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Abstract: With the global shift toward greener transportation, the automotive industry is rapidly
adopting lightweight materials to enhance fuel efficiency and reduce greenhouse gas emissions.
Weight reduction not only improves recyclability but also enhances vehicle performance, including
driving dynamics, braking efficiency, and crash safety. A key enabler of this transition is the
integration of lightweight, high-performance materials such as advanced polymer composites as
sustainable alternatives to conventional automotive components. As the future of mobility
increasingly leans toward electric vehicles (EVs), the demand for eco-friendly materials has never been
greater. This review provides an extensive analysis of natural fibers and fillers derived from agro/food
waste—such as banana, coir, corncob, date palm, pineapple leaf fiber (PALF), and sugar bagasse —as
potential reinforcements for biocomposites in EV interior applications. It explores the extraction
processes, as well as the physical, chemical, mechanical, and thermal characterization of these fibers
and their reinforced composites. Additionally, the article presents a comprehensive review of
automotive interior requirements, evolving market trends, and key considerations for adopting
biocomposites in vehicle interiors. Finally, this review highlights the future research scope and
challenges associated with integrating agriculture waste-based biocomposites into electric vehicle
applications, paving the way for a more sustainable and environmentally responsible automotive
industry.
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1. Introduction

The Earth faces escalating challenges from carbon emissions and the depletion of oil reserves.
Among various sectors, transportation significantly impacts energy consumption and the environment,
accounting for over 25% of global energy use and greenhouse gas (GHG) emissions. Notably, ground
transportation contributes to more than 70% of the emissions within this sector [1,2]. With fossil fuels
comprising over 80% of the world’s energy consumption and transportation being predominantly
reliant on oil, the eventual exhaustion of global reserves is a critical concern [3,4]. The rapid growth of
transportation has led to significant oil consumption and poses challenges to environmental protection.
The sector is the second-largest source of anthropogenic greenhouse gas emissions, with road
transportation contributing approximately 93% through vehicle emissions [5]. Additionally,
transportation accounts for 40% of the global daily oil consumption of nearly 75 million barrels. As a
result, research on energy efficiency and emission reduction, particularly in the automotive industry,
has become increasingly prominent. The growing energy demand, particularly from developing
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nations, intensifies concerns about resource depletion and emissions [6]. In response, governments are
setting targets under the Paris Agreement to cut GHG emissions by 2030. For instance, Europe’s ‘Fit-
for-55’ initiative aims to reduce carbon emissions by 55% from 1990 levels by 2030 [7]. To comply with
vehicle CO: regulations, automakers are adopting the Worldwide Harmonized Light Vehicle Test
Procedure (WLTP) as the global standard for light vehicles [8]. India is advancing towards leadership
in the road transport sector with its Nationally Determined Contribution under the Paris Agreement,
aiming to phase out petrol and diesel vehicles by 2030. A 2018 Coal India report highlights that
promoting lightweight vehicles and solar energy use can significantly and swiftly reduce carbon
emissions [9]. Leading car manufacturers are increasingly focusing on electric and hydrogen-powered
vehicles to reduce global GHG emissions. In parallel, advancements in urban air mobility (UAM) are
shaping the future of transportation. These innovations rely on batteries, with hydrogen-powered
vehicles also requiring high-voltage batteries as backups [10]. With EV batteries weighing 300-700 kg,
including 100-160 kg from metal parts, the use of lightweight materials becomes imperative. Alongside
improving battery cell energy density, optimizing battery pack design and replacing traditional
aluminium and steel with composites and polymers are key to achieving significant weight reductions
[11]. Gregory Keoleian from the University of Michigan highlights that advancements in fuel efficiency
will come from vehicle electrification and lightweight. Reducing vehicle weight by 10% can improve
fuel economy by 6% or increase the driving range of electric vehicles (EVs) by 14%. This highlights the
importance of lightweight materials in vehicle design [12]. In 2016, the global market for lightweight
materials was valued at approximately USD 113.78 billion and is projected to grow at a compound
annual growth rate (CAGR) of 8.9% over the forecast period. The rising vehicle demand in North
America, particularly in the U.S. and Canada, is expected to drive this growth, largely due to the
presence of leading automotive manufacturers in the region [13]. One effective strategy for reducing
EV weight is replacing interior metal components with polymers. However, polymers present
challenges in terms of end-of-life disposal and their potential to contribute to environmental pollution
[14]. To address these issues, natural fiber-based bio or green composites have emerged as a sustainable
alternative [15].

Composites are materials consisting of two distinct phases: the reinforcement phase and the matrix
phase. The reinforcement phase, which provides strength and stiffness, can be fiber-based or particulate
(filler) in form, while the matrix acts as a binder to hold the reinforcement together [16]. Depending on
their source, reinforcement materials can be classified as synthetic or natural. Synthetic fibers like
Kevlar, carbon, and glass are commonly used for their strength and durability. However, natural fibers
are emerging as a sustainable alternative, derived from plants and animals. Plant-based fibers such as
bamboo, banana, coir, jute, flax, hemp, kenaf, pineapple leaf, sisal, and ramie are obtained from stems,
leaves, seeds, and agricultural residues, providing a renewable cellulose-based resource. Animal fibers
like wool, silk, alpaca, cashmere, horsehair, and even human hair are protein-based, offering another
natural option[17]. When these natural fibers or fillers are combined with non-degradable polymer
matrices, they form bio-composites. Alternatively, green composites are created when both the
reinforcement and matrix are derived from natural, biodegradable resources [18]. This shift toward
natural fibers underscores their growing potential in developing eco-friendly materials that balance
sustainability with functionality. The increasing adoption of these materials is driven by their cost-
effectiveness, recyclability, non-toxicity, eco-friendliness, and superior strength-to-weight ratio
compared to synthetic alternatives [19]. However, a significant challenge in natural fiber-reinforced
composites (NFRCs) is the poor compatibility between the hydrophilic, polar natural fibers and the
hydrophobic, non-polar polymer matrices, which can result in weak interfaces and poor dispersion. To
address this, researchers have explored various methods, such as chemical treatments and surface
modifications, to improve fiber-matrix compatibility [20]. In countries like India, significant
agricultural waste, including rice husk, wheat husk, coconut, corncob, pineapple leaves, and bagasse,
remains underutilized. This waste presents an opportunity to develop composites for various
industries, including construction, furniture, packaging, automotive, and biomedical applications [21].
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The growing emphasis on circular economy principles is reshaping industrial processes and product
designs, with concepts like the bioeconomy, bio-based society, and green economy guiding strategic
planning [22]. As stricter global regulations and higher taxes make landfilling industrial waste
increasingly untenable, waste is now being either incinerated or repurposed for higher value uses [23].
Developing sustainable applications using waste materials, while considering both environmental and
economic impacts, has become essential. The evolution of biocomposites in the recent decades has made
them viable alternatives to conventional materials [24]. The rising market demand for natural fiber-
based composites highlights the need for political incentives and a steady supply of raw materials.
However, competition with petroleum-based materials remains a challenge, requiring not only
environmentally friendly solutions but also affordable biomass resources [25].

This review provides a comprehensive analysis of various agricultural wastes which are easily and
abundantly available in the Indian subcontinent, their treatment processes, and their potential as
reinforcements in thermoplastic and thermoset polymers. It explores the development processes of
these composites and highlights their viability as replacements for traditional materials in automobile
interiors. Additionally, the article includes a detailed overview of automobile manufacturers and the
possible applications of biocomposites in interior components. Furthermore, it envisions the future role
of waste biomass in advancing innovative technologies like Electric Vehicles, showcasing its potential
to contribute to sustainable and eco-friendly solutions.

2. Natural Fibers

Fibers are thread-like, linear structures with distinct cross-sectional and longitudinal shapes,
commonly used in composite materials. Natural fibers, sourced from plants, animals, and minerals,
offer numerous advantages such as environmental sustainability, lightweight, strength, renewability,
cost-effectiveness, and biodegradability. They are often used as reinforcements in both thermoset and
thermoplastic matrices, providing a cost-effective alternative to high-cost synthetic fibers like glass,
especially in low-load applications such as construction, packaging, and automotive interiors.
However, synthetic fibers pose risks to human health and the environment, potentially leading to
conditions like skin irritations and respiratory illnesses, including lung cancer.

Natural fibers, with their low density and superior mechanical properties, are lighter than
synthetic fibers and metals, making them well-suited for weight-sensitive applications requiring high
strength, such as in the transportation industry. When incorporated into polymeric or biodegradable
matrices, natural fibers enhance functionality, offering improved thermal and acoustic insulation
compared to glass fibers. These composites are non-hazardous to the skin and respiratory system,
making them safer than synthetic alternatives. In the automotive industry, natural fiber composites
reduce vehicle costs, fuel consumption, and energy requirements, while offering better ecological
sustainability and mechanical strength. The major sources of the natural fiber are discussed in the next
section.

2.1. Sources of Natural Fiber

Natural fibers (NFs) play a significant role in the development of green composites, offering a
sustainable alternative for various applications [26]. These fibers can be classified based on their source,
as illustrated in Figure 1, and are derived from plants, animals, or minerals. Plant-based fibers, also
known as lignocellulosic fibers, are primarily composed of cellulose fibrils embedded in a lignin matrix,
providing strength and flexibility. [27,28]. They are categorized by origin, such as stalk, grass, wood,
leaf, fruit, bast, and seed, with key examples including jute, flax, hemp, sisal, kenaf, coir, banana, abaca,
areca nut, cotton, and oil and date palm. These fibers hold significant commercial and technological
value, with initial research in natural fiber composites focusing on jute and flax. Over time, the scope
has expanded to include a diverse range of plant fibers for various advanced applications. [29]. Animal
fibers, on the other hand, are protein-based and can be divided into two categories: a-keratin fibers,
such as hair, wool, and feathers, and fibroin fibers, like silk and spider silk. These fibers are primarily
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sourced from mammals, including sheep (wool), goats (cashmere, alpaca), and horses. Lastly, mineral
fibers, which occur naturally, are predominantly composed of asbestos. [30,31]. The composition and
anatomical structure of plant-based natural fibers and fillers are explored in detail in the next section.
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Figure 1. Source and classification of natural fibers [27,28].

2.2. Constituents and Anatomy of Plant Based Natural Fiber/Filler

Plant based natural fibers are complex in composition, primarily comprising cellulose,
hemicellulose, lignin, pectin, waxes, and other extractives [19,32]. Plant fibers consist of a primary and
a secondary cell wall, each serving distinct roles. The primary wall, composed of hemicellulose, pectins,
proteins, and disordered cellulose microfibrils, provides flexibility and supports cell growth. In
contrast, the thicker secondary wall, divided into three layers (51: 100-200 nm, 52: 0.5-8 pum, S3: 70-100
nm), imparts rigidity and superior mechanical properties due to its higher cellulose and lignin content
[33]. The secondary wall features concentric layers of helically arranged cellulose microfibrils, where
lignin acts as a matrix binding the rigid cellulose structure. Microfibrils, measuring 2-20 nm in
diameter, comprise crystalline cellulose chains linked by amorphous regions. Figure 2 (a) shows typical
structure of plant fiber and (b) represents microfibril and cellulose inside the fibril [47]. The composition
and properties of natural fibers vary based on factors such as plant species, climate, maturity, and
extraction methods [34].
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Figure 2. (a) Typical structure of the natural fiber, (b) microfibril and cellulose inside the fibril [47].
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Cellulose: Cellulose serves as the fundamental structural backbone of natural fibers, playing a
pivotal role in their mechanical properties such as strength, stiffness, and stability [35]. This natural
polymer, composed of carbon, hydrogen, and oxygen, breaks down into glucose molecules linked
through long molecular chains [36]. Its semi-crystalline nature, governed by hydrogen bonding
between hydroxyl groups, forms crystalline zones that enhance rigidity and confer a high modulus of
elasticity (~136 GPa, surpassing fiberglass at ~75 GPa) [37]. As the most abundant organic compound
in nature and a key component of plant cell walls, cellulose is a polysaccharide with the formula
CeHi100s, composed of D-anhydro glucopyranose (AGU) units connected by [3 1—4 glycosidic bonds.
Figure 3 (a) represents the degree of polymerization in cellulose. In its native state, cellulose exhibits a
high degree of polymerization (~14,000), which reduces to ~2,500 upon purification [38]. These
macromolecules aggregate into semi-crystalline microfibrils, forming the structural framework of
fibers, with crystallinity varying based on the cellulose source. Two primary forms of cellulose exist:
native cellulose (cellulose I) and regenerated cellulose (cellulose II). The latter is produced by treating
cellulose I with sodium hydroxide (NaOH), altering its semi-crystalline structure and creating new
allomorphic arrangements. This transformation underscores cellulose’s adaptability and its critical role
in diverse structural applications [39,40].

Hemicelluloses: Hemicelluloses are low molecular weight polysaccharides (DP: 200-10,000) that
strengthen natural fiber cell walls by bonding with lignin and cellulose [41]. These branched,
hydrophilic polymers, primarily found in plant bark, consist of various sugars such as D-xylose, D-
mannose, D-glucose, and glucuronic acid. Figure 3 (b) represents the molecular structure of xyloglucan.
Their amorphous and flexible structure, resulting from a mix of monomers, makes them water-soluble
and less resistant to hydrolysis [42]. Acting as a matrix, hemicellulose embeds cellulose microfibrils,
contributing to fiber cohesion and stability. However, their solubility and lower molecular weight
compared to cellulose increase their susceptibility to biodegradation, moisture absorption, thermal
degradation, and flammability [43]. Despite these limitations, the helical structure of hemicellulose
enhances its flexibility and reinforces its role in the fiber’s structural framework [44].

Lignin: Lignin, the second most abundant renewable organic compound after cellulose,
constitutes approximately 15-30% of plant biomass. It is a three-dimensional amorphous phenolic
polymer formed by the polymerization of p-coumaryl, sinapyl, and coniferyl alcohols, resulting in
short-chain structures with an average molecular weight of about 20,000 monomer units [45]. The
density and composition of lignin vary depending on the source of the natural fibers and their location,
whether in the fiber walls or lamella [46]. This hydrophobic polymer provides water resistance to plants
and contributes to their rigidity and hardness, particularly in wood and other structural tissues. Its high
resistance to biological degradation forms a protective morphological barrier that inhibits pathogen
penetration and growth, safeguarding plants from chemical and bacterial attacks. Predominantly
located in the secondary walls of natural fibers, lignin is also present in the stem and bark [47]. As a
hydrocarbon polymer, lignin imparts stiffness and structural reinforcement to natural fibers. Its
formation through the irreversible removal of water from sugars strengthens the fiber and promotes
chemical bonding within the fiber matrix. Additionally, lignin helps mitigate UV-induced degradation,
enhancing the durability and performance of natural fibers in various applications [48,49]. Figure 3 (c)
and (d) represents the molecular structure of lignin and primary alcohol in lignin, respectively.

Pectin: Pectins are carbohydrate macromolecules primarily composed of galacturonic acid, found
exclusively in plants [50]. Although present in smaller quantities than cellulose and lignin, they are
crucial to plant fiber structure, particularly in the middle lamella, which connects neighbouring cells
[51]. Pectins, highly hydrophilic due to their carboxylic acid groups, serve various roles depending on
their location. In the primary layer, they help maintain cell cohesion, while in the secondary layer, they
bind cellulose microfibrils with hemicellulose, acting as “intercellular cement” to reinforce fiber
structure [52,53]. Found mostly in bast fibers, pectin enhances fiber flexibility and contributes to overall
strength. Figure 3 (e) represents the molecular structure of pectin.
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Figure 3. Molecular structure of (a) cellulose, (b) xyloglucan, (c) lignin, (d) primary alcohol of lignin, (e) Pectin.

Wax: Plant waxes, composed of long-chain aliphatic hydrocarbons like ketones, fatty acids, and
alcohols, play a crucial role in reducing moisture absorption and influencing the fiberls surface
properties [54]. While these waxes and other extractives are non-structural, they can affect the
wettability and adhesion of fibers with polymer matrices, often leading to poor interfacial interactions.
The structural framework of natural fibers is predominantly formed by cellulose, which imparts
strength and elasticity. Non-cellulose components such as hemicellulose, lignin, and pectin act as filling
materials, binding microfibrils and ensuring the even distribution of external loads [55]. Together, these
components create a composite structure that balances mechanical performance, flexibility, and
durability, making natural fibers a robust and sustainable option for eco-friendly material development
[56].

Lila et al. [57] Observed that the technical fiber of munja consists of multiple microfibrils, also
referred to as the original single fibers or elementary fibers. The SEM image of the munja fiber is shown
in Figure 4(a). These individual fibers are aligned and bonded along their length, with the non-cellulosic
components playing a key role in this bonding process. The surface of the fiber was found to feature
sectional voids, with the fibrils interconnected through a lignin-rich medial lamella. A similar
observation was made by Saha and Kumari [32], who studied bamboo fibers. The SEM image of the
bamboo fiber is shown in Figure 4. (b), where comparable structural features were identified. The
physical and chemical properties of natural fibers, including their cell wall structure, growth patterns,
thickness, cell size, shape, cross-sectional profile, and luminal features, are crucial in determining the
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overall characteristics of the fibers. These properties are directly linked to the fiber’s anatomy and
composition.
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Figure 4. SEM image of (a) munja fiber, (b) bamboo fiber.

Furthermore, the constituents and anatomy of the fiber also significantly influence the interaction
between the fiber and the polymer matrix, as well as the performance of natural fiber-reinforced
polymer composites. Therefore, understanding these essential parameters is crucial for evaluating the
reinforcing potential of any natural fiber or filler in biopolymers. This knowledge is key to optimizing
their use in composite materials [32]. This review emphasizes fibers and fillers derived as byproducts
or waste materials from agricultural activities or food processing industries. These materials, often
undervalued, offer significant potential for sustainable applications in composite development.

3. Different Agricultural Waste Based Natural Fiber/Filler

Addressing the environmental challenges posed by agricultural and food waste is a pressing
global concern. In 2012, the total waste generated worldwide amounted to 1.2 x 1012 kg, with nearly
half comprising organic material [58]. Traditionally, landfilling has been the predominant method of
waste disposal. However, issues such as odour, limited land availability, greenhouse gas emissions —
particularly methane—and residue runoff have raised significant environmental concerns [59].
Additionally, economic factors such as increased landfill fees and restrictions have highlighted the need
for alternative approaches. As a result, strategies focusing on energy recovery and secondary utilization
of waste are receiving growing attention as sustainable and economically viable solutions for effective
waste management [60]. In this section, a detailed description of the agricultural waste which can be
used as reinforcing materials for developing bio or green composites is presented. Table 1 presents the
annual production of different bio-wastes and their compositions. The possible ways to convert this
waste into NFRCs are described in Figure 5 [25,61]. The mechanical performance of natural fiber
composites (NFCs) is significantly influenced by fiber length, orientation, and concentration. Common
mechanical tests, including tensile (ASTM D638), flexural (ASTM D790), and impact tests (ASTM D256),
are used to evaluate these properties. The mechanical properties can be further enhanced through fiber
hybridization and surface treatments, which improve fiber-matrix adhesion [62].
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Table 1. Annual production of different bio-wastes and their compositions.

] ) Annual Production Cellulose ] Lignin Pectin Waxes Extractive Moisture
Fiber/Filler (Dry Metric Tons Per Year) %) Hemicellulose (%) %) %) %) %) Content (%) References
Banana Fiber 1,19,000 60-85 6-8 5-10 2.5-4 - - 10-12 [68]
Coconut Coir 3,50,000 32-43 4-12 40-49 3-8 - - 4-8 [69]
Corn Cob 1,15,000 55-65 5-8 15-18 -- -- 5-8 10-13 [70,71]
Date Palm 4,80,000 39.90 31.50 22.50 -- - - - [72,73]
Ground nutshell 3,00,000 37 9 41 - -- 13 - [74,75]
Orange Peel 5,00,000 9.2 5.4 1.2 22.0 0.7 2.0 79.1 [76,77]
PALF 13,18,000 70-80 10-15 5-12 1-1.2 3.3 6.6 2-5 [17,78]
Rice Husk 120,000,000 35-40 15-20 20-25 3-5 - 5-8 -- [79,80]
Sugarcane Bagasse 1,50,000 36-50 16-25 25-29 - 0.6-5 3-5 -- [81]
Wheat Straw 720,000,000 33-45 19-32 8-16 -- - - - [82]
Wood Floor 1,750,000,000 40-45 30 25-35 0-1 0.4-0.5 2-5 -- [25]
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3.1. Banana Fiber

Banana (Musa spp.) is the most widely produced agricultural fruit globally, with an annual yield
of approximately 119 million tonnes [63]. It serves as a dietary staple in regions such as Africa, the
Caribbean, Latin America, the Pacific, and Asia. Various banana cultivars are consumed fresh,
cooked, fried, or processed into products like juice and beer [64]. In 2020, global plantain production
reached 43 million tonnes [65]. Between 2010 and 2020, India emerged as the largest banana producer,
averaging 29 million tonnes annually, while Uganda led in plantain production with 4.9 million
tonnes [63]. Banana and plantain plants grow throughout the year, reaching maturity within 11-12
months. They flourish in tropical climates, particularly in deep, well-drained soils with temperatures
ranging from 26-30°C. New plantations are established vegetatively using suckers from existing
plants, and intercropping with legumes like beans is a common agricultural practice. Soil fertility is
preserved, and crop yields are enhanced through mulching, organic fertilizers from livestock waste,
and nitrogen-based fertilizers [66,67]. The banana/plantain plant comprises several morphological
parts, among which the pseudo stem is the most significant for fiber production. The pseudo stem
consists of a soft inner core wrapped in multiple sheath layers that eventually transform into leaves
as the plant matures. These sheath layers are the primary source of cellulosic fibers, while the
peduncle, emerging from the inner core, supports the fruit bunch. At maturity, harvesting one ton of
banana or plantain fruit generates approximately four tons of agro residues (fresh weight),
distributed as 75% pseudo stem, 4% peduncle, 12% leaves, and 9% other parts [83]. These residues
are often left to decompose, creating pest breeding grounds or being washed into water bodies,
causing environmental concerns. However, efficient utilization of these by-products offers
opportunities for sustainable applications. Based on 2020 production data, the estimated potential
yield of cellulosic fibers, extracted through machine methods, is 12.64 g of dry fiber per 100 g of fresh
weight [84].

3.1.1. Extraction of Banana Fiber

There are several approaches are available to extract cellulose fiber from lignocellulose biomass.
The extraction processes are grouped into biological, chemical, manual and mechanical processes.
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The most common extraction process for extracting banana fiber from banana biomass is the manual
extraction process and mechanical extraction process. Each extraction process has its benefits and
demerits [85].

The manual extraction method, commonly known as stripping, is prevalent in rural cottage
industries. It involves manually separating pseudostem layers (tuxying) using hand tools like knives,
which makes the process labour-intensive and time-consuming. The layers are cut into small pieces,
flattened to remove vegetal matter, and then combed with comb-like tools. The extracted fibers are
thoroughly washed with clean water, air-dried, and prepared for various industrial applications [86].
Recently, this approach has also been applied to extract cellulosic fibers from the peduncle [87] And
flower bracts. The quality of the extracted fibers largely depends on the worker’s skill. However, due
to its low yield, this method remains impractical for large-scale production[88].

Due to its significantly higher fiber output—20-30 times more than manual methods—
mechanical decortication is widely adopted for commercial fiber extraction [89,90]. Various
decortication machines with different capacities have been developed, typically featuring a rotating
drum with circumferential blades mounted on a shaft, powered by an electric motor via a pulley
system. The drum’s rotation creates a beating and crushing action that removes the pulpy material.
Leaf sheaths are fed into the machine, and the extracted fibers are then washed and dried [91]. A
schematic of a decorticator is shown in Figure 6. For high-value applications, these mechanically
extracted fibers require additional treatments to eliminate residual non-cellulosic components [89].

Decorficationachine

- Lt

Figure 6. (a) Machine for mechanical extraction of banana fiber, (b) extracted banana fiber.

Chemical treatment is a common method for processing fibers, involving alkali, acidic, or a
combination of media. Key factors such as concentration, duration, temperature, and liquor ratio are
optimized for effectiveness [92]. Among these, alkali treatment, also known as mercerization, is the
most widely used technique, as it modifies the fiber structure. However, chemical treatments can lead
to fiber fibrillation and structural transitions from cellulose I to cellulose II, necessitating careful
condition optimization to prevent damage [93]. Despite its advantages, this method generates
chemical waste, contributing to pollution and incurring high neutralization costs. Efforts, such as
using retting baths to reduce effluent, have shown promise, but further research is essential to
enhance chemical recovery and reuse [94].

This eco-friendly technique has gained attention as an alternative to chemical treatments,
utilizing microbial retting, enzymatic digestion, and anaerobic processes. Microbial retting employs
bacteria like Bacillus sp. and Clostridium sp., along with fungi such as brown, white, and soft rot fungji,
to degrade non-cellulosic components [95,96]. Studies report retting durations ranging from 18 to 40
days, with microbial activity influenced by inoculation methods. Large-scale methods, like pond
retting, face challenges such as long durations, excess water use, and hygienic issues. Enzymatic
treatments focus on lignin-specific enzymes (e.g., laccases, pectinases, peroxidases) for fiber
degumming, with optimized conditions such as 24 hours at 45°C using pectin lyase. Laccases have
shown effectiveness in reducing surface impurities [97]. Despite benefits like lower energy
consumption and improved fiber quality, these methods are process-specific, time-intensive, and
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costly. Further research is needed for cost-effective industrial scaling and exploring advanced
techniques like ionic liquids and deep eutectic solvents. Successful fiber extraction yields long, pure
and fine fibers with minimizing the damage, facilitating future green fiber processing from agro
residues. Table S1 (in supplementary document) is presenting the effect of different fiber extraction
processes on banana fiber.

3.1.2. Properties of Banana Fiber

The technical applications of natural fibers are significantly influenced by their intrinsic
characteristics, which define their properties and performance. A comprehensive understanding of
their physical, morphological, chemical, and mechanical properties is essential to assess their
functionality in various applications. Factors such as harvesting time, plant part, origin, and
extraction methods play a crucial role in determining natural fiber properties, including diameter,
length, bulk density, color, and moisture content. Mechanically extracted pseudostem fibers exhibit
the largest diameters, while chemically extracted fibers have smaller diameters due to the removal of
impurities. Fiber length depends on the plant part used; for example, pseudostem fibers range
between 900-1100 mm, whereas flower bract fibers measure between 20-276 mm. Bulk density varies
from 0.4 to 1.39 g/cm?, with pseudostem, peduncle, and bract fibers displaying optimal densities of
1.35, 0.99, and 1.39 g/cm?, respectively. Notably, banana fibers have lower bulk densities compared
to other plant fibers, making them a promising material for lightweight composite applications
[98,99].

Moisture content in banana fibers ranges between 7.51% and 13.1%, and alkali treatments are
particularly effective in reducing moisture levels by eliminating moisture-retaining impurities. Fiber
color, though less frequently studied, is improved with combined enzymatic and chemical
treatments. Variability in physical properties is a common phenomenon among natural fibers, often
resulting from uncontrolled treatment parameters. The morphology of natural fibers is also
profoundly influenced by the extraction method and fiber type. Scanning electron microscopy (SEM)
provides insights into surface features such as impurities (wax, lignin, dirt) and structural changes
that affect fiber-matrix bonding. Mechanically extracted fibers retain impurities and exhibit rugged
surfaces, while alkali-treated fibers show rough, fibrillated surfaces. Acid-treated fibers display
damaged walls due to the hydrolysis of cellulosic chains and swelling of microfibrils. Biologically
treated fibers, on the other hand, maintain long ridged surfaces with minimal disruption to the
hollow structure, resulting in stronger fibers. Peduncle fibers are characterized by small voids, while
bract fibers have irregular, scaly surfaces. Cross-sectional SEM imaging reveals that pseudostem and
peduncle fibers typically possess consistent hollow structures, whereas bract fibers exhibit dense,
rod-like structures. Techniques like cryogenic fracturing enhance the accuracy of cross-sectional
imaging [100,101].

The chemical composition of natural fibers plays a pivotal role in determining their
thermomechanical and physical properties. Composed mainly of cellulose, hemicellulose, and lignin,
the chemical makeup of natural fibers is influenced by species, growth conditions, and extraction
methods. Pseudostem fibers, widely used due to their abundance, contain higher cellulose levels
compared to other plant parts. This high cellulose content enhances the crystallinity and mechanical
properties of banana fibers, making them highly suitable for various applications. X-ray diffraction
(XRD) studies indicate that treatments such as acid, alkali, and enzymatic methods improve the
crystallinity index (CI) by removing amorphous non-cellulosic components like wax, lignin, and
hemicellulose. Several studies have reported CI improvements, with untreated fibers starting at
47.6% and reaching over 60% after treatment, highlighting the positive impact of these processes
[102,103]. Figure 7 (a) presented the chemical composite of banana fiber with compared to other
natural fiber.

Mechanical properties such as tensile strength, modulus, and elongation at break further
underscore the potential of banana pseudostem fibers. As depicted in Figure 7 (b), banana
pseudostem fibers exhibit higher specific tensile strength than coir, jute, and sisal, and their
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performance is comparable to hemp. The specific Young’s modulus of banana pseudostem fibers is
similar to that of jute and significantly higher than coir and sisal, emphasizing their competitive
mechanical properties. Additionally, the elongation at break of banana pseudostem fibers is higher
than that of flax, jute, and hemp, comparable to sisal, and lower than coir. However, these mechanical
properties are influenced by extraction methods and generally improve with further treatment,
highlighting the importance of optimized processing techniques in enhancing the performance of
natural fibers [104].
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Figure 7. (a) Composition of natural fiber, (b) Specific strength of banana fiber compared to other natural fiber.

3.1.3. Properties of Banana Fiber Reinforced Composites

Understanding the behavior of natural fiber-reinforced polymer composites (NFRPCs) under
environmental conditions, such as humidity and moisture, is crucial for evaluating their commercial
feasibility. Numerous studies have investigated how water absorption affects these composites,
revealing significant trends and mitigation strategies. Neher et al. [105] demonstrated that increasing
banana fiber content (0-20 wt%) in high-density polyethylene (HDPE) composites results in higher
density and water absorption, with rapid uptake in the first 24 hours stabilizing over time. The
hydrophilic nature of fibers and interfacial voids facilitate water ingress, primarily through hydrogen
bonding between cellulose and water molecules. Similarly, Satapathy and Kothapalli [106] showed
that water uptake in banana fiber-reinforced recycled HDPE biocomposites decreases when
compatibilizers and fillers such as fly ash cenospheres are introduced, blocking water pathways and
enhancing fiber-matrix interaction. Chemical treatments also play a pivotal role. Ghosh et al. [107]
observed that ultrasonic treatment of alkali-treated banana fibers in vinyl ester composites initially
follows Fickian diffusion but transitions to non-Fickian behavior. Prasad et al. [108] highlighted that
acrylic acid-treated fibers and maleic anhydride grafted LDPE improve water resistance by reducing
hydroxyl groups and creating stronger fiber-matrix bonds. NaOH-treated nonwoven fibers, as noted
by Das et al. [109], reduce permeability by hardening fiber surfaces. Muktha and Gowda [110]
reported thickness-dependent water absorption in untreated banana fiber-reinforced polyester
composites, with thicker samples absorbing more moisture.

Mechanical properties of NFRPCs depend on factors such as fiber type, orientation, and
treatment. Amir et al. [111] found that polypropylene composites reinforced with banana yarn
exhibited significant improvements in tensile and flexural strength compared to raw fiber or mat-
reinforced composites, owing to superior fiber-matrix bonding. Murugan and Kumar [112]showed
that composites with 6 cm fibers and 50% fiber volume fraction achieved optimal tensile and flexural
properties, particularly when fibers were alkali-treated. Fiber alignment and laminate configuration
also influence mechanical performance. Chandrasekar et al. [113] demonstrated that cross-ply
laminates ([0°/90°/0°]) provided superior tensile strength and natural frequency compared to quasi-
isotropic configurations. Similarly, author reported that banana fiber-reinforced vinyl ester
composites enhanced tensile strength by 67% over pure resin, with fibers distributing the load and
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resisting crack propagation. Hybridization and filler incorporation further modify properties [114].
Moshi et al. [115] analyzed hybrid banana-sisal composites and found tensile strength improved with
higher banana fiber content, while flexural strength diminished. Srinivasan et al. [116] noted that
calcium carbonate fillers improved tensile, flexural, and impact properties by filling voids and
enhancing matrix bonding. Surface treatments significantly enhance performance. Vardhini et al.
[117]reported that enzymatic and alkali-treated banana fabrics in polypropylene composites
improved tensile, flexural, and impact strength by up to 69%, with xylanase-treated fibers showing
the best results.

Wear affects both microscopic and macroscopic integrity of materials, leading to gradual
degradation and performance loss. Studies have underscored the need to optimize fiber-matrix
interactions to mitigate wear and extend composite lifespan [118]. Wear gradually weakens materials
at both microscopic and macroscopic levels, leading to performance degradation. Though not always
causing sudden failure, prolonged wear can result in misalignment and vibrations, sometimes
leading to catastrophic failure with financial and human losses. While wear is inevitable, its
progression can be delayed. Polymer composites reinforced with fibers and fillers are widely used in
wear applications. Chavali and Taru [119] investigated the effect of fiber orientation on the abrasive
wear of banana fiber-reinforced epoxy composites using a pin-on-disk tribometer. Wear was minimal
at 0° fiber orientation and increased at 90°, as higher contact areas led to greater wear. Badyankal et
al. [120] analyzed banana-sisal hybrid composites with varying fiber proportions, revealing that wear
was minimized at specific parameter combinations of sliding distance (600 m), normal load (3 kg),
and sliding velocity (3 m/s). Different authors [121] compared hybrid composites of jute-glass, flax-
glass, and banana-glass fibers, finding that increased fiber content reduced wear, while higher speed
and sliding distance increased it. Among the composites, banana-glass exhibited the lowest wear rate.
Shivamurthy et al. [122] studied Al (OH)s-filled banana fiber composites and observed a significant
reduction in wear, especially in samples with 2.5 wt% filler and 10 wt% fiber. Mukti and Choubey
[123] explored the erosive wear of banana fiber composites under different conditions, using a solid
particle erosion apparatus. The study found that impact velocity had the most influence on erosion
rate, followed by stand-off distance, fiber content, and erodent size, while erodent temperature and
impingement angle had minimal effects. Optimized parameters —30 m/s velocity, 15 wt% fiber, and
40°C erodent temperature —yielded the lowest erosion rates.

3.2. Coir Fiber

The effective utilization of agro/food waste, particularly coconut and pineapple residues, offers
a sustainable pathway for biocomposite development, bridging agriculture and industry while
enhancing rural economies and mitigating global warming. Coconut biomass, abundantly available
in India (the second-largest producer globally), comprises 40% fruit and 60% waste, including shells,
husks, and dust [124]. These residues, often discarded, contribute to harmful carbon and methane
emissions. However, they possess significant potential for transformation into value-added
materials. Coconut shells and husks, with high calorific values and rich chemical composition, are
suitable for producing durable, water-resistant biocomposites that can replace traditional materials
in various applications. Coconut fibers, extracted from the mesocarp, are characterized by high
cellulose and lignin content, making them lightweight, moisture-resistant, and thermally stable, ideal
for enhancing composite performance [125]. Unlike other plant fibers, coir fibers can endure heat
exposure and delay plastic shrinkage in composites, enhancing thermal conductivity and durability.
While challenges such as hydrophilicity and poor adhesion persist, advancements in surface
treatment and chemical modification have improved their interfacial bonding and mechanical
properties. Despite extensive research on coir fibers, the integration of coconut particles and fibers
for biocomposites remains largely unexplored, presenting a promising avenue for sustainable
material development [126].
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3.2.1. Extraction of Coir

Coir fiber, extracted from the endocarp and exocarp layers of the coconut, is initially golden or
reddish-brown and has a diameter of 0.01-0.04 inches. Coconut trees are renewable fiber resources,
as other parts, such as petiole bark, leaf sheath, and midrib, also yield fibers. Major producers of
coconuts include Indonesia, Sri Lanka, India, and the Philippines, with 80% of global coconut fiber
production concentrated in Asia’s coastal regions. Coir fibers are categorized into curled, bristol, and
mat types. Curled fibers are short and of lower quality, while bristol fibers are coarse, thick, and
extracted from dry husks. Mat fibers, obtained from retted husks, are the finest and most resistant to
bacterial degradation, making them the most desirable for high-quality applications [127].

The retting process is the most common fiber extraction process. Coir retting is typically carried
out in water-filled canals, rivers, or ponds where coconut husks are submerged and weighted down
with soil. The process, illustrated in Figure 8 (a) [69], takes significantly longer than other fibers like
jute, requiring 4 to 12 months for biological retting. Once retting is complete, well-retted husks are
separated, washed to remove impurities, and manually peeled. The husks are then beaten with
wooden mallets or stones to separate the pith from the fibers [128]. This is followed by additional
washing, drying, and mechanical combing to clean and align the fibers for spinning. Machines are
sometimes used for fiber extraction, ensuring pith removal and producing soft, parallel fibers. Retting
in tidal water is more effective than stagnant water, as it facilitates better fiber quality. During retting,
components like pectin, fat, pentosan, and tannin degrade, while lignin and cellulose remain intact.
Recent advancements, such as closed anaerobic reactor technology, offer pollution-free alternatives
for coir fiber processing [129,130]. Various de-husking methods are used to separate coconut husks
from fruits. A skilled farmer can manually de-husk about 2,000 coconuts per day, while households
manage 1-2, and hotels 10-20 coconuts daily. In contrast, automatic de-husking machines can process
approximately 2,000 coconuts per hour [131]. Fiber extraction industries source husks from various
suppliers not directly involved in de-husking (Figure 8(a)). In India, husks are often buried near
riverbanks in water-filled pits or suspended in nets and weighted to remain submerged in rivers, as
described by Prashant et al. These methods ensure effective processing for coir fiber extraction, as
outlined schematically in Figure 8(b).
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Figure 8. (a) Coir fiber extraction process, (b) outline of coir fiber extraction process [69].

3.2.2. Properties of Coir Fiber

Coir fibers offer numerous benefits, including affordability, high lignin content, low density,
availability, significant elongation at break, and a low elastic modulus. These characteristics are
crucial for designing fiber-reinforced composites [132]. This section delves into the chemical,
physical, mechanical, thermal, and microstructural properties of coir fibers.
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Coir fibers are primarily composed of cellulose, hemicellulose, lignin, and pectin. The chemical
composition of raw coir fibers, based on various studies, typically includes 32-50% cellulose, 0.15-
15% hemicellulose, 30-46% lignin, and approximately 3—4% pectin [133,134]. These findings confirm
that cellulose and lignin are the predominant components of plant fibers [135]. Variations in coir fiber
properties are influenced by the source of the coconut plant and the extraction methods employed.

The properties of composites are significantly influenced by the characteristics of their
constituent materials and the interactions among them [136]. Physical properties of materials include
parameters such as diameter, density, and water absorption, while mechanical properties encompass
tensile, flexural, and impact strengths. Table S2 (in supplementary document) presents selected
physical and mechanical properties of coir fibers as analyzed in various studies. In summary, coir
fibers typically exhibit a density of 1.1-1.5 g/cm? Young's modulus of 2-8 GPa, tensile strength
ranging from 105-593 MPa, water absorption of 10-180%, and elongation at break of 15-51%. These
variations can be attributed to differences in fiber sources, pre-treatment processes, and extraction
methods [137].

The thermal stability of a material can be assessed using Thermo-Gravimetric Analysis (TGA),
which measures its resistance to decomposition at elevated temperatures [138,139]. The thermal
stability of fibers corresponds to the maximum temperature they can withstand before degrading.
Fiber decomposition is primarily linked to the breakdown of hemicellulose/pectin, cellulose, and
lignin. According to Morandim-Giannetti et al. [140], hemicellulose degrades between 200-260°C,
cellulose between 240-350°C, and lignin between 280-500°C. Alkali treatment and hybridization of
fiber composites have been shown to enhance their thermal stability [141]. Additionally, the inclusion
of coir fibers has been observed to reduce the thermal conductivity of composite materials [142].
Studies by Siakeng et al. [143], Essabir et al. [139], and Dong et al. [144] reported that raw coir fibers
exhibit thermal stability up to 265°C, 270°C, and 190°C, respectively, highlighting variability
depending on treatment and composite structure.

Several researchers have examined the microstructural properties of coir fibers using scanning
electron microscopy (SEM). Yan et al. [145] observed that coir fibers had numerous elementary fibers
with amorphous shapes and a central lacuna (a large hole), a finding also noted by Chollakup and
Smitthipong [135]. Yan [145], Rout, Tripathy [146]nd Chollakup, Smitthipong [135] further reported
that raw coir fibers exhibited rough surfaces and evenly spaced pits when viewed under SEM. These
pits, referred to as spherical voids by Khan and Ahmad [55], were found to decrease following
chemical treatment. Figure 9 (a) shows the SEM image of the coir fiber’s cross-section, while Figure 9
(b) displays the untreated fiber in a longitudinal orientation [145].

Figure 9. (a) Cross sectional and (b) longitudinal view of untreated coir fiber [145].
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3.2.3. Properties of Coir Fiber Reinforced Composites

Conventional fabrication techniques like injection and extrusion molding are widely used to
incorporate particles and short fibers into polymer matrices. Along with open molding, these
methods dominate the production of natural fiber polymer composites, each offering distinct benefits
and challenges [147]. Open Molding, also known as the laminate method, this low-cost process is
used for thermoset composites and involves curing liquid resin and fibers on an open mold. It is
suitable for large, complex products but faces issues like long curing times, labor intensity, and non-
uniformity [148]. Hand lay-up provides better uniformity using pre-formed mats, while spray-up
relies heavily on operator skill. In extrusion, polymer and fiber are mixed, melted, and shaped using
a screw extruder, making it ideal for thermoplastics. This method improves composite strength,
stiffness, and impact resistance and is frequently used for coir fiber-reinforced composites [149]. A
common technique for short fiber-reinforced composites, injection molding involves melting
composite granules and injecting them into molds. It enhances tensile and flexural properties by
ensuring better fiber dispersion. Resin Transfer Molding (RTM) uses vacuum or pressure to infuse
resin into fiber preforms, ensuring precise dimensional control and superior surface finish. It is
popular in automotive and aerospace industries. Compression Molding is a high-volume, cost-
effective process and well-suited for thermoplastics, offering advantages like short cycle times,
dimensional accuracy, and uniform density. These techniques, tailored to specific needs, drive
innovation in natural fiber polymer composite production [150,151].

Studies on coir-polymer composites reveal that mechanical properties are also influenced by the
type of matrix and fiber content used. Structural properties are commonly analyzed using scanning
electron microscopy (SEM). Poor fiber-matrix adhesion, often observed in untreated coir fibers,
results in fiber pullouts and agglomeration due to strong fiber-fiber interactions. Such phenomena
lead to weaker mechanical properties. However, surface treatments, such as alkali or silane treatment,
significantly enhance adhesion by reducing surface impurities and hydrophilic characteristics,
resulting in improved dispersion and bonding within the matrix. Critical fiber length, determined
through pullout tests, is an essential parameter for reinforcing NFCs. Studies indicate an inverse
relationship between fiber critical length and interfacial strength. For example, coir fibers exhibit a
critical length of 12.4 mm with an interfacial strength of 1.42 MPa. Thermal properties, evaluated
using Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis (TGA), are
impacted by fiber content, with increased content reducing thermal stability due to the lower
degradation temperature of fibers. Water absorption, influenced by fiber loading, length, and matrix
properties, is higher in untreated composites due to the presence of hydrophilic -OH groups. Surface
treatments reduce water uptake by converting these groups to hydrophobic structures, enhancing
interfacial adhesion and reducing voids in the composites. Table S3 (in supplementary document)
presents different mechanical properties of coir fiber reinforced polymer composites. Key factors like
fiber loading, treatment, and composite processing significantly influence the mechanical, thermal,
and physical properties of NFCs [152,153].

3.3. Corncob Waste

Corncob waste, one of the largest by-products of grain crop production globally, holds
significant potential as a bio-filler for biocomposites. It is estimated that around 160-175 Tg of corncob
is produced annually, with China, United States, and India being the primary contributors [154].
Despite this abundance, only 18-20% of corncob is utilized, with the remainder often incinerated,
leading to biomass wastage and environmental pollution. Corncob has demonstrated promise as a
sustainable filler for reducing the environmental footprint and production costs of composite
materials [155,156].
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3.3.1. Preparation of Corn filler/fiber

The preparation of corn filler typically involves mechanical processing techniques. The corn
residues were sourced locally and subjected to a series of preparatory steps to ensure their suitability
for use as a filler material [157]. Initially, the residues were thoroughly cleaned using distilled water
to remove any adhering impurities, debris, or biological residues. After washing, the cleaned corn
residues were air-dried under ambient conditions for approximately six hours to eliminate surface
moisture [158]. Once adequately dried, the residues were cut into smaller, manageable pieces to
facilitate further processing. These pieces were then ground into finer particles using a ball mill
machine. During the grinding process, a 60 mm diameter grinding ball was employed, with the
milling carried out at rotational speeds ranging from 300 to 600 revolutions per minute (rpm). The
milling process effectively reduced the corn residues into fine particulate matter, ensuring uniformity
and optimal size for the intended application. This systematic approach ensures that the corn filler
meets the desired specifications for subsequent material development processes [159]. The
development process is presented in Figure 10.
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Figure 10. Development of corncob hub to valuable corn micro particles [70].

3.3.2. Properties of Corncob Filler/Fiber

The morphological characteristics of corn husk, stalk, and cob fibers following isolation and
bleaching treatments revealed distinct differences in fiber structure. The husk and stalk fibers
displayed irregular lengths and diameters, with average lengths of 218.59 + 165.36 um and 218.45 +
184.05 um, and diameters of 17.78 + 15.59 um and 18.32 + 9.07 um, respectively. These variations,
particularly in fiber length, likely stem from the isolation and milling processes. Despite their
variability, husk and stalk fibers showed similarities in dimensions, suggesting comparable cell wall
structures. In contrast, cob fibers exhibited a more uniform size, with average dimensions of 88.29 +
46.22 um in length and 22.95 + 13.28 um in diameter, though their morphology was more irregular,
indicative of differing cell wall structures. Residual lignocellulosic materials observed among the
fibers may lead to agglomeration, potentially influencing film properties by affecting particle size
and dispersion [160-162].

The analysis of corn residues using FTIR spectroscopy highlighted the presence of
lignocellulosic content and demonstrated the effectiveness of isolation and bleaching processes
through changes in spectral bands. Key bands, such as those around 3330 cm™ and 1640 cm™, were
attributed to O-H stretching, indicating absorbed water, while the increased intensity of the 2900—
2800 cm™ bands after bleaching reflected higher cellulose concentration [163]. The reduction of the
1730 cm™ band, associated with hemicellulose components like acetyl groups, suggested partial
removal during processing. Additional shifts, including an increase at 1370 cm™ and 1330 cm,
indicated altered bonding vibrations linked to cellulose and lignin reduction [164,165]. X-ray
diffraction analysis revealed three characteristic peaks for lignocellulosic materials at 20 angles of
15.4°,22.7°, and 34.5°, with relative crystallinity highest in corn husk fibers (67.6%), followed by stalk
(55.0%) and cob (50.7%) fibers. Increased crystallinity, resulting from lignin removal, enhanced fiber
strength by improving molecular packing and intermolecular bonding. These improvements
contribute to better mechanical properties, chemical resistance, and optical attributes, making the
fibers more suitable for reinforced material applications [166,167].
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3.3.3. Properties of Corncob Reinforced Composite

Corncob (CC) residue, a renewable, biodegradable, and abundant agricultural byproduct, is
gaining significant attention as a reinforcement material for polymer composites. Its desirable
properties, such as high strength, stiffness, low weight, non-toxicity, affordability, and wide
availability, make it an attractive choice for sustainable material development. Corncob filler (CCF)
has been successfully utilized in different polymer matrices to develop bio-composites [168]. For
instance, CCF incorporated into a chitosan matrix has resulted in bio-composite films with promising
properties. Similarly, a high-density polyethylene (HDPE) matrix reinforced with CCF particles (size:
195-295 um) demonstrated increased flexural modulus and impact strength, albeit with a reduction
in flexural strength due to the irregular shape of the particles, which hinders effective interlocking
with the matrix [169]. When incorporated into polypropylene (PP) composites in powder form (size
<66 um), CCF led to a reduction in mechanical properties, highlighting the critical role of filler size
in performance. However, surface modification of CCF has been shown to improve composite
properties. For example, the use of coconut oil as a coupling agent enhanced the mechanical
properties of polylactic acid (PLA)-based composites reinforced with CCF. In addition to its
mechanical properties, the thermal and flammability characteristics of CCF-based composites remain
an area requiring further exploration. Despite reported challenges such as decreased mechanical
performance with increasing CCF content, chemical treatments like acrylic modification of CC have
mitigated these effects, demonstrating the potential for further optimization [170]. Literature also
indicates the need to investigate the influence of different particle sizes and filler loadings on the
behavior of PP-based composites, particularly regarding water absorption, diffusion kinetics, and
thermal performance. The utilization of CC in polymer composites represents a sustainable approach
to value addition for agricultural residues. It not only offers macroeconomic benefits to rural
communities but also aligns with the growing demand for environmentally friendly materials in
industrial applications [171,172].

3.4. Date Plam Fiber

The date palm tree (Phoenix dactylifera L.), belonging to the family Palmae (Arecaceae), has been
cultivated in tropical and subtropical regions for thousands of years [173]. It holds significant cultural
and economic importance, particularly in the Arabian Peninsula, where it has played a vital role in
daily life for over 7,000 years [174,175]. Major producers of dates include Egypt, Saudi Arabia, Iran,
the UAE, and Algeria, contributing substantially to global production and industrial applications.
Among the various species, Phoenix dactylifera is the tallest, reaching heights exceeding 30 meters.
Date palm trees have unique adaptive features that enable them to thrive in challenging
environments. The tree produces elongated pinnate leaves with sharp, needle-like fronds. These
leaves are supported by a cylindrical sheath of fibrous material, forming a protective covering for the
terminal bud [176]. Approximately 10-20 new leaves are produced annually, well-adapted to hot and
arid climates, though the tree requires a substantial water supply. Date palm leaves are compound,
divided into three main parts: the midrib (or rachis), the midrib base, and the leaflets. Fibers can be
obtained from various parts of the tree, including the mesh (bark or sheath), spadix stems, midribs,
and leaflets. This abundance of fibers makes date palms one of the most available and economical
natural fiber sources globally. A single female date palm tree can annually produce approximately
9.75 kg of midribs, 7 kg of spadix stems, 8 kg of leaflets, and 1.25 kg of mesh. In addition to its
availability, date palm fibers exhibit desirable physical, mechanical, and thermal properties, making
them a valuable resource for various industrial applications. Their cost-effectiveness further enhances
their appeal as a sustainable material, contributing to advancements in natural fiber-based
technologies [177,178].
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3.4.1. Extraction of Date Plam Fiber

Several techniques have been reported for extracting fibers from various parts of the date palm,
each with its advantages and limitations. These include mechanical methods and chemical or
biological treatments. Effective fiber extraction is crucial for obtaining high-performance fibers,
characterized by purity, length, fineness, and minimal damage. Among the commonly used methods,
mechanical extraction and alkaline treatment with NaOH are the most frequently cited in the
literature [179]. Several studies focused on chopping and grinding date palm parts into small pieces
without delignifying the fibers. In some cases, leaflets were manually shredded into thin strips or
used whole as composite reinforcements. For mesh fibers, separation was typically done manually,
either by hand or using water, as their structure allows for easy extraction.

The most commonly used chemical treatment for extracting date palm fibers is alkaline
treatment, particularly with NaOH. Typical combinations include 1% NaOH at 100°C for 1 hour or
5% NaOH at 90°C for 3 hours, with the former yielding the highest mechanical properties [180].
Alternative alkaline solutions have been explored, such as Ca (OH),, cement solution (Abdel-Rahman
et al. 1988), Textone, and CaO [181]. Various chemical treatments have been employed to modify
fibers and enhance their properties. A mix of detergent and dioxin has been used, as well as acidic
treatments such as hydrochloric acid (HCl), glacial acetic acid combined with hydrogen peroxide,
acrylic acid, and nitric and chromic acids. Multiple chemical treatments, including
toluene/methanol/acetone, carbon tetrachloride (CCly), sodium hydroxide (NaOH), and sodium
lauryl sulfate (NaC1,H25504), have also been explored. Ethanol/toluene mixtures have been applied
for specific fiber modifications. Advanced methods like TEMPO-mediated oxidation have been
utilized for cellulose fiber extraction, while oxygen plasma treatment has been used for surface
modification at varying power levels and exposure times [182,183].

Biological extraction techniques for date palm fibers can be broadly classified into retting and
enzymatic treatments. Retting involves soaking the fibers in water for an extended period before
mechanical extraction. Enzymatic treatments utilize specific enzymes, such as xylanase, or apply
enzymatic methods without specifying the enzyme type. An innovative process introduced by
focused on fibrillating brittle vascular fiber bundles into thin, flexible fibers suitable for woven
preforms. This approach highlighted the advantages of using long, treated fibers as composite
reinforcements over shorter, chopped ones. It also addressed fiber extraction with an emphasis on
removing voids and producing long cellulose microfibrils, while underscoring the need for improved
techniques to reduce surface lignin and hemicellulose residues. The following sections of the review
discuss the properties of date palm fiber and its reinforced composites [184,185].

3.4.2. Properties of Date Plam Fiber

The performance of date palm fibers, essential for various applications, is determined by their
physical, chemical, and mechanical properties. This review examines these properties, providing
insights from the literature on date palm fibers extracted from different plant parts, including
midribs, spadix stems, leaflets, and mesh fibers [186]. Fibers extracted from date palm midribs exhibit
larger diameters and lengths than those from other plant parts. Studies report that mechanically
extracted midrib fibers have larger dimensions compared to other extraction techniques, regardless
of their type [187]. The bulk density of midrib fibers is relatively low, ranging from 0.13 to 0.289 g/cm?.
Spadix stem fibers show similar physical properties, though treated fibers tend to have smaller
diameters due to the removal of surface materials. In contrast, leaflet fibers exhibit variability in their
physical properties, with inconsistent results for fiber length and diameter. Mesh fibers, found in a
pre-formed state, typically have larger diameters and do not exhibit significant dimensional changes
due to extraction techniques [188,189]. Overall, the density of date palm fibers is lower than that of
other natural fibers like sisal, hemp, and coir.

Surface topography significantly influences the performance of date palm fibers. Treatment
techniques such as NaOH help remove lignin and other impurities, improving surface roughness.
However, aggressive treatments like HCl acid treatment on mesh fibers can lead to thinning. The
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fiber structure consists of vascular bundles, which vary depending on the extraction source, with
some fibers showing crystalline structures that have been identified as silica [190]. The chemical
composition of date palm fibers varies by part, with midribs and mesh fibers having the highest
cellulose content. The lignin content, while consistent across different parts, ranges from 22.53% to
36.73%. The cellulose content of date palm fibers, although lower than that of sisal or hemp, is still
higher than coir and contributes to the fibers’ desirable properties. Lower lignin content enhances the
fiber’s water absorption properties. X-ray diffraction (XRD) analysis shows that the crystallinity index
(CI) of date palm fibers is around 76%, indicating a high level of crystallinity [191,192]. Treatment
processes like NaOH can improve the CI of some fibers, further enhancing their structural integrity.
Date palm fibers exhibit competitive mechanical properties compared to other natural fibers. Their
tensile strength surpasses that of bamboo, coir, and sisal, while their specific modulus is close to that
of flax fibers. The extraction method, particularly NaOH treatment, improves the mechanical
properties of these fibers. However, discrepancies in tensile strength and modulus values are noted
due to variations in extraction methods and fiber processing [193]. Thermal stability is enhanced in
chemically treated fibers, which have improved resistance to degradation. Thermogravimetric
analysis (TGA) reveals that date palm fibers undergo three stages of degradation, with cellulose and
hemicellulose breaking down before lignin. Differential scanning calorimetry (DSC) indicates a
significant endothermic peak at 369°C, corresponding to the melting point of mesh fibers. The
addition of date palm fibers in composites has also been shown to improve thermal insulation
properties, as their low thermal conductivity (0.087 W/mK) makes them suitable for use in insulating
materials [194,195]. Date palm fibers contribute to enhanced sound absorption when incorporated
into starch composites. The moisture buffer values of these composites show that fibers extracted
from different parts of the palm (e.g., midribs and trunks) can improve the moisture and sound
absorption capacities of the resulting materials [196].

Date palm fibers exhibit a variety of competitive properties that make them valuable for
industrial applications. Their physical, chemical, and mechanical characteristics, combined with their
low thermal conductivity and sound absorption capabilities, highlight their potential in reinforcing
composite materials. However, the variability in results across different studies suggests the need for
standardized testing methods to accurately assess the fibers” performance.

3.4.3. Properties of Date Palm Fiber Reinforced Composite

The incorporation of Date Palm Fibers (DPFs) into polymer composites has gained significant
attention for enhancing mechanical and thermal properties, making them a competitive natural fiber
reinforcement for diverse applications [197]. Studies reveal that adding DPFs improves tensile
strength, modulus, and flexural properties across thermoset and thermoplastic matrices.
Thermoplastics like polypropylene, polyethylene, and polylactic acid benefit from DPFs due to their
reusability and ease of processing in techniques such as injection molding and extrusion. Similarly,
thermoset matrices, including epoxy and phenolic resins, exhibit superior tensile and flexural
properties when reinforced with DPFs. Research highlights the importance of optimal fiber loading,
as excessive DPF content often leads to reduced mechanical properties due to inadequate fiber
wetting, uneven distribution, and higher porosity. For instance, composites with balanced fiber-
matrix ratios exhibit effective stress transfer, resulting in improved tensile and flexural performance
[198]. Conversely, exceeding the threshold fiber content can cause agglomeration and voids,
compromising structural integrity. The specific part of the date palm tree and its chemical
composition, including cellulose and hemicellulose content, significantly influences the
reinforcement’s efficiency. For example, fruit bunch stalks, midribs, and leaves demonstrate varying
tensile and flexural strengths due to differences in interfacial bonding and structural composition.
Biodegradable polymer matrices, such as PLA and PBS, reinforced with DPFs, offer sustainable
alternatives for semi-structural applications. Studies on enzymatic treatments and fiber surface
modifications further emphasize the role of enhanced interfacial adhesion in improving composite
performance [199]. Although DPF-reinforced biocomposites show promise for eco-friendly
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applications like automotive interiors and packaging, challenges remain in optimizing fiber content,
ensuring uniform dispersion, and overcoming limitations at higher loadings. Future research should
focus on developing advanced treatment techniques and hybrid systems to maximize the potential
of DPF-based composites in sustainable material development [200,201]. These properties can
significantly show a great possibility to use these composites in automobile interior applications.

3.5. Pineapple Leaf Fiber

Pineapple (Ananas comosus L. Merr.), known as the “Queen of Fruit Crops,” belongs to the
Bromeliaceae family and the genera Ananas and Pseudoananas [202]. Originating from Brazil, it is a
prominent tropical fruit alongside banana. Its cultivation has expanded globally, with key producers
including Thailand, the Philippines, Costa Rica, and India. In 2012, global pineapple production
reached 23.33 million metric tons, with Asia leading with a 46.62% share. Pineapple plants are
characterized by short stems and spirally arranged fibrous leaves [203]. Upon maturity, the leaves
are sword-shaped, dark green, and exhibit built-in stiffness, measuring approximately 3 feet in length
and 2-3 inches in width. Pineapple leaf anatomy reveals two distinct fiber bundles: vascular bundles
beneath the water storage tissues and finer strands near the lower epidermis. Vascular bundles,
measuring 100-460 pum, are predominantly located in the middle lamina, while finer strands (30-80
pum) are distributed longitudinally near the base. The cell walls comprise a middle lamella, primary
wall, and secondary wall, with the S2 layer being the thickest and richest in cellulose, imparting
significant mechanical strength. Pineapple leaf fiber (PALF) is rich in cellulose type I, with a low
microfibrillar angle, yielding exceptional mechanical properties. Table 54 presents the properties of
pineapple leaf fiber for different microfibril angle. PALF exhibits a specific modulus and strength
comparable to glass fiber, with an aspect ratio (AR) of 450 —four times greater than jute. Its unique
ultrastructure and high strength make PALF a valuable natural fiber for diverse engineering and
material applications [204].

3.5.1. Extraction of PALF

Pineapple leaf fibers (PALF) can be extracted through manual or mechanical methods, each with
distinct advantages. Manual extraction, often regarded for its superior fiber quality, involves
techniques like hand scraping, where the leaf’s waterproof upper layer is carefully removed using a
knife. Retting, another manual approach, involves immersing leaves in water for 20-30 days to break
down the fleshy material surrounding the fibers. To expedite this process, methods such as dew
retting and bacterial retting utilize fungi and bacteria for efficient material breakdown. In contrast,
mechanical extraction employs advanced equipment like rollers, balls, and disc milling machines to
crush the leaf’s upper layers, facilitating fiber separation. A cutting-edge approach, steam explosion,
revolutionizes the process [205]. In this method, pineapple leaves are subjected to pressurized
saturated steam, then rapidly released to atmospheric pressure. This sudden flash evaporation
efficiently separates the leaf’s upper layer, fiber bundles, and gummy substances. The flexibility of
steam explosion allows it to be integrated at different stages based on the desired fiber quality and
extraction time. These diverse methods —manual and mechanical —cater to varying needs, balancing
fiber quality, efficiency, and scalability. Whether through the precision of hand scraping, the natural
processes of retting, or the technological innovation of steam explosion, PALF extraction continues
to evolve, offering sustainable solutions for a wide range of applications [206].

3.5.2. Properties of PALF

The chemical composition of pineapple leaf fiber (PALF) significantly influences its performance
and applications. As per Technical Association of Pulp and Paper Industry (TAPPI) standards[207],
PALF consists of holocellulose, a-cellulose, lignin, and ash, with variations based on fiber source, age,
climatic conditions, and extraction methods. Transmission electron microscopy reveals distinct PALF
cell wall layers, including the primary (P) layer and secondary layers (S1, S2, and S3). PALF is
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predominantly composed of a-cellulose (81.27%), with lower contents of hemicelluloses (12.31%) and
lignin (3.46%) [208]. This high cellulose content, surpassing other natural fibers like oil palm fronds,
coir, and banana stem fibers, is integral to its superior mechanical properties and its ability to support
the high weight of pineapple fruits [209]. The chemical makeup of PALF, including antioxidants,
pectin, and pentosans, further enhances its versatility. The degree of polymerization and crystallinity
of a-cellulose, coupled with low microfibrillar angles, contributes to its remarkable strength [210].
PALF exhibits exceptional physical and mechanical characteristics, positioning it as a sustainable
alternative to synthetic fibers in biocomposites. Its high tensile strength (413-1627 MPa) and modulus
(34.5-82.51 GPa) stem from its high a-cellulose content and low microfibrillar angle (14°). The fiber’s
elongation at break ranges from 0.8% to 1.6%, offering an excellent balance of strength and flexibility
[211,212]. Notably, PALF’s unique behavior includes a reduction in strength by 50% when wet, yet
its conversion into yarn enhances its strength by 13% [213]. The fiber’s surface morphology, dielectric
properties, and high anisotropy in electrical behavior further highlight its versatility. Additionally,
PALF-based polymer composites demonstrate superior stiffness and strength compared to other
cellulose-based materials, emphasizing its potential as a high-performance reinforcing material
[214,215].

3.5.3. Properties of PALF Reinforced Composite

Natural fibers, such as pineapple leaf fiber (PALF), are increasingly gaining attention among
researchers and industries as sustainable alternatives to glass fibers in polymer composites. The rapid
growth of environmental concerns has accelerated the adoption of natural fibers in diverse
applications, and PALF has emerged as a promising candidate due to its superior mechanical
properties. PALF is widely utilized as reinforcement in thermoset, thermoplastic, biodegradable
plastics, and natural rubber matrices to develop composites with enhanced mechanical strength.
However, PALF’s hydrophilic nature and waxy surface, which lower its adhesion with hydrophobic
polymer matrices, pose challenges that necessitate surface modification treatments [210].

Epoxy resin, known for its excellent mechanical strength, adhesion, low shrinkage, and
corrosion resistance, is commonly used in composite development. While there is limited work on
PALF-epoxy composites, studies show that surface treatments like alkalization, benzoylation, and
the application of DGEBA resin significantly enhance fiber-matrix adhesion. These modifications
increase the roughness of PALF, improving the mechanical interlocking and overall tensile, flexural,
and impact properties of epoxy composites. The combination of alkalization and DGEBA has been
particularly effective in boosting interfacial bonding and composite strength [216].

PALF-reinforced polyethylene composites exhibit enhanced performance due to the fiber’s
excellent mechanical properties. Chemical treatments such as alkali, saline, and isocyanate reduce
PALF’s water absorption and improve compatibility with hydrophobic matrices. Polypropylene
composites also show improved mechanical properties, including tensile and flexural strength,
though fiber-to-fiber repulsion and dispersion issues pose challenges. Researchers are working on
optimizing fiber distribution, volume fraction, and interfacial adhesion to maximize the composite’s
performance [217].

Vinyl ester composites reinforced with PALF are gaining traction as substitutes for glass fibers
in fiber-reinforced plastics (FRP). Compared to glass fibers, PALF offers advantages like lower
density, reduced production energy, and non-toxicity. Vinyl ester composites exhibit high interfacial
shear stress (IFSS), resulting in superior fiber-matrix adhesion and mechanical performance. Despite
limited research in this area, treated and untreated PALF mats in vinyl ester composites have shown
promise for developing eco-friendly, high-performance materials [218].

Polyester composites reinforced with PALF demonstrate significant improvements in tensile,
flexural, and impact strength. The incorporation of chemically treated PALF, such as through alkali
or benzoyl treatments, enhances fiber roughness and interfacial bonding, achieving toughness
comparable to engineering materials. Composites with PALF loadings up to 30% by weight have
proven suitable for commercial applications [219].
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Polycarbonate (PC) composites benefit from surface treatments like silane coupling agents and
maleic anhydride grafting, which improve adhesion and reduce the hygroscopicity of PALF. While
limited research exists, these composites show potential for high-performance applications. In LDPE
composites, solution mixing techniques outperform melt mixing, and fiber length, orientation, and
distribution play crucial roles in determining mechanical properties. Longitudinally oriented PALF
in LDPE composites exhibits superior tensile strength and eco-friendly characteristics [220,221].

PALF’s exceptional mechanical properties and sustainability make it a viable alternative to
synthetic fibers. Ongoing research into surface modification techniques and advanced processing
methods will enable PALF to meet commercial demands and contribute to the development of
environmentally friendly composite materials [222]. A comparative study of PALF fiber reinforced
different polymer composite has been tabulated in Table S5 (supplementary documentation).

3.6. Sugarcane Bagasse Fiber/Filler

Sugarcane (Saccharum officinarum), a member of the Poaceae family and Saccharum genus, is a
perennial grass that thrives in tropical and subtropical regions worldwide. Believed to have
originated in New Guinea, sugarcane is characterized by clusters of upright stems, known as tillers,
which typically grow to heights of 2-5 meters with diameters ranging from 2—4 centimetres. Each
stem consists of distinct nodes and internodes, with root primordia and buds present at every node
[223]. The plant has a fibrous root system comprising two types: selt roots and shoot roots. Under
suitable conditions of soil and moisture, root primordia—seen as small translucent spots near the
cane joints—develop into a robust root network. Beneath the tough, wax-coated bark, sugarcane
stores its sugar content within the central pith [224]. After juice extraction, the fibrous by-product
known as bagasse remains. Bagasse is a renewable, natural fiber that holds significant potential as a
reinforcement material for composites due to its biodegradability, mechanical strength, and
sustainability. India, as one of the world’s leading sugarcane producers, generates substantial
quantities of bagasse annually. Sugarcane cultivation is concentrated in key states, including Uttar
Pradesh, Maharashtra, Karnataka, Tamil Nadu, and Andhra Pradesh. With millions of tons of
bagasse produced as a by-product of the sugar industry, this fiber-rich material offers a promising
and sustainable alternative to synthetic reinforcements in polymer composites, aligning with the
growing demand for eco-friendly materials [225].

3.6.1. Extraction of Sugarcane Fiber

The extraction of fibers from sugarcane bagasse (SCB) involves chemical, retting, and combing
techniques to isolate long, fine fibers suitable for composite applications. Chemical extraction
involves treating sugarcane bagasse with different concentrations of soda solution under atmospheric
pressure. The process parameters include soda concentrations of 0.1 N, 1 N, and 2 N; the use of either
salt water or distilled water as solvents; a bath temperature of 25°C; and manual agitation. The pre-
treatment and extraction protocols were adapted from Davina’s method to optimize the yield of fine,
long fibers [226]. The intensity of the extraction bath’s color increases with higher soda
concentrations, which correlates with greater lignin removal. Retting is another fiber extraction
technique where sugarcane bagasse is immersed in water for a specified duration to loosen the fibers.
The fibers are placed in a beaker containing either distilled or salt water and left for a week. The water
type influences the extraction process, with the method aiming to soften and separate the fibers from
the plant matrix. The combing method employs a wire brush to manually separate fibers from the
inner walls of sugarcane bagasse. This technique involves brushing the inner surface of the bagasse
bark to dissociate the fibers, which are then collected. This method is particularly effective for
isolating individual fibers from the bagasse structure. These techniques enable the extraction of
sugarcane bagasse fibers with unique properties, making them highly suitable for a wide range of
sustainable composite applications [227].
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3.6.2. Properties of Sugarcane Fiber

Sugarcane bagasse (SCB), a byproduct of sugarcane processing, is a valuable biomaterial with
significant potential for sustainable applications. SCB primarily consists of 40-50% cellulose, 25-35%
hemicellulose, and 20-25% lignin. The high cellulose content, with a crystallinity of approximately
47%, imparts strength and rigidity, making SCB suitable for composite reinforcement [228].
Hemicellulose contributes to flexibility and water absorption, while lignin enhances durability and
thermal stability by acting as a binding agent. Elemental analysis reveals SCB is composed of
approximately 45.5% carbon, 45.2% oxygen, 5.6% hydrogen, and 0.3% nitrogen, alongside trace
amounts of metals such as aluminum, calcium, magnesium, sodium, and silicon. These metals
influence the brittleness of the fibers [229]. Fourier Transform Infrared (FTIR) analysis highlights the
chemical structure of SCB, revealing functional groups that further enhance its potential as a
composite material. SCB fibers exhibit strong mechanical properties, with tensile strength ranging
from 170 MPa to 350 MPa, and Young’s modulus between 5.1 GPa and 27.1 GPa, depending on the
quality and processing conditions. The fibers also demonstrate elongation at break ranging from 6.3%
to 7.9%, reflecting flexibility. Their density ranges from 1.1 g/cm? to 1.6 g/cm?, offering a lightweight
alternative to traditional materials. SCB fibers’” mechanical strength, biodegradability, and
renewability make them a promising eco-friendly substitute for synthetic reinforcements [230,231].
These fibers have found applications in automotive parts, construction materials, and packaging,
contributing to greener industrial practices and reducing reliance on synthetic materials. With
abundant availability and versatility, SCB plays a vital role in promoting sustainable composite
development.

3.6.3. Properties of Sugarcane Fiber Reinforced Composite

The sugarcane bagasse fibers demonstrate high rigidity, low density, and exceptional
biodegradability. The long fibers on the inner pith and skin of sugarcane differ in mechanical
performance, with the external fibers exhibiting superior strength and elongation [232]. The tensile
strength of sugarcane bagasse composites is highly influenced by fiber treatment. Untreated fibers
often exhibit poor adhesion to polymer matrices due to their hydrophilic nature, but chemical
treatments, such as alkalization, significantly enhance interfacial bonding. Alkaline treatment
removes lignin, waxes, and other impurities, increasing fiber surface roughness and improving
compatibility with the matrix. For instance, chemically treated sugarcane fibers with a coupling agent
like maleated PLA show up to tenfold improved adhesion, resulting in enhanced tensile strength and
modulus of elasticity in composites. A detailed analysis of different sugarcane reinforced
biocomposite is presented in Table S6 (in supplementary document). Sugarcane bagasse also
demonstrates low thermal conductivity, ranging between 0.046-0.049 W/m-K, making it highly
suitable for thermal insulation applications [233]. This value is significantly lower than most natural
fibers, aligning with general standards for building insulation materials. This thermal behavior
positions sugarcane bagasse as a cost-effective and sustainable material for insulation purposes.
Studies on sugarcane bagasse reinforced composites reveal a wide range of applications, including
asphalt mixtures and bioplastic development [234]. When combined with asphalt, sugarcane bagasse
forms a three-dimensional network that strengthens the structure and reduces fluidity.
Ultrasonicated bioplastic composites with sugarcane bagasse exhibit increased tensile strength due
to uniform fiber distribution [235]. Additionally, when reinforced with fly ash, the mechanical
properties of sugarcane bagasse epoxy composites improve, demonstrating higher tensile and
flexural strength. Sugarcane bagasse composites have been explored for various applications, from
packaging films and construction materials to biodegradable products. As a lightweight, eco-
friendly, and low-cost material, sugarcane bagasse provides a sustainable alternative to conventional
composites. Its renewable nature, coupled with advancements in chemical and physical treatments,
ensures its adaptability to modern engineering applications. The integration of sugarcane fiber into
polymer matrices thus represents a promising pathway for developing high-performance,
environmentally friendly composite materials [236,237].
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4. Application of Different Biocomposites for Automobile Interior Applications

The growing demand for sustainable materials has accelerated the development of
biocomposites, offering lightweight and eco-friendly solutions for various industries, particularly
automotive applications [238]. These materials provide remarkable advantages, including low cost,
reduced weight, and decreased air pollution, making them increasingly attractive for replacing
synthetic fibers. As automobile manufacturers adopt green technologies to cut production costs and
enhance fuel efficiency, they align with global sustainability goals such as the Paris Agreement
[239,240]. For example, India’s commitment to phasing out petrol and diesel vehicles by 2030
underscores the pressing need for lightweight, energy-efficient alternatives [241,242].

4.1. Natural Fibers/Fillers in Biocomposites for Automotive Applications

Natural fiber composites are gaining prominence in automotive and aerospace applications,
such as door panels and rudders, due to their cost-effectiveness and ability to reduce weight [243]. A
reduction in weight is directly proportional to an improvement in vehicle fuel efficiency [244].
Moreover, biofibers and hybrid composites are increasingly replacing carbon and glass fibers, leading
to a substantial decrease in CO, emissions and a lower environmental footprint. Advancements in
biodegradable composites and nanotechnology, particularly cellulose nanofibers (CNF), are
revolutionizing material fabrication. CNF, derived from renewable cellulose, offers high strength,
biodegradability, and low density, making it a highly promising reinforcement for green composites.
Synthetic polymers dominate automotive plastics, accounting for 25-40% of a vehicle’s weight [245].
When reinforced with natural and synthetic fibers, these polymers combine durability and
lightweight properties, enabling the production of components like bumpers, carpets, and door
panels. Such innovations not only meet stringent regulatory targets but also reduce carbon footprints,
advancing sustainable mobility solutions for the electric vehicle (EV) sector. Life cycle assessments
(LCA) emphasize the environmental advantages of these materials. For example, cellulose-reinforced
composites provide a 6% renewable energy savings compared to 2.9% for glass and 3.8% for kenaf
fiber reinforced polymer. These composites also demonstrate a 9.2% reduction in energy demand
with powertrain resizing compared to glass fibers. Natural fibers like kenaf require significantly less
energy to produce—6,500 BTUs per pound versus 23,500 BTUs for glass fibers —making them a
sustainable alternative to traditional materials. This energy efficiency, combined with reduced
emissions of CO,, NO,, and SO, during production, positions natural fibers as a superior alternative
to traditional synthetic fibers [11,246,247]. The use of polylactic acid (PLA) reinforced with natural
fibers in automobile interior applications presents several compelling advantages. PLA, a bio-based
and biodegradable polymer derived from renewable resources such as sugarcane and agricultural
waste, aligns with the global shift toward sustainability in the automotive industry [248]. Its
application in vehicle interiors contributes to reducing dependence on fossil fuel-based plastics,
lowering carbon emissions, and enhancing the recyclability of components. Natural fiber-reinforced
PLA composites, including those incorporating flax, hemp, kenaf, and jute, offer a lightweight
alternative to conventional petroleum-based materials such as polypropylene (PP) and acrylonitrile
butadiene styrene (ABS). The reduction in vehicle weight leads to improved fuel efficiency and
reduced greenhouse gas emissions, a crucial aspect in achieving sustainability goals. Additionally,
studies have demonstrated that PLA-based composites provide comparable mechanical properties to
synthetic fiber composites when appropriately processed and reinforced [249]. Several automotive
manufacturers have already integrated PLA composites into vehicle interiors. For instance, bio-based
PLA-PP alloys have been used for side trims, door panels, and dashboard components in models like
the Toyota Prius and Lexus CT200h [250]. Additionally, kenaf/PLA composites have been employed
in seat covers and package trays, offering both structural integrity and aesthetic appeal. The inclusion
of PLA in these applications has also resulted in a significant reduction in volatile organic compounds
(VOCs), improving indoor air quality and passenger safety. Despite challenges such as inherent
brittleness, heat resistance limitations, and hydrolysis sensitivity, research is advancing solutions to
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improve PLA composites’ durability [251]. Techniques such as annealing, surface modifications of
natural fibers, and the incorporation of impact modifiers have shown promising results in enhancing
the mechanical and thermal stability of PLA composites [252]. PLA-based agricultural composites
represent a viable and eco-friendly alternative for automotive interiors. Their potential to reduce
carbon footprints, enhance recyclability, and meet sustainability targets makes them an attractive
choice for next-generation vehicle designs [253,254]. Table S4 (in supplementary document)
showcases various automobile parts developed by different companies for both interior and exterior
applications, highlighting the advancements in natural fiber-reinforced composites and their diverse
applications in the automotive industry. Most interior components of modern automobiles, including
seat backs, door panels, cargo floors, noise-isolating inner panels, spare tire covers, instrument
panels, ceilings, and dashboards, are traditionally made from synthetic polymers [255]. Common
materials include Polypropylene (PP, tensile strength: 20-40 MPa, flexural strength: 30-45 MPa),
Acrylonitrile Butadiene Styrene (ABS, tensile strength: 30-50 MPa, flexural strength: 60-85 MPa),
Polycarbonate (PC, tensile strength: 55-75 MPa, flexural strength: 90-100 MPa), Nylon (Polyamide,
PA, tensile strength: 60-80 MPa, flexural strength: 80-120 MPa), and Polyethylene Terephthalate (PET,
tensile strength: 50-100 MPa, flexural strength: 80-120 MPa) [238,256]. The primary goal is to replace
these conventional plastics with sustainable, agro-waste-based green composites, promoting eco-
friendly and biodegradable alternatives without compromising performance.

4.2. Biocomposites in Automobiles: Market Trends and Sustainability

Bio-based composites are recyclable, nonabrasive, versatile, biodegradable, and compostable.
These materials have gained significant demand due to their cost-effectiveness and higher stiffness
and specific strength compared to synthetic fibers. Their nonabrasive nature reduces wear on mixing
and molding equipment, lowering production costs [6]. Since the 1960s, natural and synthetic fiber-
reinforced composites have been developed for automobile applications. However, ongoing research
focuses on reducing carbon footprints while maintaining passenger comfort and safety. Despite
global advancements, the commercialization of natural fiber-reinforced polymer composites (NFPCs)
still faces challenges. Industrial research has explored NFPCs in various automotive applications,
leading to rapid growth in recent years. NFPCs are primarily divided into wood and non-wood fibers
[257]. The automobile industry predominantly uses non-wood fibers, while wood fibers are more
common in the construction sector [123]. Globally, Europe leads in the adoption of NFPCs for
automotive applications, whereas India lags due to a lack of advanced processing and manufacturing
technologies. Between 2010 and 2016, NFPCs grew at an estimated annual rate of 10%, reflecting their
increasing importance in the automotive sector [258]. For instance, Ford Motors developed a
prototype carbon fiber-reinforced plastic hood for the Focus wagon. This hood, weighing half as
much as a steel component but five times stronger, meets all safety standards, including crash
protection and dent resistance. However, carbon fiber-reinforced composites face challenges such as
prolonged painting times, leading to higher costs [259]. In contrast, natural fiber-reinforced
composites offer a more sustainable and cost-effective alternative. These materials align with
industry trends emphasizing eco-friendly solutions and high-volume production. Despite higher raw
material costs and extended production times currently limiting NFPC adoption, collaborations
between manufacturers and composite suppliers since 2009 indicate growing opportunities. As
demand for lightweight, sustainable materials rises, NFPCs hold great promise for shaping the future
of automotive design [260-263].

4.3. Future Scope of Agriculture Waste Biocomposite in Electric Vehicle (EV)

The world is undergoing rapid technological advancements, with the automotive industry at the
forefront of transformation. Electric vehicles (EVs) represent the future of transportation, leveraging
electricity as a cleaner and more sustainable fuel source. Unlike conventional fossil fuels, electricity
can be generated from renewable energy sources such as solar, wind, tidal, and geothermal, thereby
reducing dependence on finite fossil-based resources[264]. In India, the government has been actively
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promoting EV adoption through various policy initiatives. The Faster Adoption and Manufacturing
of Electric Vehicles (FAME) scheme has played a crucial role in accelerating the transition to electric
mobility. Additionally, regulations like the Bharat NCAP safety standards and the Vehicle Scrappage
Policy (2021) encourage citizens to replace high-emission vehicles with environmentally sustainable
alternatives [265]. One of the key challenges in EV development is weight reduction, as a lighter
vehicle enhances battery efficiency and overall performance. Traditional automotive materials, such
as metal alloys and petroleum-based composites, either contribute to excessive weight or pose
challenges related to recyclability and end-of-life disposal. As a result, lightweight, bio-based
composite materials are emerging as viable alternatives. Market trends strongly indicate that EVs will
dominate the future automotive landscape due to their economic and environmental benefits [266].
According to a Global Industry Analysts Inc. report (2020), the global polymer market for EVs was
valued at $3.8 billion and is projected to grow at a CAGR of 38.7%, reaching $27.3 billion by 2026.
Within this sector, engineering plastics are expected to grow at a CAGR of 40.9%, while elastomers —
which constitute approximately 44% of the EV polymer market are anticipated to expand at a 35.5%
CAGR. Regional markets also show significant growth potential; the U.S. market accounted for $850
million in 2021 (17.3% of the global share), while China is projected to reach $8.3 billion by 2026,
growing at 43.4% CAGR. Similarly, Japan, Canada, and Germany are expected to witness CAGRs of
32.4%, 36.5%, and 34.6%, respectively, with Germany’s EV market estimated to reach $3.1 billion by
2026 [267]. The rising environmental concerns and government-led initiatives supporting greener
transportation have positioned the Asia-Pacific region as a dominant player in the EV market. India,
in particular, presents a unique opportunity for sustainable material innovation due to its strong
agricultural base, with 55-58% of the population directly or indirectly reliant on agriculture.
Agricultural waste—including banana fiber, coir, and pineapple leaf fiber (PALF)—is abundantly
available in the Indian subcontinent [268]. By converting these byproducts into value-added
biocomposites, India can bridge the gap between agriculture and industry, benefiting micro, small,
and medium enterprises (MSMEs), which form the backbone of its economy. Moreover,
biocomposites derived from agricultural waste offer a sustainable alternative for automotive interior
applications, effectively reducing carbon emissions and the overall ecological footprint [269]. The
major future scope of these biocomposite to be applicable in various EV components are as below:

e Enhancing sustainability by supporting circular economy philosophy: Using agricultural waste-
based biomass to reinforce polymers offers a sustainable alternative to synthetic materials. These
biocomposites reduce reliance on petroleum-based plastics, minimizing environmental impact
and helping meet stringent sustainability regulations in the automotive sector. Additionally,
repurposing waste materials promotes a circular economy, tackling the growing issue of
agricultural and food waste in India, which contributes to air and water pollution in major cities
like New Delhi.

o Light weight energy efficient materials: Agricultural waste-based biomass is lightweight, with
a lower density than traditional polymer matrices. Reinforcing polymers with these low-density
materials not only reduces the overall weight of the vehicle but also enhances various
mechanical properties, helping maintain the vehicle’s structural integrity. This weight reduction
improves the driving range and boosts the energy efficiency of electric vehicles (EVs).

e Acoustic and thermal insulator: Agricultural and food wastes, such as date palm and coir fibers,
exhibit excellent thermal and acoustic insulation properties, making them ideal for automobile
interior applications. These features enhance passenger comfort in electric vehicles (EVs),
providing better temperature regulation and noise reduction for a more enjoyable driving
experience.

e Customization through aesthetic design: Now a days peoples are looking for customized design
inside their automobiles, these kinds of biocomposites can be engineered by incorporating eco-
friendly design philosophies of EVs interior.

e  Hybridization and advanced functionalization: Incorporating advanced fillers like
nanocellulose and graphene alongside agro/food waste-based biomass can significantly enhance
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fire resistance, mechanical properties, moisture sensitivity, and UV stability. This combination
results in materials with an excellent strength-to-weight ratio, making them ideal for high-
performance applications in electric vehicles (EVs).

o Industrial adaptation, market trends and regulatory support: Government regulations
increasingly emphasize reducing carbon emissions and incorporating renewable materials in
automobile manufacturing. Additionally, consumer demand for sustainable vehicles is on the
rise, making bio-based or green composites a strategic material choice for automakers. The
European Union’s Green Deal is one such initiative aimed at promoting sustainable automotive
practices, encouraging the shift toward eco-friendly materials in vehicle production.

4.4. Challenges and Future Research Direction on Waste Based Biocomposites for EV Interiors

The adoption of agricultural or food-based waste for reinforcing polymer composites presents
several environmental, economic, and technical challenges. The key issues are outlined below.
Focused research on these areas can help address these challenges and enable the large-scale
production of materials for commercial and industrial applications.

o  Fiber matrix interfacial interaction: Natural fibers are inherently hydrophilic, while most
polymers are hydrophobic. This contrasting nature leads to poor interfacial interaction between
the fibers and the matrix in composites. In a composite material, the matrix serves as a binder,
transmitting load uniformly from the matrix to the reinforcing fibers. However, when the
interfacial interaction is weak, the load transfer becomes inefficient, resulting in a reduction in
the mechanical properties of the composite. To address this issue, many researchers use
alkalization to enhance the interfacial bonding between fibers and matrix materials.
Additionally, other surface treatments, such as silane or enzymatic treatments, may serve as
promising directions for future research. For a more sustainable approach, eco-friendly
treatments like alkaline water treatment can also be explored. However, challenges remain in
optimizing chemical treatment concentrations and addressing variations in surface chemistry,
which significantly impact composite fabrication. Establishing proper standards for these
treatments is crucial and may be one of the major research works to achieving consistent and
effective results.

e  Dimensional stability and moisture absorption behaviour: The hydrophilic nature of
lignocellulosic materials is responsible for the moisture absorption observed in agricultural and
food waste. This property not only affects the fibers themselves but also impacts the water
uptake behavior of biocomposites, leading to swelling and dimensional instability. To address
this issue, future research should focus on strategies to reduce the moisture absorption of these
fibers. Potential approaches include hybridizing natural fibers with a small proportion of
synthetic fibers or developing hydrophobic coatings for the fibers. These methods could
significantly improve the dimensional stability and durability of biocomposites, offering
promising directions for sustainable material development.

e Optimization of mechanical properties: The reinforcement of waste biomass exhibits lower
mechanical strength compared to traditional synthetic fibers or fillers. Therefore, optimizing the
biomass reinforcement percentage is crucial. Additionally, hybridization with nano- or micro-
fillers offers a promising approach to enhance the mechanical properties of the developed
composites. Significant research can be conducted on incorporating various organic and
inorganic fillers alongside biomass fibers to achieve desirable properties.

*  Quality control through standardization: Most biomaterials are adaptive in nature, leading to
variations in their properties. For mass production, it is essential to standardize material
variability, including fiber diameter, length, and composition. Extensive research is needed to
establish standardized testing protocols and define industrial requirements. Further studies on
these properties will facilitate global acceptance and regulatory compliance.

e  Development towards scalable process: Composites with waste-based biofibers can be
manufactured using thermoplastic polymers through injection molding and 3D printing or with
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thermosetting polymers via hand lay-up and compression molding techniques. While these
methods are well established, their standardization for large-scale industrial production remains
limited. Extensive research is needed to enhance process scalability and industrial feasibility.
Developing an efficient supply chain is essential to bridge the gap between laboratory-scale
innovation and market-ready products. This involves streamlining the transition through
industrial collaboration, ensuring scalability, and optimizing logistics for commercial viability.

e  End life management and recyclability analysis: Biocomposites or green composites are not
fully biodegradable; instead, they are better described as biocompostable. Extensive research is
needed on end-of-life management strategies for these materials. Additionally, a significant
research gap exists in life cycle analysis and understanding how their properties change under
varying natural conditions such as pressure, temperature, and humidity.

o Integration of specific properties required for EVs and Smart vehicle: The next generation of
electric vehicles should be smarter, featuring self-health monitoring, compatibility with
electronic equipment, superior shock and sound absorption, and an advanced thermal
management architecture. Research is needed to explore how these properties can be achieved
using waste-based materials in future automotive applications.

5. Conclusion

Over recent decades, the push for fuel efficiency and reduced environmental impact has driven
a weight-saving revolution in the automotive industry. The rise of electric vehicles (EVs) has further
intensified this demand, emphasizing the need for lightweight materials to enhance performance and
efficiency. Cost control and recyclability have further influenced material selection and structural
design. Replacing traditional materials like cast iron and steel with lightweight alternatives —such as
light alloys (aluminum, magnesium, titanium), high-strength steels (HSSs, AHSSs), and composites
(synthetic and natural fiber-reinforced plastics)—has proven effective. This review presents a
comprehensive exploration of how agro and food waste-based natural fibers can be effectively
utilized in developing bio or green composites for electric vehicle (EV) interior applications. It
provides an insightful overview of natural fibers, their sources, and structural anatomy, followed by
an in-depth analysis of widely available agro-food waste fibers such as banana, coir, corncob, date
palm, PALF, and sugar bagasse —particularly abundant in the Indian subcontinent. Additionally, the
review examines the thermal, mechanical, and physical properties of composites derived from these
waste biomasses and their potential in the automotive industry. Market trends, future prospects, and
challenges associated with integrating waste bio-fiber composites into EV interiors are also discussed.
To address existing limitations, strategic approaches are proposed to enhance the adoption of
lightweight materials. Despite notable advancements in sustainable composites, ongoing
collaboration between academia and industry remains crucial for developing high-performance
materials and accelerating their transition from research to large-scale manufacturing.
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