoliation of filler particles into monolayers of nanoscale particles. The present review article intends to provide a general overview of the features of the structure, chemical composition, and properties of MMT nanoclay and lignocellulosic fibers. Some of the techniques used for obtaining polymer nanocomposites based on lignocellulosic fibers and MMT nanoclay are described: (i) conventional, (ii) intercalation, (iii) melt intercalation, and (iv) in situ polymerization methods. This review also comprehensively discusses the mechanical, thermal, and flame retardancy properties of MMT-based polymer nanocomposites. The valuable properties of MMT nanoclay and lignocellulose fibers allow us to expand the possibilities of using polymer nanocomposites in various advanced industrial applications.
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1. Introduction


At present, researchers are aware of the necessity of developing new composite products with high mechanical and thermal stability for structural applications. In the service life of power transmission, marine, automobile, and aerospace structures, several factors can cause damage to the structural integrity of polymer composite and reduce their lifespan due to high impact, creep, and fatigue loads from the external environment [1,2,3,4]. Furthermore, the potential for penetration and other such impacts can lead to extensive delamination, which results in degradation of the structural performance of composites [5,6,7]. For high-performance applications such as fire extinguishers, armored vehicles, and aircraft, the main purpose of the product is to have a high ratio of strength-to-weight structure [8]. Generally, thermoplastic composite materials exhibit high strength properties, which commonly decrease to a low value in terms of damping capacity due to its viscoelastic properties [9]. This leads to valuable properties for structural purposes.



Currently one can observe growing popularity and market demand for natural fiber-reinforced polymer composites due to their advantages of low price, light weight and versatile applications [10,11]. However, lignocellulosic fibers such as sugar palm, kenaf, coir etc. exhibit low mechanical properties due to their hydrophilic properties and high moisture rate when used as reinforcement in polymer composites [12,13,14]. Moreover, the main drawback associated with the inclusion of lignocellulosic fiber in polymeric resin is the lack of surface adhesion between the two phases, which affects the flow properties of the final biocomposite laminate [15,16].



The previously mentioned drawbacks of lignocellulosic fiber composites can be addressed either by regulating the fiber loading and orientation, fabric stacking sequence, fiber treatment as well as the use of nanofiller additives [17,18,19,20]. Several fiber treatment methods either via physical approaches such as plasma or corona treatment and steam explosion as well as gamma irradiation [10,21] and chemical methods such as alkaline treatment, acetylation methods and coating techniques using hydrophobic polymers have been reported [22,23,24,25,26]. A significant decrease in water uptake of jute-reinforced polyester composites from the incorporation of synthetic fibers such as E-glass has also been discovered [27]. Research revealed that the inclusion of impermeable fillers along with lignocellulosic fiber inside polymer composites is one of the most significant approaches to lower the moisture uptake of composites. In this case, the filler factors such as filler concentration, distribution, shape and size would reflect on the water barrier, mechanical, and thermal properties of the final composites [28,29].



Heretofore, many studies and reviews have mentioned the superiority of reinforcement with smaller size particles which has great importance for the overall reinforcement effect in the matrix system [30,31]. An escalation of progress and interest can be seen in the application of plate-structured, nanofiller-filled materials represented by nanocomposites due to their high aspect ratio [32]. These nanofiller-filled materials, particularly when in particle sizes in the vicinity of 100 nm and below, have shown great effect in imparting a high degree of reinforcement. In fact, the reinforcement achieved by using 3–5% by weight of nano-scale reinforcement is similar to that achievable using 20–30% of a micro-scale filler. Therefore, the incorporation of nanofillers in composites systems is much more preferred due to their high specific interfacial area, which enables higher interfacial interactions, thus increasing the modulus properties of the final materials. In general, nanofillers are categorized based on their dimensions. Mrinal [31] has listed the types of nanofiller including one dimensional nanofillers such as nanotubes and nanowires, two dimensional ones like nanoclays and graphene, and three dimensional examples, for instance spherical and cubical nanoparticles. Carbonaceous nanofillers like nanotubes and graphene impart excellent properties that are attributed to their high mechanical strength and high aspect ratio, whilst, clays are naturally found as platelets, stacked from a few to as many as one thousand sheets. Montmorillonite (MMT), the most popular clay nanofiller, is comprised of two silicates layers of octahedral sheets of alumina that are sandwiched together. This aluminosilicate with low dimensions of 1–5 nm thickness and 100–500 nm in diameter will impart platelets with a high aspect ratio (>50), hence providing stiffness and strength to the composite [33].



Presently, global demand for nanofillers like MMT clay and organically modified montmorillonite (OMMT) is growing due to the potential of using nanoparticles to’ extensively modify the overall properties of polymer composites [34,35]. Nanoclay particles are composed of layered silicates. Examples of nanoclays are compounds such as pyrophyllite, organoclay, hectorite, saponite and nontronite nanoclay and MMT clay. Among these, MMT clay, which is the main constituent of bentonite, is the most regularly used layered silicate in polymer matrices due to its properties. MMT clay is well known as having a good filler anisotropy, high aspect ratio, excellent barrier properties, great strength and stiffness, as well as good thermal stability [36,37]. Despite the many promising advantages of MMT fillers in composites, the hydrophilicity of the nanoclay leads to difficulties in homogenously distributing it in the polymer matrix. Subsequently, this would induce disparity in the distribution of electrical fields in the material and inferior electrical performance of the resulting nanocomposites. Nanoclays can be commonly modified via ion exchange reactions to form organophilic species which allow the polymer molecules to penetrate between the clay galleries [38]. Besides that, the use of organic moieties as modifiers of MMT silicates can lead to a decrease in the polymer crosslinking, consequently inhibiting the interfacial adhesion between the polymer matrix and the nanofiller [36].



The combination of bio-based fibers/matrices with synthetic fibers/matrices through hybridization provides a novel approach for overcoming the drawbacks of solely natural fibers or matrices. By combining MMT nanoclay as a reinforcement agent into a composite’s composition, it is possible to address some of the drawbacks of one type of reinforcement compared to another. Hybridization of MMT clay with lignocellulosic fibers could improve the thermal, mechanical and physical characteristics of biocomposites, allowing them to be used in a variety of applications [39].



As mentioned in the previous paragraphs, MMT can be used as an additive for the cross-arm structure in transmission towers since it significantly promotes good electrical resistance performance for composites while elevating the composites’ mechanical performance [38,40,41]. To increase the number of potential applications, lignocellulosic composites’ properties need to be more easy to modulate and flexible in terms of improvement to match the required performance of various applications [42,43,44,45,46]. In this manuscript, we narrow our survey to the methods of extraction, treatment and modification, classification, and applications of MMT fillers. This work aims to review the recent progress on the impact of MMT fillers hybridised with lignocellulosic fibers on the mechanical and thermal properties of reinforced polymer composites.




2. MMT Nanoclay


MMT is a member of the natural smectite group and is categorized as a phyllosilicate mineral with a nanolayered structure that has high biocompatibility and biodegradability as well as high mechanical characteristics [47]. Table 1 lists the most essential physical and chemical characteristics of MMT [48]. The common substituents for MMT particles are iron (Fe), potassium (K), aluminium and other cations, where their ratios may vary greatly according to their source [49]. The precise theoretical formulation of MMT, according to Uddin, [49], had never been found in Nature due to the charge imbalance introduced by the cation substitution. The chemical formula for MMT is shown in Equation (1):


      Na ,    Ca      0.33       Al ,    Mg     2      Si  4   O  10         OH    2  · n  H 2  O  



(1)







The molecular formula of MMT is Al2H2O12Si4 [49]. and aluminium oxides are present in the oxide composition, while calcium is the man mineral in MMT. The basic molecular structure is made up of silica tetrahedra and aluminium octahedral units. The Si+4 cation has fourfold tetrahedral coordination with oxygen, whereas the cation Al+3 has six-fold or octahedral coordination with oxygen [49].



MMT is comprised of two O-Si-O tetrahedral sheets of silica sandwiched by an alumina layer, O-Al(Mg)-O octahedral sheet, 2:1 clay [50]. Silica layers form a hexagonal network by sharing three corners with neighboring tetrahedra [50]. Each tetrahedron’s remaining fourth corner connects to an adjacent octahedral sheet. Aluminium or magnesium, in six-fold coordination with oxygen from the tetrahedral layer and with hydroxyls, make up the octahedral sheets. To create the elementary particles of MMT, neighboring layers of approximately 10 μm-sized are stacked together assisted by van der Waals forces and electrostatic forces, or by hydrogen bonding [51]. As seen in Figure 1, the particles aggregate to produce micrometer-to millimeter-scale particles [52]. The layer structure of MMT may vary as a consequence of its changeable structure, allowing for the creation of a range of hybrids and composites [53]. Figure 1a shows a side view, where tetrahedral MMT units are assembled through weak van der Waals and electrostatic forces to form the primary particles, and Figure 1b shows a top view of the hexagonal structure of the oxygen and hydroxyl ligands of the octahedral layer.



Physical and chemical approaches can be used to overcome the van der Waals forces and the electrostatic forces that stack the layers together [49]. According to Nakato and Miyamoto, MMT particles have plate-like shapes with surface dimensions of around 300 to 600 nm and a mean diameter of around 1 μm [50]. Thus, MMT exhibits a large aspect ratio of around 50 to 1000. In addition, MMT shows great hydrophilic nature where its water content tendency increases when exposed to water [54]. However, because polymers are typically organophilic, researchers have developed modified MMT forms by altering the clay surface. MMT may very well be made compatible with common petroleum-based polymers and distributed easily within the polymers for improved characteristics in nanocomposites after surface compatibilization or intercalation [50]. Due to these characteristics, MMT is the most common filler utilized in biocomposites and nanocomposite applications, in order to improve a particular property of materials [55,56,57,58,59,60,61,62].
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Figure 1. Schematic representation of the MMT structure. (a) Side view: tetrahedrons units of Mt assembled through weak van der Waals and electrostatic forces to form the primary particles, and (b) top view: hexagonal structure of oxygen and hydroxyl ligands of the octahedral layer. Reproduced from [63]. 
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Due to the high aspect ratio and wide surface area of MMT nanolayers, it is extremely possible that the inclusion and dispersion of MMT nanolayers into the polymer matrix would result in MMT/polymer nanocomposites with significantly improved mechanical properties [52,64]. According to Zhu et al. [52], the addition and dispersion of MMT nanolayers into the polymer matrix results in MMT/polymer nanocomposites with significantly improved mechanical [65] and thermal properties [66,67], good oxygen and water barrier properties [68,69], as well as better flame retardancy [70]. As a result, intercalating MMT into nanolayers is critical for manufacturing effective MMT/polymer nanocomposites. Figure 2 shows the schematic diagram of in situ exfoliations of MMT to aid its intercalation into the polymer matrix. In situ exfoliation of MMT comprises the introduction of MMT to a liquid monomer or a monomer solution for it to expand and the monomer to reach the interlayer gap of MMT [52], called the polymerization process [71].



According to previous works, it was discovered that adding nanoclay and rice husk (RH) to high-density polyethylene (HDPE) improved its mechanical characteristics [73]. Nanoclay intercalation altered the crystallization behaviour of RH-filled HDPE by raising the crystallization temperature, enthalpy, and crystallinity. According to previous research, a combination of nanoclay and hemp has a synergistic impact on the flexibility and stiffness of PP [74]. With increasing nanoparticle concentration, there is a substantial reduction in water absorption and thickness swelling. The presence of nanoparticles improved dynamic mechanical behaviour, as well as fire retardancy and dimensional stability. Numerous studies have been done on the influence of nanoclays on the thermal stability of polymers such as polystyrene (PS) and ethylene vinyl acetate (EVA) [75]. The thermal stability of nanoclay-containing nanocomposites improved significantly as the nanoclay concentration increased. However, over a certain percentage of nanoclay (generally 5%), the thermal stability either plateaus or begins to abruptly decrease. The degree of dispersion, like that of most nanocomposites, has a direct impact on the thermal stability of PS/nanoclay composite systems. Polymer chains entrapped between clay platelets were linked to a significant increase in thermal stability [75].



The production of polymer clay nanocomposites is now one of the most important uses of nanoclays. These natural nanomaterials can also be used as rheological modifiers and additives in paints, inks, greases, and cosmetics, as well as pollution control bio-systems carriers and medication delivery systems [76]. When a small amount of MMT is incorporated into the polymer matrix, the polymer is modified, resulting typically in a significant improvement in the physical, mechanical, fracture, wear resistance, thermal stability, peak heat release rate, flame retardancy, biocompatibility, and chemical properties of the resulting composite compared to standard materials [77,78,79]. MMT nanoclays and acid-treated MMT are also often employed in catalytic cracking, acid-based catalysis, and materials applications. Organoclays might be utilized as gas absorbents, rheological modifiers, polymer nanocomposites, and drug delivery carriers, among other applications [80].




3. Lignocellulosic Fibers


Lignocellulosic fiber is the scientific name that refers to natural fibers. All natural fibers contain a few constituents, which are cellulose, hemicelluloses, and lignin. These constituents are mainly attached by hydrogen bonds [81]. The mechanical and physical properties of lignocellulosic fibers are influenced by their chemical composition. Moreover, lignocellulosic fibers are hydrophilic due to the presence of an abundance of hydroxyl groups, thus they can absorb water [82]. Figure 3 (reproduced from [79]) shows the schematic structure of lignocellulosic fibers. The chemical constituents of lignocellulosic fibers depend on the geographic location where the plants are grown [83]. Fibers that contain more cellulose might have higher mechanical and good thermal properties [83], while a high hemicellulose content will promote fiber degradation at low temperatures and absorb more moisture [84,85,86]. Nevertheless, lignocellulosic fiber-containing natural materials are commonly obstinately resistant to any external attack due to their high crystallinity and the high degree of polymerization of cellulose, which are protected by the lignin constituents that lower the accessible surface area and impart high fiber strength. In addition, lignin also linked to both hemicellulose and cellulose, has a function of providing structural support, impermeability and resistance against microbial attack (chemical and biological hydrolysis) and oxidative stress [81].



3.1. Cellulose


Cellulose is the primary component of lignocellulosic fibers [83]. Cellulose is made of long unbranched chains composed exclusively of glucose that are held together by hydrogen bonding. Cellulose fibrils have a particular cell geometry, which is a factor responsible for the properties of the fiber. The chemical formula of cellulose is (C6H10O5)n (where n represents the number of glucose groups). The overall structure of cellulose consists of crystalline and amorphous regions. Cellulose is composed of carbon (44.44%), hydrogen (6.17%), and oxygen (49.39%) [85]. There are roughly 4000 to 8000 glucose molecules chained together. The polymer chain in cellulose is joined by glycosidic linkages at the C1 and C4 positions. Each repeating unit contains three hydroxyl groups. The presence of the hydroxyl group makes the cellulose hydrophilic. It is noted that these hydroxyl groups and their ability to form hydrogen bonds play a major role in directing the crystalline packing and also govern the physical properties of cellulose. The hydrogen bonding of many cellulose molecules to each other results in the formation of microfibers that can interact to form a fiber. Cellulose fibers usually have more than 500,000 cellulose molecules, therefore, cellulose fiber may contain 7000 to 15,000 glucose molecules per polymer [86]. The hydrogen bonding between cellulose fibrils is influenced by the mechanical properties of cellulose. Hydrogen bonding may not have the same strength as a covalent bond, however, the cumulative bonding energy of 2.5 billion hydrogen bonds is incredible. These properties, including its microcrystalline structure, make cellulose very difficult to dissolve or hydrolyze under natural conditions. In fact, the degree polymerization of cellulose also very high, in the range of 500 to 2500, indicating the high thermal stability and mechanical properties of cellulose [87]. The biodegradation of cellulose also requires more enzymes due to its greater complexity compared to other constituents.




3.2. Hemicellulose


Hemicelluloses are polysaccharides that differ from cellulose in that they consist of several sugar moieties. These sugars include glucose and other monomers such as hexoses (galactose, mannose) and pentoses (xylose and arabinose). The structure of hemicellulose is mostly a branched carbohydrate (hexoses and pentoses) and has a low molecular weight [86]. It is strongly bound to cellulose fibrils by hydrogen bonding. It is partly soluble in water and hydroscopic because of its open structure, which contains hydroxyl and acetyl groups [88]. This characteristic also allows natural fibers to absorb significant amounts of water, making it a weaker polymer compared to cellulose. Moreover, hemicellulose also has an amorphous structure and a low degree of polymerization of 100 to 200, which suggests low mechanical properties and a low degradation temperature [87,89].




3.3. Lignin


Lignin is a phenolic compound. Lignin is the second largest source of organic material in Nature [90]. It is a complicated amorphous polymer, hydrophobic in nature, formed of highly complex copolymers of aliphatic and aromatic constituents. Lignin contains hydroxyl, methoxyl and carbonyl groups [88,91]. The high carbon and low hydrogen content of lignin suggest that it is highly unsaturated or aromatic. The presence of hydroxyls and many polar groups in the lignin structure, resulting in strong intramolecular and intermolecular hydrogen bonds, making lignin essentially insoluble in any solvent. Phenolic hydroxyl and carboxyl groups allow lignin to be dissolved in alkaline solutions. Lignin binds the elementary fibers together with hemicellulose as cementing elements. Lignin imparts rigidity to the cell walls and fills the space between hemicellulose and cellulose [92]. Due to its hydrophobic character, lignin acts as a sealant to water, protection against biological attack and a stiffener to the fibers [93,94] Besides that, lignin can also be a compatibiliser between hydrophilic fibers and hydrophobic polymers, resulting in a stronger fiber-matrix interface [95]. In terms of degradation, lignin is degraded via oxidative process attributed to the secondary metabolism or to restricted availability of carbon, nitrogen, or sulphur which are commonly degraded as sole carbon, and energy sources [96], whilst in Nature, lignin is biodegraded by some white rot fungi, for instance from the basidiomycetes class, that degrade lignin more rapidly and extensively compared than other microorganisms. The white-rot fungi species, for example Ceriporiopsis subvermispora, Phellinus pini, Phlebia sp., Pleurotus sp., Phanerochaete chrysosporium etc. attack lignin more readily than cellulose and hemicellulose. In addition, these fungi also produce a set of ligninolytic enzymes that catalyze the oxidation of an array of aromatic substrates, producing aromatic radicals and changing the structure of the lignocellulose-containing raw materials and lignin [81].



Table 2 shows different lignocellulosic compositions for several natural fibers [97]. Generally, the cellulose, hemicellulose, and lignin in a typical lignocellulosic fiber fall within the range of 30% to 60%, 20% to 40%, and 15% to 25%, respectively. These lignocellulosic compositions greatly influence the mechanical properties of the fibers and result in significant improvements in the mechanical and thermal performance of polymer nanocomposites.





4. Processing Techniques for MMT/Natural Fiber Reinforced Polymer Nanocomposites


Today, the advancements in nanotechnology have propelled the utilization of clay minerals as effective fillers and additives in polymers for desired applications. The reinforcement effect can produce significant improvements in polymers at very low filler contents of less than 5 wt.%, compared to those achieved using traditional micro-size fillers (≥20 wt.%). However, natural sodium montmorillonite (NaMMT) must be surface modified to become OMMT for easier dispersion in the polymer matrix. The intercalation structure of poly(butylene) succinate (PBS)-reinforced OMMT and polylactic acid (PLA)-reinforced OMMT was observed and attributed to the strong interaction of hydroxyl groups in the clay structures with the carboxyl groups of the polyester. Meanwhile, the addition of NaMMT led to intercalation of TPS in the clay. MMT introduced in natural fiber reinforced polymer composites promotes resistance against chemical, heat, electricity, fire and UV light exposure [51].



There are some commonly utilized methods for incorporating nanoclays into polymer nanocomposites, such as intercalation of polymers, in-situ intercalative polymerization, and melt intercalation [105]. The mixing of clays, natural fibers and matrix generally applies three mixing techniques, namely mechanical mixing, magnetic stirring and sonication. Depending on the mixing technique used, the dispersion of nanoclays within the matrix can take the form of a phase-separated, intercalated or exfoliated nanocomposite structures. The most desired exfoliated structures present a complete separation of nanoclays due to the segregation of electrostatic forces between clay platelets by the polymer chain in the composites. Meanwhile, phase-separated structures indicate that the electrostatic forces between clay platelets cannot be overcome completely. This kind of structure is unfavorable to the properties of the nanocomposites as higher loading will be required for significant improvement, which otherwise can be achieved at lower loading for exfoliated and intercalated structures. An intercalated structure is formed when extended polymer chains are intercalated into the clay interlayers with the clay platelets still intact.



4.1. Conventional Composite Fabrication Techniques for Nanocomposites


Conventional techniques for fabricating composites, such as two-roll mill, twin-screw extruder, solution casting, compression and injection molding involve different clay incorporating techniques. Generally, twin-screw extruders and two-roll mills are the mixing machines used. The twin-screw extruder machine is a closed barrel containing two rotating screws mounted on splined shafts, which applies the melt intercalation technique utilizing the shear strength of mechanical mixing and high temperatures to mix clays and natural fibers into the matrix. The electrostatic binding force that clumped clay platelets together is broken down by the centrifugal force of rotating extruders in a high-pressure environment. Several studies [106,107] have shown that the equal channel angular extrusion (ECAE) method is able to re-engineer the nanofiller aspect ratio and orientation along with the crystalline lamellar structure. Polymer nanocomposite bars are extruded into a device made up of several pairs of channels of the same diameter, which intersect at the adjusted angles. Pairs of oblique channels within the plane can be rotated through the vertical axis to arrange different routes of deformation. Depending on the processing routes, nanoclays with shortened, closely packed, well-aligned and crystalline lamellae were compressed and diagonally well-oriented [108]. The two-roll mill consists of two rolls operating at different speeds that disentangle the clay particles and increase the clay galleries that enable the matrix to enter. Meanwhile, the solution casting method generally consists of three stages, including the dispersion of clay in a polymer solution, controlled removal of the solvent, and lastly composite film casting [109]. This solvent-based process involves mixing a polymer and prepolymer, which are soluble, and causing swelling of the clays layers [110]. The layered clays are then exfoliated using a solvent such as water, chloroform, or toluene. As the polymer/prepolymer are mixed with layered clays in a solution, the polymer chains intercalate and displace the solvent within the interlayers of the clay [109]. The solvent is then removed via vaporization or precipitation, and thus the intercalated sheets tend to reassemble and consequently form polymer/nanoclay composites. The dispersion of clay and natural fibers is usually done through sonication and magnetic stirring. Magnetic stirring uses magnetic force to break the electrostatic force between clay platelets. Sonication applies sound waves to agitate the particles in solution. In the case of high viscosity materials such as epoxy resins, high sonication amplitude is required to agitate the clays within the matrix before applying auxiliary natural fiber reinforcements. Meanwhile, compression and injection molding usually use premixed materials through intercalation of polymer and melt intercalation to optimize the dispersion of fillers within the matrices. As the name suggested, compression molding applies compressive strength to fabricate a specimen using male and female molds. First, materials are placed into the female mold to be melted down before applying compressive force joining both molds to distribute the desired amount of resin throughout the designed mold. The joined molds are then compressed again at lower temperature to solidify the resin. For injection molding, premixed materials are filled into a heated barrel, mixed and then injected into a designed mold. As the materials cool off, they will harden into the form of the mold cavity.




4.2. Intercalation of Polymer


Polymer intercalation techniques disperse MMT in a solution in which the polymer has been dissolved. In this form, the stacked clay layers can be easily dispersed in an adequate solvent. The polymer can then enter into the clay galleries and establish an ordered multilayer structure when the solvent is removed. Ayana et al. [111] added NaMMT during starch gelatinization with the addition of a glycerol later melt intercalated with polylactic acid (PLA), producing TPS/PLA/NaMMT (60/40, w/w) nanocomposites. The exfoliation of NaMMT in the thermoplastic starch (TPS) acts as a compatibiliser by reducing the size distribution of the PLA in the TPS matrix. The average diameter of the dispersed domain (Dn) value of the TPS/PLA blend was recorded at 21.3 µm, whereas the incorporation of 0.5 phr and 1.0 phr of NaMMT into TPS/PLA showed Dn values of 17.2 µm and 13.45 µm, respectively. The complete exfoliation of NaMMT was due to the initial preparation of clay dispersion in a starch suspension. The delayed insertion of plasticizer facilitates the penetration of starch molecules into the clay galleries, leading to complete exfoliation. Tian et al. [112] prepared MMT-reinforced PVA/starch (50:50) nanocomposites using an intercalation polymer method for better clay dispersion. TEM analysis showed that after incorporation of 5% MMT the clay nanolayers were well dispersed at random within the matrix, indicating a highly exfoliated structure. At 10% of MMT, poly(vinyl) alcohol (PVA) and starch macromolecules penetrated into the clay galleries and enlarged the spacing of clay nanolayers, forming intercalating structures. Through a similar method, Trifol et al. [113] reported that the reinforcement of 1% of OMMT and 1% of nanocellulose in PLA nanocomposites was sufficient to achieve a significant reduction of 57% in the water vapor permeability rate (WVTR) and 74% in the oxygen vapor permeability rate, whilst preserving good transparency, thermal stability and decent mechanical properties compared to neat PLA. In this work it seemed that the two types of nanofillers had a synergistic effect, whereby the fibrous nanocellulose and nanoclay platelets formed a strong percolated network maintaining the integrity of the nanocomposite films. TEM analysis indicated a highly exfoliated structure for low clay loading films (1%) while a higher clay loading (3%) showed an exfoliated and small proportion of intercalated nanoclay structures. Meanwhile, even higher nanocellulose loading films (5%) displayed a homogenous structure with no nanocellulose aggregates. Li et al. [114] firstly dispersed cellulose nanofibers (CNF) and NaMMT in an aqueous system, which was later mixed into corn starch CS) solution to obtain CS/NaMMT/CNF nanocomposite films through the solution casting method. CNF was observed to be distributed uniformly around or inserted into the lamella, indicating a good interaction between CNF and NaMMT. CNF bonded with starch by hydrogen bonds enters into the clay structures and enlarges the interlayer distance of NaMMT, thus forming ternary nanocomposites with a layered structure. At 3% of NaMMT, the addition of CNF up to 7% decreased the interlayer distance of NaMMT caused by the aggregation of CNF. Significant increments in mechanical properties and transparency values were recorded for the nanocomposite films with CNF loadings of up to 5% only. At a higher CNF content, the number of active CNF sites was unable to interact with CS and NaMMT, thus allowing a weak stress transfer between the reinforcements and matrix. The in-situ polymerization method synthesizes polymer nanocomposites by using monomers, where the low molecular weight monomer can easily diffuse into the clay galleries, forming either an intercalated or an exfoliated structure.




4.3. Melt Intercalation


The melt intercalation or melt mixing method provides better mixing of the nanoclay fillers and polymers that are typically used on a mass production scale through extrusion and injection molding. The processing parameters such as rotor speed, temperature profile, feed rate, mixing period, melting conditions, die pressure, materials grade and content as well as the chemical composition of the nanoclay filler and polymer are important to synthesize composites with desirable properties [109]. The melt intercalation approach involves melting the polymer at a high temperature and then the filler is blended with the polymer at a high temperature under shear. This method requires MMT to be surface-modified to weaken the electrostatic forces holding the platelets together. Boonprasith et al. [115] used NaMMT and OMMT to reinforce TPS/PBS blended nanocomposites through a melt intercalation technique. The polarity of NaMMT does not have good affinity with PBS/TPS as compared to OMMT. OMMT is compatible with PBS, forming a strong interaction between the hydroxyl groups in OMMT and the carboxylic groups of PBS. Owing to this, the higher content of PBS in TPS/PBS (25:75) blended nanocomposites ensured the majority of the clay was well dispersed within the PBS phase during the mixing process. Meanwhile, NaMMT was suspected to reside within the TPS dispersed phase of higher content of TPS in TPS/PBS (75:25) blended nanocomposites. NaMMT is known to be more hydrophilic than OMMT. The extra moisture within NaMMT promoted starch gelatinization, which led to better interfacial interaction and effective heat transfer between the clay and the TPS dispersed phase. Higher WVTR and OTR were shown by PBS/TPS/OMMT owing to the tortuous structure formed by the exfoliation and intercalation of clay.



Zahedi et al. [116] prepared polypropylene (PP)/walnut shell flour (WSF)/OMMT (50:43:3) nanocomposites directly mixed using a twin-screw extruder with maleated anhydride grafted polypropylene (MAPP) (4%) as a compatibiliser. SEM and TEM analysis for 3% of OMMT demonstrated a higher order of intercalation and good dispersion of clay layers in the nanocomposites as compared to 5% of OMMT. The well-dispersed clay layers within nanocomposites promoted the mechanical properties of the composite due to the high stiffness of clay platelets and lower percolation points. At 5%, OMMT was observed to agglomerate, which led to lower mechanical properties. Water absorption and thickness swelling rates decreased as the content of OMMT and MAPP increased. The dispersion of clay-filled up microvoids and fibers cavities creating a tortuous path preventing deeper water penetration through capillary action. Zhao et al. [117] investigated the relationship of untreated wood flour and silane-treated (WF) with OMMT in PVC-based composites through dry mixing using a high-speed mixer. TEM analysis showed that 0.5% of OMMT was homogenously dispersed as partially exfoliated structures in PVC/treated WF (100:70) composites. OMMT has better interfacial compatibility with treated WF resulting in a significant increase in impact strength and tensile strength (by 14.8% and 18.5%, respectively). The hydrophobic PVC and hydrophilic untreated WF displayed poor interfacial adhesion thus further incorporation of OMMT worsened the compatibility and increased the stress concentration points. At 3 wt.% of OMMT content, the size of dispersed clays became larger and in part aggregated, which led to a minor reduction in the impact strength.




4.4. In Situ Polymerization


The high surface energy of the clay platelets induces the penetration of monomer molecules into the clay interlayer spacing to establish an equilibrium state. As polymerization occurs, the interlayer spacing of clay platelets increases and separates the clay platelets into a disoriented state resulting in an exfoliated structure. The polymerization can be initiated by exposure to heat or radiation and incorporation of catalyst or initiator via ion-exchange reactions. It seems that the surface modification of MMT and natural fibers are essential to establish good compatibility between fillers and hydrophobic polymers. Since MMT and natural fibers are rich in hydroxyl groups, they form strong hydrogen bonds with hydrophilic polymers such as TPS and PVA.





5. Mechanical Properties of MMT/Natural Fiber Reinforced Polymer Nanocomposites


Composites sample are subjected to mechanical evaluation to investigate the negative or positive hybrid effect of the composites. The common mechanical properties evaluated include Young’s modulus, tensile strength, strain at yield, and shear stress, supported with morphological and rheological properties [118]. The hybridization of natural fibers and nanoclay fillers in the same type of matrix polymer has been the focus of researchers due to their easy availability, low density and low cost as well as their enhanced physical and mechanical properties [119]. The hybridizing technique between these two types of filler—natural fibers and nanoclay fillers—enables the reduction of some of the drawbacks of composite materials including low durability and low resistance to water absorption which make them incompatible with non-polar matrices [120]. It is expected that the modulus properties of hybrid composites will increase with the addition of a nanoclay filler loading due to its rigid properties, whilst natural fibers possess a high elastic modulus compared to that of the polymer matrix. Therefore, the addition of rigid filler like nanoclays to natural fiber-reinforced polymer composites enable improvement of the stiffness and strength which cannot be provided by the addition of natural fibers alone [35,120]. This occurrence is attributed to the action of the filler to fill the polymer voids and restrict the movement of polymer chains. This restriction then enhances the mechanical strength and rigidity, improving the load transfer at the matrix-fiber interface, reducing the gas and moisture penetration and improving the flammability properties [121,122].



Despite the enhanced properties provided by hybrid composites, the hydrophilic character of natural fibers and clay-based reinforcement fillers that causes poor interfacial adhesion creates difficulties in providing homogenous dispersions of filler in the composite system. Other than natural fibers, clay-based fillers are also known to have hydrophilic properties. Clays display interlayer formation where van der Waals gaps are created that normally present ions of alkali metals including Na+ and K+, or alkaline-earth ones like Ca2+. These counterbalance the negatively charged platelets and causes more water particles to be chemically linked and attached within the clay structure. Therefore, to improve the affinity between filler and the matrix, the inorganic cations are generally exchanged by ammonium and phosphonium cations. The resulting clays are referred to as organo-modified layered silicates (OMLS) and, in the case of MMT) [122,123]. As reported by Rozman et al. [124], the introduction of nanoclay filler in natural fiber-based composites at levels as low as 1 wt.% is likely to offer better stress transfer throughout the matrix which leads to improved impact and flexural properties. Similar findings by Hetzer and Dee [125] showed that with the addition of 3 to 5 wt.%, nanoclay results in 30% better properties compared to conventional fillers.



However, the potential of agglomeration of filler can lead to deterioration of the composites, particularly at higher levels of nanoclay filler addition. Furthermore, the agglomeration of the filler also can lead to unstable stress concentrations and poor interfacial adhesion between natural fibers and polymers, which cause the brittleness of the composites [126]. Therefore, it is necessary to modify the surface of the fillers and utilize a compatibiliser to ensure their better dispersion and good adhesion with the polymer matrix [32,39,121]. For example, Majeed et al. [32] showed the potential of MMT in polypropylene PP/RH composites as a water-resistant strengthening filler. By integrating MMT into the PP/RH system, the mechanical characteristics were improved and the reinforcement effect due to the application of the compatibilizing agent was notable. With the addition of RH and MMT into a polypropylene matrix, the tensile and flexural modulus improved by 63% and 92%, which showed that higher stress was required for deformation as both RH and MMT are rigid and high-modulus materials. When MMT and PP-g-MAH were employed for the development of PP/RH-based nanocomposites, improved modulus values were achieved. The PP/RH composite tensile and flexural modulus rose by 5% and 4%, by the addition of PP-g MAH and when MMT was used in the presence of the compatibilisers, it rose by 36% and 25%, respectively. The enhancement in the modulus by the addition of the MMT in the composite can be attributed to the presence of delaminated, stiffer platelets and the high aspect ratio of the MMT in the PP polymer matrix, leading to increased interactions between PP chains.



Zahedi et al. [127] addressed the effects of OMMT as a reinforcing agent on the mechanical properties of almond shell flour–polypropylene bio-nanocomposites. Maleic anhydride grafted polypropylene (MAPP) was applied as a coupling agent to improve the poor interface between the lignocellulosic material (hydrophilic) and the polypropylene matrix (hydrophobic). The tensile and flexural properties attained their maximum values when 3 wt.% OMMT was added. The increased population of OMMT molecules leads to agglomeration at a high degree of OMMT loading (5 wt.%). Flexural strength and modulus improved as the OMMT loading was increased by up to 3%. After 3% MMT, it started decreasing. A greater stiffness of clay platelets and lower percolation points can be attributed to this 3 wt.% OMMT load, which is the cause of the improved mechanical properties. This is due to the high aspect ratios of organo-clays and the high surface area of silicate polymer matrix layers, which lead to increased interactions between nano-scaled clay particles and the PP matrix, with good interfacial adhesion. The finding is evidenced in Figure 4 through SEM images of fracture surface of composites with and without addition of OMMT.



Other than synthetic polymers, MMT also was utilized as a material for reinforcement in biopolymer-based composites. To date, to reduce the utilization of petroleum-based polymers, natural-based polymers known as biopolymers have become popular. Among all biopolymers, polylactic acid (PLA) has caught the attention of researchers due to its biodegradability, good processability and excellent biocompatibility properties. To enhance its properties, natural fibers and nanoclay fillers have been introduced into the system to develop cost-effective materials with superior properties compared to composites with carbon and glass fiber inclusion [34]. For example, Petersson and Oksman [128] have reported the effect of MMT and cellulose nanowhiskers (CNW) on PLA. Both tensile modulus and yield strength were increased with MMT, whereas the yield strength was increased by CNW. They had also found a higher ductility for PLA/CNW nanocomposites than for MMT/PLA nanocomposites.



The addition of MMT improved the tensile strength of PLA/MMT nanocomposite to reach a plateau of 5 phr filler content and thereafter it declined at a higher level [129]. Compared to PLA/MMT nanocomposites, neat PLA displayed 63% less tensile strength. This may be due to a significant reinforcing effect of the inorganic phase. The MMT filler is regularly distributed in the PLA and, therefore, sufficient percolation networks are established. An amount of 5 phr of filler was appropriate for the MMT filler to achieve a maximum tensile strength. In excess of 5 phr, the tensile strength value declined. This was because of filler aggregation that resulted in stress concentration spots conducive to fractures. However, with increased MMT filler content, the Young’s modulus of the PLA/MMT nanocomposite increased steeply. It was worth noting that, compared to pure PLA film, the Young’s modulus of PLA/MMT nanocomposites was increased by 18%. This increase was due to the rigid filling of MMT that restricts the movement of the segments in the polymer matrix [129].



It is observed that the tensile strength improves with the addition of CNW and reaches its maximum tensile strength at 3 phr, and then decreases with a higher filler content [129]. The tensile strength of an increase in the interaction between the filler and the matrix, thereby increasing the tensile strength. However, when the filler content is more than 3 phr, the tensile strength decreases. This reduction may be due to the accumulation of CNW in PLA, which then acts as a stress concentration point. However, the Young’s modulus of PLA/CNW nanocomposites gradually increases with increasing CNW filler content. Compared to pure PLA, the Young’s modulus of PLA/CNW nanocomposites is increased by 25%. This increase is attributed to the hardening effect of the high modulus CNW reinforcing material [129]. The tensile, flexural, and impact properties of PLA-hybrid biocomposites were improved by 5.72%, 6.08%, and 10.43% than PLA biocomposites, after adding 1 wt.% MMT [39].



Jalalvandi et al. [130], reported the effect of MMT nanoclay on mechanical properties of starch/PLA hybrid composites, indicated that the tensile strength, tensile modulus, and elongation at break increased after the addition of MMT clay. The tensile modulus values increase up to the MMT content of 4 phr. The MMT particles agglomerated over 4 phr and consequently reduced the tensile modulus. The sample contains 4 phr MMT of the highest Young’s modulus observed. The Young’s modulus of samples started to decrease with the further increase of MMT content in samples. The MMT particles had been unevenly spread across the PLA matrix when MMT content increased beyond 4 phr and there was a chance of agglomerating MMT particles. For the tensile strength graph, with 2 phr MMT loading, the tensile strength sample increased. Due to the exfoliated structure of the MMT-PLA/starch matrix, a significant rise in tensile values was considered. But after the MMT content was increased to 4 phr, there were no substantial changes. The tensile strength of 67 MPa was further increased by the MMT loads. Surprisingly, very slight changes in the tensile strength at 68 MPa were detected with the greatest MMT concentration, that is, 8 phr [130].



Saba et al. [131] worked on mechanical properties of oil palm empty fruit bunch (OPEFB) nanofiller/kenaf fiber/epoxy-hybrid nanocomposites and reported that the tensile strength of nano OPEFB filler/kenaf/epoxy hybrid nanocomposites improved by 24.9% with kenaf/epoxy composites, whereas 20.7% with MMT/kenaf/epoxy hybrid nanocomposites. By adding 3% OMMT to kenaf/epoxy its tensile strength improved by 29.3% with respect to MMT/kenaf/epoxy hybrid nanocomposites whereas a 56% increment was observed as compared to nano-OPEFB/kenaf/epoxy hybrid nanocomposites. This is because of the strong reinforcing effects, a high aspect ratio, good interlayer spacing, and the OMMT platelet structure. This allows the stress concentration to be reduced efficiently under the action of tensile loads on the nanocomposites. In contrast, MMT is a soft and hydrophilic substance that makes it incompatible with the hydrophobic epoxy polymer matrix, which results in a comparatively low tensile strength with the kenaf hybrid nanocomposites filled by OMMT. Consequently, there was no strong interphase between the epoxy matrix and the dispersion phase, which reduces the applied concentrations of tensile stress, in contrast to nano OPEFB filler/kenaf/epoxy hybrid nanocomposites. It was also noted, with regard to the MMT/kenaf/epoxy hybrid nanocomposites, that OMMT hybrid nanocomposites show the highest tensile modulus, which is raised by 14%. Good stiffening and clay layers’ rigidity properties were the root cause of the improvement in tensile modulus of nanoclay (OMMT, MMT)-based kenaf hybrid nanocomposites than OPEFB-based kenaf hybrid nanocomposites. Similarly, the impact strength of OMMT/kenaf/epoxy hybrid nanocomposites improved by 25.9% as compared to MMT/kenaf/epoxy hybrid nanocomposites [131]. The combination of a nano filler and micro-size reinforcements in the polymer may be used to create stronger and lighter hybrid composites with improved mechanical characteristics for a range of housing and bridge applications.



In separate studies, instead of hybridizing the polymer composites using two types of fibers, the utilization of more types of fibers might impart better mechanical properties on the composite systems. In spite of being renewable, non-abrasive and low in cost, natural fiber hybrid composites also exhibit excellent mechanical properties and are environmentally friendly, which make them a material of choice for engineering markets, including the automotive and construction industries [132]. Besides, to complement current trends, the application of nanofillers like MMT nanoclay was also introduced into natural fibers hybrid composites to achieve advanced performance features suitable for future engineering applications. The hybridization of natural fiber reinforced polymer nanocomposites with nanoclay was studied by [133] using two types of natural fibers, viz. wood and coir fibers. The mechanical properties of the hybrid composites were found to be enhanced after the addition of MMT. The Fourier transform infrared spectra also proved the interaction between fiber, polymer and MMT by a new peak around 470 cm−1. The tensile properties of the hybrid of coir fiber/wood polymer composites with the addition of MMT showed the highest value compared to the hybrid composites without MMT addition. This finding supports the surface morphology properties as the hybrid composite with MMT loading showed a smoother surface and indicated high interfacial adhesion attributed to enhance mechanical properties of the hybrid composites.



The PP/EVA/MMT nanocomposites were extensively investigated for the purposes of evaluating their mechanical properties, and it was predicted by different studies that the stiffness of the composites would increase [134]. The clay incorporation technique also had a substantial impact on the dynamic mechanical and rheological characteristics of PP-EVA/clay nanocomposites. These characteristics may be used in a variety of technical applications, such as the automotive sector, which often requires materials with high stiffness. The usage of these materials can also improve appearance, dimensional stability, and dimensional conformity [135].



Table 3 shows the Young’s modulus, elongation at break and tensile strength of various polymeric blends and nanocomposites samples studied by Castro-Landinez et al. [136]. A 21% increase in stiffness was seen for blends with EVA28 while it was 15% with EVA12 as compared with EVOH systems. On comparing EVOH44 and EVOH38 blends, an increment of 0.8% and 10.2% in stiffness was observed. This may be because of addition of a stiffer copolymer (EVOH) than EVA. The results demonstrated that the MMT showed better interactions with PP/EVA blends because they operate as a reinforcing agent than the effect on the PP/EVOH blends. Interestingly, with the introduction of clay into polymeric blends for both PP/EVA and PP/EVOH, the elongation at break and the tensile strength showed no significant change [136].



Shikaleska et al. [137] reported that poly(ethylmethacrylate) (PEMA) and MMT clay particles have a considerable effect on the mechanical properties of poly(vinylchloride) (PVC)/PEMA 90/10 blend composite. A PVC/PEMA combination with a lower Young’s modulus and higher tensile strength and elongation at break than clean PVC is observed. It is intended to achieve a better Young’s modulus, less tensile strength and elongation at break by incorporating MMT clay particles into PVC/PEMA material. This indicated that the MMT clay addition had a greater effect on the tensile strength and elongation at break than on the elastic modulus. Sengwa et al. [138] revealed that the dispersion of MMT in poly(vinyl alcohol) (PVA), poly(vinyl pyrrolidone) (PVP), poly(ethylene oxide) (PEO), and poly(ethylene glycol) (PEG) matrices will improve the mechanical properties of the blended nanocomposites. These synthetic polymers, PVA, PVP, PEO, and PEG are hydrophilic in nature.



Recently, Ramesh et al. [139], worked on the combination of PLA-treated KF-MMT, proving that better properties were obtained in blend form than with the system alone. In order to obtain superior characteristics, it is therefore required to combine kenaf fiber (KF)—MMT and PLA. Currently, OMMT and MMT are of great importance. Both have potential tendency to improve the mechanical properties of any polymer [139]. In contrast to PLA/TKF biocomposites, the flexural, impact and tensile strengths were increased by 46.4%, 10.6% and 5.7%, respectively, when 1 wt.% MMT was added to PLA/TKF/MMT hybrid biocomposites [139]. Adding MMT above 1 wt.%, the above mechanical properties decreased. Ramesh et al. [34] indicated that tensile, flexural, and impact properties were increased by the addition of MMT clay with the treatment of (6%) NaOH-treated kenaf fiber/aloe vera fiber/PLA. The mechanical properties were improved by hybridised 15 wt.% kenaf, 15 wt.% aloe vera fibers and 1 wt.% MMT clay-incorporation. For hybrid nanocomposite, the tensile strength, flexural strength, and impact strength were improved by 5.24%, 2.46%, and 37.10% after adding 1 wt.% MMT clay compared to neat PLA, while the tensile and flexural modulus were increased by 24.61% and 108.09%. The tensile strength was decreased by 14.05% after the addition of 3 wt.% MMT clay as compared with neat PLA. The tensile strength was reduced because of the formation of agglomerations by 3 wt.% MMT clay and micro-evasion. For the same reason, the impact strength also decreased by 14.88% [34].




6. Thermal Properties of MMT/Natural Fiber Reinforced Polymer Nanocomposites


6.1. MMT-Reinforced Natural Fiber Polymer Nanocomposites


The biodegradability of polymeric materials can be accelerated by novel strategies developed as a result of consumer pressure as well as environmental legislation. In this scenario, the production of natural fiber-reinforced biocomposites is a step toward minimizing the environmental footprint of non-biodegradable polymeric materials [140,141]. A number of studies that have been conducted on the biodegradation natural fiber reinforced polymeric materials biodegradation have yielded promising results [142,143]. The advantages of biocomposites emerge from the properties of natural fibers, e.g., low cost, light weight, sustainability, tolerable specific mechanical properties, and environmental compatibility. Nevertheless, the lack of interfacial adhesion, lower processing temperature, as well as high water absorption potential have made natural fiber reinforced composites less appealing. Moisture penetration may negatively impact the mechanical properties and promote fungus growth, which can aid in composites’ degradation [144]. As a result, characterization of the morphological, moisture exposure, and other performance characteristics of natural fiber-reinforced composites is critical for assessing their effectiveness when considering natural fibers as a feasible reinforcement and validating the longevity of such products. Nanoclays are regarded as among the most essential particles for the reinforcement of polymeric matrices and for promoting new and improved properties, e.g., increased stiffness, toughness, flame resistance, as well as gas barrier activity [145,146,147,148]. MMT is the most promising nanoclay of them all. The clay structure is composed of the stacking of hundreds of sheets or platelets in the manner of book pages [145]. The addition of nanoclays to natural fiber reinforced plastic materials as load-bearing components is expected to compensate for the deficiencies in natural fiber reinforced composite materials.



Another important piece of information needed to determine the thermomechanical performance of the hybrid composites is obtained by determining the elastic character of the material at a higher frequency and under the influence of heat. Dynamic mechanical analysis (DMA) is the most common analysis done to evaluate the rheological properties of hybrid composites represented by storage modulus (E′), loss modulus (E′′) and tan δ. The E’ focuses on the elastic behaviour of the material subjected to a sinusoidal stress which provides information about properties including the stiffness, load-bearing capacity, cross-link density and interfacial strength of between fiber and matrix [149,150,151], whilst, the E’’ indicates a higher ability to dissipate energy. The E′′ also indicates better the damping properties to reduce damaging forces caused by mechanical energy. Meanwhile, tan δ provides information regarding the damping parameter of the composite material. A high tan δ value indicates a high non-elastic strain component, whilst its curve is attributed to the energy dissipation as heat during each deformation cycle [146].



A study conducted by Khaliq Majeed et al. [152] on the effect of maleic anhydride-grafted polyethylene (MaPE) compatibiliser on the thermal properties of rice husk (RH) and nanoclay-filled low-density polyethylene (LDPE) composite films demonstrated that adding RH and MMT nanofiller to the LDPE matrix increased the Tm by 1 °C. This could be because the dispersed nanoclay particles acted as a barrier to heat conduction to crystallites until the temperature rose to a point where the heat flow was sufficient to melt the crystallites. The addition of MaPE to RH and MMT-filled LDPE resulted in a clear shoulder near the main peak that became more noticeable with higher MaPE concentrations. No significant difference was observed in crystallization temperatures between both uncompatibilised and compatibilised composite films, indicating the absence of significant MMT nucleation activity in the LDPE-based system [152,153]. Seetharaman and co-workers [154] studied the influence of MMT nanoclay on jute fiber/unsaturated polyester nanocomposites in terms of dynamic mechanical analysis. The addition of nanoclay increased the E’, as a result of the imparting effect of filler reinforcements that are more rigid compared to the polymer matrix [155]. The temperature of the glass transition was increased from 109 to 115 °C, but this resulted in a decrease in the damping factor. This might be because uniform molecular motion requires a large amount of thermal energy and the nanocomposites’ energy accumulation capacity that can be improved by adding more fiber. The drop of the E’ close to the glass transition temperature (Tg) was a result of the composite’s softness. Incorporating nanoclay as the composites’ filler improved the E’ due to the nanoclay that functions as a stiffening agent, reducing the polymeric molecules’ movement [156]. Besides, it was also observed that with a nanoclay content up to 5 wt.% in the polyester, along with 25 wt.% jute fiber content, significantly increased the E’ more than with other MMT nanoclays. This finding resulted from cluster formation in the composite as the nanoclay content was increased. As a result, it developed heterogeneity and, as a consequence, a weak bond was formed between the matrix and the fiber. It was discovered that the 5 wt.% nanoclay and 25 wt.% jute content composites exhibited a lower tan δ peak, which was attributed to the enhanced fiber/matrix adhesion, decreased molecular mobility, and improved load carrying capacity. These observations were obtained from the additions of jute fiber and nanoclay as primary and secondary reinforcement, respectively, producing a positive composite hybridization effect. This phenomenon led to more loads and energy being borne by the hybrid composite, which increased the composite material’s performance. By incorporating nanoclay, energy was dissipated more efficiently at the interface, thereby increasing the material’s stiffness and Tg value [154].



In the work performed by Ramesh et al. [39], the preparation of PLA and PLA hybrid biocomposites was carried out using a twin-screw extruder, two-roll mills, and a compression molding method. 30% treated aloe vera fiber and 0 wt.%, 1 wt.%, 2 wt.%, and 3 wt.% MMT nanoclay filler were used in the PLA-based biocomposites fabrication to study the effect of MMT clay on the thermal properties of the produced PLA and PLA-hybrid biocomposites. The PLA-hybrid biocomposites’ mechanical, thermal, and water resistance characteristics were enhanced with MMT clay addition. The findings of thermogravimetric analysis (TGA) analysis revealed improved decomposition temperature of the PLA-biocomposites with MMT clay inclusion. Adding 3 wt.% MMT clay improved the decomposition temperature of PLA biocomposites from 295 °C to 299 °C in T 10%, similarly, from 338 °C to 350 °C in T 75%.



TGA was employed to study the thermal behaviour and stability of PLA and PLA-hybrid biocomposites. The 10% and 75% weight loss temperatures [157] were set as the baselines for analyzing the thermal stability of both PLA and PLA-hybrid biocomposites. Improvements in the T10% and T75% of PLA-hybrid biocomposites were observed from 295 °C to 299 °C and 338 °C to 350 °C, respectively (Table 4). The thermal decomposition took place in three stages: (1) moisture evaporation at temperatures of up to 150 °C, (2) lignin, cellulose, and hemicellulose degradations, and (3) depolymerization of PLA and MMT clay [158,159,160,161,162,163]. The thermal stability of neat PLA is reduced with natural fiber addition that could be generally be explained by the decrease in polymer thermal stability with natural fiber addition. For PLA (P) and PLA-hybrid biocomposites (A1-containing 1 wt.% MMT, A2-containing 2 wt.% MMT, and A3-containing 3 wt.% MMT) 10% mass losses were degraded at 295 °C, 296 °C, 299 °C, and 299 °C, respectively. Approximately 75% of the biocomposites’ weights were loss at 338 °C, 342 °C, 344 °C, and 350 °C, respectively. For 10% and 75% weight losses, the neat PLA degraded at 327 °C and 358 °C, correspondingly. The PLA-hybrid biocomposites (A3) containing 3 wt.% MMT exhibited the highest decomposition temperatures (299 °C in 10% and 350 °C in 75%) than other biocomposites (A, A1, and A2). These enhancements occurred due to the MMT clay that acted as a barrier, restricted chain mobility, and hindered the decomposition progress. A similar finding was found in a previous study, where hybridization resulted in enhanced thermal stability of the hybrid biocomposites [164].



Sajna et al. [165] successfully prepared green nanocomposites of poly(lactic acid) (PLA)/banana fiber/MMT nanoclay using melt-blending followed by injection molding techniques. Untreated and chemically modified banana fibers as well as organically modified MMT nanoclay with methyltallow bis(2-hydroxyethyl) ammonium (Cloisite 30B) were added as reinforcement into the PLA matrix. Numerous chemical modifications were performed on the banana fibers, including mercerization, silane, sodium lauryl sulphate and permanganate treatments, and a combination of mercerization and silane treatments. To study the effects of banana fiber chemical modification and nanoclay incorporation, the bionanocomposites and biocomposites were characterized via dynamic mechanical analysis (DMA), differential scanning calorimetry (DSC), TGA, and heat deflection temperature (HDT) studies. DMA results showed that the bionanocomposites’ E’ increased with respect to the neat PLA biocomposites. In general, higher dissipation energy is exhibited by composites having poor interfacial bonding, thus, demonstrating a high damping peak magnitude than composites possessing better matrix-filler interfacial bonding that bears higher stress transfer and less dissipation energy [166]. The damping peak of the PLA/SiB/C30B bionanocomposites showed decreasing tan  δ  compared to neat PLA, PLA/UTB, and PLA/SiB biocomposites that was probably due to the excellent filler-matrix interfacial bonding [165]. The DSC findings demonstrated insignificant changes in glass transition temperature. However, both silane-treated fiber and C30B nanoclay additions improved the PLA crystallites nucleation and raised the melting temperatures. There is a relationship between the degree of crystallinity of semicrystalline polymer PLA and its mechanical properties as well as thermal degradation temperature [167]. A sample with a low crystallinity degree degraded rapidly and possessed a lower strength [168]. TGA and derivative thermogravimetry (DTG) analyses concluded that the fillers addition increased the initial and maximum degradation temperatures of biocomposites and bionanocomposites. Banana fiber and C30B both played a significant role in preventing gas release during the thermal degradation process, which resulted in a delay in weight loss [169].



Kumar and Singh [170] prepared hybrid composite materials by incorporating MMT modified with dimethyl dehydrogenated tallow quaternary ammonium cation (Cloisite), layered silicates, and microcrystalline cellulose (MCC) into the thermoplastic polymer. Three types of composites were prepared using an ethylene–propylene (EP) copolymer as the thermoplastic polymer matrix and a maleated EP (MEP) copolymer as the compatibiliser: (i) cellulose melt mixing with thermoplastics [I], (ii) clay melt mixing with thermoplastics [II], and (iii) cellulose melt mixing with thermoplastic clay nanocomposites [III] (Table 5). Characterisation of the composites was conducted via DSC and TGA. The marginal increase in melting point of composites containing clay (TC05–TC15) might be ascribed to the heat deflection behaviour of layered silicates and the constraint of thermal motion of macromolecular chains within the silicate layers [171,172]. According to Tyan et al. [173], thermal expansion in nanocomposites was also reduced during melting because macromolecular chains sandwiched between silicate layers and oriented in a plane (platelet) direction tended to relax in the opposite direction of their original orientation. It might be due to silicate layers that are significantly more rigid than polymer molecules and do not deform, making it difficult for polymer molecules to relax.



Transitions beyond the matrix melting point in ternary composites can be described by the presumption that the layered silicates and rising cellulose fiber concentration increased phase separation and appeared to accelerate heterogeneous nucleation to crystallize at higher temperatures via their role as nucleation centers [174]. Table 6 presents the maximum decomposition of (host) matrix Td (°C) for all samples. Td was found to be approximately 5 °C higher in cellulose composites (CC05) and nanocomposites NC05 than in the neat polymer matrix. A similar effect was observed with the ternary composite (TC05), with an increase of approximately 13 °C as compared to the polymer matrix. The rise in Td for composites containing clay was well explained by some authors who showed that the degraded products diffusion could be limited/slowed down in between the silicate layers [175,176]. The effect of silicate layers on the thermal mobility of molecules is dependent on the orientation of the polymer molecules, rigidity, and stability of the silicate layers. The increment in decomposition temperature, on the other hand, might be insignificant in terms of thermal stability improvement for natural fiber reinforced composites.




6.2. MMT-Reinforced Hybrid Natural Fiber Polymer Nanocomposite


Compression molding was used to develop hybrid fiber reinforced polymer composites from kenaf, and aloe vera fibers, PLA, and MMT clay (Table 7). The fiber and MMT clay hybridization effects on their water absorption, mechanical, biodegradability, and thermal properties were investigated [34]. To enhance the bonding and compatibility of kenaf and aloe vera fibers with the PLA matrix, they were treated with a 6% sodium hydroxide solution. The results revealed that the addition of MMT clay improved the thermal properties of the biocomposites. Adding 3 wt.% MMT clay to the biocomposite increased its decomposition temperature from 280 to 307 °C at T10 and 337 °C to 361 °C at T75. SEM analysis revealed that MMT clay significantly enhanced the compatibility and bonding of fibers and PLA. The MMT clay at 3 wt.% is evenly distributed throughout the PLA matrix and the TEM result indicated that as the MMT content increased up to 6 wt.%, the quality of the MMT dispersion declined due to higher number of agglomerations. The key objective of the research was to study the effects of fiber hybridization and MMT clay content on the thermal characteristics and internal bonding behaviour of PLA/TKF/TAF/MMT hybrid bionanocomposite that was crucial to synchronizing the properties.



From the findings, hybridization improved the biocomposites’ thermal stability, as evidenced by the corresponding TGA curves. The temperature deviations of 10% and 75% weight losses from the baselines, T10 and T75, respectively, were the indicators used for assessing the manufactured biocomposites’ thermal stability that was adapted on a previous work [157]. Improvements in the T10 and T75 of PLA/TKF biocomposite from 280 °C to 291 °C and 337 °C to 343 °C after hybridization, respectively, were observed. The TAF’s high thermal stability was found to balance the TKF’s poor thermal stability. The thermal decomposition took place in three stages: (1) moisture evaporation at temperatures up to 150 °C, (2) lignin, cellulose, and hemicelluloses degradation, and (3) PLA depolymerization. Typically, the polymer’s thermal stability declines with natural fiber addition [177,178,179]. A similar phenomenon was observed with TAF and TKF additions to the neat PLA. However, adding MMT clay resulted in a thermal stability improvement. The 3 wt.% MMT clay reinforced PLA/TKF/TAF composite showed better thermal stability than other bionanocomposites with 280 °C to 307 °C at T10 and 337 °C to 361 °C at T75 improvements than the neat PLA that degraded at 327 °C and 358 °C, respectively. Similarly, the 3 wt.% MMT clay reinforced PLA/TKF/TAF hybrid bionanocomposite was higher than neat PLA in terms of thermal stability, with an improvement of from 358 °C to 361 °C at T75. This finding was due to MMT clay that functioned as a barrier, constrained chain mobility, and hindered the degradation process. This was aligned with previous studies [39,146,171]. It was concluded that the MMT clay incorporation improved the PLA-based biocomposites’ thermal stability.



A thermal properties investigation of MMT-incorporated polypropylene (PP)/RH hybrid nanocomposites was performed by Majeed et al. [32]. TGA was employed to study the thermal behaviour of neat PP composites, and PP nanocomposites with and without the presence of compatibiliser. The temperatures of thermal degradation at 10% and 50% weight losses (T10 and T50) attained from the thermogravimetry (TG) and DTG curves (Figure 5) are presented in Table 8. A one-step degradation process was exhibited by the PP, from 425 °C to 550 °C. On the other hand, RH followed a three-step thermal decomposition (water evaporation, cellulosic substances degradation, and noncellulosic materials degradation), as presented in TGA/DTG curves. From the observation, RH demonstrated similar thermal behaviour with other lignocellulosic fibers [180,181,182]. PP degradation was initiated at 299 °C and was increased with RH incorporation into the matrix that could be ascribed with the lower RH thermal degradation than PP. 10% and 50% weight losses of RH-reinforced PP (PR) occurred at 311 °C and 437 °C, correspondingly, and adding more PP-g-MAH into the PP/RH (PRC) composites slightly altered the PP/RH decomposition temperature. This observation might be due to the improved interaction between RH fibers and the PP bridged by PP-g-MAH. Nevertheless, the MMT/PP-g-MAH addition resulted in a more significant thermal stability improvement in the PP/RH system owing to the existence of the uniformly dispersed delaminated MMT platelets. Namely, thermal degradation improvement is highly influenced by MMT delamination and exfoliation in nanocomposites [183], as reported in [184]. MMT addition also limits the polymer chains movement owing to the presence of dispersed MMT platelets that are rigid and impermeable and assumed to decrease heat conduction [185].



Table 8 presents the peaks of melting and crystallization for neat PP observed at approximately 163 °C and 117 °C, respectively. The melting temperature, Tm, remained unchanged with further PP-g-MAH and/or MMT incorporations. In contrast, a slight decrement in the crystallization peak, Tc was observed with MMT and/or PP-g-MAH incorporations. The MMT addition to the PP/RH composite system yielded partial increment that later became more significant with compatibiliser addition, similar to the PRMC nanocomposites. Changes were found in the characteristics and the nucleation effect that might be associated with the incorporations of MMT and PP-g-MAH into PP. These findings, however, were inconsistent with the other studies [186]. The crystallinity increase from MMT/PP-g-MAH incorporation could be caused by the higher crystallinity of PP-g-MAH and/or the improved interfacial adhesion between MMT and PP [152,187]. Therefore, the increased crystallinity can be ascribed to the intercalation of PP chains between MMT platelets and their possible interaction, with MMT platelets acting as nucleation sites. Impermeable crystalline regions were thought to enhance stress transfer, which affected the overall mechanical properties of the composite. Consequently, the increase in crystallinity enhanced the composite system’s mechanical properties in both dry and wet conditions.



The study on the dynamic mechanical properties of the hybrid composites was done by Rajini et al. [188] by utilizing the coconut sheath/polyester (CS/PS) composites with different additions of MMT (0 to 5 wt.%) to analyze their rheological properties. The authors discussed the effect of nanoclay dispersion on the composite system in the exfoliated and intercalated states, which contribute to the efficient stress transition resulting in secondary reinforcement in CS/PS composites. The authors also found improvement in the modulus of the composites, indicating the effect of the high surface-to-contact ratio of nanoclay on the polymer matrix. The strengthening effect of the nanoscale second phase also led to an improvement in the thermal stability of the composites. At 100 °C, the E’ of CS/PS composites was found to be 812 MPa and increased to 1580 MPa after the addition of 2% and 3% of MMT. However, the value of E’ decreases after the addition of 5% of MMT due to the agglomeration of the MMT filler.



Another thorough study on the dynamic mechanical properties of hybrid natural composites with nanoclay addition was done by Chee et al. [146] with the combination of non-woven bamboo and woven kenaf reinforcement in epoxy composites. The dynamic mechanical properties of these hybrid composites were analyzed based on different types of nanoclays addition viz. organically modified OMMT, MMT and halloysite nanotube (HNT). The E′ of the composites in the glassy region were found to increase by 98.4%, 41.5% and 21.7% with the addition of OMMT, MMT and HNT, respectively. This improvement can be attributed to the toughening effect by the nanoclay, which limits the movement of the polymer chain. A similar trend was also observed for E′′ value. The E′′ value increase by 159%, 65.2% and 53.6% for OMMT, MMT and HNT, respectively, which indicates higher internal friction has been induced by the addition of nanoclay that leads to higher energy dissipation. Meanwhile, the tan δ peak was found to decrease after the addition of nanoclay, which was attributed to the higher damping properties of non-elastic deformation. The reduction in the magnitude of the peak can also be referred to as the interlocking mechanism between nanoclay, fibers and epoxy polymer which restricts the polymer chain movement. Among all samples, the BK/E-OMMT composite represents the lowest tan δ peak, indicating strong interfacial adhesion interaction that reduces energy dissipation at the interface.





7. Flame Retardancy Properties of MMT/Natural Fiber Reinforced Polymer Nanocomposites


Flame retardancy of composites is another important characteristic that can determine their applicability. This information can be obtained by several characterization methods such as by using vertical burning tester, horizontal burning tester, oxygen index detector, cone calorimeter, etc. From vertical burning, the burning rating of composites can be determined based on burning time, afterglow time and dripping behaviors and reported as V-0, V-1, and V-2. Meanwhile, burning rate can be obtained from horizontal burning. Additionally, an oxygen index detector can be used to check the limiting oxygen index (LOI) of the composites. Some combustion properties like time to ignition (TTI), heat release rate (HRR), peak of release heat (PHR), average heat release rate (HRR), total heat release (THR), mass loss rate (MLR) and char yield can be acquired by using cone calorimeter tests. In general, the flammability of the composites is determined by several factors including chemical, physical, microscopic, and phase structure. There are various ways that can be used to reduce the flammability of composites. One of the most popular techniques is to introduce flame retardant materials. Another way is to use a non-flammable filler that will reduce combustible materials in the systems [189].



Suwanniroj and Suppakarn conducted a study on flame retardancy enhancement of polybutylene succinate (PBS) by addition of hybrid filler. In this study water hyacinth fiber (WHF) and MMT was used as the fillers and ammonium polyphosphate (APP) was added as the flame retardant. APP is a phosphorus-nitrogen containing flame retardant and was chosen due to its low toxicity, high efficiency and effective in reducing smoke. Phosphoric acid, water, and ammonia gas are formed as APP decomposes. Ammonia gas dilutes the concentration of oxygen gas in the gas phase, whereas phosphoric acid reacts with the carbonaceous component to create carbon char on the composites surface. This char functions as a protective layer, preventing heat and mass transfer between the gas and condensed phases. PBS and four other compositions of composites were prepared and their flame retardancy properties were characterized by vertical and horizontal burning test and the details were presented in Table 9. The results show that the neat PBS is a flammable material. PBS has 16.39 mm/min horizontal burning rate and unclassified (NC) rating for vertical burning test with severe melt-dripping and flaming material. The dripping material led to the ignition of cotton placed below the sample. Upon the addition of fillers, the horizontal fire-spread rate of the composites improved significantly. The APP/WHF/PBS and MMT/APP/WHF/PBS did not give horizontal burning rate as the composites extinguished themselves on removal from the ignition source. In addition, they obtained V-2 rating for vertical burning test with self-extinguish was less than 30 s. Moreover, melt dripping and ignition of absorbent cotton was still observed for these composites despite the addition of APP and MMT [190].



Subasinghe et al., prepared PP/kenaf composites reinforced with an intumescent flame retardant (IFR), and two different types of nanofillers which were HNT and MMT to investigate their flammability properties. The neat PP, PP/kenaf composites (KeC), PP/Kenaf/IFR (KeC-IFR), PP/Kenaf/IFR/HNT (KeC-IFR-HNT) and PP/Kenaf/IFR/MMT (KeC-IFR-MMT) was studied using a vertical burning tester. From the analysis, they found out that the neat PP showed an intense dripping starting within 15 s of first flame application and the time substantially increase with the addition of kenaf (52 s) and IFR (85 s). However, addition of 3% HNT reduced the dripping time to 82 s and lowered the flammability performance. On the other hand, addition of 3% MMT had increased the flame retardancy properties at which the flame extinguished during the first 3 s of the first flame and the dripping delayed until 65 s of the second flame application. They deduced that in the presence of MMT, the sample’s sustained combustion improved significantly. Further, the composites were analyzed by cone calorimeter and the details are presented in Figure 6. Based on the HRR data on Figure 6a, it can be seen that neat PP completely burned within 4 min with a value of 1145 kW/m2. Upon the addition of kenaf fiber (30 wt.%) the HRR value reduced by 36%. Further reduction up to 67% was observed after the incorporation of IFR. This is due to the presence of a more stable intumescent char stabilized the unstable lignocellulose ash layer, which is form during combustion of kenaf. The presence of HNT and MMT nanoparticles enhanced the HRR value due to the formation of phosphocarbonaceous compound-containing aluminosilicate structures. As a comparison, KeC-IFR-MMT shows better performance with lower HRR value compare to the system with HNT. This can be linked to the viscosity and effective particle dispersion of the nanoparticles. From Figure 6b, the THR value is decreased after the addition of kenaf, IFR, HNT and MMT. Other important factors in the fire atmosphere for the composites are the amount of smoke release (SPR) and carbon monoxide production (COP) during combustion process. Figure 6c shows KeC-IFR-MMT produce the least amount of smoke compare to other system. Meanwhile, the KeC system produced the least CO during combustion and the addition of IFR significantly increases CO production as depicted in Figure 6d [191].



A study on the thermo-oxidative stability and flammability properties of bamboo/kenaf/nanoclay/epoxy hybrid nanocomposites was performed by Chee et al. Four systems were prepared in this study with three types of nanoclay which are HNT, MMT and organically modified MMT (OMMT). The ratio of bamboo (B) to kenaf (K) was fixed at 50:50 and the amount of nanoclay added is 1 wt.%. Initially, the epoxy/nanoclay was mixed by in situ polymerization method. Then, the fiber reinforced epoxy/nanoclay was obtained through a hand lay-up technique. The samples were denoted as B/K/HNT, B/K/MMT and B/K/OMMT. The control sample (B/K/epoxy) was prepared omitting the nanoclay. The first analysis for flame retardancy was conducted by using horizontal burning test. All samples did not extinguish and were able to pass first and second gauge length. There was also no flame dripping observed for all samples. They suggest that the mat-form reinforcing fibers provide better structural integrity to the composites. Besides, addition of nanoclay delays the flame spread. The flammability rating for all samples were HB 40 indicates that their burning rate is less than 40 mm/min and they follow the sequence of B/K/epoxy > B/K/HNT > B/K/MMT > B/K/OMMT. The flame delay was caused by the formation of a protective carbonaceous layer. This layer acts as a heat and flame insulator that limits the outgoing volatile gases and oxygen diffusion into the material. The B/K/OMMT composites shows better performance because of the presence of organic modifier enhances the catalytic effect during charring process; thereby produced a denser and more cohesive char. The second characterization was conducted to study the LOI of the nanocomposites. LOI can be defined as the lowest oxygen concentration needed to support flaming combustion of a material. From this analysis the B/K/epoxy, B/K/HNT, B/K/MMT and B/K/OMMT recorded LOI value of 19.8%, 22.9%, 22.9% and 27.7%, respectively. The B/K/epoxy is classified as combustible material as its LOI value is less than air oxygen content (21%) whereas all the nanoclay hybrid composites are self-extinguished as they have LOI value greater than 21%. This proves that addition of HNT and MMT nanoclays improve the flame retardant properties of the composites. This study found out that the LOI value increase with their ability to yield char. Higher amount of char will reduce the emission of flammable volatile and thus the oxygen level required to maintain flaming combustion will increase [192]. In addition, from the SEM analysis, the presence of filler, agglomerates and large tactoid particles on the surfaces of MMT/epoxy and HNT/epoxy nanocomposites fractioned items can be observed, while OMMT/epoxy nanocomposites showed more uniform dispersion.



Dutta and Maji prepared composites from PVC with microcrystalline cellulose (MCC) from RH and MMT by melt blending process at different MCC and MMT loadings. From the study, the LOI values for PVC/MCC and PVC/MMT are 44.4% and 46.7%, respectively. Interestingly, hybrid PVC/MCC/MMT has a higher LOI value (50.0%) compared to the individual systems. This is due to the formation of carbonaceous-silicate charred layer on the surface of the composites during combustion that retarded the heat transfer and thus delayed the decomposition rate. They suggested that the lower LOI value for single systems could be attributed to the agglomeration and poor dispersion of the components in the composites [193].



Composites from PLA/recycled bamboo chopstick fiber with multifunctional additive systems were produced by Wang and Shih. In this study, MMT was added as nanofiller, while APP and expandable graphene (EG) was used as flame retardants. Prior to mixing, the chopstick fiber (CF) underwent an alkaline treatment and then was chopped to obtain an average length of 2–4 mm. Both CF and MMT were treated with a silane coupling agent to obtain modified fibers and MMT (MCF and MOMMT). The composites were prepared by varying the amounts of APP and EG. The flammability characteristics were analyzed by a vertical burner tester. Details of the analysis are presented in Table 10. Based on the result, PLA can be classified as a flammable material with no rating in the UL94 standard. Similar pattern was found for the PLA containing 13 phr of EG and 4 phr of APP. A similar composition added with MCF and MOMMT produced a composite that passed the vertical burning test V-1 rating. Though dripping still occurred, the sample did not ignite the cotton. This proved that the addition of MCF and MOMMT enhanced the flammability of the composites. By modifying the amount EG and APP component, both PLA/23EG-4APP/MCF/MOMMT and PLA/13EG-8APP/MCF/MOMMT passed the V-0 rating, no dripping occurred and the cotton did not ignite.



Further, photographic images of the composites after combustion process are shown in Figure 7. It is evident from the image, that the PLA had severe dripping problems. Char residues formation can be observed for the composites, especially for the PLA/23EG-4APP/MCF/MOMMT. They deduced that the addition of EG promoted the char yield in the presence of APP. During burning, EG was the first to degrade and expanded into a worm-like and loose porous char. This will inhibit oxygen and heat from permeating the substrate materials. After that, APP decomposed and produced polyphosphoric and ultraphosphoric acids, which catalyzed PLA to form a dense, continuous, and sealed char layer. This char layer protected the inner materials and limited the degradation of PLA [194].



The effect of MMT loading on the properties of methacrylic anhydride modified epoxidized soybean oil (MAESO), wood flour (WF) and divinyl acrylicpimaric acid (DAPA) was investigated by Mandal et al. The properties of composites with different percentages of nano-clay were investigated and reported. The composites were prepared by compression molding at loadings of 0, 1, 3 and 5 wt.% of MMT. The flame retardance characteristic was by determined by the LOI value. Based on the result, the LOI value of the MAESO/DAPA/WF composites increased with the increase in the MMT loading. The recorded LOI value for MAESO/DAPA/WF/MMT0, MAESO/DAPA/WF/MMT1, and MAESO/DAPA/WF/MMT3 were 55%, 57% and 60%, respectively. Beyond the 3 wt.% level, the LOI value decreased as observed for the MAESO/DAPA/WF/MMT5 with 58%. Similar like the previously reported study, the MMT produced silicate char on the surface of the composites and provided a thermal barrier to the oxygen and heat. This resulted to the improvement of LOI value and the flame retardancy of the composites. However, at high MMT loading, there is a tendency of the nanoclay to agglomerate and thus decrease the interactions and barrier properties [195].




8. Biodegradation Properties of MMT/Natural Fiber Reinforced Polymer Nanocomposites


The incorporation of reinforcement in composite systems could enormously change the overall degradation characteristics of the resulting polymer composites systems. This is attributed to the superior properties of natural fiber reinforced polymer composites with nanoparticles due to their nano-level characteristics which maximize the interfacial adhesion. The addition of nanoclays not only can significantly improve the mechanical properties of the biocomposites, but also enhance the barrier properties and chemical hindrance, which leads to the reduction of the biodegradation time for the composites [195,196]. In addition, the incorporation of nanoparticles with antibacterial properties like those that MMTs can possibly affect the antibacterial properties of biocomposite systems by diminishing the quantity and propagation of microbes (bacteria, fungi).



The study on the effect of MMT loading in wood/plant oil composites was studied by Moon et al. [195] with a focus on the biodegradation properties of the composites. Composite samples were loaded with 0, 1, 3 and 5 wt.% of MMT and treated with a cellulolytic bacterial strain in liquid broth culture medium for the biodegradation study. In general, the addition of MMT resulted in declines in the collapse of wood composites caused by its antimicrobial activity. The weight loss of the composites was observed after 3 month of incubation. It is started with the bacterial growth of the bacterium Pseudomonas sp. that initially degraded the lignin part of the wood and continued to degrade cellulose and pectin after the production of cellulose and pectinase enzymes. Through the evaluation on the SEM results, the physical breakdown of composite on exposure to microbes were reported, attributed to the bacterial degradation activity. The degradation also shown to be prominent for a control sample without addition of MMT. The biodegradation activity was shown to decrease as the MMT loading increased due to the strong interconnected network of MMT in the composite which slowed down the accessibility and reactivity of the microorganisms. The addition of nanoclay also hinders the water absorption process thus further inhibiting the penetration of microorganisms within the composites.



Another study has been done by Islam et al. [197] to evaluate the effect of MMT addition on the biodegradability properties of kenaf/coir/PP composites. Similar findings were also reported as the biodegradability properties decrease as the MMT loading increased in the composite systems. The enhancement of the mechanical properties of the composites after the addition of MMT filler was seen to reduce the possibility of the weight loss of the composites thus diminishing the biodegradation process. These properties are very important to enhance the quality of the natural fiber-reinforced polymer composites to make them worthy materials for various applications, especially those that require strength and high durability.




9. Applications and Potential Use of MMT/Natural Fiber Reinforced Polymer Nanocomposites


To date, extensive studies has been conducted on lignocellulosic fiber-reinforced polymer composites hybridised with MMT nanoclays and they are growing in popularity in the development of advanced constructional and structural materials with superior performance at a low cost [34]. For instance, Islam et al. [133] revealed that after incorporating MMT, hybrid coir/wood/PP composites had higher tensile strength and modulus than wood/PP and coir/PP composites. The nanoclay improved the mechanical properties of the composites by enhancing interfacial interactions and the adhesion between the fiber and the polymer matrix. Majeed et al. [32] have studied the hybridization effect of MMT and RH on the mechanical and thermal properties of PP nanocomposites and discovered that the tensile and flexural modulus of PP increased by 63% and 92%, respectively, when RH and MMT were incorporated simultaneously into the PP matrix. The authors also found that adding solely RH to the PP matrix reduced the thermal stability of the composites. However, introducing MMT to PP/RH composites enhanced the thermal stability. DSC studies demonstrated that adding RH and MMT to the PP matrix increased crystallinity while maintaining melting and crystallization temperatures. Hybrid nanotechnology brings in a new era in material science, contributing to the development of ultra-high-tech advanced composites for future engineering applications. In regards to this matter, material scientists aim to diversify the applicability of MMT/lignocellulosic fiber nanocomposites in various areas, including electronics, automotive, outdoors, and adsorbents, as discussed in the subsections that follow.



9.1. Automotive Applications


With significant advances in science and technology, the manufacturing industries are shifting to more sustainable and environmentally friendly economic production. In relation to this matter, researchers are focusing their attention on developing novel materials for the benefit of society. Hybridizing lignocellulosic fiber with MMT presently offers tremendous potential in terms of features that can transcend conventional composites with the inclusion of only a small amount (5%) of nanoparticles, including superior mechanical strength, higher elastic modulus, high thermal stability, and fire resistance [198]. Hybridised nanocomposites have opened up new possibilities in the automotive industry due to their hassle-free fabrication and overall property improvements.



According to Galimberti et al. [199], the main driving forces for using clay polymer nanocomposites in the automotive field can be summarized as follows: (i) lighter weight of the vehicle, with fuel savings and reductions in CO2 emissions: (ii) greater safety, (iii) better drivability, and (iv) increased comfort. These aims can be achieved by introducing MMT as a nanofiller in the polymer nanocomposites of a car. The MMT nanoclay hybridised with lignocellulosic fiber-reinforced polymer composites can be applied to several parts of a car such as suspension and braking systems, engines and power train, exhaust systems and catalytic converters, frames and body parts, paints and coatings, lubrication, tires, electrical and electronic equipment. By referring to Table 11, several thermoplastic or elastomeric polymers have been used in hybridised nanocomposites containing about 80% of clay minerals [199].



Another important feature that needs to be highlighted is the flammability properties of automotive parts. Nowadays, most parts in cars have been replaced with plastic-based materials for lighter and more fuel-efficient cars. However, for this reason, the severity of collisions and non-crash auto fires is likely to worsen. Despite the implementation of rules imposed by the Federal Motor Vehicle Safety Standard and Flammability of Interior Materials issued by the National Highway Traffic Safety Administration (NHTSA) in 1968 and 1972, respectively, by the US government, fires have continued to be a serious threat. The combustible plastics in the form of electrical wiring, upholstery, and miscellaneous components are the most likely parts to ignite in automobile fires (47%) which is worsened by 27% by the presence of fuel for ignition. Therefore, due to the fire hazard caused by the plastic materials in motor vehicles and the speed at which plastics spread flames, smoke and combustion into the passenger compartment, automakers have continued to seek solutions to reduce the risk of fires occurring rather than relying on rescue efforts once the fire is initiated [200]. The effectiveness of nanoclay to improve the flammability properties of the lignocellulosic reinforced polymer composites was studied by Chee et al. [192] using bamboo/kenaf/epoxy nanocomposites reinforced with different types of nanoclay viz. MMT and O-MMT. Through the study, all hybrid nanocomposites achieved an HB40 rating in the UL94 horizontal burning test. However, the LOI value of the nanocomposites was observed to increase from 20% to 28% after the addition of nanoclays. The smoke generation was also remarkably reduced after the addition of nanoclays. The authors stated the mechanism of improvement imparted by the addition of nanoclays relies on the formation of an insulator barrier that provides a better charring effect which limits the migration of mass and heat between the gas and solid phase during the combustion process. The authors also found the effectiveness of organically modified MMT (O-MMT) compared to unmodified nanoclay due to better dispersion level with less agglomeration.




9.2. Outdoor Applications


Composite materials are generally designed and developed for use outdoors. Various types of composite technologies have been accessible in the market over the last few decades, but not all of them are suitable for integration or incorporation in building envelopes. These materials must be able to withstand temperatures of up to 60 °C or higher in particular to be suited for outdoor applications [201]. Moreover, composites should be able to meet certain key standards in terms of mechanical stability, fire resistance, sound insulation, thermal insulation, and other features as building components. Nevertheless, most polymers used for outdoor applications are light sensitive and frequently subjected to weathering, making them susceptible to degradation. Weathering aging, or more precisely photo-oxidation of polymer structures, is another aging mechanism that negatively impacts the service life of polymer materials under high-temperature conditions or in outdoor applications [202]. Weathering aging occurs when a polymer absorbs ultraviolet solar photons and atmospheric oxygen, resulting in discoloration and undesirable loss of mechanical properties caused by chemical bond scission and chain crosslinking of the polymer structure with exposure time [203]. Generally, weathering aging begins on the surface and eventually penetrates all the polymer material, depending on their chemical composition, environmental conditions, and exposure time [204]. However, it should be emphasized that degradation can be slowed but not totally avoided. This exposure causes catastrophic failure or severely jeopardizes the structural integrity of composite materials, diminishing their overall thermomechanical characteristics [205].



Kord et al. [206] found that exposing weathered samples (virgin polymers) for a longer time in an accelerated weathering environment elevated color change, lightness and water absorption. Hybrid nanocomposites, on the other hand, showed minor alterations in lightness and water absorption. Water cannot penetrate further into the composite because nanosized MMT could fill micro voids and fiber lumens, providing indirect weathering protection by reducing water absorption and oxidative activity, which results in less lightening [207]. Therefore, they can withstand the impacts of the sun, rain, and other weather conditions. Zahedi and his co-workers [116] observed a similar finding. The hybridization of MMT with lignocellulosic fiber also improves the nanocomposites resistance to electricity, chemicals, heat and flame, allowing these materials to be used as potential components for building enclosures including roofs, walls, windows, and shadings [51,208].



Most natural fiber reinforced composites (NFRPCs) find usage in outdoor applications, such as for construction products and building elements to comply with the fire safety codes such as EN 13501–1-2009 that emphasize fire resistance properties as necessary. Therefore, it is very important to develop and optimize fire-retardant composite materials at laboratory scale for evaluation through standard techniques such as TGA, Cone calorimetry based on ISO 5660-1 standard, limited oxygen index (LOI), burning test (UL 94 vertical or horizontal burning test) etc. [209,210]. The studies on NFRPC for outdoor applications as an alternative for conventional materials such as for components like roofs and door panels have been widely reported. Despite evaluating the mechanical and physical performance of the NFRPC, it is necessary to evaluate the flame and thermal resistance of the fabricated composite in case of any fire accidents. Through a series of laboratory analyses, Rajini et al. [211] proved the improvement in the thermal and flammability properties of the coconut sheath (CS) reinforced PE composite. The hybridization of the CS/PE composite with 5 wt.% of MMT nanoclay was observed to remarkably decrease the heat release rate and the mass loss rate of the composites by the char formation mechanism. The char formation acted as a heat barrier, thus lowered the flammability properties of the composites. Moreover, treated CS fiber also influenced the thermal properties of the composites by lowering the degradation temperature due to the presence of more hydroxyl group to attract water. This finding proved the ability of hybrid lignocellulosic/MMT polymer composites to be applied for outdoor applications.




9.3. Coating Applications


The integration of filler such as nanoclays, cellulose micro- or nanofibers, and MMT into coating products is generating a lot of attention in terms of improving general physical characteristics in plastics and bioplastics. The use of cellulose biofibers in melt blending and solution casting processing methods to enhance the barrier characteristics to gases and vapors and to impart new functions to biopackaging plastics has resulted in the creation of nanocomposites for food packaging applications. It has also been found that reinforcing biopolymers with organically modified MMT improves their characteristics significantly. MMT have been used as possible packaging materials in many studies. Chowdhury [212] investigated the effect of adding mica nanoclay to a PLA matrix vs. using MMT nanoclay and found that the oxygen barrier was improved. Mohan and Kanny [213] in their study was found that the MMT-treated fibers have a higher surface area, resulting in less moisture absorption. They also found that untreated and MMT-treated fibers have sigmoidal isotherm sorption behaviour, and sorption hysteresis is dependent on crystallinity and MMT infusion.





10. Environmental Concerns, Health, and Safety Issues of MMT


The inclusion of MMT into polymeric systems improves their barrier, thermal, and mechanical resistance, making them ideal for a multitude of industrial applications, including environmental remediation, engineering and construction, and food industry. Moreover, MMT has been widely utilized for biological applications since it has demonstrated very low cytotoxicity both in vitro and in vivo, and owing to its chemical properties, MMT can intercalate biologically active molecules, resulting in efficient systems for oral or topical drug delivery [214]. Nevertheless, MMT extraction, development, and application, like most other materials, are prone to environmental and safety concerns.



There have been relatively few experimental investigations into the exposure and possible toxicity of MMT to living organisms up to this moment. Even so, there are possibly two key aspects that should be considered when utilizing MMT: particle size and chemical composition. Epidemiological research has shown that morbidity and fatality have been related to an elevation in airborne particles, primarily those within the ultrafine size range (<0.1 μm) [51]. These nanoparticles have the tendency to penetrate the human body and circulate via the bloodstream to vital organs, causing toxicity and health issues such as tissue damage. Based on the findings of Mainasaba et al. [215], it can be inferred that MMT is potentially genotoxic since it induces the formation of micronuclei at non-cytotoxic concentrations, and thus poses a threat to human health, particularly when long-term exposure is considered. Nonetheless, MMT incorporated into bulk materials or polymer products will not cause these problems.



Till now, there seem to be no experimental investigations into MMT exposure in natural environments and its potential toxicity. There is virtually no known information regarding the exposure pathways, the limits of MMT exposure, and their toxicity towards the environment in occupation-related scenarios all over the world since this data has not been reported elsewhere. To monitor nanosafety for the environment in the real world, environmentally aware product design frameworks and life cycle assessment (LCA) approaches are recommended. The most essential steps in characterizing and evaluating MMT in the environment are the development of MMT databases to analyze the LCA of products: gathering real MMT data for the development of exposure limits for MMT and formulation of advanced models, as well as the implementation of standardized protocols [216]. These procedures will aid in determining the risks associated with the application of MMT in the real world, therefore improving worker safety.




11. Conclusions and Future Outlook


The implementation of MMT to modify composites for structural applications is gradually expanding. The inclusion of the nanofillers not only takes place in pure polymer and synthetic fiber reinforced polymer composites, but moreover in biocomposites which are mainly made up of lignocellulosic fibers. Most research studies found that the introduction of MMT enhanced the mechanical and water barrier properties of biocomposites as well as their thermal capability. These behaviour alterations depend mainly on the exfoliated/intercalated balance of the nanoclay filler introduced. The review article also specifies that flexural, tensile, compression, and impact strength were investigated for a wide range of solutions and uses.



According to the literature, MMT can be a well dispersed in polymer resins with the aid of mechanical stirrers to improve its homogeneity. Compared with the pure polymer matrix, the addition of the MMT in composites results in low dielectric permittivity, low dielectric loss, and enhanced dielectric strength. Moreover, the MMT nanofillers allow the enhancement in terms of thermal conductivity and stability. These improvement properties are highly influenced by the compatibility of interfaces between MMT and polymer resin. Other than that, the MMT modified with chemical treatments such as GPTMS and g-APTES promote greater influence in improving the interface between the nanoparticles and polymer matrices, thus causing lower dielectric loss, electric conductivity, lower thermal conductivity, as well as higher thermal stability and breakdown strength. From this point of view, it can be concluded that the inclusion of MMT could potentially benefit the structural industries, especially in the electrical transmission sector, since it promotes good electrical insulation properties in composites. In conclusion, this review can benefit many composite structural sectors in order to stimulate lower raw material and manufacturing costs of composite products with great strength and stiffness.
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The following abbreviations are used in this manuscript:



	APTES
	Aminopropyltriethoxysilane



	APP
	Ammonium polyphosphate (APP)



	B
	Bamboo



	BR
	Butadiene rubber



	CF
	Chopstick fiber



	CNF
	Cellulose nanofibers



	CNW
	Cellulose nanowhiskers



	COP
	Carbon monoxide production



	CS
	Coconut sheath



	CS
	Corn starch



	DAPA
	Divinyl acrylicpimaric acid



	DMA
	Dynamic mechanical analysis



	DSC
	Differential scanning calorimetry



	DTG
	Derivative thermogravimetry



	E″
	Loss modulus



	E′
	Storage modulus



	ECAE
	Equal channel angular extrusion



	EP
	Ethylene–propylene



	EVA
	Ethylene-vinyl acetate



	EVOH
	Ethylene vinyl alcohol



	EG
	Expandable graphene



	GPTMS
	Glicydoxy propyl trimethoxysilane



	HDPE
	High density polyethylene



	HDT
	Heat deflection temperature



	HNT
	Halloysite nanotube



	HRR
	Heat release rate



	iPP
	isotactic PP



	IFR
	Intumescent flame retardant



	K
	Kenaf



	KeC
	Kenaf composites



	KF
	Kenaf fiber



	LCA
	Life cycle assessment



	LDPE
	Low-density polyethylene



	LOI
	Limiting oxygen index



	MAESO
	Methacrylic anhydride modified epoxidized soybean oil



	MAH
	Maleic anhydride



	MaPE
	Maleic anhydride-grafted polyethylene



	MAPP
	Maleated anhydride grafted polypropylene



	MCC
	Microcrystalline cellulose



	MCF
	Modified chopstick fiber



	MEP
	Maleated ethylene–propylene



	MLR
	Mass loss rate



	MMT
	Montmorillonite



	MOMMT
	Modified montmorillonite



	NaMMT
	natural sodium montmorillonite



	NBR
	Nitrile butadiene rubber



	NFRPC
	Natural fiber reinforced composites



	NHTSA
	National highway traffic safety administration



	OMLS
	Organo-modified layered silicates



	OMMT
	Organically modified montmorillonite



	OPEFB
	Oil palm empty fruit bunch



	OTR
	Oxygen transmission rate



	PBS
	Poly(butylene succinate



	PEG
	Poly(ethylene glycol)



	PEMA
	Poly(ethylmethacrylate)



	PEO
	Poly(ethylene oxide)



	PHR
	Peak of release heat



	PLA
	Polylactic acid



	PP-g-MAH
	Maleic anhydride grafted polypropylene



	PP
	Polypropylene



	PS
	Polystyrene



	PVA
	Polyvinyl alcohol



	PVC
	Poly(vinylchloride)



	PVP
	Poly(vinyl pyrrolidone)



	RH
	Rice husk



	SBR
	Styrene butadiene rubber



	SiB
	Silane treated banana fiber



	SPR
	Smoke release



	SEM
	Scanning electron microscope



	TAF
	Treated aloe vera fiber



	TEM
	Transmission electron microscopy



	TKF
	Treated kenaf fiber



	TG
	Thermogravimetry



	TGA
	Thermogravimetric analysis



	THR
	Total heat release



	TPS
	Tapioca starch



	TTI
	Time to ignition



	WF
	Wood flour



	WHF
	Water hyacinth fiber



	WSF
	Walnut shell flour



	WVTR
	Water vapour permeability rate
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Figure 2. Schematic diagram of in situ exfoliation of MMT to aid its intercalation in polymer matrix. Reproduced from [72]. 
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Figure 3. Schematic structure of lignocellulosic natural fiber. Reproduced from [84]. 
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Figure 4. The SEM micrographs of fractured surfaces of composites types: (a) ASF/PP/MAPP composites, (b) ASF/PP/MAPP reinforced 3% OMMT and (c) ASF/PP/MAPP reinforced 5% OMMT. (ASF: Almond shell flour; PP: Polypropylene; MAPP: Maleic anhydride polypropylene; OMMT: organo-modified montmorillonite) [127]. 
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Figure 5. TG/DTG curves for neat PP, RH, and the representative composites. Reproduced from [32]. 
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Figure 6. Flammability analysis by cone calorimeter: (a) HRR, (b) THR, (c) SPR, and (d) (COP). Reproduced from [191]. 
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Figure 7. Photographic images of char residues after combustion of (a) neat PLA (b) PLA/13EG-4APP/MCF/MOMMT, (c) PLA/23EG-4APP/MCF/MOMMT, and (d) PLA/13EG 8APP/MCF/MOMMT composites. Reproduced from ref. [194]. 
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Table 1. Physical and chemical characteristics of MMT.
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Properties

	
Description






	
Physical properties




	
Color

	
White, grey, beige to buff




	
Surface area (m2/g)

	
240




	
Bulk density (g/L)

	
370




	
Diameter of particles (μm)

	
1




	
Length of particles (nm)

	
100–150




	
Surface dimensions (nm)

	
300–600




	
Crystal system

	
Monoclinic




	
Transparency

	
Translucent




	
Fracture

	
Irregular




	
Aspect ratio

	
High




	
Nature

	
Hydrophilic




	
Chemical properties




	
Chemical composition (%)

	




	
SiO2

	
73.0




	
Al2O3

	
14.0




	
Fe2O3

	
2.7




	
K2O

	
1.9




	
MgO

	
1.1




	
Na2O

	
0.6




	
CaO

	
0.2
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Table 2. Chemical composition of lignocellulosic fibers.






Table 2. Chemical composition of lignocellulosic fibers.





	
Natural Fiber

	
Lignocellulosic Components (%)

	
Ref.




	
Cellulose

	
Hemicellulose

	
Lignin






	
Sugar Palm

	
43.88

	
7.24

	
33.24

	
[98]




	
Bagasse

	
32 to 34

	
19 to 24

	
25 to 32

	
[99]




	
Bamboo

	
73.83

	
12.49

	
10.15

	
[100]




	
Flax

	
60 to 81

	
14 to 20.6

	
2.2 to 5

	
[101]




	
Hemp

	
70 to 92

	
18 to 22

	
3 to 5




	
Jute

	
51 to 84

	
12to 20

	
5 to 13




	
Kenaf

	
44 to 87

	
22

	
15 to 19




	
Ramie

	
68 to 76

	
13 to 15

	
0.6 to 1




	
Sisal

	
65.8

	
12

	
9.9

	
[102]




	
Pineapple

	
66.2

	
19.5

	
4.2

	
[103]




	
Coir

	
32 to 43

	
0.15 to 0.25

	
40 to 45

	
[104]
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Table 3. Mechanical properties (Young’s modulus, elongation at break and tensile strength) of polymeric blends and nanocomposites samples.
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	Type of Material
	Matrix
	Young’s Modulus (GPa)
	Elongation at Break (%)
	Tensile Strength (MPa)





	Neat Polymers
	PP

EVA12

EVA28

EVOH38

EVOH44
	0.96 ± 0.04

0.10 ± 0.05

0.09 ± 0.04

2.32 ± 0.21

1.83 ± 0.23
	690 ± 10

825 ± 60

900 ± 50

43 ± 21

48 ± 18
	22.30 ± 4.00

14.88 ± 3.27

16.24 ± 4.21

57.41 ± 3.12

45.05 ± 7.34



	Polymeric blends
	PP/EVA12 PP/EVA28

PP/EVOH38 PP/EVOH44
	0.65 ± 0.04

0.60 ± 0.01

1.16 ± 0.05

1.13 ± 0.04
	587 ± 45

310 ± 42

6 ± 2

16 ± 7
	17.62 ± 0.64

16.85 ± 0.63

20.28 ± 2.51

19.01 ± 1.89



	Nanocomposites materials
	PP/EVA12/MMT PP/EVA28/MMT PP/EVOH38/MMT PP/EVOH44/MMT
	0.76 ± 0.02

0.75 ± 0.01

1.29 ± 0.02

1.15 ± 0.04
	574 ± 58

353 ± 55

13 ± 8

19 ± 10
	17.89 ± 0.61

17.42 ± 0.45

19.95 ± 1.05

17.94 ± 0.83







PP—polypropylene. EVA12-Ethylene vinyl acetate (Elvax660) with 12 wt.% of vinyl acetate monomer content. EVA28-EVA28, with 28 wt.% of vinyl acetate monomer content. EVOH38-Ethylene vinyl alcohol with 38 mol.% of ethylene monomer content. EVOH44- 44 mol.% of ethylene monomer content.
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Table 4. TGA analysis sample of MMT clay reinforced treated aloe vera fiber/PLA hybrid biocomposites.
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Sample

	
Denotation

	
Weight Loss, Decomposition Temperature (°C)




	
10%

	
75%






	
PLA

	
P

	
327

	
358




	
PLA-30TAF

	
A

	
295

	
338




	
PLA-30TAF-1MMT

	
A1

	
296

	
342




	
PLA-30TAF-2MMT

	
A2

	
299

	
344




	
PLA-30TAF-3MMT

	
A3

	
299

	
350








PLA = polylactic acid, TAF = treated aloe vera fiber, MMT = montmorillonite.
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Table 5. Composition of composites prepared a.
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	Sample No.
	Neat EP Copolymer (wt.%)
	Maleated EP Copolymer (wt.%)
	Cellulose (wt.%)
	Cloisite® 20A

(wt.%)
	Code





	1
	100
	-
	-
	-
	Neat EP



	2
	-
	100
	-
	-
	MEP



	3
	57
	38
	5
	-
	CC05



	4
	54
	36
	10
	-
	CC10



	5
	51
	34
	15
	-
	CC15



	6
	57
	38
	-
	5
	NC05



	7
	54
	36
	5
	5
	TC05



	8
	51
	34
	10
	5
	TC10



	9
	48
	32
	15
	5
	TC15







a Neat EP/MEP ratio is 60/40. Ethylene–propylene (EP); Maleated ethylene–propylene (MEP); CC = cellulose composite; TC = ternary composite; NC = nanocomposites (i.e., without cellulose).
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Table 6. Melting and decomposition temperatures.






Table 6. Melting and decomposition temperatures.





	Samples
	Tm (°C)
	Td (°C) EP





	Neat EP
	165.8
	453.3



	MEP
	166.5
	443.2



	CC05
	166.7
	458.1



	CC10
	168.2
	461.1



	CC15
	168.7
	463.1



	NC05
	165.7
	458.9



	TC05
	167.6
	466.4



	TC10
	169.3
	483.3



	TC15
	170.0
	482.1







Ethylene–propylene (EP); Maleated ethylene–propylene (MEP); CC = cellulose composite; TC = ternary composite; NC = nanocomposites (i.e., without cellulose).
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Table 7. TGA Characterisation of P, S, A, H, H1, and H3 composites.
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Code

	
Sample

	
Weight Loss, Decomposition Temperature (°C)




	
10 (%)

	
75 (%)






	
P

	
Polylactic acid (PLA)

	
327

	
358




	
S

	
Polylactic acid/treated kenaf fiber (PLA/TKF)

	
280

	
337




	
A

	
Polylactic acid/treated aloe vera fiber PLA/TAF

	
295

	
338




	
H

	
Polylactic acid/ treated kenaf fiber/ treated aloe vera fiber (PLA/TKF/TAF)

	
291

	
343




	
H1

	
Polylactic acid/treated kenaf fiber/treated aloe vera fiber/1 wt.% MMT (PLA/TKF/TAF/1MMT)

	
301

	
346




	
H3

	
Polylactic acid/ treated kenaf fiber/treated aloe vera

fiber/3 wt.% (MMT.PLA/TKF/TAF/3MMT)

	
307

	
361
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Table 8. Thermal properties of neat PP and its composites.
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	Sample Designation
	Tm (°C)
	Tc (°C)
	Xc (%)
	T10 (°C)
	T50 (°C)





	PP
	163.2
	117.3
	27.7
	474
	510



	PR
	162.9
	120.1
	29.6
	311
	437



	PRC
	163.1
	119.2
	30.1
	318
	441



	PRM
	163.0
	116.1
	29.9
	315
	440



	PRMC
	162.8
	116.5
	31.5
	327
	451
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Table 9. Flammability properties of PBS and PBS composites.
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Sample

	
Vertical Burning Test

	
Horizontal Burning Rate (mm/min)




	
t1 (s)

	
Dripping

	
Cotton Ignition

	
Rating






	
PBS

	
>30

	
Yes

	
Yes

	
NC

	
16.39 ± 0.34




	
APP/WHF/PBS

	
<15

	
Yes

	
Yes

	
V-2

	
No burning




	
1MMT/APP/WHF/PBS

	
<30

	
Yes

	
Yes

	
V-2

	
No burning




	
3MMT/APP/WHF/PBS

	
<30

	
Yes

	
Yes

	
V-2

	
No burning




	
5MMT/APP/WHF/PBS

	
<30

	
Yes

	
Yes

	
V-2

	
No burning
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Table 10. Flame retardance properties of PLA and PLA composites.






Table 10. Flame retardance properties of PLA and PLA composites.





	Sample
	Ignite the Cotton
	Dripping
	UL-94 Rating





	Polylactic acid (PLA)
	Yes
	Yes
	NR



	PLA + 13 phr expandable graphite + 4 phr ammonium polyphosphate (PLA/13EG-4APP)
	Yes
	Yes
	NR



	PLA + 13 phr expandable graphite + 4 phr ammonium polyphosphate + modified chopstick fiber + modified montmorillonite (PLA/13EG-4APP/MCF/MOMMT)
	No
	Yes
	V-1



	PLA + 23 phr expandable graphite + 4 phr ammonium polyphosphate + modified chopstick fiber + modified montmorillonite (PLA/23EG-4APP/MCF/MOMMT)
	No
	No
	V-0



	PLA + 13 phr expandable graphite + 8 phr ammonium polyphosphate + modified chopstick fiber + modified montmorillonite (PLA/13EG-8APP/MCF/MOMMT)
	No
	No
	V-0
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Table 11. Parts of a car and polymer matrices for clay polymer nanocomposite application.






Table 11. Parts of a car and polymer matrices for clay polymer nanocomposite application.





	Part of Car
	Polymer





	Timing belt/engine cover
	Nylon-6



	Step-assist, doors, center bridge, sail panel, seat backs and box-rail protector
	PP, thermoplastic olefin



	Rear floor
	Thermoset polymer matrix (with glass fiber)



	Tire
	SBR



	Thread
	SBR, NBR, BR



	Inner liner
	Isoprene isobutylene copolymer, NBR



	Internal compounds
	NBR







SBR-Styrene butadiene rubber. NBR-Nitrile butadiene rubber. BR- Butadiene rubber.
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