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ABSTRACT: Depletion of non-renewable resources and health hazards of petroleum-based polymers and plastics has enforced the development
of eco-friendly materials. The use of conventional plastics has to be minimized and can be replaced with environmentally friendly and sustainable
bio-based polymers or biopolymers due to extensive environmental impact. A major share of petroleum-based polymers is used for polymeric
composites with research focus on green composites and biocomposites containing renewable/bioderived matrix polymer and fillers from naturally
occurring fibers. Biocomposites hold great promise to replace petroleum-based polymer composites owing to their lower cost, non-toxicity,
abundance of raw material, renewability, and high specific strength. All these merits of biocomposites have led to an increment in the development
of new biocomposites with enhanced properties, wide applicability and ever demanding criteria. The recently published review studies detailed
the raw materials used, fabrication techniques, characterization, and applications including biodegradation and rheological studies performed in
recent years. This review covers all the important properties of biocomposites along with detailed description of synthesis, properties,
characterizations and applicability of these green composites in several areas. The review also focuses on their raw materials, types, recent
biocomposites, processing techniques, characterizations, applications, and current challenges with future aspects.
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1. Introduction

Polymer-based composites are an important class of materials used in every field such as medicine, automotive, construction,
household, textiles, and aviation sectors [1]. Most of the polymers used for composites are petroleum based non-renewable and
non-biodegradable which pollute the environment along with affecting every sort of life present on earth. Growing demand for
polymeric composite materials in various sectors is one of the reasons for uncontrolled manufacturing and extensive use of
petroleum-based polymers and synthetic fibers which results in faster depletion of valuable non-renewable resources, increase in
health issues [2], and pollution [3]. Rising environmental concerns, strict restrictions on nondegradable plastic use, higher cost and
energy consumption for the production of synthetic fibers, health issues, and demand for sustainability have attracted attention
toward environment-friendly and sustainable polymeric composites [4]. Since the last three decades, the use of biopolymers has
been increasing for the development of sustainable products and to minimize the use of petroleum-based polymers [5]. These
materials could easily solve the non-degradability and non-sustainability issues of petroleum-based polymers and their use in
polymeric composites [6]. To deal with the problems of conventional polymeric composites, researchers have shifted their studies
towards “green composites or biocomposites” which are completely made up of biodegradable and renewable natural resources [7].
Biocomposites or green composites are the composites made up of biopolymers (degradable or made from renewable resources) as
matrix and natural fibers/fillers as reinforcement [8]. They are not new for the scientific community now as they are being used for
ages. Before the discovery of petroleum-based polymers, almost all kinds of composites used were made up of naturally occurring
renewable materials such as rice straws and clay mixture air-dried bricks to prepare homes which is the oldest use of composites.
Mesopotamians used glued wood strips to fabricate plywood around 3400 B.C. [9]. The use of petroleum-based plastics for
composites or modern composites started in 1905 when the first plastic and asbestos fiber-based composite was fabricated by
Belgian chemist Leo Baekeland.
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The mid-1900s was the start of the boom in modern composites after which biomaterials-based composites were forgotten
[10]. However, after the 1990s increased attention has been given to biopolymers, natural fibers, and their composites due to
growing awareness of the impact of extensive use of nondegradable polymers and synthetic fibers [11]. Biocomposites can easily
be recycled and disposed of after their use without damaging the environment. A recent survey on the market growth of
biocomposites shows that during the years 2016 to 2024, the global market size for biocomposites is increasing at a compound
annual growth rate of 11.8%. In 2016 the market value of biocomposites was 4.46 billion USD which is expected to become 10.89
billion USD by 2024. The use of biomaterials in material fabrication has increased from 5% in 2004 to 12% in 2010 and is expected
to become 25% by 2030 [12]. Biocomposites have advanced considerably in terms of processing, characterizations, and use of
various new materials and applications [13]. Natural fibers such as hemp, bamboo, ramie, kenaf, flax, and jute have gained
significant focus as potential replacements for synthetic fibers like glass and carbon [14]. Biopolymers such as poly(lactic acid),
cellulose, starch, and synthetic polymers which are completely biodegradable can be used as the matrix to fabricate biodegradable
composites [15]. Hundreds of studies have been performed to investigate the mechanical, thermal, biodegradability, and
biocompatibility of biocomposites made of biopolymers such as poly (lactic acid) (PLA), polyhydroxy alkanoates (PHAS), etc., and
natural fibers. The characteristics which make biocomposites as better substitute are thermal insulation, CO neutrality, specific
mechanical properties, good damping behaviour, high acoustic insulation, low density, availability of raw material, high health
safety, non-toxic, less production energy, and lightweight [16]. All these merits of biocomposites have attracted a lot of research
attention which is continuously increasing every year resulting in the betterment of processing techniques and other pre-treatments
of fibers and polymers before fabrications of biocomposites. This increasing research work in last two decades gave biocomposites
with better properties, and hence their applicability and demand are increasing day by day. Especially, the European countries have
been using natural fibers in the automotive sector since the 1990s and leading all over the world for the use of biocomposites and
green composites. In the last few years, papers about biocomposites and green composites have also increased manyfold. A review
with a detailed description of biodegradation of biocomposites and rheological analysis was required to cover these necessary
aspects of biocomposite studies. This review includes recent works on biocomposites, biomaterials to fabricate biocomposites, and
fabrication/processing techniques. Characterization techniques for mechanical, thermal, morphological, and chemical properties are
included. The biodegradation tests and rheological studies of the biocomposites have been discussed in the characterization section
of the review article with examples. The characterization section is followed by the application of biocomposites with recent
examples along with current challenges and possible future scopes discussed in the next section.

2. Natural Fibers

Natural fibers as filler for composite materials are a potential alternative to synthetic fibers, because of their flexibility,
environmental friendliness, lower cost, renewability, and abundance all through the globe [17]. The plants from which these fibers
are extracted are renewable and sustainable, but not the plant fibers itself [18]. In recent years, increasing research efforts have been
given to enhance the utilization of plant-based natural fibers, such as hemp, jute, bamboo, kenaf, ramie, and pineapple leaf fibers
due to environmental and sustainability concerns [19]. Natural fibers have been utilized to make ropes, twines, fabrics, mud bricks
for construction and much more, therefore, playing a significant role in the society. Natural fibers do not pollute the environment
as they are fully biodegradable, natural, and carbon neutral [20]. Due to their versatility and local availability, natural fibers are
potential alternative materials to synthetic fibers in the composite industry [21]. In recent years, natural fibers are preferred over
synthetic fibers because of their easy processing as they produce negligible wear and tear to machines and parts during processing,
and are not healthily hazardous such as glass fiber [22]. The exceptional strength per unit mass of natural fiber makes them an
excellent and attractive choice as reinforcing materials [23]. According to DNFI organization, 33.7 million tons of natural fibers
are produced in 2022 and are used for various applications like fabrics, paper production, packaging, sports equipment, automobiles,
and building materials [24]. Natural fibers can be used instead of synthetic fibers to make fiber-reinforced polymer composites [25].
Natural fiber reinforced composites are applied in various sectors like aerospace, automotive, and construction because of their
higher strength, stiffness, availability, lightweight, and biodegradability [26]. The specific strength (strength to weight ratio) and
specific stiffness (stiffness to weight ratio) of natural fibers are several folds larger than aluminium and steel which cannot be
achieved by metals, ceramics, and polymers alone [27]. Natural fibers are found abundantly in nature and can be extracted from
plants, animals, and minerals [28]. For plant fibers, their diameter and the surface properties vary with processing methods, size,
type, and maturity of the plant. Mechanical, physical, and chemical properties depend upon the structure and chemical composition
of the plant [29]. Excellent mechanical properties such as hemp, sisal, bamboo, coconut, and jute are used as reinforcement in these
biopolymer matrices. Table 1 displays some natural fibers along with their mechanical properties. There are hundreds of types of
plants from which can be used to extract fibers but only some of them are mostly used because of their better mechanical properties.
Other than plants, animals and minerals are also used to obtain fibers which are presented in next section for the classification of
natural fibers.
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Table 1. Various plant fibers with their mechanical properties.

Fiber Tensile Strength (MPa) Young Modulus (GPa) Density (g/cm?) Elongation at Break (%) Reference
Hemp 550-900 70 1.48 1.6 [30,31]
Cotton 287-597 5.5-12.6 15 7-8 [32,33]
Kenaf 930 20-53 1.4 15 [34,35]
Sisal 511-635 9.4-22 15 2-25 [36,37]
Jute 400-800 10-55 13-14 2-3 [38,39]
Bamboo 575 27-46 0.6-1.1 4-9 [40,41]
Flax 345-1035 26.5-80 15 2.7-3.2 [42,43]
Ramie 500 44-128 15 3.6-3.8 [44]
Coir 175-220 4-6 1.2 15-30 [45]
Banana 540-900 34.8 1.35 1.5-9.0 [46]
Sunn Hemp 400-1000 25-35 15 55 [47]
Pineapple 1020 71 15 0.8 [48]
Isora 500-600 18-20 1.35 5-6 [49]
Alfa 188-308 18-25 1.4 5.8 [50]
Bagasse 20-290 19-27 1.2 1.1 [51]
Abaca 980 41 15 3.4 [52]
Henequen 500 13.2 14 4.8 [53]

2.1. Classification of Natural Fibers

Based on their origin, natural fibers are classified as animal, plant, and mineral fibers. Mostly, animal fibers are composed of
proteins while plant fibers are composed of cellulose, whereas the mineral fibers are made up of natural minerals. Plant fibers are
abundantly available and cost-effective; on the other hand, animal fibers have recently gained attention as reinforcing material for
biopolymer composites. Plant fibers are mostly used to make green composites as plant fibers are abundant in nature, do not depend
on animals, and do not affect health like asbestos fibers. The classification of fibers is shown in Figure 1. In most of the cases, these
fibers are modified on the surface before using in the biocomposites. Chemical treatments are the most prominent one for which a
detailed description is given in the subsequent section.

Seed HCotton, Coir, Kapok, Milkweed |

JLeaf || Abaca, Cantala, Sisal, Henequen ‘

Plant Bast || Flax, Jute, Hemp, Ramie, Kenaf |
fibers

Stalk | | Rice, Wheat, Barley, Oat, Maize |

Grass | | Bamboo, Bagase, Corn, Napier |

Natural

fibres |~ Mineral
fibres —lAsbestos ||Amosite, Crocidolite, Chrysotile |

Animal
fibres

Figure 1. Classification of natural fibers.

2.2. Chemical Treatments of Natural Fibers

Natural fibers have some innate drawbacks such as irregularity in the size, shape, and diameter of the fiber, and their effect on
the density, hardness, and strength of the composite can be observed [20]. Other major problems of natural fibers are poor resistance
to microbes and pests, high moisture sensitivity, and moderate thermal stability [28]. The high hydrophobicity of natural fibers
obstructs widening their reinforcement in composites in automotive applications. The function of natural fibers as compliance
products are affected by the hydroxyl (-OH) and other polar groups and various physical impurities found in the fibers [19]. The
unpredictable durability affecting both the processing and application of natural fibers is a major obstacle of using them in
composites [29]. To overcome these shortcomings, the natural fibers are subjected to biological, physical, and chemical treatments
to remove impurities and improve water resistance, mechanical properties, and interfacial bonding with the composite matrix. Pannu
and his team [54] obtained a 34% increment in tensile strength of banana fiber-reinforced Polylactic Acid (PLA) composites after
treating fibers with sodium hydroxide (NaOH), i.e., alkaline treatment. Another study performed by Lo Re et al. used acetylated
and untreated cellulose fibers to prepare wood cellulose fiber reinforced poly(g-caprolactone) biocomposites. An increment in
ultimate strength and Young’s modulus by 46% and 248%, respectively, were obtained when compared to untreated fibers
reinforced composites [55]. Table 2 lists some more studies on the chemical modification of natural fibers.
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Table 2. Chemical treatments and changes in the natural fibers after treatment.
Chemical Type of Change of Properties . . .
Treatment Fiber of Natural Fibers Change in Thermal & Mechanical Properties Reference
Seaweed, rice :gﬁrer?jsgssrlgjﬁz in Tensile strength increased from 0.1311 MPa to 0.1944 MPa after
Alkaline treatment & Einkorn bettger interlocking treatment. [56,57]
wheat husk with the matrix Impact strength increased from 28.9910 J/m to 59.5800 J/m.
hDeC:c?:(fce)dicity and Impact strength enhanced by 72.75% at 40wt% fiber loading.
Acetylation Banana exﬁancedpdimensional The crystallisation temperature increased from 117.4°C to 122.5°C after [58,59]
stability alkali and acetylation treatment.
Increased fiber The weightloss of untreated sample (83.05%) was more as compared to
. untreated sample (93.37%) at Trax-
adhesion, strength, and . . o
. Sugar palm A The melting temperature of treated sample was higher (161.43°C) as
Benzoylation thermal stability with o [60,61]
kenaf compared to untreated sample (149.43°C).
reduced o
hygroscopicity The storage modulus of treated sample at 20°C decreased from 1600 to
1312MPa after treatment.
The glass transition temperature of treated aloe vera fibers increased from
Silane treatment Aloe Vera Enhanced interfacial 2.3°C to 2.7°C after silane treatment. [62,63]
Sisal strength The elongation at break of sisal fibers increased from 2.5% to 4.7% after '
silane treatment.
Treatment with c Modify fiber surface The tensile modulus increased from 1200 MPa to 1400 MPa after
. ocoa pod ; treatment.
maleated coupling husk results in better o . - [64,65]
agent us adhesion with matrix The Tamax (decomposition temperature at maximum rate) increased from
422°C to 443°C after treatment.
Permanaanate Reduction in The hardness of the treated sample increased by ~3% after treatment.
treatmegt Jute yarn hygroscopicity, longer The Flexural strength and flexural modulus increased by ~16% and ~37% [66,67]
life respectively as compared to untreated fibers after treatment.
Reduction in
Peroxide hydrophilicity and The sample displayed 50.867 MPa improved in strength and 1.411GPa in
Kenaf . - ; . [68,69]
treatment increase in tensile modulus as compaired to untreated sample.
strength
Removed lignin e The flexural modulus of the untreated sample increased from 3.32 GPa to
. - 3.71 GPa after treatment.
Fungal treatment Hemp |mpr0vgd mechanical e The flexural strength of the composite sample improved by 21% after 7ol
properties
treatment.
Oleoyl chloride -
treatment Jute Improved wettability - [71]
e The tensile strength increased from 10.52MPa to 17.04MPa after
Stearic acid Jute Improved water treatment. [72]
treatment resistance e The thermal degradation (50%) temperature increased from 382 to 387
after treatment.

3. Biodegradable Polymers

Biodegradable polymers, derived from nature or by synthetic route, can be broken down by enzymes from the biosphere at
proper pH and temperature environment [73]. Biodegradable polymers that are obtained from plants, animals, and microbes are
considered as biopolymers [74]. They are abundantly available renewable materials usually employed to produce eco-friendly
bioplastics [20]. Following the other view, the easiest way for the classification of biodegradable polymers is based on their natural
and synthetic origin. Natural biodegradable polymers are from polysaccharides, proteins, and microbes whereas synthetic
biopolymers are the polymers developed by microbial fermentation, or through biotechnological production [75]. With regarding
biopolymers’ response to thermal conditions, they can be divided into elastomers, thermosets, and thermoplastics [76]. The
biopolymers are employed in specific fields depending on their cost, availability, moisture absorption, thermal stability, mechanical
behaviour, degradation stability, and biocompatibility. PLA and PHAs are the two widely used biopolymers in production and
application [77]. The major advantage of biodegradable polymers over nonbiodegradable polymers is their degradation by
microorganisms which yield them to soil and enrich it. This stabilizes the environment and decreases the trash volume. The
degradation capacity of biodegradable polymers is dependent on many factors including the type of polymer, chemical composition,
and environmental conditions [78]. Despite wider applicability, a few shortcomings of biopolymers are their hydrophilic nature,
low mechanical strength, and lower degradation rate in moist environments [79]. The following section details the classification of
biodegradable polymers including both biopolymers and petroleum derived biodegradable polymers to present a wide variety of
biodegradable polymer present.

3.1. Classification of Biodegradable Polymers

The classification of biodegradable polymers can be done on the bases of their origin, synthesis method, chemical composition,
and applications. Broadly, they can be classified based on their origin as (1) natural polymers which are derived from renewable
recourses like plants, animals, and microbes; (2) biodegradable polymers synthesized from petrochemicals products [80]. According
to Siracusa et al. biodegradable polymers can be classified into three main categories: 1. Natural biodegradable polymers which are
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derived from natural and renewable resources like polysaccharides (starch, cellulose), lipids (oils), and proteins (silk, wool); 2.
synthetic biodegradable polymers which include PLA, and polycaprolactone (PCL); 3. polymers obtained by microbes and
genetically modified bacteria, for example, poly(hydroxyalkanoates) (PHAs) [81]. Figure 2 shows a classification of the
biodegradable polymer. Since this report is mainly focused on bio-based polymers or biopolymers that are either obtained directly
from bioresources or produced synthetically from the raw material obtained from bio-based resources. These are completely
biodegradable and renewable. Some of the major biopolymers which are obtained from renewable bioresources are discussed.

Biodegradable polymer

Biomass Micro organism Synthetic
products products products

( Poly
Gelatine, Glute L (hydroxylalkanoate) Poly (lactic aci
Fibrin (PHA) (PLA)

-~

Poly Poly (glycolic ac
Ly (hydroxybutyrate) (PGA)
_{ Pectin, Ceuuﬁ. : (PHB)

Starch icide-¢
|, Bacterial cellulose"l Poly (laticiuy

= Xanthan l

Figure 2. Classification of biodegradable polymers.

glycolide) (PLG.

3.1.1. Polylactic Acid (PLA)

PLA is one of the promising and widely used bio-polymers in the past few decades [82] due to its renewability, non-toxicity,
abundant availability, low-cost, excellent mechanical properties [83], and incredible versatility of applications in the textile,
chemical industries, food packaging, and pharmaceuticals [84]. PLA is a non-toxic linear aliphatic polyester synthesized using
lactic acid (LA) as a monomer. Industrially LA is produced by chemical and microbial fermentation processes [85]and can be
converted into PLA through condensation and ring-opening polymerization of cyclic lactide.

3.1.2. Poly-hydroxy-alkenoates (PHAS)

PHA is an environmentally friendly, biopolymer, produced from fatty acids, sugar, sucrose, molasses, starch, wheat, methane,
and maize while the main source for commercial production is sucrose and glucose [86]. Natural PHAS are a category of polymers
that have existed in nature for more than a million of years. Natural PHAs are formed by bacterial fermentation. PHAs have a wide
range of applications due to their high performance, biocompatibility, and biodegradability [87]. According to a Mimicking Nature
report at the end of 2021, a manufacturing organization is producing about 48 kilo tonnes of PHA annually. Mostly PHASs are used
for biomedical applications such as tissue engineering and drug delivery [88].

3.1.3. Cellulose

Cellulose is the most abundant biopolymer found both in plants and animals while mainly extracted from plants. It can also
be produced by a bacterial process [89]. Applications of cellulose vary greatly from composites, electronics, and energy materials
to implants and tissue engineering [90]. It is the most utilized material in the world [91]. The annual production of cellulose, as per
a 2018 report, was 180 million tonnes which is increasing rapidly annually [92].

3.1.4. Poly (lactic-co-glycolic Acid)

Poly (lactic-co-glycolic acid) (PLGA) is a synthetic renewable biodegradable copolymer of PLA and polyglycolic acid (PGA)
synthesized via ring-opening copolymerization. PLGA possesses excellent biocompatibility, favourable biodegradation behaviour,
and good mechanical strength. PLGA is an FDA-approved biopolymer and is extensively used for drug delivery, tissue engineering
applications, bone scaffolding, and other biomedical applications [93].
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3.1.5. Bio-epoxy Resins

Bio-based epoxies are bio-resins produced by epoxidation of renewable precursors such as unsaturated vegetable oils, cellulose,
and biofuel productions like sorbitol derived from corn starch, glycerine, and glycerol from triglyceride vegetable oil [94]. Mechanical,
and thermal properties of biobased epoxies are comparable to conventional non-biobased epoxies making them applicable to all
conventional epoxy applications such as coatings, fiber-reinforced composites, and adhesives [95]. Some commercialized bio epoxy
resins are liquid epoxidized natural rubber, epoxidized linseed oil, epoxidized cardanol, and Epicerol [96].

3.1.6. Poly (Butylene Succinate) (PBS)

PBS falls into the category of important commercial bio-derived polymer. Succinate-derived biopolymers include synthetic
biodegradable polyesters like poly (ethylene succinate) (PES), and poly (butylene adipate) (PBA). They were generally not included
in biopolymers as they were derived from petroleum and fossil bases resources but, in last decade,efforts have been made to derive
them from bio-resources such as sugarcane, corn, and cassava. PBS is formed by a polycondensation reaction of succinic acid (SA)
and 1,4-butanediol both of which can now be derived from bioresources making the PBS a biobased polymer [97]. Polymers detailed
in this section are the most studied biopolymers for biocomposites and green composites fabrications. For preparation of
biocomposites and green composites plant based natural fibers are majorly used. After a brief introduction about biocomposites and
green composites, a detailed discussion about the raw materials which included natural fibers and biopolymers in various sections.

4. Green Composites/Bio-composites

There are several definitions for biocomposites and green composites given by several authors such as Md. Ibrahim [98]
defined biocomposite as a composite material made up of matrix phase obtained from a sustainable and renewable source and
natural fibers as reinforcement. Deepa et al. defined biocomposites as prostheses, biocomposites are either made up of bio-based
material as the matrix and afiller scattered throughout it, or a structure of alternating portions of two or more types of biomaterials
[99]. According to Abdulkhani et al. biocomposites are materials obtained from natural and renewable resources by combining two
or more phases [100]. In general, most of the studies define biocomposites as natural fibers reinforced biopolymers. Natural fibers
as the discontinuous phase are added to the biopolymer matrix in the continuous phase to improve the mechanical, physical, thermal,
rheological, and acoustic properties of biopolymers [101]. The purpose of preparing biocomposites is to replace conventional non-
biodegradable and non-sustainable composites with good mechanical properties and durability performance imparted by natural
fiber and biopolymer, respectively. Usually, the maximum stiffness and tensile strength of biocomposites range between 1 to 4GPa
and 20 to 200 MPa, respectively [77]. There are many studies where they obtained stiffness upto 8—10 GPa [102] and tensile strength
higher than 200 MPa. Some of the studies obtained much better mechanical properties than conventional polymeric composites
[103]. Soykeabkaew et al. prepared all cellulose composites which exhibit an average tensile strength of 910 MPa and Young‘s
modulus of 23 GPa [104]. The chemical constituents, molecular weight, morphological characteristics, mechanical attributes, and
processing technique of biocomposites are governed by the biopolymer part of the composite [76]. Mechanical and thermal
properties obtained after processing, greatly depend upon the interaction between fibers and matrix [105] whereas in the case of
biopolymeric blends as matrix, the properties also depend on the interaction between both the polymers [106]. A lot of work has
been done on the development of biocomposites that could replace conventional non-biodegradable and non-sustainable polymeric
composites in every sector. Already they are being applied in the construction, sports, packaging, healthcare, automotive, and
aerospace industry [107]. Some recent studies done on biocomposites are given in Table 3.

Table 3. Recently reported biocomposites mentioning the polymer, filler and fabrication techniques used.

Matrix Filler Improvement Fabrication Techniques Reference
wheat stalk, Reed, . . .
PLA Coconut fiber 2 times higher impact strength [108]
PLA/PCL Nano-Hydroxyapatite 2 times increment in tensile strength Extrusion [109]
PLA Cellulose fibers Improved Mechanical and thermal properties Compression Molding [110]
. Increase in flexure strength and Tensile Strength, A .
PCL Maca a fiber Enhanced heat deflection temperature Injection Molding [111]
Chitosan Flax Increased Flexure strength and specific modulus Solvent casting and gluing [112]
Vegetal polyurethane resin eucalyptus sawdust Increase in modulus of elasticity Compression molding [113]
poly(lactide-co- Silk Ir_lcreased Te_n_sne strength, biodegradability, Solvent casting [114]
caprolactone) biocompatibility
Diatomaceous earth&  Increase in flexure strength, impact strength, . I .

PLA Bee Wax crystallinity Rolling, Injection molding [115]
biodegradable polyester Hazelnut shell (HS) Tensile, rheological, thermal, and dynamic mechanical Extrusion, Compression [116]

Mater-Bi® powder properties improved molding, injection molding
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5. Processing Techniques for Preparation of Biocomposites

Several techniques are used to process natural fiber-based biocomposites which are similar to the method used for the
fabrication of conventional polymer synthetic fiber composites. The selection of processing technique depends on many factors
such as material, fiber type and dimension, the temperature of the composite, desired properties, surface parameters, and production
cost [118]. Some of the major techniques used by the manufacturers and researchers are discussed in this section.

5.1. Hand Layup Method

This is the oldest, simplest, cheapest, and most common method to produce composites. First, an anti-adhesive agent is applied
over the mould for easy removal of the composite, after which fibers are either chopped, powdered, or definite length placed in the
mould. The biopolymer resin is then applied to the fibers using rollers, brush or simply pouring for preparing the first layer of
composite. Other layers can be made over the first layer similarly [118]. Any entrapped air in between the layers is removed either
by squeeze rolling or vacuum bag technique [119]. Drying or curing is then performed by leaving under standard atmospheric
conditions. The hand layup technique is sometimes used with compression moulding and 3D printing as alternate layers of matrix
material can be 3D printed and fibers then laid manually using hand. Prepared layers can be compressed to get better mechanical
properties. The spray lay-up method is a modified version of hand lay-up, resin is sprayed on fibers instead of applying using a
brush or rollers [120]. Gupta and Singh [121] produced sisal fiber reinforced PLA composites by hand lay-up technique. The tensile
strength and tensile modulus of composite values increased from 30 MPa and 2 GPa to 35 MPa and 2.6 GPa. Sukmawan et al. [122]
used bamboo fibers to prepare hand laid up composites with PLA matrix in cross ply orientation. First bamboo fibers were dipped
in PLA solution and kept in sheet forms. These sheets were than dried, stacked in cross ply orientation and hot pressed at 165 <C.
Tensile strength and modulus increased from 35 to 223 MPa and 2 to 10.5 GPa. Azlin and team [123] also used hand lay-up process
to prepare PLA/polyester/kenaf fibers layered composites by hand laying PLA, polyester fiber sheet followed by heating in mould.
This hybrid composite shows highest tensile strength of 103 MPa but a low tensile modulus of 0.6 GPa.

5.2. Solution Casting

This process involves the dissolution of biopolymer using a suitable solvent followed by adding filler to this polymer solution
under stirring condition. After mixing properly, this mixture is then cast into desired shape mould and left undisturbed for slow
drying either ambient or using an air oven. It is the most suitable for the fabrication of biocomposite films with short fiber or filler
in powder form [124]. Proper mixing and slow drying are necessary to achieve high strength composites. The drying temperature
should be lower than the boiling point of the solvent during mixing and drying otherwise bubble formation occurs which gets
trapped in composites and leads to inferior mechanical properties [125]. Khan et al. prepared PBS/PLLA/HAP biocomposites film
for bone scaffolding application using solvent casting. Both the polymers and HAP were dissolved in chloroform and then mixed
under stirring condition. Tensile strength also increased from 43 MPa of PLLA to 51 MPa for composite [126]. Kale et al. [127]
reinforced chitosan with silk fibers using solution casting process. Tensile strength and tensile modulus both increased with increase
in fiber content. For 7 wt.% fiber, tensile strength and tensile modulus were 125 MPa and 2.1 GPa whereas for 12.5 wt.% fiber,
these values increased to 200 MPa and 4 GPa. Liu and team [128] produced nanocellulose reinforced PLA green composites using
solution casting process. Tensile strength and tensile modulus increased from 22 MPa and 1.5 GPa to 32 MPa and 2.2 GPa,
respectively. In another study, Oyeoka [129] extracted nanocellulose crystals from water hyacinth fibers and used them as
reinforcement for PVA/gelatine polymer blends to develop hanocomposites using solution casting by dissolving both PVA and
gelatine into water. The tensile strength of PVA and gelatine blend increase from 7.91 to 11.73 MPa after the addition of cellulose
nanocrystals into it.

5.3. Extrusion

One of the most widely used techniques to produce large products takes filler material either in chopped or powder form and
polymer in the form of pellets. Many natural fiber-based bio-composite studies have been performed using single screw extrusion
and twin-screw extrusion preferably because of throughout mixing of filler material in the matrix resulting in better mechanical
properties [110,111]. This technique is also best utilized to produce polymer blends and to make hybrid composites as it mixes
material intensely using heat [112]. This is also used in conjunction with other techniques such as injection moulding and additive
manufacturing to properly mix different constituents of biocomposites before giving them a shape. Etxabide et al. [113] developed
gelatine based porous biocomposites using double screw extrusion and injection moulding to show the use of such industrial
techniques for the development of gelatine-incorporated lactose porous biocomposites. Yokesahachart and Yoksan [130] developed
jute reinforced starch/PLA/PABT blend green composites using twin screw extrusion process. Tensile strength of composites is
similar to pure polymer blend which is nearly 43 MPa, whereas tensile modulus value of composites increased with increase in jute
content from 2.3 GPa at 0 wt.% jute to 3.5 GPa at 15 wt.% jute. Vandi and his team [131] used wood fiber with PHBV to prepare
biocomposites using extrusion process. The tensile strength of PHBV decreased as content of wood fiber increase from 32 for pure
PHBV to 20 MPa whereas value of tensile modulus increased from 3 GPa for pure PHBV to 4.3 GPa for 40% fiber content in
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PHBV. In another study [132], PABT was reinforced with hemp powder using twin screw extrusion. The tensile strength of PABT
increased more than 4 folds from 6 MPa for neat PBAT to 25 MPa PBAT consisting 40% filler. The tensile modulus value for the
same increased from 79 to 505 MPa.

5.4. Injection Moulding

Injection moulding is the most utilized approach for the manufacturing of plastic composites, especially for mass production.
To produce natural fiber-based bio-composites, biopolymers can be used in the form of pellets or resin and natural fibers in chopped
or powder form [133]. There are numerous studies on injection moulded biocomposites as they provide the final product directly
from raw material without applying any solvent and post/pre-processing requirement [134]. Composites processed by injection
moulding exhibit very good mechanical, and physical properties, and blending and shaping occurs inside a chamber with
temperature and pressure [135]. Researchers have also used long fibers for injection moulding by implanting them in the mould
before injecting a polymer into it. Okubo et al. [115] prepared bamboo/micro fibrillated cellulose PLA hybrid biocomposites for
which they planted bamboo fibers in a mould before injecting cellulose-incorporated PLA resin into it and obtained better
mechanical properties. Maca ba fiber reinforced PCL biocomposite was manufactured by Siqueira and team [111] through injection
moulding process. The highest tensile strength was obtained 17.8 MPa and elastic modulus value of 191.85 MPa. In another study
by Benjamin Bax [136], PLA was reinforced with Cordenka fibers using injection moulding process. Tensile strength and tensile
modulus values obtained are 58 MPa and 4.8 GPa, respectively. Huda and co-workers [137] used extrusion followed by injection
moulding to develop recycled cellulose added into PLA green composites. Mechanical properties of prepared composites were
improved slightly from 62 MPa for pure PLA to 70 MPa for composite while Young’s modulus value increased more than two
folds from 2.7 to 6.5 GPa.

5.5. Compression Moulding

Compression moulding uses compression with heat to melt press the matrix and filler into a simple desired shape and is very
well suitable for laminates and flat composites. Simple machine includes a flat metal plate with a hydraulic press and heaters
between which laminates can be placed and pressed at desired temperature and pressure. The parameters which need to be
considered for this technique are pressure, temperature, time of heating, and amount of material. One can use direct pellets or resin
with filler material while using plates with mould cavities that produce end material. Different layers of matrix and filler can be
processed in flat plate configuration [138]. Bacterial-modified wheat straw-reinforced PVA biocomposites were prepared and
characterized by Asgher and his team using the compression moulding method. The fibers were first delignified using bacteria to
improve the crystallinity of fibers after which fibers and PVA were blended and moulded using a hot press in a preheated metallic
mould at 60 <T for 20 minutes. The mechanical properties were determined using dynamic mechanical analysis (DMA) and
achieved 64 MPa of modulus and a tensile strength of 2.7 GPa [139]. Ochi and his team [140] prepared Kenaf fiber reinforced PLA
composites using compression moulding having tensile strength of 223 MPa and tensile modulus of 22 GPa. Porras and Maranon
[141] developed bamboo fiber reinforced PLA composites through compression moulding process and obtained maximum tensile
strength of 77 MPa. Eucalyptus fiber reinforced PBS composites were prepared using compression moulding by Nanthananon and
team [142]. About 1.5 fold increase in tensile modulus value of PBS was obtained after the addition of eucalyptus fiber but the
increase in tensile strength is only about 2 to 4%.

5.6. Resin Transfer Moulding

Resin transfer moulding involves transfer of low viscosity resin into rigid mould containing reinforcement using either higher
pressure or vacuum. This resin infiltrates the reinforcement to convert into composite after curing. This process results in high
quality surface finished products with excellent dimensional accuracy. Mostly used for thermoset polymer composites but recently
some studies using resin transfer moulding (RTM) process for thermoplastic resins has been reported. This method includes various
modifications such as resin transfer method, type of mould cavity, combinations with autoclave, and vacuum-assisted resin infusion
[43]. Nils Cuinat and team [143] prepared flax fibers reinforced bio-based epoxy composites using high pressure assisted resin
transfer moulding process. First, stacked flax fiber sheets in a closed mould were fabricated followed by pushing of resin to inside
through inlet of mould. The mould was then heated for 6 h at 50 T for cuing. The bending strength of composite appeared at around
24 MPa and the compressive strength for the composite was 135 MPa. Phuong Tran and his team [144] used RTM to produce kenaf
fiber reinforced soyabean oil-based epoxy. The fibers were kept inside mould and covered with a vacuum bag film. The resin then
sucked through inlet using a vacuum pump into the kenaf fibers stack. It was then cured at 150 <C for 3 h. The samples exhibit
tensile strength of 7 MPa.

5.7. Filament Winding

Filament winding is an open mould process in which the fibers are first wetted in desired resin and then wrapped uniformly
and regularly around a rotating mandrel. The fibers are supplied from a tow. The fiber pattern in composite can be changed by
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changing wrapping direction or angle. The resulting laminate is cured by pre-set process. Filament winding can be done in two
ways either wet winding or dry winding. In wet winding, the fiber gets unwound from tow pass through resin before wrapping on
mandrel. In dry winding fiber are pre-impregnated that is tow preg composite fabric. It is mainly used to produce hollow, circular,
and prismatic structures such as pressure vessels, tanks, pipes, etc. Majority thermoset resins such as epoxy, phenolic, and polyester
are used. However, there are studies that used thermoplastics resins for example PLA and natural fibers to prepare composites using
filament winding. Reinhardt and team [145] created PLA-Viscose (continuous cellulose fibers). The tensile strength and modulus
increased from 59 to 134 MPa and 3.6 GPa to 8.5 GPa, respectively. In another study, PLA was reinforced with hemp fibers. First
prepregs of PLA/Hemp were prepared using wrap spinning method and then composites were prepared using compression moulding.
The tensile strength and modulus increased from 41.2 MPa and 2.1 GPa to 72.75 MPa and 8.77 GPa, respectively [146]. Other than
PLA researchers have also prepared bio-based epoxy with jute as reinforcement [147]. Four-point bending tests were carried out to
obtain stress vs. strain curves of the samples. The highest flexure modulus obtained for the sample was 6 GPa whereas the highest
bending strength was 70 MPa.

5.8. Additive Manufacturing/3D Printing

3D printing is one of the most recent and advanced fabrication technologies for almost all kinds of materials applications from
metals to soft tissues [148]. It includes layer-by-layer addition of material to create an object with the aid of a computer-based 3D
model [149]. Recently, 3D printing for the synthesis of polymer-based composites has drawn a lot of attention from researchers
therefore numerous studies have already been conducted using this technique [150]. The most used techniques in 3D printing are
fused deposition modelling, Stereo Lithography Apparatus, and selective laser sintering. PLA-based biocomposites are the most
preferred biopolymer for 3D printed biocomposites as PLA is the easiest biopolymer to print due to its low melting point and
minimal wrapping during printing [151,152]. Niang et al. developed typha stem powder incorporated PBS biocomposites using the
fused deposition modelling technique and obtained 220% and 134% increments in tensile strength and tensile modulus, respectively
[153]. Matsuzaki and coworkers [154] developed jute fiber reinforced PLA composites using additive manufacturing specifically
fused-deposition modelling technique. The mechanical properties such as tensile strength and modulus were improved from 48
MPa to 53 MPa and 3.5 GPa to 5.2 GPa. In another study, [155] bamboo and flax fiber reinforced PLA composites was prepared
using additive manufacturing. The fibers were first cut into short fibers and then fed to extruder along with PLA. Composites with
different weight fractions of flax and bamboo were developed. Tensile properties reduced to 2—3 folds as compared to neat PLA
that is from 65 MPa for neat PLA to 28 for bamboo reinforced PLA and to 30 MPa for flax reinforced PLA. However, tensile
modulus for bamboo reinforced fibers improved up to 29 to 39%. Agaliotis and team [156] used henequen fibers to reinforce PLA
using additive manufacturing. A decrease in tensile strength from 56 MPa for pure PLA to 48.6 MPa was observed in composite.
Tensile modulus values also reduced from 1.93 to 1.62 GPa. The decrease in tensile properties is possibly due to voids creation
during deposition. Classification of processing techniques are presented in Figures 3 and 4 based on the type of mould and fiber
dimension.
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Figure 3. Classification of processing techniques on the bases of types of mould.
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6. Characterization of Biocomposites

After fabrication, the most important step is to test and characterize the composites to check whether it is suitable for real-life
applications with the desired properties. Characterization and tests are also important for comparing the product with already
existing products, to remove the faults of fabrication by identifying it through various tests to produce better material [157,158].
This is an important process to probe composite microstructure, physical, chemical, and thermal properties using various analytical
methods. For natural fiber-reinforced bio-composites, various tests and characterizations usually performed to probe the material
which are listed below.

6.1. X-ray Diffraction

X-ray diffraction (XRD) is used to determine the structure, phase identification, and crystallinity of the composites to
understand the effect of fillers [159]. Researchers used XRD for the crystallinity study of natural fibers [160]and for change in
crystallinity in composites after reinforcing polymer with natural fiber [161]. Abraham et al. [162] characterized nanocellulose
reinforced natural rubber composite using XRD and observed an increase in crystallinity with the increasing nanocellulose content
in rubber which was previously showing a completely amorphous nature. Figure 5a shows XRD patterns of Napier grass stem and
the products formed after alkali, bleaching, and KMnO4-oxalic acid redox reaction treatment done on Napier grass stems to obtain
carboxylated nanocellulose crystals [163]. The characteristic peaks shown at 15.5< 16.3< 22.2< and 34.6 <in the figure correspond
to cellulose crystallographic planes with miller indices values of (110), (110), (200) and (004) [164,165]. After each step of chemical
treatment, the crystallinity of fibers increased to 73.3% as compared to 57.5% for raw grass fibers, after the final redox treatment
which is supported by other studies as well [166].
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Figure 5. (a) XRD patterns of indicated treated fibers; and (b) FTIR spectra of Napier grass after a series of chemical treatments, reproduced with
permission from Ref. [129].
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6.2. FTIR Spectroscopy

Fourier transforms infrared (FTIR) spectroscopy is used to determine the surface chemistry, type of bonds, chemical
composition, and functional groups present on the fiber and polymer. FTIR spectroscopy gives a characteristic pattern for organic
materials and therefore quantitative and qualitative analysis can be done. Changes in surface chemistry after chemical treatment of
fibers and chemical interactions between fiber and biopolymer are determined using FTIR spectroscopy [167,168]. Figure 5b shows
FTIR spectra taken from a study for the extraction of nanocellulose fibers chemically from Napier grass stems [163]. Napier grass
stem curve shows the presence of aromatic, esters, ketones, and alcohol functional groups in its spectra which is due to the presence
of cellulose, hemicellulose, pectin, and lignin. O—H and C—H stretching frequencies in lignin and cellulose are shown by peaks at
3337 and 2920 cm™. Peaks at 1735 cm™ represents C=0 in lignin and hemicellulose, and peaks at 1589 cm™ represents C=C
stretching in lignin [169]. After the alkali treatment of grass, the intensity of peaks in 1735 and 1240 cm™ reduced significantly
which shows a reduction in hemicellulose lignin contents. The peaks at 1240 and 1510 cm™* almost disappeared, as further reduction
in lignin content occurs after bleaching. There is not much change observed at the 1715 cm™ peak after the redox reaction of
bleached samples, which indicates the presence of carboxyl groups [163].

6.3. Thermal Characterizations

Thermal analyses of biocomposites and green composites are done to determine changes in physical and in some cases
mechanical properties like change in weight, change in crystallinity, heat absorbed and released, and phase transition with varying
temperatures. The major characterization techniques to evaluate the thermal properties of biocomposites are differential scanning
calorimetry (DSC), thermogravimetric Analysis (TGA), and dynamic mechanical analysis (DMA). All these three thermal analyses
techniques are discussed in the following sub-sections.

6.3.1. Thermogravimetric Analysis (TGA)

TGA is used to obtain information about the thermal stability and content analysis of polymeric materials in a temperature range
of 25 to 600 <C [170]. A sample of known weight is kept inside the TGA’s analysis chamber where temperature rises gradually and
the weight change is recorded against the temperature change. Satsum et al. [171] analysed PLA—pectin composites for which the TGA
curves are shown in Figure 6a. PLA and its composites with 2% and 4% pectin show the single-step weight loss. Therefore, no initial
weight loss was observed from moisture phenomenon that could take place, whereas in the case of PLA composites with 6% and 8%
pectin, the weight loss happened in three main stages. In the first stage, elimination of absorbed moisture took place, in the second
stage degradation of pectin in composite took place was 50% weight loss happened and finally in third stage depolymerization took
place and major chain structure was broken with the evaporation of CO,, CO, and CHj results in further 30% weight loss [172].

6.3.2. Differential Scanning Calorimetry (DSC)

DSC analysis is used to determine glass transition temperature, crystallization temperature, melting temperature, heat capacity,
and enthalpy variation of polymer materials and their composites at varying temperatures during the heating and cooling cycles and
phase transitions. For the case of natural fiber biocomposites, several studies stated no change in glass transition temperature but a
shift in melting point (Tn), crystallization temperature (T¢), and percentage crystallinity before and after incorporation of natural
fibers in biopolymers [173,174]. DSC curve of PLA, diatomaceous earth (a naturally occurring sand made up of fossilized remains
of small aquatic organisms called diatoms), and bee wax biocomposites are shown in Figure 6b [175]. Neat PLA is not showing
any glass transition temperature or crystallization temperature but only a small endothermic transition at 100 <C whereas its
composite with diatoms (silicified algae) shows a glass transition temperature at 60 <C along with a crystallization peak. PLA
containing diatomaceous earth (dark green) as filler is not showing any crystallization peak but the crystallization peak is observed
after the addition of bee wax in PLA. The enthalpy of crystallization and melting temperature increased with the addition of bee
wax representing an increase in the crystallinity of PLA [175].

6.3.3. Dynamic Mechanical Analysis (DMA)

DMA is used to determine the viscoelastic behaviour of advanced materials by determining storage modulus (G'), loss modulus
(G"), and damping factor (tand. It is mainly used for polymeric materials to better understand the glass transition temperature (Tg)
[176]. The G’ values determine the stiffness of the material, and loss modulus (G") represents the energy loss in the form of heat
due to intermolecular friction. The damping factor (tand) is the ratio of loss modulus to storage modulus and determines the damping
behaviour of the material as a function of temperature. Glass transition temperature can also be determined from the damping factor
profile [177]. These can be used to determine the influence of various treatments given to fibers on the thermal properties of
biocomposites [178]. Figure 6c,d shows DMA results of mater-Bi® and hazelnut shell powder biocomposites studied by Ceraulo et.
al. [115]. The storage modulus value of biocomposites increased with an increase in the content of filler. Similarly, tand curves
show a sudden increase in loss factor at glass transition temperature which is a typical behaviour of polymeric materials. It can be
seen that neat polymer shows a higher damping factor value, while after the addition of filler, it reduced many folds and the glass
transition temperature also shifted towards higher values due to the presence of filler.
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Figure 6. (a) TGA profiles of PLA blend with different compositions of Pectin taken with permission from Ref. [137]; (b) DSC curves of PLA
and its composites with 10% diatoms reproduced with permission from Ref. [141]; (c) and (d) storage modulus and damping factor of mater-Bi®
and hazelnut shell powder biocomposites reproduced with permission from Ref. [102].

6.4. Mechanical Responses

Mechanical tests ensure whether the material fulfils the performance requirement according to industrial specifications, especially
for the aerospace, automotive, medical, and defence industries [179]. These tests include tensile, flexural, impact strength, compression,
and bending tests of the composite carried out according to various standards such as ASTM D638 for the tensile test [180], ASTM
D790 for flexural properties [181], ASTM D256 for the impact test [182]. Tensile, flexural, compression, and bending are done using
a universal testing machine whereas the impact strength test is determined by Charpy and Izod impact test [183].

6.4.1. Tensile Test

Tensile test is a basic test comes under mechanical tests to determine how a material behave when tensile forces are applied
on it. It is used to measure how much of tensile load one material can sustain before permanent deformation and before fracture.
Properties that can be measure directly by tensile test are yield strength, ultimate tensile strength and elongation at break. All sorts
of materials designed for engineering applications need to sustain some amounts of tensile load. For each class of materials there
are some pre-defined standards describing test specimen dimensions and test parameters [184]. For composites some specific
standards are ASTM D 638, ASTM D 3039, ISO 527-5 [179]. Tensile tests are performed using a universal testing machine (UTM)
and it is being used to determine tensile strength, elastic modulus and elongation at break properties of the samples. Most of the
studies on natural fibers based green composites or biocomposites include tensile test. Ismail and team [185] prepared bamboo
fibber reinforced natural rubber composites with different weight content of bamboo fibers. To evaluate the tensile properties, they
performed a tensile test using UTM as per ASTM D412 standard. Both tensile strength and elongation at break decreased from 19.8
MPa and 749% to 3.6 MPa and 181% at 50 wt.% of bamboo fibers in natural rubber. Whereas tensile modulus value increased from
0.61 MPa of neat rubber to 1.91 MPa at 50 wt.% rubber. Similarly, PLA was reinforced with nanocellulose crystals [186]. It was
found that with increase in nanocellulose content in PLA both tensile strength and tensile modulus increased up to 10 wt.% of
nanocellulose. The tensile strength and modulus for pure PLA was 20 MPa and 2 GPa which increased to 37 MPa and 3.6 GPa,
respectively. Figure 7a displays the stress-strain curve of low, medium, and high molecular weight film of neat chitosan, and Figure
7b shows a stress-strain curve of chitosan-flax fiber laminates prepared by Rath et al. [112]. It can be seen that tensile strength of
high molecular weight chitosan film is higher than that lower and medium molecular weight polymer whereas the low molecular
weight chitosan flax laminates have higher tensile strength than the others and overall neat chitosan films have better tensile strength
than its laminates with flax fiber mats.
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Figure 7. (a) stress-strain curves of pure chitosan films; (b) stress-strain curves of chitosan-flax fiber laminates; (c) flexure stress-strain curves
for chitosan-flax laminates; and (d) shows the comparison of specific modulus vs. specific strength of prepared laminates with other composites
and polymers. Taken from Ref. [99] with permission.

6.4.2. Bending Test

Bending tests are performed to determine bending modulus, flexure strength and flexure strain of materials. They are also
used to determine the tensile strength of brittle materials which are difficult to test using tensile test. Most commonly used bending
tests are three point bending test, four point bending test, cantilever test, and G-torsion test [187]. Bending tests are very common
experimental characterization in industry as engineering materials face bending stresses more commonly throughout their service
life. For composites especially laminates and sandwich, composites bending tests are of much importance to determine interlaminar
strength. During bending test, material can be tested both in cyclic loading and quasistatic loading [188]. Three points bending and
four-point bending tests can be performed using UTM. ASTM D790 and ISO 178 are some standards for three-point bending tests.
Most researchers include these test to evaluate the flexural strength of prepared composite [189]. Habibi and his team [190]
performed a flexure test on different orientations laminates prepared using flax fiber reinforced biobased CORAL resin prepregs
prepared through hand layup technique. Flexure test was done to understand how stacking sequence affects the laminate bending
behavior. Stacks placed in unidirectional sequence were found to have highest flexure modulus and strength of 26 GPa and 244
MPa. Figure 7c shows flexural strength vs. strain of chitosan-flax fiber laminates. Laminates made up of medium molecular-weight
chitosan have higher flexural strength than higher and lower molecular-weight chitosan laminates [112].

6.5. Morphology

Morphology involves microscopic imaging of biocomposites at various resolutions to see and understand features such as
shape and size of fillers, distributions of filler, pores, and cavities, the effect of various treatments on matrix and fillers textures,
adhesion between filler and matrix using various imaging techniques like Scanning Electron Microscopy (SEM), Transmission
Electron Microscopy (TEM), and Atomic Force Microscopy (AFM). Morphological analyses are also used to analyse the fracture
profile of biocomposites and to better understand the influence of filler shape, and size distribution on composite’s properties.
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6.5.1. Scanning Electron Microscopy (SEM)

SEM has been used for a wide range of polymer and composite studies and applications, including fiber matrix adherence,
fiber distribution, fracture surface, phase boundary, surface roughness, and adhesive failure [191]. SEM provides high magnification
and depth of field, enabling examiners to see fiber ends, surfaces, or transverse areas in detail [192]. Figure 8 shows the SEM image
of Nappier grass fibers before and after treatment for the reinforcement in natural rubber to prepare biocomposites by
Lorwanishpaisarn et al. [163]. Image ‘a’ shows the photographic image of ground grass fibers and image ‘e’ shows its corresponding
SEM image. The presence of pectin and hemicellulose holds the fibers together forming such a large structure whereas partial
elimination of pectin and hemicellulose took place after the alkali treatment and the fiber become brighter and smaller in size as
shown by images ‘b’ and ‘f’. Bleaching of fibers was done to removed cementitious material such as hemicellulose, lignin, and
pectin, and a further reduction in the size of fibers took place as shown by images ‘c’ and ‘g’ of Figure 8(i). Alkali and bleaching
treatment leads to the deliberation of parts of fibers by breaking alkali liable linkages especially esters and ethers linkages which is
supported by other studies as well [193,194]. After reaction with KMnO4 and oxalic acid, a white colour suspension was obtained
shown in image ‘d’ of Figure 8. The suspension was then freeze-dried to obtain the final product in powder form consisting of
micro and nanocellulose fibers shown in image ‘h’.

6.5.2. Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM) offers a unique combination of analytical techniques such as electron energy loss
spectroscopy (EELS), energy dispersive X-ray spectroscopy, bright and dark field imaging for structural, and chemical analyses at
the nanoscale level of the composites. Nam et al. [195] imaged the dispersion of silver nanoparticles in cotton microfibers using
TEM. The image of the left edge, centre, and right edge of the cross-section of cotton fiber are shown in Figure 8(ii) [195].

Figure 8. (i) SEM and photographic images of Napier grass before and after each chemical treatment, reproduced with permission from Ref.
[130]; (ii) TEM images of cross-section of silver- cotton nanocomposites reproduced with permission from Ref. [155]; and (iii) AFM image of
Nano Cellulose fibers reproduced with permission from Ref. [159].

6.5.3. Atomic Force Microscopy (AFM)

AFM is one of the microscopic technologies with the greatest lateral resolution [196] used to analyse the surface roughness of
biocomposites where the surface smoothness is being modified by various processes. Raj et al. used AFM for interfacial studies of
PLA/flax fiber biocomposites to map adhesion properties of raw and NaOH treated fiber [197]. AFM can also be used to determine
the mechanical properties of sub-micron spatial resolution [198]. Figure 8(iii)shows the AFM image of cellulose nanofibers
synthesized via acid hydrolysis of bamboo fibers [199].

6.6. Rheological Studies

Rheology is the study of the flow behaviour of liquids and the deformation of solids under shear forces. The factors which
influence the flow behaviour includes shear rate, shear stress, degree and duration of force applied and temperature. Rheology is an
important tool to study the flow behaviour of viscoelastic fluids during the manufacturing process, and how the resin behaves during
the impregnation of fibers during the manufacturing of fiber-reinforced composites [200]. Rheological properties include gel point,
initial viscosity, and minimum viscosity. Initial viscosity is a helpful indicator of resin flow for quality control, it also indicates the
onset of polymer melting and does not depend on the heating rate. Minimum viscosity gives an idea about the temperature range
and period for which the resistance to flow is minimum. The rheological experiment also provides optimum heating rate, shear flow,
and viscosity at different temperatures, pressure, and frequencies [201]. Figure 9 shows the flow curve with respect to angular
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frequency for Mater-Bi® and hazelnut shell powder biocomposites using a parallel plate rheometer. The viscosity of the polymer
increased to 2 and 4 folds after the addition of hazelnut shell powder as filler and shows non-Newtonian behaviour which enhanced
with increasing filler [116].
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Figure 9. Viscosity vs. angular frequency curves for mater-Bi® and hazelnut shell powder biocomposites. Reproduced with
permission from Ref. [102].

6.7. Biodegradation Studies

Biodegradation is a biochemical process that involves in breakdown of organic materials into a simpler form compound,
mineralized, and redistributed into the environment by elemental cycles such as the carbon, nitrogen, and sulfur cycles. It only
occurs within a biosphere and involves hydrolytic cleavage of chemical bonds by microorganisms under certain environmental
conditions [202]. It differentiates from other degradations such as thermal, photo, and weathering because all of these occur under
harsh conditions and without microorganisms [203]. Ali et al. [204] showed the gradual breakdown of material by specific biological
activity. Biodegradation occurs through bio-fragmentation, bio-deterioration, and assimilation [205]. The factors that affect the
biodegradability of polymers and their composite are divided into two groups; one is their physical properties which includes
molecular structure, molecular mass, and crystallinity of the materials; and the second group is the environmental conditions that
include temperature, humidity, pH and the types of microorganisms. The biodegradation test of biocomposites is done to evaluate
the behaviour of composite material in different conditions, the time it takes to degrade, and how physical and mechanical properties
deteriorate with degradation [206]. Biodegradation of biopolymers or biodegradable polymers can also be controlled by adding
various fillers such as nanoclay [207,208]. Controlled biodegradation is particularly used for drug delivery [209]. The most common
test methods for biodegradation studies are enzymatic degradation and soil burial tests. Microbial tests such as fungal tests are also
used by some researchers to test the biodegradability of biocomposites as fungal attacks are more common. Detailed explanations
about enzymatic, soil burial, and fungal degradations tests are given below.

6.7.1. Enzymatic Degradation

Degradation of polymeric material occurs through the breakdown of chemical bonds by the action of certain enzymes. The
enzymatic degradation mainly happens in two steps:adsorption of enzymes on the surface of the polymer and then, hydro-
peroxidation or hydrolysis of the bonds [210]. The enzymatic degradation of PLA occurs through hydrolysis of the ester bond
backbone for which the most studied enzymes are Protinease K, Lipase, and Esterase. Its degradation greatly depends on pH and
temperature [211]. A study done by Xu and co-workers demonstrated that PLA in physiological pH of 7.4 took 100 h to degrade,
but when tested at acidic pH of ~3, the degradation occurred in 400 h. Similarly, at 37 <C the degradation rate was 4 times faster
than the degradation rate at 25<C [212]. Stepczynska et al. performed an enzymatic degradation test over flax fibers reinforced PLA
composites using four different enzymes namely Proteinase K, Lipase, Protease, and Esterase. Results showed that Proteinase K is
more effective for the degradation of PLA and its composites than other enzymes. Other studies also found that the activity of
Proteinase K is much higher than other enzymes for PLA and its composites [213]. Figure 10(i) shows SEM images of enzymatically
degraded PLA/PBS blend films performed by Shi et al. [214] using an enzyme Cutinase. There are no pores initially, some pores
are seen after 4 days of degradation. As time passes these pores are getting denser and bigger throughout the material, also with an
increase in PBS content pore sizes are getting bigger. For PBS/PLA20/80, PBS/PLA30/70, PBS/PLA40/60, and PBS/PLA50/50
the mean pore sizes are 4.09, 7.58, 8.51, and 110 um on the 8th day of selective Cutinase hydrolysis.
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6.7.2. Soil Burial Test

To carry out soil burial biodegradation of the composite, samples are buried under soil consisting of manure and sand in
specific ratio kept in ambient conditions or controlled conditions. The weight of samples was measured before the test and samples
are taken out at particular time intervals to measure their weight again. Degradation occurs by the action of microbes present in the
soil. Sample filled with natural fibers shows faster degradation than neat samples as natural fiber makes the matrix porous to ease
for microbial attack. Like other biological processes, soil burial test results are affected by factors such as temperature, humidity,
pH, light, and airflow [215]. Yaacob et al. performed soil burial test on PLA/ rice straw powder biocomposites in natural soil under
ambient conditions of humidity and temperature and achieved 50% weight loss in 6 months for the samples consisting of maximum
filler (20wt.%) [216]. The slow degradation of PLA is also proved by another study done by Slezak et al. [217]. PLA and its
composite with PBS were buried under natural soil under ambient conditions. No degradation could be seen in 12 months, shown
by SEM images as in Figure 10(ii). No surface erosion or pores were observed after 6 months of burial and some changes on the
surface could be seen only after 12 months of soil burial.

. PBS/PLA20/80 PBS/PLA30/70 PBS/PLA40/60 PBS/PLA50/50
l) ao
od ’

ii)

Figure 10. (i) SEM images of PLA/PBS blends at different PBS content in PLA before and after enzymatic degradation, reproduced with
permission from Ref. [174]; (ii) SEM images of PLA and PBS before and after soil burial; PLA_1 is a composite of PLA with polybutylene
adipate terephthalate and additive, PLA_2 is a composite of PLA and minerals fillers, and PBS_1 is a composite of PBS and mineral additives.
Reproduced with permission from Ref. [177].

6.7.3. Fungal Degradation

Fungi grow on the surface of the polymer by consuming it as food through oxidation or hydrolysis by enzymes released by
fungi. These enzymes break down the high-molecular-weight polymer into low-molecular-weight monomers which could easily be
transported through the cell wall of fungi. Environmental factors such as pH, temperature, and humidity affect degradation rate as
with other biodegradation processes. These tests are majorly done in sealed containers. First fungi are grown, then samples to be
biodegraded are inoculated with small pieces of these grown fungi inside a flask sealed with stoppers and degradation is observed
by taking visual observation and by spectroscopic analysis of the samples [218]. Stoleru et al. performed the biodegradation of
PLA/chitosan biocomposites by Phanerochaete chrysosporium fungus [219]. The changes in samples were characterized using
FTIR, AFM, and gel permeation chromatography to determine the degradation that occurred after the fungi embedment.

7. Applications of Biocomposites

High specific strengths, low cost, easy processing, abundance of raw material, and environmental friendliness make
biocomposites an excellent choice as the replacement for petroleum-based polymeric composites for wider applications. Their
applicability has been improving for the last three decades which is now catching high pace due to restrictions on non-renewable
materials. The key sectors where biocomposites are being utilized most are food packaging, automotive, biomedical, construction,
interior, and sports. Their high specific strength and lightweights are best suitable for the automotive and aviation industry [220]. Some
of the major car manufacturers like Toyota, Mercedez Benz, and Volkswagen have been utilizing natural fiber composite for the last
20-30 years now. Use of biocomposites and natural fibers to reduce vehicle weight by 10% and enhance fuel efficiency [86], reduce
vibrations and noise [221]. Currently, biocomposites are used only for interior parts only where much higher loads are not required
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[222]. Around 8 million vehicles of Ford have seats made up of soy foam reducing fossil fuel usage by 5 million pounds per year [223].
Biocompatibility, optimum degradation kinetics, and flexible mechanical properties of biocomposites make them the best choice for
biomedicine and medical-related applications such as implants, tissue engineering, bone scaffolding, wound healing, and drug delivery
[173,174]. Natural fiber-based biocomposites such as wheat/rice straw mixed clay bricks have been used for construction for ages now.
Superior thermal insulation, noise insulation, and vibration damping of natural fibers make their use in biocomposites an excellent
choice for construction applications such as doors, window panels, heat shields for sunlight exposure, tiles, and roofing. They are being
used in place of fiber glass-reinforced composites. Researchers have used hemp fiber with concrete to improve thermal and sound
insulation [224] and other properties [225]. Packaging is one of the rapidly growing sector where the replacement of single-use
nonbiodegradable plastics is needed [226]. Some major industries such as West Rock Company, Clearwater Paper Corporation, Stora
Enso, and Bemis Manufacturing have started manufacturing biodegradable and green packaging for various applications. They are
using different types of biopolymer blends such as starch, PLA, Pectin, cellulose, and natural fiber-based biocomposites for cosmetics
packaging applications [227]. Some examples of biocomposites applied in various sectors are listed in Table 4.

Table 4. Biocomposites applied in various fields.

Material Product Industry Reference
Kenaf/PLAComposite Spare tire cover Automotive [221]
. Packing trays, side fittings, surface toolbox, door scratch plates, and floor .
Biobased PP/PLA finishing platter Automotive [221]
Kenaf/Biobased PET Luggage compartment Automotive [228]
Flax/sisal hybrid mats

reinforced polyurethane Door panels Automotive [229]
Sisal-reinforced composites Rear panel shelves Automotive [230]
Jute, sisal, flax/biopolymers interior panels, shelves, and trunk covers Automotive [231]

Acrodur/sisal composite Lower door panel Automotive [221]

Chitosan NCs-/polyethylene oxide wound dressing Biomedical [232]
Chitosan Coated PLA Nanoparticles Drug Delivery Biomedical [233]
Flax Fiber/Green epoxy composite Ecologic orthosis Biomedical [234]
Bioinspired Collagen/Gelatine Implant coating Biomedical [235]
Bamboo/Concrete composites Beam Construction [236]
Cellulose/PHV/PHB composites Food packs Packaging [237]
Flax fiber/Bio Epoxy composite Boat Hull Construction [238]
Hemp fiber/concrete Concrete Construction [239]

8. Current Challenges for Biocomposites

At present, several challenges are being faced by biocomposites which may have inconsistency in properties of natural fibers.
Properties of natural fibers vary from place to place, from season to season, and even from plant to plant due to variations in
environmental conditions, minerals in soils from place to place.Therefore, fabricating biocomposites with similar properties is very
difficult which limit their industrial manufacturing and mass applications [240]. The high moisture sensitivity of natural fibers and
biopolymers gives a big challenge in their use of packaging, and long time storage cannot be done as they are prone to microbial
attack. Challenges during the fabrication arise due to moisture absorbing tendency which causes swelling, and shrinking during
fabrication leading to improper distribution and poor adhesion with matrix in fabricated composites [241]. The lower thermal
stability of natural fibers and biopolymers limits the high-temperature use in fabrication because most of the natural fibers degrade
with a rise in processing temperature [242]. Fiber breakage during processing and entangled fibrils lead to poor distribution of fibers
in biocomposites. Because of their lower thermal resistance, lower impact, tensile, and flexure strength, they are used only for lower
load applications, where no higher temperatures or temperature fluctuations are needed [243]. These factors limit their high
temperature and high load-bearing applications.

9. Future Scope of Biocomposites

The sole cause behind the lower mechanical properties of biocomposites is interfacial bonding between biopolymers and most
natural fibers. Therefore, further research on the basic understanding of single fiber morphology, surface modification, and their
mechanical behaviour is necessary to enhance interfacial bonding and fiber dispersion. Hundreds of studies exist on fibers surface
modification with various treatments but none for single fiber processing which is very required to enhance their mechanical
properties. More work is needed on new surface modification techniques, the use of coupling agents, and compounding techniques
for biocomposite manufacturing. There is plenty of room for research on new and less common fibers which can enhance their
applications, giving direct benefit to those rural societies where these materials are in ample quantity. Hybridization of
biocomposites holds huge scope as only a few studies are available. Utilizing multiple types of natural fibers and polymeric blends
in a synergetic approach is necessary to achieve more flexibility in fabrication and tailoring properties. This can expand the
applicability of biocomposites in various fields. Few studies are present on polymer-metallic foam composites [244]. Biocomposites
made up of biopolymers and renewable biodegradable synthetic materials such as metallic foams can be used to fabricate new-age
biocomposites with enhanced mechanical and thermal properties. The inconsistency in the properties of biocomposites can be
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overcome by advanced manufacturing techniques such as additive manufacturing but a lot of improvements are required to make
this technique suitable for the fabrication of a wide variety of biocomposites and continuous productions. Design and performance
aspects that include product standards, lab-scale concepts, durability, and degradation models need to be focused on to increase the
applicability of biocomposites. The commercialization of biocomposites is increasing and expected to grow more due to rapid
environmental concerns and awareness among people about sustainability, advancement inprocessing techniques, and emerging
new applications for biocomposites. Research on biocomposites needs to be enhanced globally. To enhance their applicability,
biocomposites with high performance, durability, serviceability, and reliability need to be fabricated.

10. Conclusions

This review article gives an overview of biomaterials to prepare biocomposites, characterization methods, major processing
techniques, recent applications, current challenges, and future scope of biocomposites. Detailed explanation of rheological, processing
and biodegradation studies have been included in this review article on biocomposites. Increasing industrial interest in biopolymer-
based biocomposites in various sectors needs greater attention towards their properties which not only include basic properties such as
for conventional polymer composites but also their biodegradability and processing behaviour. Examples of recent studies are included
showing the utilization of renewable fillers other than natural fibers are being used to enhance the applicability of biocomposites. In
the last two decades, numerous developments have happened in the field of biocomposites and green composites, with their applications
having increased from the biomedical field to automotive, aviation, construction, packaging, electronics, and sports. Researchers are
trying to develop biocomposites with improved properties from the current state to extend their applicability further from being used
in the interior only to the exterior and lower load applications to moderate load-taking applications. Numerous variations are used such
as blending different types of biopolymers, hybrid biocomposites, various types of modifications, and advanced processing techniques
paving the way for biocomposites to replace non-sustainable polymer composites.
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