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Modification of Fibers and Matrices in Natural Fiber
Reinforced Polymer Composites: A Comprehensive Review

ArunRamnath Ramachandran, Sanjay Mavinkere Rangappa, Vinod Kushvaha,
Anish Khan, Suchart Seingchin, and Hom N. Dhakal*

Application of natural fiber-polymer composites (NFPCs) in different
industrial applications provides competitive edge due to their lightweight,
higher specific mechanical properties than glass fibers, sustainability, and
lower cost involved in production. There are certain challenges associated
with natural fibers and their reinforcement in composites such as poor
bonding between the fibers and matrix due to their contradictory nature of
characteristics, moisture absorption, lower thermal properties, and poor
interfacial adhesion between the natural fiber and polymer matrix. The
challenges involved in NFPCs need to be overcome to produce materials with
relatively equivalent properties to those of conventional composites and other
metallic structures. Several researchers around the globe have conducted
investigations with the primary attention being paid to the modification of
natural fibers and matrix by employing surface treatments and other chemical
treatment methods. In order to address the need for eco-friendly and
sustainable materials in different domains, a comprehensive review on
natural fibers and their sources, available matrix materials, modification
techniques, mechanical and thermal properties of NFPCs, is needed for better
understanding of the behavior of NFPCs. This work provides the information
and holistic view of natural fiber-reinforced composites based on the results
obtained from modification techniques, with the view of focusing the review
in terms of different chemical and physical treatment techniques,
modification of fibers and matrix, and enhanced mechanical and thermal
properties in the composites.
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1. Introduction and Present Sce-
nario

Consumerism over the decades has wit-
nessed a consistent change and together
with consumer’s preference and need
by the hour have led to the invention
and development of new materials. In
this millennium, increased awareness
created by environmental activists, need
for lightweight and ecofriendly materials
which are biodegradable, reduced haz-
ardous emissions toward the environment
and further the governmental policies, and
incentives offered toward developing such
ecofriendly materials have urged scien-
tists and researchers to develop materials
derived from nature itself which are sus-
tainable. In this regard, several composite
manufacturers have shifted their focus
toward plant-based natural fibers rein-
forced with polymer matrix.[1] Natural fiber
reinforced composites derived from plants
such as hemp, flax, jute, kenaf, sisal, coir,
bamboo which are lightweight, durable,
and efficient possess desired mechanical
and physical characteristics and serve as an
alternative to other conventional materials.
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Table 1. Mechanical properties of natural and other fibers.

Fiber type Modulus of elasticity
[GPa]

Tensile strength
[MPa]

Density
[g cm−3]

Specific strength
[MPa g cm−3]

References

Hemp 35–65 690 1.5 630 [12]

Flax 30–70 400–1000 1.4 300–600 [13]

Jute 25–50 210–750 1.3 320–600 [14]

Kenaf 53 925 1.4 640 [15]

Sisal 10–20 125–800 1.5 350–430 [16]

Coir 5 180 1.3–1.5 145 [17]

Bamboo 12–16 150–220 0.8–1.1 600 [18]

Cotton 6–12 300–480 1.6 195–300 [19]

Carbon 275–500 3300–4000 1.4–1.7 1710 [20]

Glass 65 2200–3550 2.5 900–1300 [21]

Natural fiber reinforced polymer composites (NFPCs) derived
from renewable resource are ecofriendly, carbon sequestering,
and has a unique marketing appeal to meet the industrial de-
mands. NFPCs comprise a combination of natural fibers in-
tegrated either with synthetic polymers derived petroleum re-
sources or from bio polymers derived from natural or other re-
newable resources.[2,3] Natural fibers are produced either directly
by cultivation of agricultural sources or as a by-product when agri-
cultural products are processed for their primary use. More im-
portantly, many of the matrix materials in NFPCs are petroleum-
based products and other by products of petroleum. With the
view of depleting fossil fuel resources and hazards of utilizing
petroleum-based matrix materials towards the environment, sev-
eral bio-based fully degradable matrices are embedded with nat-
ural fibers in NFPCs. Bonding of plant fibers with polymer ma-
trices offers numerous advantages as plant fibers are less dense,
biodegradable, and available in abundance.[4] Mechanical proper-
ties such as tensile strength, modulus of elasticity, stiffness, flex-
ural strength, and stability of NFPCs have proved to be equivalent
to synthetic fiber reinforced composites only with prior chemical
treatment of fibers, ideal duration of fiber treatment, and opti-
mum percent of fiber reinforcement.[5] Most significantly, with
the focus on life cycle assessments (LCAs) of the product toward
the environment, NFPCs always serve as a viable option com-
pared with man-made fiber reinforced composites and other con-
ventional materials. Overall NFPCs have found its presence in
down-to-earth activities of human life due to its multiple bene-
fits in relation with environment such as less toxicity, plenty of
disposal options, reduced greenhouse gas emissions, and energy
consumption.[6] Hence industries are bound to consider NFPCs
as a primary alternative to other non-renewable materials.

Specific attributes of natural fibers aids in innovation thereby
leading toward higher demand in market, opportunities, and
commercial success of new NFPCs. Commercialization and im-
proved competitiveness of NFPCs are supported by legislative
provisions and finite supply chain. The future prospects of NF-
PCs are enhanced by research institutions and other interna-
tional organizations. Research institutions and centers around
the globe have elevated the status of natural fibers by exploring
the promising aspects of commercial applicability and simultane-
ously considering the balance in regard to performance, sustain-
ability and expenditure. United Nations have identified the sig-

Figure 1. Trilogy of performance and success of NFPCs. Reproduced with
permission.[2] Copyright 2017, Elsevier.

nificance of natural fibers by acknowledging the year 2009 as the
international year of natural fibers.[7,8] The trilogy of performance
and commercial success of NFPCs is presented in Figure 1.

NFPCs have found its eminence in a diverse field of applica-
tions such as infrastructure, marine, automotive, aircraft, furni-
ture, textile, and fabrics.[9–11] In comparison with synthetic fiber
reinforced composites, NFPCs do not exhibit a similar level of
performance. Synthetic fibers such as glass and carbon have su-
perior mechanical, thermal, and physical properties in compari-
son with natural fiber-based composites. The mechanical proper-
ties of natural fibers and synthetic fibers are listed in Table 1.[12–21]

There exists a comparative difference in terms of performance
among NFPCs and synthetic fiber reinforced composites which
is mainly attributed to the poor interfacial adhesion between the
plant fibers and the matrix. Natural fibers derived from plants
exhibit a hydrophilic behavior and there exists a debonding be-
tween polymer matrix which is hydrophobic, there by leading to
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Figure 2. Debonding mechanism of fiber-matrix interface. Reproduced with permission.[22] Copyright 2013, Elsevier.

poor performance and limited mechanical properties. Interfacial
adhesion between fibers and matrix has a significant influence
in the mechanical properties of NFPCs. Stress transfer between
fibers and matrix occurs across the interface; thereby optimum
reinforcement is needed to achieve good interfacial bonding and
limit the crack propagation. Interfacial debonding between fiber
and matrix are illustrated in sequence by a diffusion mechanism
illustrated in Figure 2. Moisture absorption initiates a microbial
attack and causes biodegradation. NFPCs when exposed to mois-
ture, the water molecules diffuse into it there by forming an
intermolecular bonding of hydrogen with the fibers and elim-
inates the interfacial adhesion. Swelling in the fiber region in-
duces stress at the interface zone resulting in presence of micro-
cracks in the matrix and leads to degradation in performance and
properties of NFPCs.[22–24] Ultimately debonding of fiber-matrix
occurs when water molecules begins to leach from fiber. It can be
interpreted that NFPCs are highly reactive toward moisture con-
tent and over a period of time the presence of moisture causes
NFPCs to lose its functionality.[25]

Most consistently, the issues such as fiber wettability and lesser
interfacial adhesion are solved to a certain extent by suitable phys-
ical and chemical modification techniques. Natural fibers are not
only prone to moisture absorption; there are certain resins which
also absorb moisture to a certain extent.[26] Physical and chemical
treatment of natural fibers reduces the moisture content and en-
hances the bonding between the fiber and matrix. Engineering
the interface among the natural fibers and polymer matrix en-
hances the properties of composites and results in maximum per-
formance. Therefore, fibers and matrix together require modifi-
cation in order to improve the interfacial adhesion and thereby re-
sulting in enhanced strength and stiffness of NFPCs.[27–29] Phys-

ical treatments namely corona, ultraviolet (UV), plasma, fiber
beating, and ozone techniques are employed to alter the surface
properties of natural fibers. Prime focus of the physical modifica-
tion techniques is to increase the interfacial adhesion among nat-
ural fiber and matrix, alter the fiber structural properties without
any changes in chemical properties.[30,31] Several research stud-
ies have been carried out to understand the impact of physical
treatments toward natural fibers and its properties. Natural fibers
subjected to chemical treatments results in improved adhesion
between fibers and matrix through chemical reactions.[32,33] NF-
PCs consisting fibers which are polar and hydrophobic matrix
are two contradictory phases of materials, resulting in very lim-
ited bonding at the interface region. In the earlier decades (since
the year 2000), many research investigations are performed and
analyzed with different chemical treatments. Various chemical
treatments such as alkalization, silane treatments, acetylation,
peroxide treatment, benzoylation, permanganate, powder treat-
ment, fungal, permanganate, polymer coating, sodium chloride,
and other techniques are reviewed extensively in this research
work.[34–37]

In order to emphasize the increased need for greener, eco-
friendly materials and its utilization in diverse industrial do-
mains, a comprehensive review is carried out to understand the
properties and performance of natural fibers by prior physical
and chemical modification techniques. This review paper com-
prises an up-to-date literature study on the different modification
techniques on the natural fibers and matrices and its impact to-
ward the performance and functionality of NFPCs. Several review
articles published on modification of natural fibers have limited
its scope toward mechanical characteristics and have not explored
on dynamic properties like creep.[38] This review work focuses
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Figure 3. Natural fiber structure. Reproduced with permission.[15] Copy-
right 2011, Elsevier.

on the modification of fibers and matrix by different treatments
and provides additional information on time dependent proper-
ties which have not been attempted earlier.

2. Natural Fiber Composites and Its Constituents

Natural fibers are mainly derived from three forms of resources
that exist in environment such as plants, animals, and miner-
als. The constituents and properties of the fibers derived from
nature are dependent on several parameters namely its origin,
climatic condition, location, methods of cultivation, and pro-
cessing. Fibers processed from plants and animals are applied
as reinforcements for polymer matrices and other commercial
products. The prime constituent of plant fibers is the cellulose
whereas proteins are the main constituent of animal fibers. Pre-
dominantly natural fibers obtained from plants and animals are
mainly discussed in detail and an in-depth review is performed
in the next stage of this work. Figure 3 demonstrates the natural
fiber structure and its micro structural organization comprising
three critical components.[39]

2.1. Natural Fibers from Plants

Plant fibers obtained from natural species are categorized as
eight different types: bast fibers derived from skin and bast
around the plant stem, leaf fibers collected from plant leaves,
grass fibers produced from grasses, seed fibers collected from
seeds, root fibers, fruit fibers, core fibers from plant stalks and
wood pulp fibers. Plant fibers are also classified as primary and
secondary fibers based on its consumption. Fibers are termed pri-
mary since they are cultivated only for the main purpose of fiber
and termed as secondary where fibers are obtained as byprod-
uct from plants beyond its consumption such as banana, pineap-
ple, palm, coconut etc. Bast fibers include jute, hemp, kenaf, ba-
nana, ramie, rattan, flax, soybean, and vine. Leaf fibers are abaca,
pineapple, sisal, and banana. Grass fibers consist of rice, wheat,
corn, barley, and bamboo. Seed fibers include coir, cotton, and
kapok. Borassus, banana, coir, and tamarind are some of the

available fruit fibers. Corn and wheat stalks are the core fibers
collected from stalks of plants. Fibers from wood are teakwood
and rosewood. Luffa, cassava, and swede are the common root
fibers. Plant fibers are in-built of key components such as cellu-
lose, lignin, hemicellulose, pectin, and wax. Mechanical charac-
teristics, physical, chemical properties and micro structural be-
havior of plant fibers are influenced by parameters: geography
and climatic condition, extraction mode, and processing tech-
niques. The various types of natural fibers from plants are shown
in Figure 4.

Existing species of natural fibers are well explored and several
research studies have been performed across the globe for devel-
opment of eco-friendly products. However, cultivation of similar
species of natural resources leads to imbalance in the ecologi-
cal system and depletion of available species. From the year 2018
onward, researchers and scientists have identified wide range of
new plant fibers such as Carica papaya bark, Acacia nilotica L.
tree, Pithecellobium dulce, Elettaria Cardamomum stem, Albizia
amara bark, Phaseolus vulgaris, Arevajavanica, Azadirachta indica
bark, Furcraea foetida, Epipremnumaureum stem, Eleusine indica
grass, Cortaderia Selloana grass, Ripe Bulrush, Sterculia urens
bark, Leucas aspera stem, Cardiospermum halicababum, Parthe-
nium hysterophorous, Impomea pescaprae, Kigelia africana fruit
fiber, Citrullus lanatus climbers which were employed as ideal
reinforcement for polymer matrices in NFPCs.[40–61] These new
plant fibers found are developed as sustainable composite prod-
ucts which are commercialized in automotive and other indus-
trial domains.

2.2. Natural Fibers from Animals

Animal fibers also serve as an ideal reinforcement in the poly-
mer matrices due to its excellent mechanical characteristics and
physico chemical properties. Animal fibers are produced from
various species where; wool is obtained from sheep, bison, an-
gora; silk obtained from insects namely butterfly and other spi-
ders; chicken feathers which are byproduct wastes from poul-
tries and food processing industries. Silk and wool obtained are
found in textile industries as fabrics, handloom products, and
other down-to-earth consumption in human life; chicken feath-
ers with higher protein content as reinforcement in compos-
ites, absorbent sponges for purification and corrosion resistant
applications.[62–64]

More recently research investigations globally have focused
towards sustainable and lightweight materials where wool has
found its presence in torch capacitor as wool knitted fabrics
to lighten LED; silks are applied in biomedical field as surgi-
cal implants and tissue engineering.[65] Fibers from wool, ani-
mal hair, and chicken feather constitute a major protein element
called keratin. Silk obtained from insects consist protein con-
tent named chitin which provides good mechanical strength and
higher chemical resistance. Chicken feathers reinforced compos-
ites possess remarkable acoustic, mechanical, and thermal prop-
erties and are ideal insulators.[66–71] From the discussion on above
mentioned fibers, only few composites reinforced with animal
fibers have been found. Animal fibers have lesser competitive
edge towards the plant based fibers due to its limited resource
availability and the expenditure incurred in processing. Due to its
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Figure 4. Plant fibers from different sources. Reproduced with permission.[3] Copyright 2020, Elsevier.

cost and availability, animal fibers are widely preferred in more
sophisticated applications rather than down-to-earth and com-
mercial applications.[72,73] Literature studies on animal fibers as
reinforcement in composites reveal that heterogeneity of animal
fibers can be an issue while manufacturing composite products
for many commercial applications.

2.3. Chemical and Physical Analysis of Natural Fibers

Plant fibers are essentially made up of cellulose, hemicellu-
lose, wax, lignin, starch, pectin, and some inorganics. Quan-
tities of these chemical constituents in plant fibers are deter-
mined in weight percent by prior chemical analysis. The percent-
age amount of these constituents varies with regard to different
types of fibers. Cellulose is a moisture absorbent and exhibits hy-
drophilic behavior in plant fibers. Cellulose the major component
is semi crystalline whereas hemi cellulose which is partially sol-
uble in water is an amorphous polysaccharide. Lignin exhibits
hydrophobic behavior and enhances the stiffness as a cementing
agent. Strength and stability of fibers in NFPCs is highly influ-
enced by these chemical constituents. Chemical structure of cel-
lulose, hemi cellulose, and lignin is presented in Figure 5a–c.[39]

Cellulose is the prime component of a fiber structure and it pro-
vides the strength, rigidity, and stability of the plant fiber and is
shown in Figure 5a. As presented in Figure 5a, cellulose com-
prises three (–OH) hydroxyl groups in which two of them form

Figure 5. Chemical structure: a) Cellulose, b) hemicellulose, and c) lignin.
Reproduced with permission.[39] Copyright 2012, Elsevier.

hydrogen bonds within the cellulose macromolecules which are
intramolecular and the third (–OH) hydroxyl group forms hydro-
gen bond with other cellulose molecules which is intermolecular.
Hemicellulose shown in Figure 5(b), exists mainly in the primary
cell wall and possess branched polymers consisting five to six car-
bon sugars of with a variation in chemical structures. Chemical
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Table 2. Chemical crystalline and thermal properties of newly identified and existing plant fibers.

S. No. Plant fibers Chemical constituents Crystalline properties Thermal characteristics References

Cellulose
[wt%]

Hemi cellulose
[wt%]

Lignin
[wt%]

Moisture
[wt%]

Crystalline
index [%]

Crystal size
[nm]

Thermal stability
[°C]

Maximum
degradation

1 Tridax Procumbens 32 6.8 3 11.2 34.46 25.04 270 340 [40]

2 Acacia nilotica L. tree 56.46 14.14 8.33 - 44.82 3.21 225 339 [41]

3 Pithecellobium dulce 75.15 10.23 12.14 6.24 49.2 14 170 320 [52]

4 Elettaria cardamomum stem 63.12 13.7 16.5 10.93 36.84 5.82 230 461.5 [55]

5 Albizia amara bark 64.54 14.32 15.61 9.34 63.78 15 210 330.6 [56]

6 Phaseolus vulgaris 62.17 7.04 9.13 6.1 43.01 4.07 240 328.5 [57]

7 Arevajavanica 57.8 15.78 22.02 - 47 2.13 212 323.6 [58]

8 Azadirachta indica bark 68.42 13.72 13.58 - 65.04 2.75 205 321.2 [59]

9 Furcraeafoetida 68.35 11.46 12.32 - 52.6 28.36 230 320.5 [60]

10 Epipremnumaureum stem 66.34 13.42 14.01 7.41 49.33 15.46 217.5 328.9 [61]

11 Eleusine indica grass 61.3 14.7 11.2 5.6 45 21.99 220 335 [42]

12 CortaderiaSelloana grass 53.7 14.43 10.32 7.6 22 21.01 210 320 [43]

13 Sansevieria ehrengergii 80 11.25 7.8 10.55 52.77 - 223.85 333.02 [44]

14 Saharan aloe vera 60.2 14.2 13.7 7.6 56.5 5.72 225 350 [45]

15 Leucas aspera stem 50.7 13.2 9.7 11.3 20.2 6.7 200 320 [46]

16 Cardiospermum halicababum 59.82 16.75 9.3 1.9 32.21 2977 336 245 [47]

17 Parthenium hysterophorous 51.5 9.7 14.3 8.6 40.68 16.28 - - [48]

18 Banyan tree aerial root 67.32 13.46 15.62 10.21 72.47 6.28 230 358 [49]

19 Kigelia africana fruit fibre 61.5 12.42 20.94 10.12 57.38 1.73 212 340 [50]

20 Citrullus lanatus climbers 53.7 12.5 10.1 14 33.33 21.52 220 375 [51]

21 Thespesia populnea 70.27 12.64 16.34 10.83 48.17 - 320 390 [53]

22 Jute 61–71.5 13.6–20.4 12–13 12.6 71.4 29.25 240 260 [14]

23 Hemp 68 15 10 - - - - - [12]

24 Sisal 67–78 10–14.2 8–11 11 - - - - [16]

25 Coir 43 0.3 45 10 57 - - - [17]

26 Flax 70–71 18.6–20.6 2–2.2 - - - - - [12]

27 Bamboo 25 30 20 8 45.33 - 245 255 [18]

28 Cotton 82.7 5.7 0.7–1.6 - - - - - [19]

structure of lignin shown in Figure 5c tends to have an aromatic
structure and it is amorphous. In addition, very small amounts
of inorganic components like ash and other non-crystalline con-
stituents are found over the fiber structure.

The chemical constituents in plant fibers are analyzed by dif-
ferent methods and existing standards. TAPPI standards such
as T 222 and T 203 were applied for estimation of lignin and
𝛼-cellulose content in fibers. Cellulose content is determined
by calorific method with apparatus Sartorious, MA45. Electronic
moisture analyzer SHIMADZU, MOC120H reveals the informa-
tion on moisture content present in the fiber.[74] Wax content
can be determined by Conrad method.[75] ASTM standard E1755-
01 and its testing procedure aids in determination of ash con-
tent after dry oxidation. In addition, there are various methods
such as delignification and mercerization, in which the holocel-
lulose is evaluated based on the ASTM standard D1104-56. The
other constituents like 𝛼-celluloseis determined based on ASTM
D110360 whereas lignin is estimated according to ASTM D1106-
96 standard.[39]

The quantities of chemical constituents in plant fibers are var-
ied to a greater extent by suitable chemical treatment techniques.
Research investigations on fiber modification reveals an informa-
tion that, reduced amorphous components and with higher quan-
tities of cellulose content leads to enhanced mechanical strength
of NFPCs and crystalline index and alters the crystal size of
fibers.[34,39] NFPCs with its remarkable properties perform well,
when fibers reinforced in it are modified by chemical treatments.
Chemical constituents and thermal properties of new breed of
fibers identified from plant species and other existing fibers are
presented in Table 2. Information on the newly identified fibers
from the above-mentioned properties would aid the researchers
and scientists toward innovation and development of sustainable,
eco-friendly and greener products.

Physical characteristics of plant fibers comprises fiber diame-
ter, density and are determined by suitable experimentation tech-
niques. Fiber diameter and density plays a key role in the me-
chanical strength of NFPCs. Fiber diameter can be determined by
optical microscope Zeiss, Olympus BX43, and also by scanning
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Table 3. Physical characteristics of newly identified plant fibers.

S. No. Plant fibers Density
[g cm−3]

Diameter
[microns]

References

1 Tridax procumbens 1.16 233.1 [40]

2 Acacia nilotica L. tree 1.165 - [41]

3 Pithecellobium dulce 0.865 144.3 [52]

4 Elettaria cardamomum stem 1.47 217.38 [55]

5 Albizia amara bark 1.043 - [56]

6 Phaseolus vulgaris 0.852 53.56 [57]

7 Arevajavanica 1.4005 70 [58]

8 Azadirachta indica bark 0.740 40-250 [59]

9 Furcraeafoetida 0.778 12.8 [60]

10 Epipremnumaureum stem 0.654 - [[61]

11 Eleusine indica grass 1.143 315.4 [42]

12 CortaderiaSelloana grass 1.261 372.6 [43]

13 Sansevieria ehrengergii 1.410 - [44]

14 Saharan aloe vera 1.325 91.15 [45]

15 Leucas aspera stem 1.118 335.01 [46]

16 Cardiospermum halicababum 1.141 315.4 [47]

17 Parthenium hysterophorous 1.251 381.67 [48]

18 Banyan tree aerial root 1.234 0.14 [49]

19 Kigelia africana fruit fiber 1.316 629 [50]

20 Citrullus lanatus climbers 1.227 210 [51]

21 Thespesia populnea 1.412 256 [53]

electron microscope (SEM) images. In textile industries fiber di-
ameters are measured according to standards SN/T 2672-2010, a
procedure for testing textile materials fitness. Density of plant
fibers are determined by pycnometer experimentation. ASTM
standard 3800M which is based on Archimedes principle can also
be employed in estimation of density.[76] Physical characteristics
of newly identified plant fibers are listed in Table 3.

2.4. Matrices for NFPCs

Matrix a key element in natural fiber reinforced composites
serves as prevention against adverse environments and abrasion
of fiber surfaces and enhances the durability and surface appear-
ance. Matrices when stressed, transfers load to the fibers. Most
widely applied matrices in NFPCs are synthetic polymers which
are derived from petroleum-based materials. These polymer ma-
trices are light weight and can be processed only at lower tem-
peratures. Natural fibers exhibit an unstable thermal behavior
beyond 200 °C; hence only thermoplastics and other thermosets
that soften within this temperatures are employed as matrix ma-
terials in NFPCs. Commonly available polymer matrices applied
in NFPCs is classified based on degradability and it is presented
in Figure 6.

In case of thermoplastics and thermosets, many are petro-
chemical based matrices and are chemical products obtained
from petroleum. However, certain thermoplastics such as
PA46, bio-polypropylene (PP), and thermosets namely ecoflex (a
biodegradable polyester) are extracted from bio-based resources.
Polyethylene, polypropylene, polyvinylchloride, polystyrene are

some of the thermoplastic matrices; epoxy, phenol formaldehyde
and polyester are the thermoset matrices.[27] Natural fibers are
reinforced either with partially degradable matrices like ther-
mosets and thermoplastics or with bio based resins which are
completely degradable matrices. Thermoplastic resins are solidi-
fied by cooling and are shaped well in viscous state. These resins
can be processed at higher temperatures and pressures com-
pared with thermoset resins and have higher damage tolerance
and resistance to impact. Thermoplastics can be reshaped dur-
ing heating without any chemical reactions. Thermoset resins
like epoxy, polyester etc. are insoluble and are being cured with
an aid of a catalyst. Thermoset resins possess better creep resis-
tance, thermally stable, higher elastic modulus and chemical re-
sistance compared with thermoplastics. Unlike thermoplastics,
thermosets can never be reshaped and melted by heating.[26]

Bio resins have emerged as an alternative to polymer resins
and are derived from renewable resources like plants and by
means of polymerization of plant-based sugars and oils. Depend-
ing on the physical constituents bio resins are categorized into
three types; bio-based and biodegradable, partially bio-based and
biodegradable, and partially bio-based and non-biodegradable.
Different bio resins are starch, polylactic acid, polyhydroxyalka-
noates, bio-phenol-hydroxymethylfurfural, alginate, dextran, xan-
than, and cellulose.[3] Polylactic acid is the most commonly uti-
lized bio resin. Bio resins have been preferred widely nowadays
and the only factor that limits its consumption is the cost incurred
in processing and are least cost effective compared with other
polymer matrices. Bio resins possess unique characteristics as:
degradable, reduced greenhouse gas emissions, nontoxic and are
energy efficient in production.

2.5. Modes of Plant Fiber Extraction

Fiber extraction is a critical activity to be carried out while pro-
cessing plant-based fibers. Fiber separation from plants is per-
formed by means of suitable extraction methods. Dew retting,
water retting, mechanical extraction, and chemical retting meth-
ods are the most common methods employed in separation of
fibers from plant resources. Retting process removes the non-
cellulose contents present in the fibers. Dew and water retting
methods essentially requires two to three weeks for the degra-
dation of chemical constituents like waxes, lignin, pectin, and
hemi-cellulose.[77–79] In dew retting the plant stems were cut and
distributed in the crops and with the influence of sunlight, dew,
atmospheric conditions and bacterial substances causes removal
of non-cellulose constituents and adhesive substances from the
fiber.[80] Fibers like jute and flax are normally processed by dew
retting. In water retting process the plant stems are immersed in
water sources like ponds and tanks for the duration of two to three
weeks and are monitored periodically. The water molecules pen-
etrate into the stem and causes swelling of the internal cells.[81]

Water retting process is least preferred for different applications
due to its limiting factors as: longer processing time, water con-
tamination arising from bacterial material and generation of low-
quality fibers. Flax, hemp, jute, and kenaf are the fibers processed
by water retting methods. Mainly due to the higher processing
duration involved with retting process other alternatives such as
mechanical extraction and chemical treatments are adopted.
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Figure 6. Types of polymeric matrices.

In order to overcome these limiting factors like longer pro-
cessing time, mechanical extraction techniques are preferred for
fiber extraction. In mechanical retting, larger quantities of high-
quality fibers were produced with lesser processing time. The ex-
penditure incurred is relatively higher compared with dew and
water retting methods. In this technique fibers are separated by a
hammer mill or decorticator. Fibers separated from decorticators
are frequently rinsed with water and dried for 48 h in sunlight
thereby eliminating moisture content from fibers. Chemical ret-
ting/treatment processes are performed in which the straws of
fibers are immersed in tanks consisting aqueous solutions and
other chemical substances.[82,83] The chemical substances consist
of sodium hydroxide, sodium chloride, sulfuric acid, potassium
hydroxide, permanganate, chlorinated solutions. Non-cellulose
constituents like wax, lignin, pectin, and moisture content in the
fibers are dissolved there by leading to reduction of moisture con-
tent in fibers. Fibers with smooth surfaces are produced with
higher quality by chemical treatment processes. Hence, based on
its origin, type, and its constituent’s appropriate extraction meth-

ods are employed in processing plant fibers which are reinforced
in NFPCs.

3. Challenges Incorporated with NFPCs

Embedment of natural fibers with polymer resins imposes mul-
tiple challenges that need to be emphasized with regard to en-
hance the performance and functionality of NFPCs. NFPCs per-
formance and its properties can be enhanced by prior modifi-
cation techniques. However, there are few challenges associated
with NFPCs in its processing stage. There are few critical issues
which arise when natural fibers are applied as reinforcements
in polymer composites. Primary concern is that compounding
difficulties arise when natural fibers and polymer matrices are
bonded with each other, thereby leading to poor performance of
NFPCs. The polar hydroxyl groups in the natural fibers increase
the water absorption content in the NFPCs. The other critical
challenge is the limited thermal characteristics of natural fibers.
Natural fibers exhibit unstable thermal behavior and it can only
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be processed within 200 °C. Such unstable thermal characteris-
tics limit the matrix material selection to synthetic polymers such
as polyethylene, polypropylene, and polyvinylchloride which pos-
sess lower melting temperatures. Application of such synthetic
polymers in NFPCs imposes other challenge as most of these
synthetic polymers exhibit limited mechanical performance in
terms of strength, stiffness, and stability.[84–86] Most importantly,
synthetic polymers are petroleum based products and its con-
sumption can be controlled either by utilization of bio based ma-
trices derived from renewable resources or by increasing the rel-
ative amount of natural fiber content in NFPCs. Bio based resins
are relatively expensive compared with polymer matrices and the
cost incurred in processing is incorporated toward the final prod-
uct. Increase in the fiber content in weight percent leads to pro-
cessing challenges, fiber agglomeration, and higher moisture in-
take thereby limiting the mechanical performance of NFPCs.

3.1. Fiber Structure

Cellulose a major constituent present in plant fibers is identi-
fied with its semi crystalline and amorphous zones. Cellulose
exhibits moisture absorption behavior and a greater number of
intra molecular hydrogen bonds are formed in the crystalline
region. These strong hydrogen bonds eliminate penetration of
other chemical substances toward crystalline region (hydrogen
bonds formed in the cellulose region are stronger and forms
a cellulose block which further eliminates the penetration of
other chemical and non-cellulosic constituents). However, poly-
mer resins and dyes are absorbed well in amorphous zone.[87] Hy-
droxyl groups in the amorphous region are hydrophilic and com-
bine with water molecules from atmosphere. Other constituents
in the plant fiber: hemicellulose, lignin, pectin, and waxes pos-
sess the ability to withstand these water molecules. These at-
tributes induce the fiber to exhibit hydrophilic and polar behav-
ior and leads to debonding between the hydrophobic matrices.
Removal of hydroxyl groups with moisture content and other
surface impurities in the crystalline zone requires modification
of plant fibers by suitable chemical treatments.[88,89] Geographic
conditions, climate, life span, and degradation process highly in-
fluences the fiber structure and the chemical composition of the
plant. The chemical structure of the plant and the chemical con-
stituents present in the plant fibers varies within different re-
gions of the plant and such variations could be due to the geo-
graphic conditions.

3.2. Moisture Absorption and Limited Interface Strength

Cellulosic fibers are hydrophilic in nature and are prone to mois-
ture absorption. Most hydrogen bonds in the hydroxyl groups
(–OH) are identified in between the macromolecules in the
fiber cell wall. The fiber upon contact with the moisture from
the atmospheric conditions, the hydrogen bond breaks and hy-
droxyl groups (–OH) form newer hydrogen bonds with the wa-
ter molecules. When moisture is in contact with fibers, the hy-
droxyl groups (–OH) in the fiber cell wall form new hydro-
gen bonds with water molecules. Further, the cross section of
the fibers at micro level highly induces the absorption of mois-

ture content. Interaction among two varied phases of materi-
als, fibers and matrix induces fiber swelling within the matrix.
Fiber swelling weakens the interface bonding and leads to ma-
trix crack and propagation, poor dimensional stability, and lim-
ited mechanical performance and properties of NFPCs. Moisture
removal from fiber surfaces is an essential activity while manu-
facturing and processing of NFPCs. With an objective of enhanc-
ing the interface strength of NFPCs, wettability and bonding is
essential among fiber-matrix interfaces. Depleted properties of
NFPCs occur with insufficient wettability of the fibers there by
resulting in interfacial defects.[90,91] Interfacial bonding among
fiber-matrix can be achieved through mechanisms as: chemi-
cal bonding, electrostatic bonding, mechanical interlocking, and
inter-diffusion bonding. Chemical bonding can be feasible when
chemical groups present in the fiber and matrix react with each
other in formation of bonds. Chemical bonding among fiber ma-
trix can be achieved by means of prior coupling agents.[92] Several
research investigations reveal that interface strength can be in-
creased by physical and chemical treatment methods. Fiber wet-
tability can be improved and interfacial strength is increased by
physical and chemical methods. Chemical treatment of fiber sur-
faces aids to overcome the challenges of moisture content and
limited interface strength.

3.3. Thermal Instability

Natural fibers exhibit degradation at a temperature ranging be-
tween 200 to 240 °C. Such variation in degradation temperature
could be attributed due to the chemical constituents of fiber (cel-
lulose, hemi-cellulose, lignin, pectin, wax) which displays varia-
tion in sensitivity for a various temperature condition.[39] Degra-
dation of natural fibers is a critical issue when NFPCs are either
in processing or manufacturing phase or as a product. Chemi-
cal constituents present in the natural fibers are sensitive toward
different temperature range. Substances like lignin starts degra-
dation at 200 °C and has the slowest degradation rate and the
longest range of temperature. The other constituents like cellu-
lose and hemi-celluloses initiates degradation from 240 °C. Re-
moval of lignin and hemicellulose to a certain weight percent by
modification of fiber surfaces chemically leads to enhanced ther-
mal stability of NFPCs.[93–95]

3.4. Fiber Dispersion and Orientation

Fiber length, orientation, and the extent in which load trans-
fer occurs at the interface are the factors that invariantly influ-
ences the performance of NFPCs. Fiber agglomeration occurs
with the utilization of longer length fibers. Interfacial bonding
is improved by better fiber dispersion ensuring that the fibers
are completely surrounded by matrix there by leading to re-
duced voids and further resulting in enhanced compaction be-
tween fiber matrix surfaces.[96] Fiber dispersion is highly influ-
enced by processing parameters such as pressure, temperature,
and mixing processes. Twin-screw extruded mixing processes are
normally employed to attain better fiber dispersion without any
trade-off among cost incurred and fiber length.[97] Stresses in-
duced in NFPCs are by means of shearing and it occurs along
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the interface zone. Load transfer from the matrix region is a func-
tion of aspect ratio, direction, and orientation of fibers and bond-
ing among fiber-matrix interfaces. Based on the load distribu-
tion across fiber-matrix interfaces and the fiber orientation NF-
PCs are conventionally fabricated by three ways as: longitudinally
aligned; transversely aligned, and randomly oriented. Random
orientations of fibers have non-homogeneous mechanical prop-
erties and are mainly attributed to the multi directional load dis-
tribution along the interface regions. Longitudinal orientation of
fibers has a tendency of exhibiting buckling in the composites
and such composites possesses higher tensile strength.[93] Ev-
ery orientation methods has its own limitations and the desired
mechanical performance of NFPCs can only be accomplished
with the optimal conditions of aspect ratio, fiber length, and its
orientation.[89,98,99]

3.5. Porosity

Porosity, an overlooked phenomenon of NFPCs, arises mainly
due to the air or other substances trapped in the component.
Porosity has a larger impact towards the mechanical performance
of NFPCs and attributes to the fracture of the composite. Poros-
ity arises due to the factors as: air entrapped while processing;
debonding and poor wettability of fibers and limited compaction
of fibers and matrices.[100] With increased fiber content, compos-
ites exhibit void formation at the surface and display lesser re-
sistance toward fatigue, unstable mechanical characteristics, and
higher affinity towards water absorption.[101,102]

4. Resolving Challenges with Modification of Fiber
and Matrix

Interfacial adhesion between two materials plays a critical role in
mechanical performance and properties of NFPCs. Lesser adhe-
sion across the phase boundary leads to poor mechanical prop-
erties. The major concern in NFPCs is the hydrophilic behav-
ior of natural fibers and poor bonding between the fiber and
matrix. These critical challenges are resolved to a higher extent
by chemical modification of natural fibers. Every other natural
fiber is prone to moisture absorption, however there are certain
resins which also absorbs higher moisture content. Henceforth,
the fibers and matrices altogether require modification in order
to increase the interfacial adhesion across the boundary with the
view of enhancing the performance and functionality of NFPCs.

4.1. Chemical Treatment of Fibers

Natural fibers comprising non-cellulose constituents: hemi-
celluloses, pectin, and lignin exhibits polar behavior and with
ease in formation of hydrogen bonds with hydroxyl groups (–OH)
results in delamination of fiber and matrix and limits the me-
chanical characteristics of NFPCs. The above-mentioned con-
straints of natural fibers can be solved by prior chemical and
physical treatments. In chemical treatment of fibers, the inter-
facial adhesion across fibers and matrix is enhanced through
chemical reactions. Two contradictory phases of materials im-
pose weaker bonding across the interfaces. Chemical modifica-
tion of fibers limits its hydrophilic behavior and better interfacial

Figure 7. Schematic illustration of variation in chemical structure of plant
fibers with surface modification.

adhesion across the phase boundary is achieved. A schematic il-
lustration of pretreatment of plant fibers is shown in Figure 7.
Such pretreatment of fibers by any modification technique in-
duces changes in the chemical structure and composition of the
chemical constituents such as cellulose, hemi cellulose, lignin,
wax, and moisture content.

In this review different chemical modification techniques are
discussed and their influences towards the mechanical charac-
teristics are analyzed. This review work investigates 14 different
chemical treatments employed for wide range of natural fibers
and its impact toward composite properties.

4.1.1. Alkaline Treatment

Alkaline treatment or mercerization is the simplest and effec-
tive method employed to enhance the interfacial adhesion when
natural fibers are reinforced with thermoplastics and other ther-
mosets. Cellulose molecular structure of the plant fibers is mod-
ified by means of sodium hydroxide (NaOH) solutions. The key
aspect achieved with the modification of plant fibers by alkaline
treatment is breakage of hydrogen bonding in the fiber structure,
with an increase in surface roughness. Orientations of the closely
packed cellulose order which are crystalline are modified and
there by lead to formation of amorphous region. In these amor-
phous regions the cellulose micro molecules are separated and
filled with water molecules. This induces penetration of chemi-
cal content in the amorphous region. The hydroxyl (–OH) groups
which are alkali sensitive are broken down, upon further reac-
tion with water molecules (H–OH) gets separated from the fiber
structure. Fiber cell–O–Na is formed among cellulose molecular
chains and reactive molecules. Further the hydrophilic hydroxyl
groups (–OH) are reduced and the moisture resistance of fibers
are enhanced.[26] Modification of fibers by alkaline treatment es-
sentially performs the elimination of hydrogen bonding in the
network structure and removal of non-cellulose constituents like
hemi-cellulose, lignin, wax, pectin, and other oily substances to a
higher extent.[34] Modification of fiber surfaces by alkaline treat-
ment is illustrated in Figure 8.

Alkaline treatment of fibers produces more uniform and
cleaner fiber surfaces with the elimination of micro voids, re-
duced fiber diameter with an increase in aspect ratio (l/d) and en-
hanced stress transfer capacity. However higher concentrations
of alkali solution led to delignification and can damage the fiber
and its quality. Hence, only an optimum range of alkali concen-

Macromol. Rapid Commun. 2022, 2100862 2100862 (10 of 38) © 2022 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH



www.advancedsciencenews.com www.mrc-journal.de

Figure 8. Schematic mechanism and illustration of alkaline treatment of plant fibers.

tration provides higher aspect ratio with reduced fiber diameter
and better interfacial adhesion.[39] Chemical reactions of natu-
ral fibers subjected to alkaline treatment (NaOH) are depicted in
Equation (1). Alkaline treated fibers have two effects toward its
functionality as: surface roughness of fibers increases with better
mechanical interlocking and increases the quantity on the cellu-
lose content in the fibers.

Fibre − Cell − OH + NaOH → Fibre − Cell − O−Na+ + H2O (1)

Conventional research investigations on alkaline treatments
of fibers are conducted in four different approaches: Constant
NaOH concentration for constant time duration; Constant NaOH
concentration for varied time duration; varied concentration of
NaOH for constant time duration and varied NaOH concentra-
tion for varied time duration.[31] Research investigations on alka-
line treated existing and new breed of plant fibers reveal that, the
mechanical properties and its thermal stability are enhanced with
the removal of moisture content and better adhesion between
fiber-matrix interfaces.[103] Research investigations on the recent
studies of alkali treated different natural fibers and composites
and its effects on the mechanical and thermal characteristics are
discussed.[104–127]

Alkaline-treated Saharan aloe vera cactus leaf fibers reinforced
composites manufactured by hand layup process exhibit en-
hanced mechanical properties as: tensile strength from 621.8 to
805.5 MPa; Young’s modulus from 40.03 to 42.29 GPa; interfa-
cial strength from 2.95 to 3.2 MPa. Higher thermal stability is ob-
served with a degradation temperature rise from 350 to 355 °C.[45]

Coir/pineapple leaf fibers treated with 6% NaOH solution for
3 h at room temperature and further reinforced as composites
with a biopolymer polylactic acid in the wt% reinforcement of
C3P7 (C:P: 3:7) C1P1 (C:P: 1:1) and C7P3 (C:P: 7:3). Such com-
posites manufactured by compression molding process provide
maximum tensile strength of 30.29 MPa and Young’s modulus of
5.16 GPa for combination of C:P: 3:7, whereas combination C1P1
shows higher impact strength among treated and untreated com-
posites. Combinations C7P3 and C1P1 exhibit higher thermal
stability. Lower magnitudes of thermal expansion coefficients are
observed in treated fibers.[104] Research studies on 0.3–0.5 Vf luffa
fiber reinforced composites when treated with 2% NaOH solu-
tion for 1 h at room temperature reveal that at an optimal con-
dition of 0.4Vf of treated luffa fibers (TMFR) provides remark-
able mechanical properties. Optimal condition shows an increase
of 13.7% tensile strength, 6% compressive, 72.43% flexural, and
163.6% impact strength with untreated fibers. Treated fibers

(TSFR) are thermally stable with maximum degradation temper-
ature 452.8 °C.[105] Acacia leucophloea fiber reinforced compos-
ites treated with 5% NaOH solution for 45 min at room tem-
perature exhibits that at an optimal combination of 20% weight
fraction of fibers treated with 5% NaOH provides enhanced me-
chanical properties. Treated fibers as reinforcement provides an
increase in 19.98% tensile strength; 13.33% modulus; 6.74% flex-
ural, and 7.32% impact strength relative to untreated fibers. Ther-
mal decomposition of treated fibers occurs at 372 °C, greater
than untreated fibers at temperature of 358 °C there by indicating
higher thermal stability.[106] Arundo donax L.plant fibers treated
at different combinations of 2%, 4%, 6%, and 8% NaOH solu-
tion for 24 h at room temperature and further manufactured by
hand layup process provide an enhanced magnitude of flexural
(77.36 MPa) and tensile strength (25.60 MPa) in composites by
45% and 57% for the 6% NaOH concentration.[107] Date palm
fibers treated for combinations of 2%, 5%, and 10% NaOH so-
lutions at 25 °C for one hour and reinforced in composites with
polyurethane as matrix material. Maximum tensile strength of
460 MPa (76% higher than raw fibers), interfacial shear stress of
0.31 MPa (173% higher than raw fibers) was observed in fibers
when treated at an optimal concentration of 5% NaOH. Dam-
age occurs at fiber surfaces when treated at 10% NaOH with a
consequence of declined mechanical characteristics. Thermal re-
sistance of treated fibers is higher due to removal of waxes and
other inorganic substances.[108] Date palm fiber reinforced com-
posites manufactured by injection molding process with a fiber
treatment for one hour at 100 °C and for 1% NaOH solution dis-
plays a higher magnitudes of impact strength, tensile strength,
tensile modulus, and bending strength than the untreated date
palm fiber composites. Morphological analysis reveals that al-
kali treated fibers provide shows good dispersion of fibers toward
matrix.[109] Kenaf fibers treated with 6% NaOH solution 48 and
144 h at room temperature and manufactured as composites by
compression molding process, provide desired mechanical per-
formances when treated at 48 h. A significant reduction of tan
𝜑 peaks is observed indicating lower damping was found when
kenaf fibers are alkaline treated.[110] Flax fibers treated with 10%
NaOH solution for 3 h at room temperature and manufactured
as composites by means of compression molding showed highest
values of tensile strength and Young’s modulus as 88 MPa and
7.15 GPa. A 42% rise in flexural strength was observed in treated
fibers compared with raw flax fiber composites. NaOH treatment
of flax fibers provides more reliable results in relation with silane
and acetylated flax fibers.[111] Napier grass strands treated at dif-
ferent concentrations of 5%, 10%, and 15% NaOH solutions for
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2 h at room temperature and manufactured as composites re-
veal that, maximum values of tensile strength (134.3 MPa), and
Young’s modulus (19.4 GPa) are obtained at 10% NaOH concen-
tration. Deterioration in mechanical characteristics is observed
when fibers are treated beyond 10% NaOH concentrations. Al-
kali treated fibers are thermally stable and decomposition occurs
at a temperature range of 430–460 °C.[74] Prosopis juliflora fibers
treated for 45 min at a concentration of 6% NaOH solution and
manufactured by vacuum bagging as composites display a higher
magnitude of tensile strength and Young’s modulus than the un-
treated composites. However, there has not been any significant
difference in magnitudes of mechanical properties among ben-
zoyl and stearic acid treated Prosopis juliflora fibers.[112]

Bamboo fibers[113] treated with 4%, 6%, and 8% NaOH solu-
tions at 40, 80, and 120 °C and reinforced as composites through
vacuum bagging process. Results reveal that at optimum con-
centration of 6% NaOH solution the bending, tensile, compres-
sion strength, and stiffness of bamboo reinforced composites
are 7%, 10%, 81%, and 25% higher than untreated fiber com-
posites. Further investigations reveal that, decrease in mechan-
ical properties was observed at temperature of 120 °C and for
concentrations of 8% NaOH. Alkaline treated sugar palm fiber
reinforced composites (for 4% NaOH solution) reveal that, ten-
sile strength of alkaline treated fibers increases by 12.6% rela-
tive to untreated and sodium bicarbonate treated fibers. Among
the treated fibers, alkali treated fibers exhibit higher magnitudes
of tensile strength and tensile modulus are 248.04 MPa and
4.33 GPa and simultaneously maximum thermal decomposition
temperature of 258.21 °C was observed.[114] Red coconut empty
fruit bunch fibers treated at 5% NaOH solution for one hour at
30 °C showed superior mechanical properties as: tensile strength
1299.49 MPa and Young’s modulus of 4.887 GPa. Thermo gravi-
metric analysis conducted reveals that these fibers treated are
stable at 270.48 °C, which is comparatively higher than many
other natural fibers.[115] Cannabis sativa L. fibers[116] treated with
different combinations of 3%, 5%, 8%, 10%, 12%, 15%, and
20% NaOH solutions at 30 °C for one hour, exhibited maximum
thermal stability with a degradation temperature of 410 °C for
8% NaOH concentration. Phoenix Sp. fibers[117] treated with 5%,
10%, and 15% concentration of NaOH solutions at 28 °C for
one hour reveal that: maximum tensile strength was observed for
fiber gauge length of 30 mm; higher magnitude of tensile mod-
ulus was found in fibers treated at 10% NaOH concentrations.
Increased concentration of alkaline solutions on these fibers pro-
duces a maximum crystallinity index of 66% with a removal of
non-cellulose constituents. Salago fibers (bast)[118] treated at 5%
NaOH concentrations for 24 h, provide fiber surfaces with re-
moval of wax and lignin contents there by leading to enhanced
mechanical properties. Treated fibers provide maximum thermal
stability and degrade at a temperature of 35 °C. Agave americana
L. (Century fiber) upon treatment with 5% NaOH solution for op-
timized 60 min duration at 30 °C, resulted in significant rise of
% cellulose content from 71.65 to 81.68 and possess enhanced
mechanical properties. Alkaline treated fibers provide the prop-
erties of maximum tensile strength upto 338 MPa and a thermal
degradation of 376 °C. Elongation-at break is higher by 120.5%
than untreated fibers and there by reveals a plastic deformation
behavior.[119] Conventional jute fibers treated with 0.25%, 0.5%,

and 1% mild NaOH solution for 0.5–48 h, provide remarkable
mechanical properties for an increase in treatment time with
lower concentration of NaOH solution. Tensile strength and elon-
gation at break show a rise in percent of 82 and 45 to that of un-
treated jute fiber.[120] Carica papaya bark fibers[121] treated with
5% NaOH solution for different time duration of 15, 30, 45, 60,
75, and 90 min conclude that at an optimal treatment time of 60
min, desired mechanical and thermal properties are observed.
Alkaline treated fibers at 60 min duration possess reduced hemi-
cellulose and lignin content and thereby exhibits higher magni-
tudes of tensile strength 548 MPa, Young’s modulus 12.64 GPa.
Degradation temperature of Carica papaya fibers increased from
332.1 to 346.6 °C.

Prosopis juliflora fibers[122] treated with 5% NaOH solution for
various time duration of 30, 60, 90, and 120 min, reveal that
for a time period of 60 min was found as the optimal combi-
nation. Optimally treated fibers possess higher cellulose content
of 72.27%, lesser hemicellulose 4.02%, and desired mechanical
and thermal properties. Prosopis juliflora fibers treated at an op-
timal combination result in 30% reduction in Young’s modu-
lus values which is mainly attributed due to elimination of non-
cellulose and cementing substances from fibers. Coccinia grandis
L. fibers treated with 5% NaOH solution for 45 min at temper-
ature of 30 °C, exhibit higher mechanical properties with ten-
sile strength of 316.63 MPa, Young’s modulus of 14.29 GPa, and
elongation at break of 2.258%. TG analysis reveals that these
fibers are thermally stable until 220.6 °C.[123] Palmyra palm leaf
stalk fibers subjected to alkaline treatment for 30 min with 5%
NaOH concentration show improved mechanical properties such
as tensile, flexural, and impact properties and are attributed due
to enhanced interfacial bonding.[124] Alkaline treated coir fiber
reinforced composites manufactured by vacuum bagging pro-
cess shows improved tensile and flexural properties by 17.8%
and 16.7% and modulus of elasticity by 7.4%. Presence of air
voids and the impact of alkaline solutions on the fiber-matrix
interfaces provides a decrease in damping ratio by 10%.[125] Al-
kaline treated Ziziphus mauritiana (ZM) fibers possess higher
mechanical properties compared with its untreated counterparts
with a maximum tensile strength 55.08 MPa, tensile modu-
lus 1.83 MPa, flexural strength 59.48 MPa, and flexural mod-
ulus 7.496 MPa. Thermal analysis reveals that alkaline treated
ZM fibers are thermally stable witnessing maximum degrada-
tion temperature upto 397 °C and have a minimal weight loss
of 3.1% at 107 °C; 7% at 207–259 °C and 46% at temperature
range 271–383 °C.[126] Alkaline treated hemp fiber (at concentra-
tion of 4%, 6%, and 8% NaOH for 3 h) reinforced composites
exhibited higher mechanical characteristics than the silanized,
acetylated, and untreated hemp fiber composites and a 30% in-
crease in mechanical strength was observed. Alkaline modifi-
cation at 8% concentration provided enhanced interfacial adhe-
sion among hemp-polyester composites with maximum flexural
strength 60.51 MPa; flexural modulus 4.44 GPa; and 10% con-
centration provided highest compressive strength 111.05 MPa;
compression modulus 2.65 GPa.[127] Higher thermal stability of
hemp composites was obtained at 8% alkaline treatment with a
maximum degradation temperature upto 350 °C and this effect is
attributed mainly due to degradation of lignin and hemi-cellulose
constituents.
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4.1.2. Silane Treatment

Silane a coupling agent is employed in fiber surface modifica-
tion and this technique is considered as an alternative to alka-
line treatment. Silane a multifunctional molecule possesses bi
functional group which effectively couples the natural fibers and
polymer matrices. Bi functional groups in silane form a chemi-
cal link between two different phases of fiber and matrix materi-
als by means of siloxane element. A natural fiber when treated
with silane coupling agents undergoes three different stages:
hydrolysis, condensation and formation of bonds. Silanols are
formed in the initial stages of silane treatment by hydrolysis pro-
cess with presence of moisture content and hydrolyzable alkoxy
groups.[12] These silanols formed react with cellulose hydroxyl
group (–OH) at its one end and the matrix functional group at its
other end, there by acting as a coupler between two varied phase
of materials.[128] Due to this bond formation and reactivity in the
condensation process, molecular continuity is formed in the in-
terface zone of NFPCs and fiber swelling into the matrix is lim-
ited with hydrocarbon chain. The above-mentioned characteris-
tics reveal that interface adhesion across fiber matrix regions and
the mechanical properties are enhanced when fibers are treated
with silane agents. Micro pores are found over the surfaces of
natural fibers and these silanes functions as a surface coating
across these pores. In NFPCs most widely applied silanes for
fiber treatments are aminopropyltriethoxysilane (APS).[36] Natu-
ral fibers treated with silanes provide better mechanical charac-
teristics than fibers treated with alkaline solutions. Research in-
vestigations on the recent studies of silane coupling agent treated
different natural fibers and composites and its effects on the me-
chanical and thermal characteristics is presented.[129–155]

Flax, cotton, and hemp fibers treated with 5% (APS) amino-
propyltriethoxysilane and ethanol for 180 min offered more re-
liable thermal characteristics and higher moisture resistance
properties. Silane treated fibers offer higher thermal degrada-
tion temperatures with 360.1 °C for hemp; 363.3 °C for flax
and 361.9 °C for cotton fibers.[129] Water hyacinth fibers (WHF)
treated with 1% APS solution with water and ethanol for 60 min
at room temperature and further manufactured as composites
by casting process. Silanized WHF’s composites with 0° orienta-
tions possess higher mechanical properties with tensile strength
62.3 MPa; modulus of elasticity 2.16 GPa; flexural strength
121 MPa and impact strength 4319.9 J m−2. Thermo gravimet-
ric analysis reveals that WHF’s treated with silane agents ex-
hibits effective thermal stability with maximum degradation tem-
peratures of 347.56 °C.[130] Silane treated (0.5% trimethoxy silyl
propylamine solution with acetone for 45 min) coir fibers rein-
forced with high density polyethylene (HDPE), offers maximum
tensile strength of 29 MPa at 20 wt% among other combina-
tions of treated fibers, whereas silanized coir-HDPE exhibits a
Young’s modulus of 11 GPa which is 4% lower than untreated
coir-HDPE composites.[131] Mechanical characteristics of 40%
volume of treated kenaf fibers possess higher values than its
untreated counterparts with an increase of 41%, 38%, and 85%
was found in tensile (118 MPa), flexural (178 MPa), and impact
strength (4.23 J m−2) and it can mainly be attributed due to en-
hanced adhesion of kenaf fiber with epoxy-neem bio matrix. Ad-
dition of surface modified sea urchin particle as a filler mate-

rial provides a maximum tensile strength of 135 MPa; flexural
strength 193 MPa and impact strength 4.75 J m−2. Higher ther-
mal stability was found in ENFS2 composites with a maximum
degradation temperature of 415 °C.[132] Silane treated pineapple
leaf fiber filled with kenaf fiber powder and reinforced with phe-
nolic formaldehyde as binding agent are manufactured as com-
posites. Desired mechanical characteristics are obtained for fiber
loading with 50% weight and with further increase in fiber con-
tent produces decreased mechanical properties.[133] Studies on
sugar palm fiber reinforced composites reveal that fiber content
and silane treatment are the essential parameters, which influ-
ence the mechanical characteristics and the optimum values are
found at 40% weight of silane treated sugar palm fibers as: Ten-
sile strength 17.22 MPa, flexural strength 13.96 MPa, and im-
pact strength 15.47 J m−2. It is mainly due to the improved in-
terfacial adhesion between fiber-matrix. Weight loss of silane
treated sugar palm fibers was higher than untreated fibers and
the treated fibers are thermally more stable.[134] Sugar palm fiber
modified by combined alkaline-silane treatment offers higher
thermal stability with a maximum degradation temperature of
507 °C. Rather than silane treatment, sugar palm fibers with al-
kaline pre-treatment followed with silane treatment offer good
thermal characteristics.[135] Hybridization process improved the
mechanical characteristics of pure jute fiber reinforced compos-
ites. Among different composites as: Jute-epoxy, Jute+Curaua-
epoxy, Jute+Sisal-epoxy, and Jute+glass-epoxy combinations, en-
hanced tensile properties are obtained for Jute+Sisal fibers while
contradictory effect was observed in Jute+Curaua-epoxy fibers.
Flexural strength and Young’s modulus had an incremental ef-
fect with the higher incorporation of fiber content. Sisal and Cu-
raua are the ideal choice of fibers rather than glass for hybridiza-
tion of jute fibers.[136] Silane-treated CSP-PLA composites exhibit
higher thermal stability and it is mainly due to the better dis-
persion CSP particles in the matrix material. Tensile strength
and modulus of elasticity are found to possess decreasing effect
with the addition of filler content, however with the presence of
silane coupling agents the magnitudes were enhanced and can
be attributed due to strong coconut shell powder (CSP)-matrix
interaction.[137] Flax fiber reinforced with polylactic acid (PLA)
composites treated with 1%, 2%, 3.5%, and 5% silane solution
with water/ethanol mixture convey that, 2% silane treated flax
fibers proves to be an optimal combination to obtain enhanced
mechanical properties like flexural strength and time dependent
property creep.[138]

Alkali pre-treatment of 5% NaOH was found as the optimum
concentration and followed with silane treatment of coconut
fibers highly influences the mechanical properties with Young’s
modulus 3.3 GPa and initial failure stress 58.6 MPa. Strongest
interfacial adhesion was observed in alkali-silane treated coconut
fibers reinforced with wheat gluten with a maximum stress of
83.8 MPa.[139] Silane treated wood flour reinforced polypropy-
lene composites resulted in enhanced tensile strength, flexural
strength, and impact strength with limited water absorption and
further these results reveal that among three silanes APS, MPS,
and VTMS there has not been any distinct differences among
them with regard to the strength. Statistical analysis reveals that
fiber content highly influences the mechanical properties and the
maximum values are observed at 50 wt% of silane-treated wood
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flour particles. Thermo gravimetric studies conclude that silane
treatment of wood flour fibers does not have any influence toward
the thermal characteristics.[140] Corn stalk fiber reinforced com-
posites treated with different concentration of 1%, 5%, 9%, and
13 wt% of APS silane solution dissolved in ethyl alcohol-water
mixture reveal that 5 wt% of silane treated corn stalk fiber rein-
forced composites was found as an optimal concentration with
enhanced interfacial adhesion among fiber-matrix. Compared
with other concentrations of silane treatments enhanced me-
chanical properties are obtained at 5% concentration with max-
imum magnitudes of tensile strength 223.33 MPa and Young’s
modulus 7.05 GPa.[141] Interfacial adhesion among Grewia ser-
rulata fiber and polyester matrix (GFRP) composites and its
mechanical characteristics are improved with the treatments in
the preference of silane followed with permanganate treatment
and acetylation. Higher values of mechanical properties obtained
from silane treatment are: Young’s modulus 3.657 GPa, flexu-
ral strength 99.7 MPa, flexural modulus 3.489 GPa. Silanized
GFRP composites exhibit only 10% increase in value with its un-
treated counterparts while acetylation treated GFRP composites
possess a 53% increase in tensile strength.[142] Jute-poly buty-
lene succinate (PBS)[143] composites are pre-treated with alkali
solution for 3 h and then soaked in 0.3 wt% of MPS solution.
Results reveal that, composites with 50 wt% content of fibers
and further treated with combined alkali-silane solutions offer
the best mechanical properties with tensile strength 157.7 MPa,
flexural strength 185.1 MPa, flexural modulus 14.4 GPa and ten-
sile modulus 27 GPa. Combined alkali-silane treated jute fiber
reinforced composites exhibit minimal water absorption due to
its enhanced interfacial bonding among jute-PBS and are ther-
mally stable than its counterparts. Silane treatment of hemp
fiber reinforced epoxy composites with 1% concentration proved
to be an optimal combination in order to obtain improved me-
chanical properties. Maximum strength values obtained from 1%
silane concentrations are: Flexural strength 124.52 MPa, flexu-
ral modulus 4.145 GPa, tensile strength 71.55 MPa, and ten-
sile modulus 5.847 GPa.[144] Jute-polyester composites manufac-
tured with combined hand layup and compression molding pro-
cess are pre-treated with alkaline solution for 1 h and further
treated with MPS silane solution with concentrations of 0.1%,
0.3%, and 0.5 wt% for one hour at room temperature. Among the
various degrees of modification of jute fiber reinforced polyester
composites with MPS silane agents, 0.3% concentration proves
to be an effective combination with superior mechanical char-
acteristics. At 0.3% concentration, the interfacial adhesion be-
tween jute-polyester is improved resulting in higher mechani-
cal properties with tensile strength 74.59 MPa, flexural strength
81.54 MPa, tensile modulus 6.30 GPa, and 5.93 GPa.[145] Irrespec-
tive of the weight percent of Prosopis juliflora (PJ) fibers, silane
treatment enhances the degradation temperature from 336 to
346 °C compared with its untreated counterparts. Water intake
of silane-treated PJ fibers has been reduced about 56% and 44%
for 10 wt% and 5 wt% of PJ fiber content.[146] Thespesia populnea-
polyurethane composites are pre-treated with 10% NaOH solu-
tion for 3 h followed with immersion of treated fibers in 0.6 g of
vinyl trimethoxysilane and aqueous solution of ethanol and wa-
ter. Silane treated fibers offer better mechanical properties and
the results determined reveals that fiber length is the critical pa-

rameter which influences the tensile and compression strength
values.[147]

Compared with untreated fibers, silane-treated PALF (pine ap-
ple leaf fiber)-HDPE (high density poly ethylene) exhibits en-
hanced interfacial adhesion resulting in higher tensile strength
and pull-out strength. Additionally, water absorption ability de-
creases with the presence of silane micro pores over the fiber
surface. With an increase in fiber content, tensile strength in-
creases proportionately for treated PALF-HDPE composites.[148]

Compared with alkaline, benzoylation, and permanganate treat-
ments, silane treated flax fiber reinforced composites possess
maximum tensile strength, Young’s modulus, and storage mod-
ulus due to good dispersion and strong interfacial adhesion
among flax-polyurethane. Silane treated flax fiber surface ex-
hibits hydrophobic nature to a greater extent thereby result-
ing in least water absorption in the composite.[149] Mechanical
properties such as tensile strength, Young’s modulus, and im-
pact strength of APS-treated PALF-PC (poly carbonate) compos-
ites are found to have relatively higher values compared with
its untreated counterparts. Silane treated fibers with 20 wt%
of fibers performed well with higher thermal stability.[150] Flax
fibers-High density polyethylene composites manufactured by
extrusion process are pre-treated with 5–18% NaOH solution for
30 min and followed with triethoxyvinylsilane and ethanol wa-
ter mixture. Superior mechanical and physical properties are of-
fered by surface treatments and can be preferred in the order
of silane treatment followed with peroxide, benzoylation, and
alkaline treatments. Water absorption of treated flax fiber re-
inforced composites was found to be lower than its untreated
counterparts irrespective of the different treatments.[151] Silane-
treated ramie fibers produce higher tensile strength (64.2 MPa)
than their untreated counterparts (52.5 MPa) due to good bond-
ing at the interface between ramie fiber and matrix. In terms
of flexural strength and impact strength silanized (150 MPa, 15
kJ m−2) ramie fiber composites offer higher magnitudes that
the untreated ramie fibers (100 MPa, 10 kJ m−2). Treated with
silane agents the thermal stability is higher due to its maxi-
mum decomposition temperature.[152] Thermal studies reveal
that sisal fibers treated with APS silane solutions offer higher
thermal stability with a maximum degradation temperature of
360 °C.[153] Hemp-cyanate ester/benzoxazine composites treated
with 0.9 g of glycidyloxypropyltrimethoxysilane and dissolved in
ethanol water mixture are manufactured by compression mold-
ing process. With an increase in fiber content, enhanced me-
chanical properties are obtained for silane-treated composites
than their untreated counterparts and the optimum combina-
tion of 20 wt% of fiber content proves to be an ideal choice and
higher flexural strength, flexural modulus, and impact strength
of 129.8 MPa, 5.25 GPa, and 15.9 kJ m−2 are obtained in this
combination. Enhanced thermal stability is obtained for treated
fibers at 20 wt% fraction.[154] Thermal analysis results reveal
that mixed treatment (alkaline-silane) showed a superior ther-
mal stability than other treatments by creation of coating over
the fiber surfaces. Jute+Sisal composites show excellent thermal
characteristics under mixed treatment and provide a higher ther-
mal stability with a maximum decomposition temperature upto
280 °C. Jute+Ramie composites do not exhibit any difference in
thermal behavior with regard to various treatments.[155]
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4.1.3. Acetylation Treatment

Acetylation treatment essentially an esterification method is ap-
plied in plasticization of natural fibers. Acetic acid and acetic an-
hydride do not have the ability to react separately in modifica-
tion of natural fibers. Hence in acetylation treatment, initially
fibers are soaked in acetic acid and then subsequently treated
with acetic anhydride for time duration of 60–180 min at a higher
temperature. Acetylation treatment mainly comprises the chem-
ical reaction of acid catalysts which aids in grafting acetyl groups
to the cellular structure of the fibers. Acetyl groups (CH3CO)
upon reaction with the hydroxyl groups (OH) in the fiber, elim-
inate the moisture content from the fiber. Removal of moisture
content from fibers transforms hydrophilic behavior toward hy-
drophobic behavior and results in enhanced dimensional sta-
bility of NFPCs. Acetylated fibers have good mechanical inter-
locking among fibers and provide rough surfaces with minimal
porosity.[156] In the earlier years (since 2000) several research in-
vestigations on fiber modification by acetylation treatment have
been carried out. Fibers acetylated exhibit good mechanical char-
acteristics, thermal stability, and higher bio resistance. Research
findings on acetylation treated natural fibers and its influence to-
ward the performance on NFPCs are discussed.[157–174]

Acetylation-treated sisal fiber reinforced composites at 1 h ab-
sorb less water than untreated counterparts due to the partial sub-
stitution of OH groups and prove to be an ideal option with regard
to lower water uptake behavior and high impact performance.
Disk strength and ductility index were found to be higher in all
acetylation treated combinations than the untreated composites
with the maximum magnitudes of strength and index: 123.3 MPa
and 0.74 kJ m−1 observed when acetylated at 1 h.[157] Acetylation
treatment proves to be an ideal option for treating Agave ameri-
cana L. fiber reinforced composites due to its minimal water ab-
sorption properties. In terms of mechanical characteristics acety-
lated fibers reveal a contradictory effect compared with untreated
fibers (1700 MPa, 100 MPa) with minimum values of Young’s
modulus (1300 MPa), and marginal increase in tensile strength
(115 MPa).[158] Banana bunch fiber (BBF)–polypropylene com-
posites manufactured by compression molding are pre-treated
with 5% NaOH solution for 2 h. Enhanced mechanical prop-
erties are obtained at an optimal combination of 40 wt% con-
tent of acetylation treated banana bunch fibers with the maxi-
mum magnitudes of flexural strength 46.4 MPa, flexural mod-
ulus 2205.6 MPa, tensile strength 34.6 MPa, and tensile mod-
ulus 975.8 MPa. With the increase in fiber content of 50 wt%
BBF reinforced composites revealed a decline in the values of me-
chanical properties. TGA conducted reveals that higher thermal
stability was found in composites with the optimal combination
(ACBBF40/PP60).[159] Bamboo fiber (BF)–poly butylene succi-
nate (PBS) composites pre-treated with NaOH solution followed
with acetoxylation of fibers with acetic acid and sulfuric acid as
a catalyst for 2 h are manufactured by hot press molding. Ace-
toxylation of BF enhances the bonding between treated BF–PBS
composites resulting in higher thermal stability and mechanical
properties with the maximum tensile strength 35.15 MPa; elon-
gation at break of 22.13% and maximum decomposition temper-
ature 375.6 °C. Experimental results of acetylation treated BF–
PBS composites agree well with the predicted results from molec-
ular dynamics simulation technique.[160] Among different treat-

ments, acetylation treated hemp fibers provide good mechani-
cal properties with higher flexural strength and interfacial shear
strength and there by hemp fibers can be treated with the prefer-
ence of acetylation followed with combined alkaline+acetylation
and pure alkaline treatment.[161] Kenaf-polylactic acid (PLA) com-
posites treated with 400 mL volume of acetic anhydride for 30
min reveal that, mechanical properties such as tensile strength
and flexural strength are obtained based on the function of acety-
lation reaction time. For duration of 30 min treated composites
exhibit minimal values of mechanical properties than the un-
treated kenaf fiber reinforced composites due to partial removal
of extractives. Maximum tensile strength and flexural strength
are obtained at a condition of kenaf fibers treated for 2 h in acetic
anhydride.[162] Thermal studies reveal that maximum degrada-
tion temperature of 379.7 °C was obtained when treated at 2
h. Sugarcane bagasse-polyester resin composites treated with
acetic anhydride and sulfuric acid for one hour showed high-
est thermal stability with a maximum degradation temperature
upto 375 °C and sugarcane bagasse fibers can be treated with
the preference order of acetylation followed with alkaline treat-
ment. Reduced tensile strength values are observed in acetylation
treated fibers due to fibrillation effect.[163] Sisal fiber treatments
can be performed with acetylation then followed with acrylation
methods with regard to obtain enhanced mechanical properties
of sisal fiber reinforced composites. Acetylation treated compos-
ites provide higher tensile strength 64.37 MPa, Young’s modulus
1.41 GPa while acrylation treated composites offers highest im-
pact strength 47 000 J m−2.[164] Flax fiber reinforced composites
treated with 2% concentration of acetic anhydride solution pro-
duces best results for tensile strength, tensile modulus, and shear
strength with an increase of 55%, 58%, and 7%. 2% concentra-
tion of AA treated fibers provide excellent moisture resistance
properties with an increase of 65% to that of untreated fibers due
to the removal of waxy substances from fiber surface.[165] Opti-
mum mechanical properties are obtained at 50 wt% fraction of
sisal fibers irrespective of the chemical treatments. Among the
treatments acetylation treated sisal fibers provide an increase in
tensile strength of 14% (70 MPa) and flexural strength of 15%
(88.93 MPa) to that of its untreated sisal fibers.[166]

Banana fiber (BF)-phenol formaldehyde (PF) composites were
pre-treated with 4% NaOH at 27 °C for 2 h followed with im-
mersion in acetic acid for 5 min. Lesser water absorption char-
acteristics were exhibited by banana fiber reinforced composites
irrespective of the chemical treatments. With regard to the envi-
ronmental durability, water aging enhanced the tensile strength
and weight of BF-PF composites whereas in hot-oven aging
there is a decrease in weight of BF-PF composites and an in-
crease in tensile strength.[167] Due to enhanced interfacial interac-
tion between banana fiber and phenol formaldehyde, acetylation-
treated banana fiber composites exhibit higher magnitudes of
tensile strength (28 MPa), tensile modulus (1500 MPa), flexu-
ral strength (32 MPa), and flexural modulus (6064 MPa) than its
untreated counterparts.[168] Cellulose/cellulignin-polypropylene
composites pre-treated with 3 kg NaOH solution for 3 h at 98–
100 °C and further treated with 456 g of acetic acid for 45 min
at 35 °C were manufactured by injection molding. Chemical
modification of fibers provided a contrary effect with the de-
crease in flexural, tensile, and interfacial properties in terms of
strength and stiffness and this can be attributed due to the shape
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and dimensions of fibers after chemical modification. Acetyla-
tion treated composites provide enhanced thermal stability with
a maximum degradation temperature upto 457 °C.[169] Thermal
studies performed on acetylation treated fibers reveal that, with
the increase in degree of concentration thermal stability gets in-
creased. Flax fibers with 34% concentration of acetyl content offer
higher thermal stability with a maximum degradation tempera-
ture upto 360 °C. Maximum tensile and flexural properties of FF-
PP were obtained at 18% concentration of acetic acid and beyond
this concentration a decline in the values is observed and it can be
attributed mainly due to the degradation of cellulose constituents
and formation of internal cracks in fibers.[170] Acetylation-treated
Isora fibers provide improved adhesion among fiber-matrix inter-
face there by resulting in enhanced mechanical properties with
an increase of 27.8% tensile modulus, 78% Young’s modulus
to that of untreated Isora fiber reinforced composites. Simulta-
neously an increase in 27.3% flexural strength and 63.2% flex-
ural modulus are caused mainly due to physical and chemical
changes on the fiber surface.[171] Research study on modified
cellulose nano crystals reveals that flexural strength and flexu-
ral modulus are found with an increase of 50% and 34.1% at
5% concentration than untreated CNC’s. Enhanced mechanical
properties are a result of uniform dispersion of nano fillers and
interfacial adhesion among fiber-matrix.[172] Wood fiber-poly lac-
tic acid (PLA) composites treated with 1 L acetic anhydride for
4 h exhibit that, treated composites have a higher resistance to
fracture resulting in better interfacial adhesion and enhanced
mechanical properties as: tensile strength and stiffness.[173] Re-
search investigations were performed on oil palm empty fruit
bunch (EFB)-unsaturated polyester resin composites and coir-
unsaturated polyester resin composites, which are treated with
acetic anhydride for 30 min at 100 °C. Tensile strength and tensile
modulus of acetylated EFB and coir fiber composites are found
to be higher than the untreated composites and only a 10% rise
in properties were observed. With an increase in fiber content
enhanced mechanical properties are obtained and the maximum
values are observed at 45 wt% content and with further fiber con-
tent a decline in properties is observed.[174]

4.1.4. Benzoylation Treatment

Hydrophilic nature of natural fibers can be reduced to a greater
extent by benzoylation treatment. In benzoylation treatment, pre-
treated fibers are chemically treated with benzoyl chloride such
that the hydrophilic natures of fibers are reduced; higher interfa-
cial adhesion and thermal stability are obtained there by resulting
in increased strength of NFPCs. In the initial stage fibers pre-
treated with alkaline solution eliminates lignin, wax, and other
oil substances and exposes higher quantities of reactive hydroxyl
(OH) groups on the fiber surface. Upon removal of non-cellulose
substances, fibers are chemically treated with benzoyl chloride.
Hydroxyl groups (OH) from the fiber surface are replaced with
benzoyl groups and these OH groups are attached in cellulose
backbone. Removal of OH groups induce hydrophobic behavior
in the fibers and enhances adhesion across the fiber-matrix inter-
face. A detailed review on the research investigations carried out
when natural fibers treated with benzoyl chloride is reported in
the section below.[175–197]

Vetiver aziza fiber reinforced composites treated with 10%
NaOH and benzoyl chloride solution for 30 min reveal that
the tensile, compressive, and impact strength of benzoylation
treated composites have superior values than other chemically
treated composites. An increase of 113%, 56.78%, and 95% was
observed in tensile, compressive, and impact strength values
compared with untreated composites.[175] Benzoylation-treated
sugar palm fiber/glass fiber (SPF/GF) reinforced hybrid com-
posites at 30:70 composition delivers higher flexural and com-
pressive properties and it can mainly be due to incorporation
of glass fibers, enhanced adhesion, and good wettability among
fiber-matrix. Maximum values obtained at 30:70 SPF/GF rein-
forced hybrid composites are: flexural strength 56.9 MPa; flex-
ural modulus 3579.7 MPa; compressive strength 62.8 MPa,
and compressive modulus 1655.5 MPa.[176] Benzoyl chloride
treated areca sheath fibers possess higher tensile strength and
relatively higher Young’s modulus and exhibit better resis-
tance toward water absorption compared with alkaline, perman-
ganate, and sodium chlorite treatments. Higher thermal stabil-
ity was observed in the range of 350–352 °C and further ben-
zoylation treated areca fibers prove to be an ideal reinforce-
ment in polymer composites with its enhanced performance
among other treatments.[177] Benzoylation-treated IP (Impomea
pescaprae) fiber reinforced composites exhibit higher thermal
stability with a maximum degradation temperature of 372 °C,
higher than untreated composites (335 °C). Benzoylation-treated
IP fiber composites displayed higher mechanical properties as:
tensile strength 28.7 MPa; flexural strength 5.1 MPa which are
1.40, 1.27 times higher than untreated IP fiber composites and
this is mainly due to enhanced surface roughness upon ben-
zoylation and enhanced wettability of fiber-matrix.[178] Woven
jute fabric (WJF)-poly l-lactic acid (PLLA) reinforced composites
treated with benzoyl chloride solution are manufactured by hot
press molding. WJF-PLLA composites at warp direction treated
with benzoyl chloride reveal good bonding across fiber-matrix
interface regions and deliver excellent mechanical characteris-
tics. Mechanical properties of treated WJF reinforced compos-
ites with maximum values are: Tensile strength 87 MPa, tensile
modulus 1.42 GPa, flexural strength 121 MPa, flexural modulus
5.3 GPa, and impact strength 18.1 kJ m−2.[179] Cannabis indica
fibers treated with 5% concentration of benzoyl chloride prove to
be an optimal condition and there by enhances the hydropho-
bic characteristics with a decrease in swelling, good moisture
resistance properties. This is mainly due to penetration of ben-
zoyl groups into the fiber pores and provides interlocked coating
over the fiber surface. Treated fibers exhibit a decrease in ther-
mal stability (354.38 °C) when compared with untreated fiber
(382.25 °C).[180] Thermal stability of sisal fibers at 15% concen-
tration of benzoyl chloride exhibits a gradual rise than untreated
sisal fibers with a final decomposition temperature of 375 °C.[181]

Sansevieria ehrenbergii–isophthalic polyester reinforced compos-
ites are pre-treated with 5% NaOH solution for 30 min followed
with 6% benzoyl chloride for 30 min. Upon benzoylation with
30 wt% of fibers: The benzoyl group forms chemical link with the
matrix and results in enhanced interfacial adhesion at the fiber
surface there by provides an increase in tensile properties with
tensile strength and tensile modulus 35.39% and 69.17% higher
than untreated counterparts. Enhanced flexural properties are
observed with a rise in flexural strength and modulus by 15.4%
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and 43.6% higher than untreated composites.[182] Luffa cylindrica
fiber reinforced composites pre-treated with 10% NaOH solution
for 1 h and further with benzoyl chloride for 15 min reveal that
upon benzoylation there is an increase in tensile and flexural
strength by 59% and 68%, 49% rise in impact strength and higher
magnitudes of tensile and flexural modulus compared with un-
treated composites. Benzoyl chloride treatment of fibers induces
removal of impure substances and facilitates the mechanical in-
terlocking across fiber-matrix interface and there by produces en-
hanced performance of composites. Thermal decomposition for
benzoyl chloride treated fibers was completed at 435 °C.[183] Bam-
boo fibers treated with benzoyl chloride exhibit good bonding
with epoxy resin and provide remarkable mechanical properties
with a rise in tensile strength and modulus by 71% and 118%,
flexural strength and modulus by 42% and 85% than untreated
composites.[184]

Oil palm empty fruit bunch (OPEFB)–poly vinyl chloride
(PVC) reinforced composites are pre-treated with 18% NaOH so-
lution for 30 min and further soaked in 50 mL benzoyl chloride
and 10% NaOH solution for 15 min. Results reveal that with an
increase in fiber content, decrease in tensile and impact strength
was observed irrespective of chemical treatments whereas the
tensile modulus exhibits an increasing behavior. Benzoylation of
oil palm fibers displays enhanced interfacial adhesion resulting
in higher tensile (59.92 MPa) and impact strength (19.53 kJ m−2)
at 10 wt% of fibers and maximum tensile modulus 1767.42 MPa
at 40 wt% of oil palm fiber reinforced composites.[185] Dynamic
mechanical analysis reveals that benzoyl chloride treated jute
fiber composites display improved damping properties, storage
modulus due to enhanced interfacial adhesion and are stable
in higher temperatures than the untreated jute composites.[186]

Hybridization of glass fibers in banana-reinforced polystyrene
composites produces higher magnitude of tensile strength and
modulus with an increase in glass fiber content rather than ba-
nana fibers and it is caused mainly due to closely packed ar-
rangement of glass fibers in the interstitial spaces. Benzoylation-
treated banana fibers have a contrary effect on the flexural prop-
erties with a minimal value of strength and stiffness than the un-
treated banana reinforced composites.[187] Benzoylation-treated
sisal fiber reinforced composites at 40 wt% provide good me-
chanical properties than untreated composites with values of ten-
sile strength 70 MPa, flexural strength 93 MPa, tensile modulus
2431 MPa, and flexural modulus 4362 MPa and these properties
are marginally lesser than alkaline, silane, and heat-treated sisal
fiber composites. Limited moisture uptake behavior is exhibited
in benzoylation treatment than other treatments.[188] Sugar palm
fibers treated with benzoyl chloride for 15 min duration offer
maximum values of tensile properties with strength 173.99 MPa
and Young’s modulus 6.64 GPa and it is mainly due to the pres-
ence of larger quantities of cellulose content and elimination of
wax and lignin substances from fiber. Thermal stability of treated
SPF was found to be lesser than untreated fibers and the curve
shifted toward lower temperature zone.[189] Sugarcane bagasse
fibers (SB)–polypropylene (PP) reinforced composites are pre-
treated with 18% NaOH solution for 2 h followed with immer-
sion in 10 mL of benzoyl chloride at 55 °C for 1–5 h. Higher ten-
sile strength was found in benzoylation-treated fiber composites
at 10 wt% with a maximum value of 28.6 MPa whereas mini-
mum flexural strength was found in treated fibers irrespective

of the fiber content. Additionally, thermal stability of treated SB-
PP composites is lesser than untreated composites due to unsta-
ble fiber structure at higher temperatures.[190] Dynamic mechan-
ical analysis of benzoylation treated sisal fiber composites reveals
that properties such as storage modulus, damping factor, and loss
modulus varies as a function of temperature and frequency. From
experimental studies a higher storage modulus of 5965 MPa was
found and further a maximum peak height observed for loss
modulus with a transition temperature of 83 °C whereas a damp-
ing factor of 0.17 was found.[191] Wood flour-Polypropylene re-
inforced composites treated with 5% NaOH and benzoyl chlo-
ride for 15 min and further dissolved in ethanol solution for
1 h reveal that, benzoylation treatment provides a desired and
maximum tensile and flexural modulus among untreated and
other treated wood flour composites. In terms of strength, ten-
sile and flexural strength tends to rise than unmodified compos-
ites but optimum strength is obtained only by alkaline treatment
of wood flour composites. Debonding across fiber-matrix inter-
face absorbs higher impact energy in chemically treated compos-
ites there by resulting in minimum impact strength than un-
treated composites.[192] Benzoylation-treated banana fiber com-
posites displays relatively a smaller increment in tensile prop-
erties than the untreated composites. Tensile and tear strength
obtained from benzoylation are 3.8 MPa and 15.94 N mm−1.
Higher mechanical characteristics can be obtained by treating ba-
nana fibers with alkaline/permanganate solutions.[193] Dynamic
mechanical analysis of benzoylation treated hemp fiber-cellulose
filled composites reveal that, storage modulus, damping factor,
and loss modulus are found to increase with a broadening of
the curves and this incremental effect can be attributed to the
higher filler content, treated fibers, and increase in tempera-
ture. Damping factor, storage, and loss modulus are functions
of temperature, wt% of filler material, and chemical modifica-
tion of hemp fibers.[194] Rice husk fibers-poly vinyl chloride com-
posites convey that benzoylation-treated composites are more ef-
fective among the other treatments and displayed a higher pos-
itive effect on the mechanical characteristics of rice husk fiber
composites. Higher flexural and impact strength are obtained
with magnitudes of 31.2 MPa and 4.64 kJ m−2 for benzoylation-
treated composites.[195] Sugar palm fiber (SPF)/glass fiber (GF)-
epoxy (EP) based hybrid composites upon pre-treatment with
18% NaOH solution for 30 min followed with immersion in
50 mL of benzoyl chloride for 15 min display that composition
of EP/30TSPF/70GF offers enhanced performance with higher
values of dynamic mechanical properties as loss modulus, stor-
age modulus, and damping factor.[196] Benzoylation-treated ve-
tiver fibers perform well than other treatment combinations with
best tensile strength and modulus of 255.48 MPa and 15.07 GPa.
Higher thermal stability was observed when treated with benzoyl
chloride with a maximum decomposition temperature of 348 °C
with a weight loss of 52%.[197]

4.1.5. Peroxide Treatment

Peroxide a molecule possesses a functional group ROOR which
consists of the divalent ion O–O. The peroxides further decom-
pose into free radicals of the form R–O and these R–O react
with hydrogen groups of the natural fiber and matrix elements.
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Peroxide treatment enhances the interface properties of fiber and
matrix. In this fiber modification technique, peroxide induced
grafting of polyethylene is cohesive toward fiber surface and fur-
ther the free radicals react with the OH groups of fiber and ma-
trix. Initial stage comprises pre-treatment of fibers by alkaline so-
lutions. In peroxide treatment natural fiber surfaces are modified
either by benzoyl peroxide ((C6H5CO)2O2) or by dicumyl perox-
ide (C6H5C(CH3)2O)2). Further, pretreated fibers are coated with
benzoyl peroxide or by dicumyl peroxide at 6% concentration for
30 min in acetone solution. This technique induces reduced wa-
ter absorption behavior in fibers, enhances thermal stability and
adhesion of fiber-matrix across interface zones.[39,198] The chem-
ical reaction among OH groups of the fiber and peroxides is pro-
vided in Equations (2) and (3).

RO − OR → 2RO (2)

RO + Cellulose − H → R − OH + Cellulose (3)

Research findings on peroxide treated natural fibers and its in-
fluence toward the performance on NFPCs is discussed from var-
ious research investigations performed earlier.[199–220]

Pandanwangi–polyethylene reinforced composites produced
by hot press molding are pre-treated with 5% NaOH for 2 h fol-
lowed with immersion in 0.5%, 1%, 1.5%, 2%, and 4% dicumyl
peroxide for 4 min. Addition of dicumyl peroxide at 4% concen-
tration as a coupling agent in pandanwangi fiber reinforced com-
posites provides enhanced interface adhesion across fiber-matrix
and displays higher mechanical properties. Higher mechanical
properties obtained at 4% DCP concentration are tensile strength
81.7 MPa; bending strength 66.86 MPa, and impact strength 29 kJ
mm−2.[199] Peroxide-treated banana stem fibers enhance the ten-
sile properties with maximum tensile strength 242.6 MPa and
tensile modulus 16.5 GPa and are higher than untreated ba-
nana stem fibers. Manufacturing peroxide-treated banana fiber
reinforced polymer composites poses numerous processing dif-
ficulties and these peroxides treated composites have least man-
ufacturing feasibility.[200] Benzoyl peroxide treated Agave ameri-
cana leaf fibers provide sufficient rise in tensile properties with
tensile strength of 290 MPa higher than untreated fibers which
are mainly due to removal of hemi-cellulose and these fibers
tend to be arranged in closely packed form. There is a slight de-
crease in Young’s modulus and is found to be 7.6 GPa. Thermal
analysis reveals that treated fibers tend to possess higher ther-
mal stability and the degradation occurs in the range of 370–
490 °C.[201] Poor interfacial adhesion among saw dust fiber and
HDPE matrix was observed and further treated with benzoyl
peroxide resulted in enhanced interfacial adhesion among fiber-
matrix and there by displays higher tensile strength, Young’s
modulus, and impact strength and maximum values are found
at 15 wt% of treated saw dust fiber. Addition of treated fibers
beyond 15 wt% content tends to decrease the mechanical prop-
erties. Treated saw dust fiber composites enable moisture re-
sistance properties by elimination of non-cellulosic constituents
and induce higher dimensional stability.[202] Ramie fiber-poly lac-
tic acid (PLA) composites display that poor dispersion of treated
ramie fibers with poly lactic acid and formation of fiber bundles
produces a contrary effect on the tensile strength and modulus
with minimum values than the untreated composites. Peroxide

ramie fiber composites produced higher impact strength with
65% greater than untreated composites. Enhanced thermal sta-
bility is obtained in treated composites with elimination of non-
cellulose substances.[203] Increase in hemp fiber content with re-
gard to tensile properties delivers an increased tensile modulus
with a maximum rise of 105% for 20 wt% of treated fiber re-
inforced composites and whereas at higher weight beyond 20%
the effect of fiber agglomeration and limited interface adhesion
among hemp-matrix induces a decrease in tensile strength. Wa-
ter uptake behavior tends to increase proportionately with an
increase in weight fraction of treated hemp fibers.[204] 30 wt%
content of sisal fibers treated with NaOH+BP (benzoyl peroxide)
+MA (maleic anhydride) exhibit higher mechanical characteris-
tics than NaOH+MA treated composites with maximum values
of flexural strength 17.80 MPa and tensile strength 15.75 MPa.
7.5 wt% content of fibers offer similar magnitudes of tensile and
flexural strength for NaOH+BP+MA and NaOH+MA compos-
ites with negligible differences. Incorporation of recycled HDPE
enhances tensile and flexural strength by 12.9% and 47.5%.[205]

DCP (dicumylperoxide) proves as an inefficient coupling agent
in treatment of hemp and sisal fibers with poor interfacial adhe-
sion among hemp/sisal-PLA composites and can be attributed
due to increased crystallinity of the polylactide at the interface
regions there by limiting its strength and stiffness. Reinforcing
hemp and sisal fibers enhances the tensile strength and modu-
lus and with addition of DCP coating over fiber surface induces
contrary effect with reduction in mechanical properties.[206] Car-
nauba fibers-polyhydroxy butyrate (PHB) composites pre-treated
with 1% NaOH solution for 55 °C for 2 h and further treated with
1% hydrogen peroxide for 2 h at 55 °C, performed better than
other treatment combinations with enhanced Young’s modulus
ranging from 6.3 to 14.0 GPa. Tensile strength of peroxide treated
composites ranging from 148–242 MPa is lower than untreated
composites ranging from 205–264 MPa and it can be concluded
that the interfacial adhesion still requires to be enhanced.[207]

Upon hydrogen peroxide treatment, tensile and flexural strength
of kenaf reinforced composites performs well at 30 wt% content
with maximum values of 48.9 and 57 MPa and it is influenced by
the enhanced mechanical interlocking and uniform PLA disper-
sion at fiber surface. Further addition of kenaf fibers at 40 wt%
content provides decreased strength values due to fiber agglom-
eration and insufficient wetting of fiber with matrix. Higher mag-
nitudes of tensile (1557.6 MPa) and flexural modulus (4250 MPa)
are observed with 40 wt% of kenaf fibers and a consistent rise was
found ranging from 10–40% wt of kenaf fibers.[208] Mixed treat-
ment with 5%NaOH+5%H2O2 weakens the strength and stiff-
ness of luffa sponge fibers with limited mechanical properties
than the untreated fibers and proves as an inefficient fiber treat-
ment. Excellent moisture resistance properties of luffa sponge
fibers are observed in the mixed treatment and are mainly caused
by broken structure of cells and its compressed lumens.[209] Hy-
drogen per oxide treated coir fibers with higher wt. content re-
sulted in a decreased tensile strength and this can be due to fiber
agglomeration and insufficient stress transfer across the inter-
face regions. With regard to stiffness, tensile modulus exhibits
an increasing trend with an increase in fiber content and higher
modulus of 1.82 GPa was found at 7 wt% coir fibers. Thermal
stability of composites is limited due to the lower thermal char-
acteristics of coir fibers.[210]
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Jute fiber–polypropylene composites manufactured by injec-
tion molding technique are pre-treated with 5%, 10%, and 15%
NaOH solution for 6 h at 70 °C and further treated with H2O2
for 45 min. Tensile strength of composites increases with fiber
content upto 20 wt% when treated with 10%NaOH + H2O2 and
further addition in fiber content leads to degradation of ten-
sile strength. Tensile modulus increases proportionately with the
fiber content and NaOH concentration. With 25 wt% of jute
fibers treated with 10%NaOH + H2O2 reveals higher stiffness
than other treatment combinations.[211] Combined alkaline and
peroxide treatment of OPM (oil palm mesocarp) fibers elimi-
nates lignin, hemi-cellulose, and other inorganic substances and
provides enhanced mechanical properties and performance of
composites. Higher values of tensile and flexural properties of
treated OPM fibers at 70 wt% are tensile strength 21.39 MPa,
flexural strength 31.04 MPa, impact strength 82.19 J m−1, ten-
sile modulus 881.73 MPa, and flexural modulus 2478 MPa.[212]

Banana/sisal fiber (BSF)-polylactic acid (PLA) reinforced hybrid
composites are pre-treated with 5% NaOH solution for 2 h and
further treated with 6% benzoyl peroxide (BP) for 30 min at 70 °C.
BSF upon peroxide treatment removed lignin, wax, hemicellu-
lose, and other impure substances and led to enhanced interfa-
cial adhesion and bonding between BSF-PLA through cross link-
ing and produced composites with excellent mechanical char-
acteristics. Enhanced mechanical properties obtained from BP
treatment of BSF composites are: tensile strength and modulus
79 MPa and 4.1 GPa, flexural strength and modulus 125 MPa and
5.6 GPa, impact strength 47.8 kJ m−2.[213] Peanut shell powder
(PSP)–recycled polypropylene (RPP) composites manufactured
by compression molding process are pre-treated with 15% NaOH
for 3 h at 75 °C and further treated with 2% H2O2 for 8 h at
45 °C. Tensile modulus increases with an increase in fiber con-
tent and this is due to the uniform orientation of fibers and there
by results in higher stiffness. Tensile strength decreases with a
rise in fiber content and is caused mainly by fiber agglomera-
tion and insufficient interfacial adhesion between fiber-matrix.
Higher thermal stability was observed for H2O2 treated PSP-
RPP with a maximum decomposition temperature of 461 °C.[214]

Upon alkalization, thermal stability of sisal fibers decreases due
to rough and amorphous fiber surface whereas enhanced ther-
mal stability was observed when sisal fibers treated with com-
bined NaOH + BP with a maximum decomposition temperature
of 350 °C.[215] Piliostigma thonningii fiber reinforced composites
pre-treated with 2% NaOH for one hour and further immersed in
6% benzoyl peroxide in acetone for 30 min display that benzoyl
peroxide treated composites possess better mechanical charac-
teristics with higher magnitudes of tensile strength 40.204 MPa
and flexural strength 787.82 MPa, due to enhanced bonding be-
tween fiber and matrix, wetting.[216] Cereal straw filled natural
rubber reinforced composites were pre-treated with 5% NaOH
for 2 h followed with 6% benzoyl peroxide (BP)/6% dicumylper-
oxide (DCP) in acetone for 120 min at 250 °C. In such composites
increase in filler content reduced the tensile strength and higher
strength was observed at 10 wt% of DCP treated fillers, beyond
which there is a consistent reduction in values. Irrespective of
different treatments, treated composites revealed similar results
and are thermally stable than untreated composites with a max-
imum decomposition temperature of 360 °C.[217] DCP-treated
wood flour and silica-filled composites provided more thermally

stable behavior with higher degradation temperature of 487 °C.
Consistent rise in tensile modulus was observed with increase
in fiber content since fibers are stiffer than polymer matrices
and enhance the stiffness of the composites rather not being
influenced by silica fillers. DCP-treated wood flour composites
significantly enhanced the tensile strength with higher values
of 10.8 MPa for 80/20: LDPE/WF (DCP treated) with 2% sil-
ica fillers.[218] Optimum mechanical properties were obtained by
treating ramie fibers with the conditions as: 7% H2O2 and 4%
isopropyl alcohol concentration at 85 °C for 1 h. Combined per-
oxide and isopropyl alcohol treatment enhanced the mechanical
properties rather than peroxide treatments by removal of waxes,
lignin, and some inorganics and proves to be an ideal choice than
other modification methods.[219] Sisal-low density polyethylene
(LDPE) composites treated with DCP for 5 h at 50 °C display
that the thermal stability of DCP-treated sisal composites and un-
treated sisal composites delivered similar results and found to
possess lesser stability than pure LDPE matrices.[220]

4.1.6. Maleated Coupling Agents

Maleated coupling agents essentially comprise copolymeriza-
tion of maleic anhydride and polypropylene (PP) matrix in plas-
ticization of cellulose fibers. Esterification of cellulose fibers
is performed with the aid of the copolymer maleic anhydride
polypropylene (MAPP), which is reactive and activated at 1700 °C.
This approach of chemical modification of natural fibers pro-
vides improved wettability of fibers and adhesion across the in-
terface. Sufficient interaction among the surface of fiber and ma-
trix is achieved with maleated coupling agents. In grafting phase,
maleic anhydride upon reaction with the hydroxyl (OH) groups
in the amorphous zones of fiber structure eliminates the OH
groups from fiber cells. Removal of such OH groups from fiber
limits the hydrophilic capability of fibers and forms long brush
like chain polymer coating over the fiber surface.[27,39] These
maleated coupling agents form carbon–carbon bonds over the
polymer chains of the matrix. Polymer coating formed over the
fiber surfaces induces efficient interlocking among fiber and ma-
trix and leads to enhanced mechanical properties. This maleic an-
hydride copolymerization technique enhances the chemical con-
stituents of natural fiber, thermal stability, and strength when
reinforced with composites.[198,221–223] Upon maleic anhydride
treatment of wide breed of natural fibers, the mechanical char-
acteristics have been found with significant improvement. Re-
search findings on maleic anhydride polypropylene treated natu-
ral fibers and its influence toward the performance on NFPCs is
discussed in the upcoming section.[224–252]

Pineapple leaf fiber (PALF)–poly lactic acid (PLA) reinforced
composites manufactured by compression molding are treated
with 2%, 4%, and 6% maleic anhydride poly ethylene (MAPE).
Tensile strength and modulus tend to decrease with the addi-
tion of MAPE whereas higher values of strength and modulus
with magnitudes 34.60 and 1800 MPa were observed for un-
treated composites with 10 wt% of PALF. Addition of MAPE at
6 wt% enhances the flexural properties of composites at 10 wt%
of PALF with maximum flexural strength 51.27 MPa and flexu-
ral modulus 3374.53 MPa and this can be attributed due to the
enhanced interfacial bonding among fiber-matrix by compatibi-
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lizing agent. Mechanical properties are dependent on two param-
eters as: wt% of fiber content and addition of MAPE.[224] Banana
fiber–low density polyethylene (LDPE) composites are treated
with NaOH/acrylic acid and further treated with 0.5–0.8% maleic
anhydride poly propylene (MA-g-PP). Addition of MA-g-PP as a
compatibilizing agent in the alkaline and acrylic acid treated ba-
nana fiber composites enhanced the tensile strength by 11% and
16.5%, Young’s modulus by 4% and 15%, flexural strength by
14.5% and 16.7%, impact strength by 11.1% and 11.9% than the
treated fibers without MA-g-PP. Such a rise in properties is due to
formation of strong covalent bonds among –OH groups of fibers
and maleic anhydride groups of matrices resulting in uniform
wetting and dispersion of fibers. MA-g-PP does not have much
influence toward the thermal degradation of treated composites
and banana fibers exhibits minimum stability than pure LDPE
matrix.[225] Rice husk powder (RHP)–poly lactic acid (PLA) rein-
forced composites are treated with 2%, 4%, and 6% of maleic an-
hydride polypropylene (MAPP)and maleic anhydride poly ethy-
lene (MAPE). Results reveal that, higher wt% of RHP filler ma-
terial led to a decrease in tensile and flexural properties. MAPP
treated composites performed better than MAPE-treated com-
posites with enhanced tensile and flexural properties on all wt%
of RHP filler material.[226] Eucalyptus capsule fibers (ECF)–high
density polyethylene (HDPE) composites manufactured by injec-
tion molding process are pre-treated with 8% NaOH at 60 °C for
24 h followed with 5% PE-g-maleic anhydride (PE-g-MA). ECF
reinforced composites treated with PE-g-MA are thermally lesser
in stability and is caused due to interfacial interactions among
–OH groups and acidic groups of coupling agent. A linear rise
in Young’s modulus was observed and higher value of 1268 MPa
was found for 15 wt% of fibers treated with PE-g-MA coupling
agent. Maximum tensile strength of 34.1 MPa was obtained with
the aid of coupling agent at 10 wt% of fibers and due to better ad-
hesion and formation of strong bonds among –OH groups and
acidic groups of PE-g-MA.[227] MA-treated sisal fiber reinforced
composites possess reduced tensile strength values and higher
reduction in tensile strength is obtained for an increase in fiber
content and tensile failure can be caused due to fiber pull out and
delamination.[228] Sugarcane bagasse fiber reinforced composites
treated with PP-g-MA provide enhanced mechanical properties at
10 wt% fiber content with maximum tensile strength 31.0 MPa,
yield strength 21.94 MPa, and tensile modulus 1984.3 MPa.[229]

Optimum mechanical properties were obtained at 40 wt% of
kenaf fibers treated at 5% concentration of MAPP with max-
imum tensile strength 21.38 MPa.[230] Enhanced mechanical
properties of MA treated sansevieria fiber reinforced compos-
ites are obtained at 10 wt% of fiber with higher tensile strength
57.45 MPa and modulus 3472.5 MPa.[231] Tensile strength of MA-
treated pineapple fiber composites tend to decrease with increase
in fiber content and higher value of 18.94 MPa is obtained at
5 wt% content. 5 wt% of pine apple fiber composites exhibits
least water uptake behavior and possess good moisture resis-
tance properties.[232] Addition of 5% MAPP in the treated sisal
fiber (50 wt%) composites enhances the tensile strength with
interfacial bonding among sisal fibers and matrix. MAPP addi-
tion with 10% and 15% acts as a hindrance and limits the stress
transfer across the interfaces.[233] Recycled acrylonitrile butadi-
ene rubber (NBRr)/banana skin powder (BSP)–polypropylene
composites produced by hot compression molding process are

treated with 5% polypropylene maleic anhydride (PPMAH). In-
terfacial adhesion between NBRr/BSP-PP has been enhanced
with the compatibilizing agent PPMAH and higher values of ten-
sile strength and modulus are obtained at 80/20/10 combination
of PP/NBRr/BSP-PPMAH. Addition of NBRr disables the crys-
tallinity of composites resulting in reduced strength, stiffness,
and rigidity of composites.[234] Sorghum stalk rind (SSR)–high
density polyethylene (HDPE) composites treated with maleic an-
hydride polyethylene (MAPE) with 1% and 3% concentration
reveals that 20 wt% content of sorghum stalk fiber reinforced
composites treated with 3% MAPE possess excellent mechanical
properties with an increase about 14%, 17%, and 156% of ten-
sile strength, bending strength, and flexural modulus than pure
matrix. Additionally at 40 wt% content of fibers, 3% MAPE ad-
dition does not bond well with the HDPE matrix resulting in
limited strength and stiffness values.[235] Cotton fiber compos-
ites treated with MA alone offer desired properties with higher
tensile and flexural properties with a rise of 70% and 45% and
are considered as an ideal alternative among other treatments,
whereas composites treated with NaOH + MA offer a decrease
in tensile and flexural properties by about 40%. MA treated com-
posites are thermally stable with minimum differences relative
to other treatments.[236]

PALF reinforced composites treated with 7 wt% of MAPP pro-
vide best tensile strength and modulus values than other agents
like MAPE and alkaline solutions. PALF composites with frac-
tion at 10, 20, 30, and 40 wt% of fibers treated with 7% MAPP of-
fers a rise in tensile strength by 27.1%, 25.5%, 23.6%, and 21.1%
and rise in tensile modulus by 35.7%, 27.4%, 15.3%, and 24.3%
than the untreated composites.[237] MAPP-treated flax fiber rein-
forced composites provide superior tensile properties with ten-
sile strength 48.8 MPa and tensile modulus 2.65 GPa with a
rise of 14% and 90% than the untreated composites. Flexural
strength 25.8 MPa and modulus 1.13 GPa obtained from MAPP
treatment are higher than untreated counterparts but superior
properties are obtained only with silane treatment.[238] Coconut
fiber–polypropylene (PP) reinforced composites are treated with
MAgPP for 2 h at 80 °C. Optimum combination with 20 wt%
of coconut fibers treated with 5% MAgPP reinforced compos-
ites provides better performance with best tensile strength of
32.3 MPa and tensile modulus 798.5 MPa where the modulus
values show a marginal reduction relatively with untreated com-
posites (808 MPa). Enhanced thermal stability was found in com-
posites with addition of MAgPP coupling agent.[239] Oil palm
empty fruit bunch (EFB)–polypropylene composites treated with
H2O2 + MAPP exhibited a consistent rise in tensile strength and
modulus, and further rise in flexural strength and modulus with
the uniform increase in fiber addition upto 50 wt%. Such a con-
sistent performance of the treated composites can be attributed
mainly due to better interfacial adhesion and bonding between
EFB-PP.[240] Different source of fibers extracted from plants such
as banana, hemp, and sisal are treated with 2% maleic anhydride
(MA) for 65 °C for 18 h and manufactured as composites by com-
pression molding. Irrespective of different fiber reinforcement,
Young’s modulus, and flexural modulus tend to decrease with
an increase in fiber content and best modulus was obtained at
40 wt% of fibers with addition of MA for banana, hemp, and
sisal reinforcements. With regard to tensile and flexural strength,
no specific trend was observed with an increase in MA treated
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fibers. Esterification of fibers by maleic anhydride enhances the
tensile strength and modulus and flexural strength and modu-
lus to a greater extent than the untreated counterparts.[241] Ten-
sile modulus of MA-treated jute–PP composites shows a uniform
rise in values with an increase in fiber content and best value of
2314.1 MPa was obtained at 15 wt% of jute and this could be
owed due to enhanced interfacial adhesion among jute-PP. Ten-
sile strength of treated composites shows a decreasing trend with
addition of fibers and this could be attributed to the fiber agglom-
eration and transformation from ductile to brittle fracture behav-
ior with addition of fibers.[242] Enhanced thermal stability was
obtained for sisal-g-EA with a higher degradation temperature
of 491.4 °C. Sisal-g-EA fibers exhibit reduced swelling behavior
since poly EA and peroxide treatments limit the water interaction
with sisal fiber and eliminates the active sites.[243] MA-treated ba-
nana fiber composites with 5 wt% offer best tensile, flexural, and
impact strength with magnitudes 33 MPa, 72 MPa, and 27 MPa
and are higher than untreated composites and this can be due to
good bonding among fiber and matrix.[244] Sisal fiber (SF)/nano
clay-recycled polypropylene (rPP) reinforced composites are pre-
treated with 5% NaOH for 2 h and further treated with 5% MAPP.
SF-rPP composites at an optimal combination of 40 wt% of sisal
fibers with 5% nano clay and treated with 5% MAPP exhibit maxi-
mum rise in tensile strength, impact strength, and Young’s mod-
ulus by 32.80%, 5.48%, and 37.62% than the untreated compos-
ites. Decrease in water absorption was observed in composites
with treated sisal fibers and 5% nano clay.[245] Jute fibers pre-
treated with 10% NaOH for 30 min and further with 5% PP-g-MA
at 80 °C are blended as two different composites with the matrices
polypropylene (PP) and polyethylene (PE). Tensile properties of
PP-blended MA-treated jute fiber composites are higher than PE-
blended MA-treated jute fiber composites and such higher values
of tensile strength and modulus are 64.3 MPa and 3.2 GPa and
higher than untreated PP-JF by 65% and 93%. Minimum water
uptake characteristics were observed in PP/Na-JF/MA and such
behavior is mainly due to good adhesion between PP matrix and
jute fibers which limit the moisture absorption.[246] MAPE treat-
ment of agave fiber composites prove as an effective treatment
among other combinations with least water uptake behavior and
a rise in tensile and flexural modulus by 30% and 7%, tensile
and flexural strength by 13% and 16% than the pure polyethylene
matrices.[247] Grafting of maleic polypropylene enhanced the in-
terfacial adhesion among BF (Basalt fiber)–PP (poly propylene)
composites and leads to higher thermo mechanical properties.
Tensile strength and modulus of treated composites predicted by
Mori–Tanaka model agree well with the experimental results and
minor deviations are observed.[248] Tensile strength and modu-
lus of MA treated kenaf/glass-UP hybrid composites are higher
than Kenaf-UP composites and tends to increase consistently
with a rise in treatment time upto 90 min, beyond which (at 120
min) decrease in properties was observed. Such an increase in
strength and stiffness are due to efficient stress transfer among
fiber-matrix owing to better bridging of C=C bonds of MA and
polyester resin.[249] Basalt fibers reinforced along with treated MA
hemp-HDPE composites provide improved mechanical and ther-
mal properties and prove to be an ideal material for semi struc-
tural applications.[250] Borax treated (oil palm empty fruit bunch
fibers [EFBF]/Kenaf core fibers [KCF])–maleic anhydride (MA)
treated poly lactic acid (PLA) are treated with 5% borax solution

for 24 h at 25 °C. PLA pre-treated with BPO and with 3% MA
for 15 min at 170 °C. Tensile and flexural strength of BR (EFBF-
KCF)–MAPLA composites possess the best values of 47.54 MPa
and 54.96 MPa and this could be the effect of increased cellu-
lose content, elimination of hemi-celluloses, and strong interfa-
cial adhesions with the treated hybrid fibers and treated PLA. Ten-
sile modulus of BR (EFBF-KCF)–MAPLA composites are found
to have a slight reduction than (EFBF-KCF)–MAPLA compos-
ites. Higher thermal stability was observed in BR (EFBF-KCF)–
MAPLA composites due to formation of strong bonds by treated
fiber and matrix.[251] Optimal combination of 0.5 wt% of MAH
treated wood fiber composites reveals the best mechanical prop-
erties with higher tensile strength, flexural strength, and impact
strength. Thermal stability of wood fiber composites shows an in-
creasing trend with an increase in MAH addition and this could
be the effect of molecular structure changes.[252]

4.1.7. Sodium Chlorite Treatment

Fibers are bleached in an acid solution consisting sodium chlo-
rite (NaClO2). Sodium chlorite is acidified and generates choleric
acid (HClO2) and further forms chlorine dioxide (ClO2) upon
oxidation reaction. Lignin constituents are removed from fiber
by means of ClO2 and thereby the moisture content is removed
from fiber and its hydrophobic nature is enhanced. Removal of
such lignin constituents induces more flexibility in the fibers and
possesses lower stiffness properties. Research investigations on
sodium chlorite treated plant fibers reveals that the composites
possess higher tensile strength and lower moisture absorption
characteristics. Research findings on sodium chlorite treated nat-
ural fibers and its influence toward the performance on NFPCs
are presented in the section below.[253–274]

Jute fibers (BJF)–natural rubber (NR) reinforced composites
are treated with 25 g of sodium chlorite and 10 mL acetic acid
for 5 h and further immersed in 2% NaOH for 2 h at 80 °C.
Due to the excellent bonding among bleached jute fibers and
natural rubber an increase in stiffness was found with best val-
ues of 2.10 and 2.6 GPa at 100% and 300% elongation for NR
+ 10BJF.[253] Alkaline-sodium chlorite treated kenaf fibers im-
prove the relative cellulose content in the fibers by removal of
lignin constituents and perform better than other combinations
with a better tensile strength 447.28 MPa. Relatively alkaline-
sodium chlorite treated kenaf fibers exhibit lower thermal sta-
bility than other treatments.[254] Wood/polyvinyl chloride (PVC)
composites manufactured by extrusion process are treated with
NaClO2 and acetic acid for 1 h at 70 °C. Bleaching WPVC com-
posites has a tangible effect toward mechanical properties and
possesses a minimum tensile and compressive strength than un-
treated composites and this could be attributed due to irreversible
depolymerization of cellulose constituents, ineffective bonding
among fiber-matrix, and acidity evolved with NaClO2.

[255] Ama-
zonian parica and nanofibrils are pre-treated with 5% NaOH for
2 h at 80 °C and further with NaClO2 and acetic acid for 1 h at
80 °C. Compared with parica fibers, nanofibrils exhibit highest
thermal stability upon combined alkaline-bleaching treatments.
Superior mechanical properties of films from nanofibrils were
found with Young’s modulus higher by 320%.[256] Juncus plant
fibers pre-treated with 8% NaOH for 1–2 h at 100 °C and further
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with Na2S2O4 and NaOCl reveal that treatment with 8% NaOH
and further with Na2S2O4 + NaOCl was highly effective with re-
gard to fibers isolation and further best mechanical properties
such as tensile strength 1800 MPa and elastic modulus 122 GPa
was obtained.[257] Pinecone nanocellulose fibers extracted are pre-
treated with 2–6% NaOH for 4 h at 70 °C and further treated
with 2–6% NaClO2 for 70 °C. Optimum combination of chemical
treatments determined are 4% NaOH and 5% acidified NaClO2
and best mechanical properties of cellulose nano fibers produced
from this optimum combination are tensile strength 273.4 MPa
and stiffness 17 GPa. TGA studies reveal that cellulose nano
fibers from pine cone are thermally more stable with maximum
degradation temperature upto 400 °C.[258] Soybean straw rein-
forced bio composites offered better mechanical properties when
treated with 5% NaOH + 3.3% NaClO2 with tensile strength
7.1 MPa and Young’s modulus 392 MPa than untreated compos-
ites. However, H2O2 treated bio composites offered the best me-
chanical properties.[259] Banana fiber Musa sapientum extracted
manually are treated with NaClO/H2O solution for 4 h at 60 °C.
TGA studies reveal that treated banana fibers are more stable
than raw fibers and can be due to elimination of lignin, hemi-
celluloses upon treatment. Treated fibers exhibit least water up-
take behavior.[260]

Agave cantala leaf fibers–polypropylene (PP) composites man-
ufactured by hot press molding process are treated with 0.4%
of NaClO2 solution for 90 min at 50 °C and further with 2%
Na2S2O3 for 15 min. Thermal stability of NaClO2 bleached com-
posites was higher than raw fiber composites with a degradation
temperature upto 467.1 °C. Tensile strength of raw/treated fibers
displays lower magnitudes than pure PP and this could be due
to the limited bonding of fiber and matrix in the composites.
Tensile modulus of NaClO2 treated composites is lesser than
untreated composites and could be due to least fiber quantity and
fiber stiffness. It is found that raw fibers are highly stiffer than
pure PP.[261] Okra fibers extracted are treated with 10% NaClO2
and further with 10% NaOH and 10% CH3COOH. Irrespective
of different chemical treatments on okra fibers, the mechanical
properties like tensile strength and modulus exhibit a lower
value than raw fibers and this is caused due to the void forma-
tion and surface damages upon chemical reaction with fibers.
Moisture resistance properties are higher when treated with
different methods and prove to be higher than raw fibers.[262]

Thermal stability of sisal fibers pre-treated with 5% and 10%
NaOH displays a rise in degradation temperature by about 12
and 18 °C. 10%NaOH + NaClO2 treated sisal fiber composites
are thermally more stable than untreated sisal fibers compos-
ites with a variation in degradation temperature by 15 °C.[263]

Roselle microcrystalline cellulose (R-MCC) fibrils extracted are
bleached with 10% NaClO for 1 h at 70–80 °C and further
treated with 8% NaOH for 30 min at room temperature. R-MCC
displays excellent thermal stability with a maximum decom-
position temperature upto 340.12 °C and proves to be an ideal
choice of reinforcement in NFPCs at higher temperature.[264]

Curaua fibers subjected to chemical treatments showed only
a change in mechanical characteristics than the water uptake
and thermal characteristics. NaClO2-treated Curaua fibers dis-
play relatively higher mechanical properties with specific yield
strength 545–909 (MPa cm3 g−1) and specific elastic modulus
30 (GPa cm3 g−1).[265]

Kenaf–Cassava starch (CS) and cellulose nano crystals (CNC)-
cassava starch (CS) extracted are pre-treated with 4% alkali so-
lution for 3 h at 80 °C and further bleached with 1.7% NaClO2
for 4 h at 80 °C. CNC-CS reinforced bio composites perform
well with good mechanical characteristics and are thermally sta-
ble than other bio composites, where 6 wt% content of kenaf
fiber filled CNC bio composites proves to be an optimal com-
bination and exhibits highest tensile strength and modulus val-
ues and could be attributed to enhanced stress transfer among
fiber-matrix in the interface and efficient treatment processes.[266]

Doum palm fibers extracted are pre-treated with NaOH for 2 h
at 90 °C and bleached in NaClO2 solution. An increase in tensile
strength and modulus was observed in treated foliole palm fibers
than the leaf stalk palm fibers with values of 405.25 MPa and
10.80 GPa and such a rise in properties could be the elimination
of lignin, amorphous phase of materials and cellulose arrange-
ment. NaClO2 treatments enhanced the wettability ranging from
11–15° for leaf stalk palm fibers.[267] Enhanced tensile and flexu-
ral properties of flax-PP composites are obtained at 30 wt% con-
tent of flax fibers treated with combined NaOH+NaOCl+MAPP
and this could be the effect of enhanced interfacial adhesion
among fiber and matrix.[268] Hybrid coir fiber reinforced compos-
ites bleached at 65 °C exhibit best flexural strength 109.7 MPa
whereas 10% AN grafted hybrid composite provides maximum
tensile strength 45.80 MPa. Reduction in water uptake has been
observed in glass coir reinforced composites irrespective of the
chemical treatments. Research findings reveal that with treated
coir fibers reinforcement, best properties could not be attained
even though hybridized with glass fibers.[269] Bleached cordiadi-
chotoma fibers are thermally stable with degradation temper-
ature upto 366.7 °C and possess enhanced strength and stiff-
ness than untreated fibers with tensile strength and modulus
24.2 MPa and 3274.4 MPa. Overall, it can be concluded that, alkali
treated cordiadichotoma fibers provide a competitive edge than
the bleached fibers with regard to the mechanical and thermal
properties.[270] Combined NaOH + NaClO2 treatment of bagasse
fibers exhibits a marginal decrease in thermal decomposition
temperature and proves to be less in thermal stability than the
NaOH treated fibers and this could be due to higher probable of
degradation of cellulose constituents.[271] Jute fiber composites
treated with 5% NaOH displayed highest thermal stability with
a maximum degradation temperature upto 644 °C and further
the best mechanical properties are also obtained at this combina-
tion. Enhanced interface across fiber-matrix regions led to a rise
in tensile strength by 28%.[272] NaClO2 treatment proves as an
efficient approach rather than peroxide treatment in isolation of
cellulose fibers from wheat straw. Upon NaClO2 method of iso-
lation, higher thermal stability was observed with a degradation
temperature limit upto 310 °C.[273] Aquatic weed-water hyacinth
cellulose nano fibers are bleached with 3% NaClO2 for 3 h at 80 °C
and treated with 1% NaOH for 24 h at 60 °C. Thermal stability
of cellulose fibers obtained gets enhanced by repeated chemical
modifications than the original crude fibers.[274]

4.1.8. Acrylation and Acrylonitrile Grafting

Interfacial bonding among fiber and matrix can be enhanced by
means of acrylic acid (CH2=CHCOOH). Acrylic acid serves as
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a coupling agent between fiber and matrix and limits the mois-
ture absorption characteristics. Acrylic acid on reaction with cel-
lulosic hydroxyl groups (–OH) of the fiber provides higher ac-
cess to the cellulose macro radicals to react with the polymer-
ization medium. Ester linkages are formed with the cellulose
–OH groups by means of carboxylic acid present in the cou-
pling agents. This further leads to reduction of –OH groups from
fiber structure and eliminates moisture from fiber surfaces to
a higher extent. Hence peroxide radicals initiate to graft acrylic
acid with the matrix and produces oxygen-oxygen bonds by ex-
traction of hydrogen atoms of the polymer chains. Such coupling
phenomenon by acrylic acid between fiber and matrix enhances
the stress transfer capability across interface regions and pro-
duces improved mechanical characteristics of NFPCs.[275–277] In
this chemical treatment, the plant fibers are initially pre-treated
with alkali solutions and then treated with acrylic acid at higher
temperature for 60 min and further washed with aqueous alcohol
solution and dried. Chemical reactions between the acrylic acid
and –OH groups of the fibers are illustrated in Equation (4).[39]

Fibre − OH + C2H3COOH → Fibre − OOC2H3 + H2O (4)

Surface modification of plant fibers can also be carried out
effectively by grafting acrylonitrile (AN (CH2=CH–C=N)) co-
polymers. Acrylonitrile induces the free radicals to react with
cellulose molecules by dehydrogenation and oxidation reaction.
These free radicals on further interaction with the monomer
of the matrix form a copolymer and this copolymerization phe-
nomenon enhances interlocking capacity at the interface regions.
Copolymerization of –OH groups of fiber and acrylonitrile is de-
picted in Equation (5).

Fibre − OH + CH2 = CHCN → Fibre − OCH2CH2CN (5)

Research findings on acrylated and acrylonitrile grafted natu-
ral fibers and its influence toward the performance on NFPCs is
discussed below.[278–290]

Acrylic acid treated rattan fibers perform efficiently than alka-
line and raw fibers with the best tensile strength 360.71 MPa and
possess higher thermal stability with a degradation in the range
of 400–500 °C.[278] Acrylic acid proves to be an ideal treatment
for phoenix sp. fibers and provides best mechanical and ther-
mal properties as tensile strength 466.35 MPa, tensile modulus
9.26 GPa, and maximum degradation temperature 352.89 °C and
these properties are higher than NaClO2 and benzoyl peroxide
treatments.[279] Areca sheath fibers treated with 5 wt% AA shows
an increment in tensile strength by 18.34% than untreated com-
posites and further treatments at 10%, 15%, and 20% displays
strength of 9.08, 11.19, and 11.63 MPa. With regard to flexu-
ral properties, untreated composites are higher than the treated
areca sheath composites and such treatments do not have any sig-
nificant influence toward the flexural strength.[280] Kapok husk
(KH)–linear low-density polyethylene (LLDPE) composites pro-
duced by compression molding are treated with polyethylene
acrylic acid (PEAA) with 20 wt% of acrylic acid. Results con-
clude that, increase in PEAA-treated KH filler content had a pro-
portionate increase in tensile modulus and maximum stiffness
were found at 40 wt%, whereas tensile strength exhibits a de-
creasing trend and best strength was obtained at 5 wt% of KH.

PEAA-treated KH-LLDPE composites were thermally more stable
than untreated composites and possess higher resistance towards
degradation (480 °C).[281] Sunn hemp fibers treated with acrylic
acid provides a marginal increase in thermal stability than raw
fiber and the degradation temperatures are almost similar with
each other. Peroxide and permanganate treated fibers exhibit a
decrease in thermal stability than the AA treated fibers.[282] Irre-
spective of treatments, tensile strength of CF filled composites
tends to decrease with an increase in wt fraction of CF (coconut
fiber) and this could be due to the size, shape of CF, and in-
ability of stress transfer from PP matrix. With regard to Young’s
modulus, increase in CF fillers provides higher modulus values
and best properties are obtained in AA treated composites.[283]

BF (bagasse fiber) reinforced composites treated with combined
NaOH + AA exhibit good thermal characteristics and such prop-
erties are obtained at optimal combination of 10 wt% of treated
BF with 3% rise in degradation temperature than untreated
composites.[284] Acrylic acid treatment of DPL (date palm leaf)
fibers provide highest tensile strength 70.2 MPa with good in-
terfacial adhesion and formation of strong covalent bonds than
other treatments and acrylic acid treated date palm fibers are
preferred in manufacturing DPL-PVA composites. Optimal con-
dition of 28 wt% of DPL fibers offers best mechanical proper-
ties of composites with yield strength 20.19 MPa, Young’s modu-
lus 1183 MPa, flexural strength 35.92 MPa, and impact strength
4.31 kJ m−2. DPL-PVA composites are thermally well stable than
pure PVA matrix with maximum degradation of 580 °C.[285] Opti-
mum mechanical properties are obtained for AA treated oil palm
fiber with highest tensile strength and stiffness of 275 MPa and
11 100 MPa than many other treatments and this could be due to
strong covalent bond formation upon acrylation of fibers. In OPF-
PF composites, reduced interaction of chemically treated oil palm
fibers with PF resin was observed due to hydrophobic nature of
treated fibers resulting in poor interface adhesion and decline in
mechanical properties.[286] Rice husk (RH)–poly lactic acid (PLA)
filled composites produced by extrusion process are grafted with
acrylic acid in nitrogen atmosphere at 60 °C. Tensile tests in-
dicated that PLA-g-AA/TRH composites displayed best tensile
strength than PLA/RH composites and increased with rise in
weight content of RH and could be due to enhanced adhesion be-
tween PLA-g-AA matrix and treated RH filler. Enhanced thermal
stability and higher moisture resistance was observed in PLA-g-
AA/TRH composites with degradation temperature higher by 4–
7 °C than PLA/RH composites.[287]

Acrylic acid (AcA) treated hazelnut shell waste (HSh) compos-
ites at 20 wt% content of HSh fillers, displayed tensile strength
65 MPa, and it was relatively higher than untreated composites.
AcA-treated HSh composites displayed remarkable thermal char-
acteristics with a maximum degradation upto 510 °C and are ther-
mally more stable than alkaline and untreated composites.[288]

Hair fiber (HF)–high density polyethylene (HDPE) composites
pre-treated with 0.25 n, 0.5 n NaOH for 1 h and further with
0.07, 0.14, and 0.21 n acrylic acid for 1 h display that, at an opti-
mum combination of 0.07 n acrylic acid treated 15 wt% content of
HF/HDPE composites displayed the best results with maximum
tensile strength 15.638 MPa, flexural strength 25.8181 MPa,
and higher moisture resistance properties. Acrylic acid treated
HF/HDPE composites with 15 wt% of HF provide a rise in ten-
sile and flexural modulus by about 52.79% and 68.92% than
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untreated composites.[289] Acrylic acid treated areca fibers with
60 wt% prove to be an effective reinforcement with the best flex-
ural strength 96.84 MPa and these strength values are higher
than untreated composites by 126.90%. Such an excellent flex-
ural strength could be due to removal of wax, lignin, and hemi-
celluloses and –OH groups replaced with ester groups inducing
plasticizing effect in areca fibers.[290]

4.1.9. Permanganate Treatment

Permanganate treatment of natural fibers is carried out by im-
mersion of alkaline pre-treated plant fibers in potassium perman-
ganate (KMnO4) and different concentrations of acetone solu-
tion. Plant fibers treated with KMnO4 forms intensely reactive
permanganate ions (Mn3+) and further leads to formation of cel-
lulose radicals. This Mn3+ ion reacts with –OH groups to form
cellulose-manganate and induces graft copolymerization. Plant
fibers treated with KMnO4 result in efficient chemical interlock-
ing at the interface regions and enhanced bonding with the ma-
trix. Cellulose-mangante formed reacts with –OH groups of fiber
and eliminates lignin constituents from fiber cell wall. Removal
of such non-cellulose constituents from fiber cell wall enables
the thermal stability of fiber and its resistance towards moisture
absorption.[27,291] The hydrophilic characteristics of plant fibers
can be controlled to a higher extent with an increase in concentra-
tion of KMnO4. Fiber treated with permanganate concentrations
at more than 1% rate, causes delignification and more cementi-
tious materials are removed from fiber and results in degraded
composite properties. Fiber treated with permanganate solutions
and the reactions with hydrophilic –OH groups is presented in
Equation (6).[34,39]

Fibre − OH + KMnO4 → Fibre − O − H − O

O
||

Mn
||
O

−OK+ (6)

Research findings on permanganate treated natural fibers and
their influence toward the performance on NFPCs are presented
in the next section.[292–307]

Musa paradisiaca fiber reinforced composites are treated with
0.025%, 0.05%, and 0.10% KMnO4 + acetone solution for 3
min. Permanganate-treated composites at 0.05% concentration
offered best mechanical properties under dry environment with
maximum values as tensile strength 46 MPa, tensile modu-
lus 2.08 GPa, flexural strength 46 MPa, and flexural modulus
749 MPa which are higher than untreated composites. Decline in
mechanical properties is observed in KMnO4-treated composites
for different concentrations with a prolonged immersion in wa-
ter and this could be due to penetration of water molecules in the
composites through micro-voids inducing fiber-matrix debond-
ing and reduced adhesion. Higher thermal stability was observed
in 0.025% and 0.05% KMnO4-treated composites than the un-
treated counterparts.[292] Phoenix pusilla leaf fibers (PPF) treated
with 0.5% KMnO4 in acetone for 30 min display remarkable me-
chanical properties with tensile strength 742 MPa, Young’s mod-
ulus 5.85 GPa, and elongation of 1.65%, which are higher than
raw fibers and this could be the enhancement in fiber struc-
ture. Thermal stability was enhanced upon fiber modification

and KMnO4 treated fibers exhibits a maximum degradation upto
252 °C.[293] Combined treatment of NaOH + KMnO4 toward SPF
(sugar palm fiber) reinforced composites offered best mechanical
properties with higher tensile strength 9 MPa at 0.125% KMnO4
and higher tensile modulus 950 MPa at 0.066% KMnO4.[294] Sur-
face modification of abaca fibers by KMnO4 enhances the ten-
sile strength and moisture resistance properties and can be said
that strength is a function of soaking time and concentration of
KMnO4. Optimal treatment condition of 0.125% concentration
KMnO4 with 3 min duration provides the best tensile strength
values and these values are higher by 26.37% than untreated fiber
and this could be due to removal of hemicelluloses, lignin, and in-
organic substances.[295] Permanganate-treated banana fiber com-
posites exhibit a slight reduction in tensile and flexural prop-
erties than the untreated composites and this could be due to
absence of fiber pre-treatment with NaOH solution and rup-
ture of KMnO4-treated fibers during processing. With regard to
single fiber tensile tests, permanganate treatments do not pro-
vide reliable results and have an inconclusive effect toward the
strength.[200] KMnO4-treated RF (Ramie Fiber)-PP (polypropy-
lene) composites with 30 wt% of RF exhibit best tensile and
flexural strength values as 31.77 MPa and 41.10 MPa and these
values are higher by 27.8% and 15.71% than untreated com-
posites. Increase in treated RF content from 10–30% provides
a consistent rise in tensile, flexural strength, and such an in-
crease could be due to mechanical interlocking among RF and PP
matrix resulting in enhanced adhesion.[296] Litterous fiber com-
posites treated with 0.1 n KMnO4 solution offered best flexural
strength and modulus values. With regard to tensile properties,
strength and stiffness obtained from permanganate treatments
are higher than untreated composites but the best properties are
obtained only with alkaline treatment.[297] KmnO4-treated com-
posites exhibit relatively superior mechanical properties as ten-
sile strength 2.385 MPa, tensile modulus 114.69 MPa, flexural
strength 6.69 MPa, and flexural modulus 538.28 MPa and prove
to be higher than untreated bamboo fiber composites. Marginal
rise in mechanical properties was observed in NaOH treated
composites than KMnO4-treated composites.[298] Enhanced in-
terfacial adhesion among fiber-matrix in permanganate treated
UHMWPE composites resulted in higher strength and stiffness
at a given elongation. Reduction in storage modulus and damp-
ing ratio values are found in KMnO4-treated composites.[299]

Best interfacial shear strength (IFSS) of 3.2 MPa was observed
in KMnO4-treated composites and proves as an efficient treat-
ment of sisal fibers. KMnO4-treated sisal fiber composites display
rough fiber surface and induce mechanical interlocking with the
HDPE matrix resulting in enhanced interfacial adhesion among
sisal fiber and matrix.[300]

Kenaf–polyurethane composites treated with 0.5% KMnO4 in
acetone for 30 min reveal that, PU/PMn-KF30 composites pro-
vide best tensile strength 11.3 MPa and such best properties ob-
tained could be the effect of improved adhesion among kenaf
fiber and polyurethane matrix. DMA results reveal that, elastic
modulus values are higher only when treated with acetylation
(33% higher than untreated) and followed with KMnO4 solutions.
PU/PMn-KF30 composites displayed a highest water uptake be-
havior with an absorption rate upto 11%.[301] JF (jute fiber)–PP
(polypropylene) composites treated with an optimal combination
of 0.01% KMnO4 in 5% oxalic acid display the best tensile and

Macromol. Rapid Commun. 2022, 2100862 2100862 (24 of 38) © 2022 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH



www.advancedsciencenews.com www.mrc-journal.de

flexural properties with a maximum tensile strength 69.8 MPa,
flexural strength 80.2 MPa, tensile modulus 1.28 GPa, and flex-
ural modulus 4.75 GPa and this could be effect of oxidization
of KMnO4 in oxalic acid toward jute fibers. JF-PP composites
treated at the optimal condition are thermally more stable with a
maximum degradation upto 455.8 °C.[302] Permanganate-treated
newspaper fiber reinforced composites enhanced the fiber dis-
persion toward PVC matrix and display a tensile strength of
20.1 MPa which are higher than other treatment combinations.
Reduction in tensile modulus was observed in newspaper com-
posites irrespective of the treatments and the best modulus was
observed in untreated composites. Chemically treated compos-
ites are thermally more stable than PVC matrix with a maxi-
mum degradation ranging from 305–307 °C.[303] KMnO4-treated
moso bamboo filled composites achieved best tensile proper-
ties with maximum tensile strength 13.79 at 0.5% concentra-
tion, highest MOR and MOE of 30.36 MPa and 3261.89 MPa
at 0.2% concentrations and this could be attributed to the en-
hanced bonding between the PVC matrix and bamboo fillers.
Bamboo fillers treated beyond 0.5% concentrations induce degra-
dation effect and provide poor properties of composites.[304]

Permanganate-treated sisal reinforced composites exhibit rela-
tively higher tensile and flexural properties than untreated com-
posites with: tensile strength 72 MPa, tensile modulus 2697 MPa,
flexural strength 105 MPa, and flexural modulus 4590 MPa. Im-
pact strength tends to decrease and water uptake behavior de-
creases with good moisture resistance properties irrespective
of different chemically treated sisal fiber composites.[188] Sanse-
vieria cylindrica fiber (SCF)–polyester composites are pre-treated
with 10% NaOH for 1 h and soaked in 0.5% KMnO4 in ace-
tone for 30 min. Optimum mechanical properties are achieved
by permanganate-treated SCF reinforced composites with the
higher magnitudes of tensile strength 141.91 MPa, tensile mod-
ulus 12.3 GPa, flexural strength and modulus 150.82 MPa and
11 GPa and hence serve as an ideal choice of treatment due
to the enhanced interface bond among SCF-polyester and uni-
form dispersion of fiber with matrix. KMnO4-treated SCF com-
posites display excellent moisture resistance properties with min-
imal water uptake behavior. DMA results reveal that KMnO4-
treated composites at 40 wt% exhibit superior performance with
the best storage modulus and damping ratio. Benzoyl peroxide
treated composites are thermally most stable among other treated
composites with maximum degradation temperature.[305,306] Jute
fiber yarn–polypropylene composites manufactured by Commin-
gling and Compression molding process are treated with 0.5%
KMnO4 in acetone solution. Permanganate-treated composites
prove to be an effective reinforcement with an increase in ten-
sile strength and modulus and flexural strength and modulus
and this could be the effect of improved interface adhesion and
bonding within the fiber-matrix. Contradictory results were ob-
tained with regard to impact strength and reduction in strength
was observed among various treated composites than untreated
counterparts.[307]

4.1.10. Isocyanate Treatment

Isocyanate comprises a functional group (–N=C=O), which are
highly reactive toward the hydroxyl groups and the lignin con-

stituents in the plant fibers. Isocyanate acts as a coupling agent
in modification of fiber surfaces. Functional group (–N=C=O)
upon reaction with the –OH groups and lignin results in forma-
tion of urethane linkage and induces stronger bonding across
fiber-matrix interface regions.[291] Additionally Isocyanate when
combined with moisture content in the fiber produces urea
which has the ability to react with –OH groups of fiber and
there by results in enhanced resistance of fibers toward moisture
absorption.[27,34] Such phenomenon induces good bonding be-
tween fiber and matrix and enhanced mechanical characteristics
are obtained in NFPCs.[308,309] Isocyanate treatment normally pre-
ferred in modification of fiber surfaces can be mainly attributed
due to these factors as: higher bonding among fiber and matrices
and increased moisture resistance properties of fibers. Chemi-
cal reactions among functional group of Isocyanate and the –OH
groups in plant fibers are presented in Equation (7).

Fibre − OH + R − N = C = O ←→ Fibre − O −
O
||
C−

H
|

N−R (7)

Research findings on isocyanate treated natural fibers and
its influence toward the performance on NFPCs is discussed
below.[310–320]

Flax fiber–polyurethane composites pre-treated with 2%
NaOH for 2 h and treated with 8% pMDI for 80 min at 55 °C and
cured in oven for 10 min at 180 °C displayed the best mechan-
ical properties with a higher tensile strength 24.2 MPa, Young’s
modulus 177.4 MPa, and such enhanced properties are the ef-
fect of good interactions among flax fiber and matrix. DMA re-
sults reveal that storage modulus and damping ratio exhibits an
increasing trend in case of cured pMDI treated composites.[310]

Ramie fiber–poly lactic acid (PLA) composites treated with 0.5–
2% IPDI and blended well at 155–170 °C are produced injec-
tion molding process. Presence of diisocyanates enhances the
bonding and adhesion between ramie fiber and PLA resulting in
improved mechanical properties and the best properties are ob-
tained in composites with 1% IPDI with tensile strength 61 MPa,
flexural strength 102 MPa, and impact strength 4.9 kJ m−2. IPDI
proves to be an ideal compatibilizing agent for Ramie–PLA com-
posites due to its molecular structure and exhibits the best me-
chanical properties and are thermally more stable than treated
with HDI and MDI agents.[311] IEM (isocyanato ethyl methacry-
late) treated bamboo fiber composites significantly enhanced the
tensile strength, flexural strength, and tensile modulus than the
untreated composites and this could be effect of good bonding
among bamboo fiber and matrix across the interface. IEM-treated
bamboo fiber composites with 3–7% concentration had superior
moisture resistance properties and this could the elimination
of –OH groups and induced hydrophobic nature of fibers.[312]

Banana fiber composites treated with combined NaOH + HDI
agents displayed the best mechanical properties with higher ten-
sile strength and impact strength and such rise in properties
could be attributed to the enhanced bonding across the treated
banana fiber and PBS matrix.[313] TDI treatment with 20% con-
centration on wood fibers yielded the strongest reinforcement in
composites with best mechanical properties by higher values of
tensile strength 29.99 MPa, Young’s modulus 2.12 GPa, flexu-
ral strength 28.1 MPa, flexural modulus 1.62 GPa, and impact
strength 5.22 kJ m−2. Moisture’s absorption of 20% TDI treated
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composites displayed a reduction by about 43%.[314] Hemp fiber
composites treated with TMI-7-20 prove to be an optimal condi-
tion for tensile strength and it is higher than the control by 34.7%,
whereas with regard to flexural strength composites treated with
TMI-3-10 combination proves to be an optimal condition. TMI
treatments do not have any influence toward the flexural mod-
ulus and remain same with that of control. Results of mechan-
ical properties reveal that tensile and flexural strength increase
gradually as a function of increase in catalysts amount.[315] Pine
fiber reinforced composites treated with MDI coupling agents
displayed the best mechanical properties than other isocyanate
treated composites with higher tensile strength 38.2 MPa, flex-
ural strength 62.8 MPa, flexural modulus 2.47 GPa, and tensile
modulus 2.24 GPa.[316] Bagasse fibers treated with combined PB-
NCO (polybutadiene isocyanate) + MAPP coupling agents dis-
play an improved interfacial adhesion among fiber and PP ma-
trix resulting in higher tensile and impact strength than the un-
treated bagasse fiber composites.[317] Wood fiber–polypropylene
composites are treated with m-TMI-g-PP as a compatibilizing
agent. With an increase in treated wood fiber content from 10–
50% a linear and consistent increase in mechanical properties
is obtained as maximum tensile strength 44.2 MPa with an in-
crease by 45%, tensile modulus about 200% increase, and flex-
ural strength 91.9 MPa with an increase by about 85%. Such an
increase in properties could be the effect of better stress trans-
fer and improved adhesion across fiber-matrix.[318] Aspen fiber
composites at 30% fiber content and with combined treatment
of 3% MAPP + 5% PBNCO provides superior tensile and impact
strength with higher magnitudes as 30 MPa and 22 J m−2 and
proves to be an effective combination for manufacturing poly-
mer composites.[319] Pine fiber composites at 30% fiber content
and treated with 5% MDI displayed better bonding in the com-
posites and displayed an increase of tensile and flexural proper-
ties with maximum tensile strength 49.3 MPa, flexural strength
87.9 MPa, Young’s modulus 3.621 GPa, and flexural modulus
5.133 GPa.[320]

4.1.11. Stearic Acid Treatment

Stearic acid (CH3(CH2)16COOH) dissolved in ethanol solution
(CH3CH2OH) is an efficient method in modification of fiber
surfaces. Fibers treated chemically with stearic acid leads to en-
hanced resistance toward water and this could be the effect of re-
action among carboxyl groups of stearic acid and the –OH groups
of fibers and further elimination of inorganic constituents like
hemi-celluloses, lignin, and waxes. Such reactions induce bet-
ter dispersion among fiber and matrix at the interface and dis-
plays composites with enhanced performance. Chemical reac-
tions among hydrophilic fibers and stearic acid are shown in
Equation (8).[37]

Fibre − OH + CH3

(
CH2

)
16

COOH

→ CH3

(
CH2

)
16

COO − O − Fibre + H2O (8)

Research investigations on stearic acid treated NFPCs reveal
that, kapok husk filled recycled polypropylene composites per-
form well with higher tensile strength and modulus and ex-
hibit good thermal stability with a maximum degradation upto

447 °C.[321] Novel marble material produced for construction ap-
plications are mainly filled with stearic acid (SA) coated CaCO3
particles in PET fibers. Improved bonding between the ma-
trix and CaCO3 particles are observed with the aid of SA treat-
ment producing composites with better mechanical and thermal
properties.[322] Composites evolved from stearic acid modified
egg shell particles as reinforcement with epoxy matrix performed
well with improved thermal stability, higher strength, and stiff-
ness than pure epoxy matrix and can be adopted in polymeric
coating applications. Desired performances are achieved with
optimum treatment conditions SA concentration 2.5%, time 50
min, and treated at 85 °C.[323] Stearic acid has a tendency to limit
the water uptake behavior in fibers by elimination of –OH groups
and enhance the moisture resistance properties.[324,325] Palmyra
fiber composites treated with 4% SA provides an edge over al-
kaline treatment with minimal water absorption and is highly
durable in hydrothermal conditions.

4.1.12. Oleoyl Chloride Treatment

Wettability and interfacial adhesion properties of the fiber sur-
faces can be enhanced with the aid of fatty acid derivatives. Oleoyl
chloride a coupling agent derived from fatty acids, upon reac-
tion with hydrophilic –OH groups of fibers induce plasticiza-
tion (esterification) effect in the fibers and enhance the wet-
tability and bonding characteristics. Such a good interface ad-
hesion among fiber-matrix is achieved with the elimination of
–OH groups present over the fiber surface thereby inducing hy-
drophobic characteristics.[326,327] Jute fibers chemically treated
with oleoyl chloride solutions induce formation of ester groups
and the surface modified characteristics were evaluated by FTIR
techniques and morphological analysis. Fatty acid derivative in-
duces hydrophobic behavior with enhanced wettability and re-
duced water uptake in the fibers.[328] Research investigations
on linen fiber reinforced polyester composites treated with acid
derivatives were characterized by FTIR and thermal analysis. Re-
sults reveal that oleoyl chloride treated composites are thermally
stable than untreated composites with a maximum degradation
of 359°C.[329] Cellulose nano fibers incorporated with oleic acid
and further cross linked with sulfur vulcanized natural rubbers
were investigated. Best mechanical properties are obtained in
composites when treated with 5% oleoyl acid with a Young’s mod-
ulus 27.7 MPa, which are higher than untreated counterparts.[330]

4.1.13. Triazine Treatment

Surface modification of plant fibers can be carried out with
the aid of a chemical solution triazine (C3H3N3) and its deriva-
tives (C3H3N3Cl3). Fibers upon treatment with triazine solu-
tions reveal enhanced bonding characteristics with the polymer
matrices. Covalent bonds formed displays cross linking among
fiber-matrix interfaces and exhibits good moisture resistance
properties.[331] Functional groups present in the triazine deriva-
tives react with the hydrophilic –OH groups of fibers and there
by induce plasticization effect in the fibers and provides strong
linkage among the cellulose phase in the fibers and the cou-
pling agent. Triazine treatment of fibers provides strong inter-
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facial adhesion among fiber-polymer matrices with moisture re-
sistance properties resulting in improved performance of the
composites.[332]

Research investigations on combined phosphorous and
dichlorotriazinyl treatment (CTAP) on cotton fabrics were car-
ried out. Results reveal that CTAP applied over the cotton fabrics
provides an enhanced thermal stability with a maximum degra-
dation during combustion and are highly flame retardant.[333,334]

Performance of cellulose fibers are evaluated upon surface modi-
fication of soft wood kraft paper by trichloro-s-triazine reinforced
with polyester resin. Results from tensile tests and water absorp-
tion studies reveal that, composites treated with triazine displays
limited water absorption characteristics with a remarkable resis-
tance toward moisture. Improved adhesion among fiber-matrix
was observed with a reduction in mechanical properties under
wet conditions.[335]

4.1.14. Fungal Treatment

Fungal treatment a more eco-friendly and efficient treatment has
evolved as an alternative approach in modification of plant fiber
surfaces. In this newly developed approach, specific enzymes
comes in contact with fiber surfaces there by leading toward elim-
ination of non-cellulosic substances like waxes, lignin, and hemi-
celluloses from fiber surface.[336,337] Enzymes produced from
white rot fungi eliminates the lignin and hemicelluloses and in-
duces the hydrophobic tendency of fibers. Hyphane produced
from fungi induces fine micro pores over fiber surfaces and pro-
vides better interlocking among fiber and polymer matrix.[338,339]

Alfa fiber reinforced polylactic acid (PLA) composites pro-
duced from injection molding techniques reveal that, enzymatic
treated alfa fibers prove to be an ideal reinforcement in industrial
applications than treated with alkaline solutions. Experimental
results reveal that limited moisture absorption properties were
observed in alfa fibers treated with enzymes.[340] Fungal effect on
Jute-PLA composites leads to a decline in tensile and bending
properties in terms of strength and stiffness and this could be
the effect of large interface gap across fiber-matrix regions.[341]

Rice straw–polypropylene composite specimens filled with car-
bon nano tubes (CNT) subjected to white rot fungal decay for 1–
4 months duration was evaluated. Research findings from these
investigations are that an increase in mechanical properties and
moisture resistance are found in proportionate with the amount
of CNT filler material and the weight fraction of CNT plays a key
role in performance of composites considering the duration and
degree of severity of fungal treatment.[342]

4.2. Physical Treatment of Fibers

The higher fraction of moisture content present in the fiber sur-
faces limits the mechanical properties and performance of nat-
ural fiber composites. Natural fibers when chemically treated
limit the hydrophilic characteristics whereas physical modifica-
tion techniques enhance the interface across fiber-matrix regions
without any changes in chemical constituents of the fiber. Mod-
ification of fiber surfaces by physical techniques increases the
fiber strength resulting in desired adhesion among fiber sur-
face and matrix. Irrespective of physical or chemical treatment

Figure 9. Experimental image of corona treatment. Reproduced with
permission.[346] Copyright 2018, Elsevier.

of fibers, the primary objective in modification of fibers is to
enable its functionality by breaking the atom bonds present in
the fiber surfaces. In recent years several research studies have
been carried out to analyze the influence of physical modification
techniques towards the performance of natural fibers. This re-
view work mainly focuses on the four major physical treatments
namely plasma, corona, ozone, and UV irradiation methods.

4.2.1. Corona Treatment

Modifications of fiber surfaces by corona treatment are adopted
with the aim of increasing the surface energy and reduce the im-
purities in fiber surfaces resulting in enhanced bonding over the
interface regions of hydrophilic fibers and the hydrophobic ma-
trix. Corona treatment of fibers can be carried out with the exper-
imental setup comprising two aluminum electrodes and a dielec-
tric spacer made of quartz. In corona treatment fiber surfaces are
modified with the application of electrical power into it thereby
providing the desired results.[343,344] Experiments are carried out
where the fibers placed on the electrodes surface with one side ex-
posed toward the treatment while the other side of surface does
not have any exposure to the electrical power.[345] The represen-
tation of the experimental corona treatment is presented in Fig-
ure 9.[346] Investigations on corona treated hemp fiber reinforced
composites were conducted with the characterization of mechan-
ical properties. Experimental results reveal that modification of
fibers displays a remarkable improvement in properties with an
increase in Young’s modulus by upto 30%. 20 wt% fraction of
hemp fibers exhibits the best properties with the higher strength
and stiffness.[347]

Aloe vera fibers modified by means of corona treatments for
time duration of 5–15 min exhibit a contrary effect with a de-
crease in tensile strength and Young’s modulus. Such a decline in
properties could be attributed to the modification of composition
with the elimination of amorphous constituents and cellulose
crystals.[348] Recently experimental investigations on polyester
composites reinforced with NaOH pre-treated pine, sugarcane
bagasse, and eucalyptus fibers modified with corona method
reveal an enhanced wettability and interfacial adhesion across
fiber-matrix interface regions. Increased impact strength was ob-
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Figure 10. Schematic representation of plasma surface treatment. Reproduced with permission.[346] Copyright 2018, Elsevier.

served in pine and bagasse fiber reinforced composites; mini-
mal water absorption in eucalyptus and bagasse reinforced com-
posites and a maximum tensile strength values in all polyester
composites.[349]

4.2.2. Plasma Treatment

Plasma treatment is the most widely used technique nowadays in
industrial applications for modification of fiber surfaces. Modifi-
cation of fiber surfaces through plasma treatment is highly ef-
fective with an improved adhesion across the fiber-matrix inter-
faces and good mechanical bonding with the polymer matrices.
Natural fibers subjected to plasma treatment displays pure fiber
surfaces with elimination of surface impurities and induce cer-
tain changes in surface properties.[350–354] Figure 10 illustrates the
schematic presentation of plasma surface treatment of natural
fibers.

Agave fiber powder at 20 wt% fraction upon ethylene plasma
treatment reveals an increase in Young’s modulus by upto
21.7%.[355] Research investigations on oxygen plasma treated jute
fibers reinforced with HDPE are conducted as a function of
plasma power. Experimental results reveal that the best proper-
ties of flexural strength and modulus of 45.6 MPa and 1244.5
GPa are obtained at a parametric combination of 60 W power at
15 min.[356] Plasma-treated jute fibers reinforced with polylactic
acid (PLA) exposed at a time duration ranging from 30–120 s dis-
played superior mechanical properties with an increase in tensile
strength, Young’s modulus, and flexural strength by 28%, 17%,
and 20% than the untreated counterparts.[357] Research investiga-
tions were carried widely in plasma treated flax fiber reinforced
composites with the objective of evaluation of mechanical proper-
ties. Flax fiber reinforced unsaturated polyester composites were
modified by argon and air atmospheric pressure at powers rang-
ing from 100–300 W. Surface treatments on flax fibers reveal that

the best mechanical properties are obtained when treated at a
power of 300 W with an increase in tensile strength, flexural
strength, interlaminar shear strength, fracture toughness mode
I (GIC) and mode II (GIIC) by 34%, 31%, 39%, 35%, and 42%,
respectively.[358,359] Plasma-treated Arundo donax leaf fibers rein-
forced with bio-based resin reveal that thermal stability and ther-
mal properties are not influenced by the exposure toward the
plasma and similar behavior was observed in untreated coun-
terparts. Moderate increase in tensile strength and stiffness are
observed and the composites are slightly influenced by plasma
treatment.[360]

4.2.3. Ultraviolet Irradiation Treatment

Ultraviolet irradiation is a newly developed technique for modifi-
cation of fibers by removal of impurities from fiber surfaces. UV
irradiation is an efficient energy source which possesses an abil-
ity to transfer photochemical reactions in the molecular structure
of plant fibers and there by eliminates the impurities from fiber
surfaces and induces a change in mechanical properties. The UV
treatment essentially involves electromagnetic radiation ranging
from 10–400 nm and causes chemical reactions with organic
molecules.[361–363] Hybrid composites consisting jute/glass fibers
reinforced with polyester resin upon UV treatment reveals supe-
rior mechanical properties than the untreated composites. Com-
posites with 25 wt% fraction of UV-treated jute fibers shows the
best mechanical properties with an increase in tensile strength
and modulus by 70% and 33%; bending strength and modulus by
40% and 43% to that of untreated hybrid composites.[364] Oak par-
ticle composites reinforced with polyester resin upon UV treat-
ment exhibits modified structure across the interface regions.
Dynamic mechanical results reveal that, there is a rise in the val-
ues of storage modulus by 20% and damping ratio by 77% than
the untreated composites.[365] Experimental investigations on UV
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treated wood flour composites reinforced with PVC matrix re-
veal that, superior performance of composites are observed at an
optimal parametric combination of 20–30 wt% fraction of wood
flour particles with a higher particle size of 500 μm treated for 4
min.[366] Strength and stiffness of the UV-treated composites in-
creased upto 3.5 times when tested at the optimal combinations.

4.2.4. Ozone Treatment

Surface of natural fibers can be successfully enhanced by ozone
treatment with the application of ozone (O3) or oxygen-fluorine
gases towards the fiber surfaces. Ozone treatment of jute fibers
carried out as a function of time period reveals that, tensile prop-
erties of fibers display a contrary effect with increase in treat-
ment duration and further changes in functional groups are
observed. Jute fiber reinforced green epoxy composites when
treated with ozone gases provided an increase in mechanical
properties with maximum values of impact strength, flexural
strength, and modulus.[367–369] Rice husk (RH) surfaces treated
with a combined ultraviolet-ozone (UV/O3) techniques exhibits
an enhanced adhesion across the interface with a best flexural
strength of 30.87 MPa. Desired mechanical properties are ob-
tained at UV/O3 treatments than the other treatment combina-
tions. Rice husk composites reinforced with recycled HDPE dis-
plays superior tensile strength of 18.37 MPa which is 5% higher
than alkali treated combinations.[370,371] Ozone treatment of poly-
lactide composites ranging from 1–4 months reveals that addi-
tion of filler material increases the degradation with a decline
in thermal and structural properties.[372] Experimental results of
regenerated cellulose fiber composites reinforced with low den-
sity polyethylene (LDPE) convey that improved interfacial shear
strength was observed by ozone treatment of LDPE. Such im-
proved interfacial adhesion could be attributed due to the cova-
lent bonding and formation of carbonyl and hydro peroxide dur-
ing ozone treatment.[373]

4.3. Modification of Matrix

Critical issues like moisture absorption and hydrophilic char-
acteristics are found most predominantly in plant-based fibers.
Such hydrophilic characteristics limit the properties and perfor-
mance of natural fiber reinforced composite materials. In re-
cent years, some bio-based matrices have been used in natu-
ral fiber reinforced composites. Soy protein, a bio-based poly-
mer matrix has emerged as a most promising resin material in
many greener composite products and biotechnology fields. The
major factor that limits the application of soy protein resins in
several commercial applications is its ability to absorb higher
moisture content. Soy protein resins, which are biodegradable
and environment friendly, possess limited strength and stiffness,
unease in processing and its hydrophilic nature eliminates its
usage in production of NFPCs. Such limitations of soy protein
resins can be enhanced and overcome by modification of resin by
some additives, plasticizers, and filler materials. Additives can be
blended with soy protein resins and acts as potential cross-linking
agent. Plasticizers employed in matrix modification breaks the
intermolecular linkage and reduce the interaction among pro-

tein chains. Plasticizers consisting polar group induces the hy-
drophobic characteristics in the soy protein matrix. Most com-
monly used plasticizers in matrix modification are glycerol, phy-
tagel, poly vinyl alcohol, and glutaraldehyde.[374–378]

Kenaf fiber composites reinforced with soy protein isolates
(SPI) modified with PVA and GA displayed a limited moisture
absorption behavior and an increase in tensile strength. Opti-
mum combination of 8 wt% content of GA displayed higher ten-
sile strength whereas 16 wt% content of GA revealed a minimal
moisture absorption behavior in kenaf/SPI-PVA composites.[379]

Kenaf fiber composites reinforced with phytagel modified SPI
exhibits the best interfacial shear strength of 13.6 MPa at the
combination of SPI-30PH resin. Further increase in resin pro-
portion led to a decrease in shear strength and this could be
the effect of resin shrinkage.[380] Alkali-treated jute fiber compos-
ites reinforced with PVA modified soy protein resin displayed
best mechanical properties for the combination of 7 wt% addi-
tion of PVA. AJCS composites displayed the best tensile strength
and stiffness with values of 58.8 MPa and 1764 MPa at the opti-
mum combination of 7 wt% of PVA and are higher than the un-
treated JS composites.[381] Research studies on Ramie fiber-SPI
composites reveal that, modification of SPI resin at 20 wt% con-
tent of stearic acid gave the best tensile properties with higher
modulus of elasticity and fracture stress along both the axial and
transverse directions.[382] Jute fiber composites reinforced with
cloisite modified soy milk resin showed the best tensile and flex-
ural properties. Experimental results convey that the JCS com-
posites modified with 5 wt% content of cloisite gave highest ten-
sile and flexural strength with values 53.4 MPa and 52.8 MPa.[383]

Green composites fabricated from flax fabrics and glutaraldehyde
modified soy protein concentrates (MSPC-G) shows an increase
in modulus of elasticity and fracture stress by 35% and 20% than
the pure flax-SPC composites.[384] Composite materials produced
from human hair reinforced with phytagel modified soy protein
gave the desired mechanical properties only upon Chitosan coat-
ing. Chitosan coated composites with 2 wt% content of human
hair gave the highest tensile strength of 24.54 MPa with a mini-
mum water absorption rate.[385]

Bio-based resins which are biodegradable and environment
friendly have emerged as a new alternative toward the polymer
resins derived from petroleum sources. Matrix modification by
additives and plasticizers has proved to be effective with an in-
crease in mechanical and thermal properties and serve as an ideal
option in production of greener composite materials. Application
of soy protein resins in NFPCs have gained prominence in re-
cent years and several bio composites are being manufactured
nowadays by employing soy protein resin as a binding material
in natural fiber reinforced composites.[386–388]

4.4. Time Dependent Properties

Natural fiber composites exposed under the conditions of re-
peated loading cycles displays creep behavior. Such dynamic
properties like creep can be observed in the construction; auto-
motive applications where the natural fibers are subjected to re-
peated loading. Natural fiber composites under continuous load-
ing cycles exhibit a behavior of decrease in its strength and stiff-
ness. Failures in composites occur with the effect of creep such
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as fiber-matrix debonding, fiber rupture and pull out, crack prop-
agation, and matrix yielding.[389–391] In recent years, significant
research findings have been produced toward the effect of creep
behavior in natural fiber reinforced composites.[392] Woven hemp
fabric composites with fiber volume fraction ranging from 20–
40% and reinforced with poly lactic acid (PLA) are subjected
to dynamic mechanical tests and its long-term performance are
predicted by time-temperature superposition model. Results re-
veal that the best creep characteristics are observed at 30 wt% of
hemp fabrics and the curves fit well among theoretical and ex-
perimental results.[393] Creep tests on alkali treated jute-PP com-
posites reveal that enhanced creep behavior was observed in al-
kali treated composites with an increase in operating temper-
ature of 117 °C.[394] Creep resistance of MAPP treated wood-
polypropylene composites were determined based on stepped
isothermal method (SIM) and stepped isostress method (SSM).
SSM-based creep predictions proved to be more consistent with
a 61% increase in creep resistance for a period of 20 years. Creep
resistance was found to be higher for composites treated with 5%
MAPP.[395] Investigations on creep resistance of acetylated wood
recycled-PP composites (WRPCs) by means of time-temperature
superposition principle convey that WRPC with 13% weight
content displayed the superior performance. Creep resistances
of acetylated WRPCs were enhanced from 11% to 41% over a
time span of 30 years.[396] Flax fiber composites reinforced with
bio epoxy resin upon pre-treatment with furfuryl alcohol dis-
played superior creep resistance with a 30% reduction in its creep
deformation than the untreated flax fiber composites.[397] Rice
straw/HDPE composites and its effect on dynamic mechanical
characteristics were investigated by removal of rice straw extrac-
tives by hot water, cold water, and alkaline solution. Results reveal
that creep behavior of rice straw/HDPE composites improved
with the removal of rice straw extractives by hot water than other
combinations and displayed the best performance.[398] Creep be-
havior of jute-green epoxy bio composites were investigated with
pre-treatment of jute fibers by physical techniques such as laser,
ozone, enzyme, and plasma methods. Laser-treated composites
displayed the best results for creep deformation with an elastic
behavior rather than viscous behavior at higher thermal condi-
tions and exhibit more comprehensive performance than other
treatments.[399] Studies on flax-vinyl ester bio composites were
carried out in order to evaluate its long-term creep behavior by
quick testing based on time-temperature superposition princi-
ple. Creep tests provide reliable results and the tests that are per-
formed for 10 min and 100 °C are quite accurate to that of tests
performed for 20 years at 30 °C.[400]

5. Conclusions and Outlook

Depletion of fossil fuel resources coupled with landfill of waste
problems in recent times and the growing public demand to-
wards the utilization of eco-friendly, sustainable, and greener ma-
terials have urged the researchers across diverse countries in de-
velopment of novel materials from plant fibers as reinforcement
in polymeric composites.[401] Attributes such as desired mechan-
ical properties, eco-friendly, good thermal characteristics, light
weight, lesser cost of production, and renewable nature makes
natural fiber composites as an ideal choice of composite mate-
rial than compared with synthetic fiber composites made from

glass and carbon.[402] With the ability of reduced greenhouse gas
emissions, natural fiber reinforced composites have potentially
made its way in automotive, construction, defense, medical, and
infrastructure industries and the presence of the materials would
be felt in every domain in the near future.[403] The major concern
associated with natural fiber composites is the hydrophilic nature
of plant fibers which limits the bonding with the polymer ma-
trix and displays poor mechanical characteristics there by elimi-
nates them as an ideal choice of material compared with conven-
tional materials. Natural fibers pre-treated with various chemical
treatments reduce its hydrophilic nature with a reduced moisture
uptake behavior and enhanced interfacial adhesion with the ma-
trix. Fibers upon pre-treatment with chemicals exhibit elimina-
tion of hydrophilic hydroxyl groups, form an effective coupling
with polymer matrix, and further display changes in its chem-
ical structure and morphology. Among the different chemical
treatment techniques employed in surface modification toward
composite manufacturing, fibers pre-treated with alkaline solu-
tion and further treated with silane coupling agents displayed re-
markable structural, thermal, and dynamic properties. Alkaline
treatment proved to be cost-effective and simpler in processing
than any other surface modification methods. Results from sev-
eral research studies convey that fibers pre-treated with alkaline
solution and further treated or processed with other chemical so-
lutions like silane, permanganate, benzoyl chloride, acetic acid,
and maleic anhydride and polypropylene yield good characteris-
tics as composite materials. This review work provides an up-
to-date and a comprehensive literature review on the modifica-
tion of natural fibers and matrix by various physical and chemi-
cal treatments and its effect on the physical, mechanical, thermal
characteristics, and time dependent properties. Such review stud-
ies reveal that the modification of fibers provides an enhanced
mechanical, thermal, and time dependent property with a con-
sistency in terms of performance. Natural fiber pre-treated with
different physical and chemical methods have attained greater
success with a reliable performance in terms of enhanced bond-
ing over the zone of interface, improved mechanical properties,
and enhanced fiber strength. This review work carried out pro-
vides the researchers and scientists a holistic view of natural fiber
composites with regard to its properties and performance and
aids them in development of novel greener composite materi-
als for industrial and commercial applications. This review work
serves as a pathway for researchers in the domain of natural fiber
composites and aids them to investigate further in terms of fiber
length and orientation, durability properties, shrinkage, fire re-
sistance, thermal conductivity, and other viscoelastic properties.

6. Future Perspectives

Environmental burden arise by the use of non-sustainable rein-
forcements in composites is an emerging concern. Use of natural
fiber reinforced sustainable composites offer a viable alternative.
The key industrial sectors such as automotive, marine, aerospace,
and construction have shown a growing awareness towards us-
ing more sustainable composites with better environmental cre-
dentials. It is well-accepted fact that the mechanical performance
and properties of NFPCs are not equivalent to that of conven-
tional materials due to the inherent characteristics of plant fibers
and polymer matrices. Nonetheless, physical methods induce
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changes in fiber structural properties whereas chemical modifi-
cation of fibers provides enhanced adhesion across fiber-matrix.
The issue of incompatibility and poor adhesion across fiber-
matrix interfaces can only be partially overcome by physical and
chemical modification techniques. These techniques can help in
minimizing some of the drawbacks of natural fiber composites.
However, there are some physical methods that induce changes
over the composite surfaces resulting in limited functionality and
performance of composites. There are two critical issues that acts
as a barrier in employing modification techniques such as the
higher risk of chain degradation and the cost incurred in treat-
ment leading toward manufacturing of the composite. Moreover,
a single chemical or physical method does not have the ability
to resolve all the limitations or difficulties associated with NF-
PCs. With an objective to overcome these limitations, bio based
by products, waste or residues can be applied as reinforcement
or additives in NFPCs toward the development of sustainable
and environment friendly composite materials as they possess
desired properties for diverse field of applications. Applications
of wastes from industrial processes and other by products have
gained prominence over the past few years and they serve as an al-
ternative method in development of sustainable composites. The
properties of the composite materials can be tailor made with the
utilization of bio wastes, residues and other by products in NF-
PCs. Such bio-based alternatives incorporated in NFPCs could be
options of biochar (a plant-based biomass), lignin (a byproduct
from pulp), sewage sludge (waste residues produced from pro-
cessing of paper and wastewater treatment), employing animal
fibers and hybrid composites with multiple fiber reinforcement
in composites. In recent years it is in increasing trend that the
challenges involved with NFPCs can be resolved with bio-based
wastes and residues and these substances do not pose any threats
to the resources in the environment. To conclude with, this re-
view article provides a complete understanding of the modifica-
tion of fiber and matrix by different physical and chemical treat-
ment methods and there by provides a vast data for research and
development of producing sustainable natural fiber based com-
posite materials.
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pos. Interfaces 2014, 21, 671.
[207] J. D. D. Melo, L. F. M. Carvalho, A. M. Medeiros, C. R. O. Souto, C.

A. Paskocimas, Composites, Part B 2012, 43, 2827.
[208] N. Razak, N. Ibrahim, N. Zainuddin, M. Rayung, W. Saad, Molecules

2014, 19, 2957.
[209] Y. Chen, Na Su, K. Zhang, S. Zhu, Z. Zhu, W. Qin, Y. Yang, Y. Shi, S.

Fan, Z. Wang, Y. Guo, Ind. Crops Prod. 2018, 123, 341.

[210] Z. Sun, L. Zhang, D. Liang, W. Xiao, J. Lin, Int. J. Polym. Sci. 2017,
2017, 1.

[211] G. Rajesh, A. V. R. Prasad, Int. J. Eng. Sci. Invent. 2014, 3, 2319.
[212] Y. Y. Then, N. A. Ibrahim, N. Zainuddin, B. W. Chieng, H. Ariffin, W.

M. Z. W. Yunus, BioResources 2015, 10, 1730.
[213] B. Asaithambi, G. Ganesan, S. Ananda Kumar, Fibers Polym. 2014,

15, 847.
[214] N. F. Zaaba, M. Jaafar, H. Ismail, J. Eng. Sci. 2017, 13, 75.
[215] V. K. Kaushik, A. Kumar, S. Kalia, Int. J. Text. Sci. 2012, 1, 101.
[216] V. Issue, M. Edition, O. A. Ogah, Gumel and Tijjani 2017, 1, 1.
[217] M. Masłowski, J. Miedzianowska, K. Strzelec, Cellulose 2018, 25,

4711.
[218] A. K. Mishra, A. S. Luyt, Polym. Degrad. Stab. 2008, 93, 1.
[219] Z. Li, C. Yu, Fibers Polym. 2014, 15, 2105.
[220] E. E. M. Ahmad, A. S. Luyt, Composites, Part A 2012, 43, 703.
[221] B. Koohestani, A. K. Darban, P. Mokhtari, E. Yilmaz, E. Darezereshki,

Int. J. Environ. Sci. Technol. 2019, 16, 629.
[222] M. Liu, A. Thygesen, J. Summerscales, A. S. Meyer, Ind. Crops Prod.

2017, 108, 660.
[223] M. S. Anbupalani, C. D. Venkatachalam, R. Rathanasamy, J. Reinf.

Plast. Compos. 2020, 39, 520.
[224] J. P. Siregar, J. Jaafar, T. Cionita, C. C. Jie, D. Bachtiar, M. R. M. Rejab,

Y. P. Asmara, Int. J. Precis Eng. Manuf., Green Technol. 2019, 6, 101.
[225] N. Prasad, V. K. Agarwal, S. Sinha, Iran. Polym. J. 2016, 25, 229.
[226] M. H. M. Hamdan, J. P. Siregar, M. R. M. Rejab, D. Bachtiar, J.

Jamiluddin, C. Tezara, Int. J. Precis. Eng. Manuf., Green Technol. 2019,
6, 113.

[227] W. Ouarhim, M.-O. Bensalah, D. Rodrigue, H. Essabir, R. Bouhfid,
A. E. K. Qaiss, J. Bionic Eng. 2018, 15, 558.

[228] M. Sood, D. Deepak, V. K. Gupta, Mater. Today Proc. 2018, 5, 5673.
[229] D. R. Mulinari, J. D. P. Cipriano, M. R. Capri, A. T. Brandão, J. Nat.

Fibers 2018, 15, 174.
[230] M. M. Husin, M. S. Mustapa, M. S. Wahab, A. M. Tajul Arifin, R. A.

L. Ganasan, F. H. Jais, Mater. Sci. Forum 2017, 909, 94.
[231] R. Pradipta, S. Mardiyati, Steven, I. Purnomo, AIP Conf. Proc. 2017,

1823, 1.
[232] M. Singh Bahra, V. K. Gupta, L. Aggarwal, Mater. Today Proc. 2017,

4, 3207.
[233] H. Sosiati, A. Nahyudin, D. A. Wijayanti, K. Triyana, Sudarisman, J.

Adv. Manuf. Technol. 2018, 12, 65.
[234] W. A. Mustafa, M. Zainal, R. Santiagoo, J. Adv. Res. Fluid Mech.

Therm. Sci. 2018, 50, 40.
[235] B. Bakeer, I. Taha, H. El-Mously, Polym. Polym. Compos. 2016, 24,

35.
[236] M. S. Bodur, M. Bakkal, H. E. Sonmez, J. Compos. Mater. 2016, 50,

3817.
[237] J. Jaafar, J. P. Siregar, M. B. M. Piah, T. Cionita, S. Adnan, T. Rihayat,

J. Polym. Environ. 2018, 26, 4271.
[238] C.-M. Wu, W.-Y. Lai, C.-Y. Wang, Materials 2016, 9, 314.
[239] L. Techawinyutham, A. Frick, S. Siengchin, Adv. Mech. Eng. 2016, 8,

1.
[240] S. S. Suradi, R. M. Yunus, M. D. H. Beg, J. Compos. Mater. 2011, 45,

1853.
[241] S. Mishra, J. B. Naik, Polym.-Plast. Technol. Eng. 2005, 44, 663.
[242] C. K. Hong, N. Kim, S. L. Kang, C. Nah, Y.-S. Lee, B.-H. Cho, J.-H.

Ahn, Plast. Rubber Compos. 2008, 37, 325.
[243] B. Bharti, S. Kalia, S. Kumar, A. Kumar, H. Mittal, Int. J. Polym. Anal.

Charact. 2013, 18, 596.
[244] H. Search, C. Journals, A. Contact, Mater. Res. Express 6.
[245] I. D. Ibrahim, T. Jamiru, R. E. Sadiku, W. K. Kupolati, S. C. Agwuncha,

J. Polym. Environ. 2017, 25, 427.
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