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ABSTRACT: Natural fiber-reinforced composites could be obtained by
utilizing agricultural wastes, fallen leaves, or abandoned materials as
reinforcements after their usage as a way to reduce environmental impacts
such as to stop deforestation, i.e., cutting down of plants and trees for their [ = e |
fibers, and in waste management, which includes recyling of natural wastes :
and minimizing the use of nonbiodegradable synthetic composites by
replacing it with their natural fiber counterparts. As an outcome, leaves from a
Terminalia catappa (Tc) tree grown in the Kanyakumari district that falls off
in large quantities throughout the winter are gathered and examined. The
leaves are treated with NaOH and KMnO,. In this investigation, all three i
powdered samples (raw, alkali treated, and permanganate treated Tc leaf | "™ ™™
fibers) are sent to chemical analysis, powder X-ray diffraction (p-XRD), m
Fourier transform infrared (FTIR) analysis, scanning electron microscopy

(SEM), energy dispersive spectroscopy (EDAX), thermal analysis (TGA-DTA), and carbon hydrogen nitrogen sulfur (CHNS)
analysis. The results of the research showed that the powdered Tc leaf samples had high levels of cellulose (~ 50%), crystallinity
index (&~ 50—65%), and crystallite size (~ 3 nm). There are various vibrational bands associated with them. The rough surface of the
raw and treated Tc powder samples and their particle size (&% 50—100 ym), as revealed by the SEM images, might aid in good
adherence with the matrix. According to EDAX and CHNS analyses, there is a high carbon content in all of the samples. The fibers
have an activation energy (= 55—60 kJ/mol) and maximum temperature limit (% S00 °C) that are comparable to many other
natural fibers. The density of Tc leaf fibers (~ 0.2 g/cm?) is very low and so could be used in lightweight composite applications.
The chemical treatments enhanced the qualities of Tc fibers to a certain extent. In various polymers, rubber, or concrete matrices
where the inclusion of natural fiber reinforcement is desired, all three samples could function as potential reinforcements.
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1. INTRODUCTION

produce natural fiber composites have been sparked by growing

More efficient use of the resources at hand is essential for the
social and economic growth of humans. Composites are
designed from two or more constituent materials that have
very diverse physical or chemical characteristics. They remain
macroscopically distinct from one another within a completed
structure. The earliest example of the use of composites is found
in clay bricks reinforced with straw. When combined, the two
components, clay and straw, served the purpose that each could
have performed on its own. Glass composites, sometimes known
as fiberglass, are used to construct boats and aeroplanes. These
composites are made of glass fibers reinforced in resin.' The
composite material’s synthetic fibers harm the environment
because they are not compostable. The use of natural fiber as a
substitute for glass has become more common in the past 10
years because of potential advantages such as weight reduction,
low-cost raw materials, thermal recycling, and the environmental
advantages of using renewable resources.”” Yet global efforts to
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environmental consciousness, particularly about recycling
conventional materials and the extraordinary depletion of forest
resources brought on by global warming. The development of
high-performing, completely biodegradable “green” composites,
which will be a crucial component in the development of
materials to address the present ecological and environmental
issues, depends heavily on natural fibers. The natural fiber-
reinforced composite is an economical, lightweight, and pleasing
use of renewable resources. Both the nation’s economy and the
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cultivation of fiber plants will benefit from it. These days, leaf
fiber substitutes are discovered to be economically viable and are
becoming more and more important as substitute materials in
the composites industry.”*

Natural cellulosic fibers have attracted the attention of
researchers due to the current need for materials that are better
for the environment. These fibers have successfully replaced
synthetic fibers as reinforcements in various applications.®
Natural fibers are typically extracted from plants. Primary and
secondary plants are separated based on how they are used. The
primary plants are those that are grown for their fiber. Primary
plants include kenaf, hemp, sisal, and jute.® Fibers are produced
by secondary plants as a byproduct. Examples of secondary
plants are coir, oil palm, and pineagple. There is a great diversity
of plants and animals in nature.” Fiber-producing plants are
ranked second among plant species in terms of economic
significance after food plants. Thus, it is necessary to identify and
assess the characteristics of new and potential fiber plants. The
strength, availability, fineness, length, weight, durability, density,
texture, chemical composition, wetness, part in which the fibers
are present, cost, elastic modulus, and simplicity of fiber
extraction are the elements to be taken into account while
choosing plant fibers.”

The primary constituents that dictate the physical character-
istics of fiber are lignin, pectin, hemicellulose, and cellulose.
Greater cellulose concentrations are correlated to toughness and
strength. Hemicelluloses, lignin, and pectin are responsible for
the absorption of moisture, thermal breakdown, and biode-
gradation of fiber. Depending on the plant, stem section, age,
climatic conditions, extraction method, moisture level, etc.,
specific fiber characteristics and the structure of the fiber might
differ significantly. Cellulose makes up the majority of plant
fibers.” Multiple cell walls make up the fiber. These cell walls
consist of semicrystalline cellulose microfibrils that are oriented
and reinforce one another, embedded in a matrix of varied
compositions made up of hemicellulose and lignin. The fiber
acquires mechanical strength from it. The natural fibers must be
chemically treated to gain hydrophobicity with appropriate
coupling agents or coated with suitable resins to produce
composites with improved mechanical and environmental
performance. In addition to lowering moisture absorption, this
type of fiber surface modification also improves the interfacial
bond strength and wettability of the fibers with resin, two crucial
elements for enhancing a composite’s mechanical qualities. It is
possible to copolymerize natural cellulosic fibers by grafts, cover
them with polymeric solutions, and apply chemical enhance-
ments.

A high interfacial adhesion is necessary to achieve increased
mechanical characteristics. The degree of interfacial attachment
is determined by the way matrix molecules cling to the fiber
surface through adsorption or chemical reactions. For load
transfer, the area where the fiber reinforcement and bulk
polymer separate is essential.'’ To comprehend the nature of the
interfacial bonding and its characterization, a great deal of
research has been done. Enhancing the matrix and fiber’s
adherence efficiency can be done in a number of ways. Various
physical techniques, including stretching, calendering, thermo-
treating, and hybrid yarn manufacturing, can be employed to
enhance the interactions between fibers and matrices."
Additionally, chemical treatments on the fiber surface are
employed to fortify the contact. Natural fiber reinforced
composites can be utilized as environmentally beneficial
alternatives to traditional composite fibers in sectors like

packaging, automotive, and construction. Plastination is a
technique that can be used to increase the environmental
durability of natural fibers. This approach uses curable polymers
like silicone and epoxy to replace the water and lipids in natural
fibers."”

Government rules, the increasing awareness of the harm
inorganic materials used in many industries due to the
environment, and the misappropriation of nonbiodegradable
and nonrenewable resources have all influenced the creation of
new sustainable materials and products.””> Numerous nations
have made significant investments in research and development
and production techniques aimed at reducing vehicle weight to
attain fuel economy through automobile manufacturing. To
obtain lightweight vehicles, they favor materials based on natural
fiber composites over standard materials like steel for certain
purposes. Over the projection period, the market is anticipated
to grow as a result of people’s shifting focus toward
biocomposites due to rising environmental awareness and
fluctuating fuel prices."*

There has been growing interest in recent years to replace
traditional synthetic fibers with natural leaf fibers to reinforce
polymer resins, as it eliminates the environmental issues and
fossil fuel depletion. The leaf fibers such as alfa, cantala, fique,
henequen, PALF, sisal, Sansevieria cylindrica, Sansevieria
ehrenbergii, Sansevieria roxburghiana, and Sansevieria trifasciata
reinforced polymer composites are some very popular leaf fiber
biocomposites.'> Another such novel leaf fiber to be used as
reinforcements in composite materials, examined in this work, is
obtained from Terminalia catappa tree, also known as the Java
Almond, Tropical Almond Tree, or Indian Almond. It may reach
a height of 40 m and is mostly found in Asia, Africa, and
Australia. The tree resembles a pagoda, because of the clear
levels in which the branches are arranged. The crown of the tree
widens and flattens at the top as it ages, creating the appearance
of a wide-spreading vase. Large, glossy, leathery, 15-in.-long by
6-in.-wide leaves turn gorgeous hues of red, yellow and purple
before falling in the winter.'® Some people might perceive these
enormous old leaves as an annoyance, because of their size. The
tree is barren for a little while because new growth replaces the
leaves very quickly. The edible fruits follow the small, greenish-
white, springtime blooms that grow in terminal clusters that are
6-in.-long. The thin green flesh within is surrounded by a corky
fiber husk. The dried fibers of this husk are treated with alkali
and studied.’” Also, these fibers reinforced in a PVAc matrix are
also analyzed.18 The edible kernel, which resembles an almond,
is inside. Because the fruit contains a lot of tannic acid, it may
discolor sidewalks, pavement, and automobiles.

The local area has an abundance of tropical almond trees.
Papermaking might benefit from the use of Terminalia catappa
as a raw material. Consumption of Terminalia catappa leaves and
seeds is appropriate due to their high nutritional and mineral salt
content. The development of food products may result from the
good physicochemical features of Terminalia catappa kernel oil,
which includes low levels of peroxide and acidity and a high
quantity of unsaturated fatty acids. The wood is susceptible to
termite attacks while being rather sturdy, strong, moderately
heavy, and reasonably durable. Therefore, it can be utilized for
floors, paneling, crates and boxes, boats, bridges, and carpentry
work.

Twice a year, leaves fall; these can be gathered and put to a
variety of uses. The contribution of a plant that serves as a
reinforcement for composite materials along with medicinal
applications is very rare. One such plant is Terminalia catappa.'’
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Figure 1. Terminalia catappa leaf fibers: (a) Tc tree, (b) Tc leaves, (c) dried Tc leaf, (d) dried Tc foliage, (¢) NaOH pellets, (f) NaOH solution, (g)
alkali treatment on Tc leaves, (h) dried NaOH treated Tc leaves, (i) potassium permanganate salt, (j) permanganate solution, (k) permanganate

treatment on Tc leaves, (1) dried KMnO, treated Tc leaves.

Steam exploded Tc fibers are used as reinforcements in
polypropylene composites.”” T. catappa is an herb that is
commonly used in Ayurveda. Fresh leaf juice is taken internally
for headaches and stomach aches, and it is also used to
manufacture scabies and leprosy medicinal ointment. Tc leaves
can be used to dye cotton in various colors very efficiently. They
have been used to create shades on silk garments with good to
great rapidity qualities. The residual material can be used as
fertilizer after the dye is extracted, and all of the liquid material
left over can be used to breed fish. So dyeing is an entirely
ecologically conscious technique.””* Abundant Terminalia
catappa trees are available in the Kanyakumari district, and so
these leaves are selected as sample material in this work.

2. METHODOLOGY

2.1. Collection and Chemical Processing of Tc Leaf
Fibers. The fallen leaves of the tropical almond tree are big and
easy to gather. The Holy Cross College campus in Nagercoil,
Kanyakumari district, Tamil Nadu, India is where those leaves
are gathered. Pinkish-reddish leaves that fall on a daily basis
during winter season are collected and washed. They are then
allowed to dry at room temperature. These leaves are ground
and sieved finally. The resulting raw Tc leaf powder sample is
subjected to a thorough evaluation before considering it as
reinforcement in composite structures. Figure 1 depicts the
process of gathering and chemically treating Tc leaf fibers.”"*’
The chemicals employed in this study are purchased from
Spectrum Reagents and Chemicals Pvt. Ltd., Cochin.

2.1.1. Alkali Treatment of Tc Leaf Fibers. NaOH treatment
for natural fibers is the most popular method. This covers four
different approaches, including (a) maintaining a constant
NaOH concentration for a fixed amount of time, (b) applying
varying NaOH concentrations for a fixed duration, (c) using the
same NaOH concentration over various time intervals, and (d)
utilizing various NaOH concentrations throughout various time
intervals. The most popular approaches to ascertain the ideal
circumstances for natural fiber alteration are the second and
third practice procedures.”* Natural fiber’s thermal stability and
thermal resistance are enhanced by alkaline treatment.”> By
giving the fiber surface the right amount of roughness, it raises

the tensile strength of composite materials.”~>* This treatment
can potentially provide improved mechanical bonding. For 20
min, the dried Terminalia catappa leaves are immersed ina 0.1 M
alkali solution. After that, the leaves are allowed to dry at
ambient temperature to remove any remaining moisture.
Applying large quantities of chemicals and letting them sit for
along time causes the fiber particles to degrade significantly, and
therefore 20 min of immersion in alkali solution is performed in
this work. To obtain the powdered sample, the leaves are
meticulously ground in a mixer once they have dried fully. After
that, they undergo an intense sieving process to remove large
particles. Following alkali treatment, these Tc fiber samples are
sent for a variety of characterization analyses.””*’

2.1.2. Permanganate Treatment of Tc Leaf Fibers. Treat-
ments with permanganate are less common but are still effective.
Most permanganate treatments involve the use of potassium
permanganate (KMnO,). The permanganate treatment, which
alters the macromolecular and crystallographic structure of the
fibers and improves their tensile properties, superior flexural
strength, increased stiffness, and other properties, is one of the
most effective methods for improving the binding at the fiber—
polymer interface.”*~*

The following is the procedure for surface modification using
permanganate. The dried leaves of Tc have been collected. A
sodium hydroxide pretreatment is applied to the leaves. An alkali
solution of 0.1 M is made. For around 20 min, the leaves are
immersed in the alkaline solution. After that, the leaves are dried
for a week at room temperature. The alkali pretreated leaves are
immersed in a 0.1 M potassium permanganate in acetone
solution for 20 min after they have been completely dried.”*
After that, they are dried for a week at room temperature. The
fibers from the dried Tc leaves treated with permanganate are
crushed and sieved. The material in powder form is sent out for
several characterization inquiries. The three Tc leaf powder
samples are displayed in Figure 2.

3. CHARACTERIZATION TECHNIQUES

Figure 3 sketches the characterization techniques used in the
study of Tc leaf fibers.

https://doi.org/10.1021/acsomega.4c02715
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Figure 2. (a) Raw Tcleaf powder. (b) Alkali treated Tc leaf powder. (c)
Permanganate treated Tc leaf powder.
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Figure 3. Characterization studies for the analysis of Tc leaf fibers.
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3.1. Chemical Analysis. Cellulose, hemicellulose, lignin,
pectin, and wax are the principal components of natural fibers.
Cellulose gives adequate strength and stiffness to natural fibers.
Hemicellulose is responsible for the fiber’s ability to absorb
moisture. The structural behavior, morphological traits, and fire-
resistant behavior of fibers are all influenced by their lignin
content. The binding of cellulose fibers to other fiber
components is caused by pectin. The amount of ash present in
the fibers of composite materials does not affect their mechanical
properties. Wax and moisture content in fibers are considered to
be impurities. The peculiarity lies in the fact that all fibers have
the same elements but differ in composition, leading to diverse
behaviors from one fiber to the other. Additionally, the density,
ash content, and moisture content are also measured while the
samples are being submitted to SITRA (South India Textile
Research Association) in Coimbatore, Tamil Nadu, India, for
chemical analysis. They perform chemical evaluations on raw
and chemically treated Terminalia catappa leaf fibers using
specific procedures. A natural fiber’s constituent parts can be
distinguished by their respective weight percentages.”**>

3.2. p-XRD Analysis. Using X-ray radiation on crystalline
organic and inorganic materials is known as the powder X-ray
diffraction (XRD) technique. The way that light is diffracted
depends on the dimensions, position, and arrangement of the
crystal’s constituent elements. When photons are dispersed and
then potentially interact with each other, they create a unique
diffraction pattern exclusive to the crystalline powder. It is
possible to distinguish between the crystalline and amorphous
phases of a material by creating patterns of X-ray diffraction from
a sample.**™*

The Tc fibers are cut into thin, powder-like strips, and the
resulting powdered leaf fiber samples are studied using a D8
Advance A25 model X-ray diffractometer (made by Bruker,
Billerica, MA, USA). Within an operational temperature range of
3 to 70 °C, two scans per minute are conducted as part of the X-
ray investigation. Natural fiber crystallographic information is
assessed by XRD examination using the crystallite size (CS),

crystallinity index (CI), and percentage crystallinity (%Cr)

equations.

I
_ 200« 100
200+1,,, (1)

Crystallinity percentage =

Loo-1,,
Lo (2)

where I, and I, represent the crystalline and amorphous
intensities on the 26 scale.”

KA
P cos 8 (3)

Crystallinity Index =

Crystallite size =

where @ = bragg’s angle, f = pi/180 X fwhm, K= 0.9 and 4 =
1.54060 X 107'% m.*

3.3. FTIR Analysis. The ability to analyze any material in any
state is one of the main benefits of infrared spectroscopy. It is
possible to study, for instance, films, liquids, pastes, gases,
powders, solutions, fibers, and surfaces. By using FTIR, which
provides an amazing array of tools regarding the characteristics
of natural fiber-related composites, scientists can gain a better
understanding of natural fibers and the technologies associated
with their modification,*' ~*

Based on the vibrational spectra of materials, Fourier
transform infrared (FTIR) spectroscopy is a commonly used
analytical technique for sample identification and quantification.
A Fourier transform infrared (FTIR) spectrometer (manufac-
tured by PerkinElmer, an American Global Corporation) is
utilized, and a mortar and pestle is used to grind the fiber sample
in order to combine it with KBr. After that, they are pressure-
pelletized in a controlled environment. The Tc fiber’s FTIR
spectra are produced at a resolution of 2 cm™, a scan rate of 32
scans_per minute, and a wavenumber range of 400—4000

m~15

3.4. Scanning Electron Microscopy (SEM) Analysis.
SEM can measure hundreds of fibers automatically in a matter of
minutes and produce high-resolution images. According to
studies, hemicellulose, lignin, and wax/impurity manifest as
minute discontinuous sections, a nail-like morphology, and
white layers, respectively. A fiber’s surface roughness or
smoothness can be determined by analyzing its outward
appearance using SEM, which will provide insight into the
fiber’s bonding properties.*”*°

The material surfaces are analyzed using an electron
microscope (SEM) fitted with a differential scanning system
(EDS) to study its topography and morphology. To accomplish
elemental detection, an EDS is used. The one used for the
sample analysis is the JEOL 6390LV (made in Japan) kind. Its
range is 0.5—30 kV, its magnification is 300 000X, and its
resolution is 4 nm. All three sam7ple surfaces are captured as
images at various magniﬁcations.4 e

3.5. EDAX Analysis. The basis for EDS measurement was
previously electron beam microanalysis. To create a specimen
map, energy-dispersive X-ray spectroscopy (EDX) and SEM
(scanning electron microscopy) are combined to assess the
kinds and amounts of elements on the surface. For elemental
detection, this method is employed. The sample analysis is
conducted using the JEOL 6390LV model. Every sample
undergoes three analyses, with the average serving as the
outcome.”’

3.6. TGA-DTA Analysis. Thermal analysis is the study of the

structural, chemical, and physical changes that a change in
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temperature makes to a material. Thermogravimetry (TG) and
its derivative (DTG) to calculate weight loss and its rate and
differential scanning calorimetry (DSC) to calculate heat flow
are now considered the fundamental techniques used in thermal
investigations. The PerkinElmer Diamond TG/DTA thermal
analyzer manufactured in the United States is used for the
analysis,*>*°

3.6.1. TG Analysis. TG is an analytical technique that
measures a specimen’s weight change while heating to ascertain
its thermal stability and volatile component proportion. On the
other hand, sample weight is measured experimentally at either
time or temperature using thermogravimetric analysis (TG).
Typically, the sample is heated steadily.**>">*

3.6.2. Thermal Activation Energy Analysis. Activation
energy is the minimum amount required to initiate a process
such as a chemical reaction. It may be described as the energy
required to start the deterioration process in natural fibers.
Higher activation energy results in increased fiber thermal
stability.”* With the use of the Coats-Redfern approximation,
an activation energy is obtained. As a result, the first-order
reaction’s mathematical expression can be given as follows:

E

a

2.303RT
(4)
where f = linear heating rate, T = absolute temperature, E, =

activation energy, R = gas constant, A = frequency factor, and a =
percentage of the sample that has broken down at time ¢.

PE,

1__ _
T? E

a

| [—Iog(l—a)] AR[ 2RT
og| ——=——|=1o

Wo - W
a=—
W, — W

where W, is the sample’s weight at any given temperature, W, is
the sample’s weight at the start of the decomposition process,
and W;is the sample’s weight after the reaction. Using a linear
fitting procedure done to the plot of

log[ —log(1 — a)}

T2

versus 1000/ T, the activation energy is determined.®”

3.6.3. DTG Analysis. DTG is the derivative of the TG curve
and automatically displayed along with the TG. The rate of
change of mass concerning time or temperature is plotted
against time or temperature in the data presented as a derivative
thermogravimetric (DTG) curve. The rate of mass loss is given
by the DTG peak height at any temperature.®®

3.6.4. DTA Analysis. DTA (differential thermal analysis) is
used to estimate endoexothermic event temperatures and to
depict phase transitions. With the use of a Mettler Toledo DSC
analyzer (model DSC 822e, Ohio, US), the thermal transitions
of raw and processed Tc leaf fibers are investigated. An
aluminum pan is filled with 3 g of fiber samples for each
condition, and it is heated to 750 °C. A steady heating rate of 10
°C/min is maintained throughout the analysis, with a precision
temperature of +0.2 °C.*°

3.7. CHNS Analysis. “Flash combustion,” a quick and
complete oxidation of the sample that establishes the
proportions of hydrogen, nitrogen, carbon, and sulfur in the
molecules of organic matter, is the basis of an automated
Elementar Vario EL III model CHNS/O Elemental Analyzer
(made in Germany). Calculating the amounts of C, H, N, and S

in natural sources which typically burn at 1800 °C is an efficient
use of this technique.”’

4. RESULTS AND DISCUSSIONS

4.1. Chemical Analysis. The chemical makeup of fibers
influences their physical characteristics. Moreover, the chemical
makeup of lignocellulosic fiber is influenced by the kind of plant,
its age, the climatic and geographic conditions in which it grows,
and the method of harvesting the fiber. The mechanical
characteristics of Tc leaf fiber composites will be influenced by
the chemical composition, cellulose content, and fiber cell wall
structure of Tc leaf fibers. The quantity of Tc leaf fiber’s
chemical makeup is shown in Table 1, and the comparison
charts for the three samples are given in Figures 4, 5, and 6."

Table 1. Chemical Constituents of Tc Fibers

Chemical Raw Tcleaf  Alkali treated Tc ~ Permanganate treated
components fibres (%) leaf fibres (%) Tc leaf fibres (%)
Cellulose 50.77 52.22 48.72
Hemicellulose 27.45 30.86 30.83
Lignin 18.08 21.59 17.56
Pectin 8.37 1291 18.5§
Wax 3.73 342 3.75
Ash content (on 8.01 14.08 14.93
dry basis)
Moisture 10.52 10.84 8.57
content
Density (g/cm?) 0.23 0.24 0.26
60 Raw Tec fibres

Alkali treated Tc fibres
Permanganate treated Tc fibres

Content (%)

Cellulose Hemicellulose Lignin Pectin

Chemical constituents

Figure 4. Chemical constituents of Tc fibers.

The compounds in cellulose have a significant impact on the
mechanical, fire resistance, biodegradability, and resilience of
fibers. Numerous uses exist for cellulose, a biopolymer that is
plentiful.** The cellulose content of plant fibers is the primary
factor determining their stability. The superior mechanical
properties of the composite materials containing Tc leaf fibers
may be attributed to the high cellulose content, which is around
50.77% for raw T, 52.22% for Tc treated with alkali, and 48.72%
for Tc treated with permanganate. The cellulose chain’s
hydrogen bonding can increase crystallinity, which will enhance
the mechanical qualities of composites. The majority of
lignocellulosic agricultural byproducts have 40—45% cellulose.>®
Compared to bamboo (26—43%), kudzu (33%), pandan duri
(43.21%), piassava (28.6%), sugar palm fibers (43.88%), and
coconut tree leaf sheath (27%), Tc leaf fibers have a higher
cellulose concentration. Tc fibers do, however, have less
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154 Row Te fibres Terminalia catappa leaf fibers that are raw (18.08%), alkali-
Alkali treated Te fibres treated (21.59%), and permanganate-treated (17.56%) is
164 Permanganate treated Te fibres comparatively high. While lignin’s low proportion contributes
144 to the fiber’s structural qualities, its higher content protects the
12 fiber from biological attacks. The lignin contents of the root
3 fibers of Coccinia indica (12.55%), Zea mays (19.04%), Acacia
< 10 concinna (14.64%), and Tithonia diversifolia (15.06%) are

= 6,61

2 5 comparable to that of Tc fibers.

S . The presence of a minimal amount of wax is essential for the
i better interfacial bonding between the polymer and natural fiber.
44 The low wax percentages of 3.73% for raw Tc, 3.42% for Tc
2 treated with alkali, and 3.75% for Tc treated with permanganate
) help to promote efficient matrix adherence when developing
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Figure 6. Density chart of Tc fibers.

cellulose than many other well-known natural fibers including
sisal (67—78%), Coccinia indica (64.56%), abaca (56—63%), sea
grass (57%), flax (64—71%), hemp (70.2%), banyan tree roots
(67.32%), jute (61%), and hemp (70.2%). It is similar to
eucalyptus (50.30%), banana bracts (56.48%), Acacia concinna
(59.43%), wheat straw (51%), kenaf (53.14%), and Cathar-
anthus roseus (47.3%).°7°

The presence of hemicellulose causes the microfibrils to
degrade and also reduces the fiber’s strength. The fiber’s high
hemicellulose concentration improves its thermal properties,
moisture absorption, and biodegradability. Tc leaf fibers have a
hemicellulose content of 27.35% in raw, 30.86% in alkali-treated,
and 30.83% in permanganate-treated samples. Table 1 indicates
that Tc fiber has a medium amount of hemicellulose
concentration. Between cellulose and lignin, hemicellulose
functions as a catalyst. Tc fibers have a hemicellulose
concentration that is similar to that of several other natural
fibers, such as bamboo (30%), piassava (25.8%), napier grass
strands (31.27%), and Cyperus dicrostachus (22.72 + 9.61%). In
comparison to Tc leaf fibers, the following have less hemi-
cellulose content: hemp (15—22.4), Cryptostegia grandiflora
(17.20%), sisal (12%), flax (18.6—20.6%), coconut tree leaf
sheath (14%), wheat straw (15—31%), Prosopis juliflora
(16.14%), and ramie (13—16%).'>""

The presence of lignin affects the shape, characteristics, and
structure of fibers. The plant gets its rigidity from lignin.
Compared to other lignocellulosic fibers, the lignin level of

composite materials. Improved adhesion between the fiber and
resin will be facilitated by the rough surface of the fiber that
results from the removal of wax. The wax concentrations of some
additional natural fibers are as follows: Cyperus dichrostachus
(1.55%), flax (1.5—1.7%), sisal (2%), abaca fibers (3%), nettle
(3.1—4.2%), banana inflorescence bracts (1.05%), Catharanthus
roseus (2.3%), okra (3.9%), Albizia saman (1.5%), and Eleusine
indica grass (2.9%).°

The fiber’s resistance to fire is enhanced by its low ash
content. The high ash concentration of Tc fibers, whether they
are raw (8.01%), alkali-treated (14.08%), or permanganate-
treated (14.93%), reduces the material’s fire resistance and leads
amorphous components to be lost.”*** The ash concentration of
Tc leaf fibers is higher than that of Cyperus dichrostachus (1.3%),
Prosopis juliflora (5.2%), Tithonia diversifolia (6.78%), and
Cyperus pangorei (3.56%).">*

The Tc fibers have a moisture content of 10.52% when they
are raw, 10.84% when they are treated with alkali, and 8.57%
when they are treated with permanganate. It is on par with other
natural cellulosic fibers and similar to Bauhinia vahlii (10.5%)
fibers. Tc fibers are desirable for creating lightweight materials
due to their low density. In comparison to many other natural
fibers, it is extremely low.”%°

Plant fibers that are chemically processed usually have
different chemical compositions. The cellulose content of Tc
fibers grew positively upon alkali treatment. Simultaneously,
alkalized Tc fiber’s hemicellulose increased. Another beneficial
change is the decrease in wax in the T fiber that has been alkali-
treated. Increased ash concentration demonstrated how the
cellulose fraction of Tc fibers treated with alkali had improved.
Tc fiber density increased somewhat following alkali treatment,
as predicted. The cellulose microfibrils are not impacted by the
alkali treatment. In composite applications, the elimination of
contaminants may result in improved mechanical properties,
fiber-wetting characteristics, and fiber-matrix adhesiveness. The
application of permanganate led to a reduction in the cellulose
and lignin contents and a rise in the hemicellulose and pectin
content. As a result of individual fibers becoming detached
during treatment, the reduction in the lignin proportion has a
positive impact. In the same manner, the moisture content
dropped while the wax, ash, and density increased.”**

4.2. p-XRD Analysis. The X-ray diffraction patterns of
untreated and chemically treated Tc leaf fibers are displayed in
Figure 7. All patterns have two prominent peaks. The crystalline
peak, a strong, highly intense peak in all three diffraction
patterns, amply demonstrates the cellulose content. It conveys
the Tc fibers’ crystalline character. Typically, noncellulose
materials are indicated by an amorphous peak that appears
before a crystalline peak with a lower intensity. The cellulose
crystallinity is quantified using the crystallinity index (Crl).
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Figure 7. p-XRD pattern of Tc fibers.

While increased Crl tends to make fibers more brittle, it also
makes them stronger. The crystalline percentage decreased after
surface treatments because the crystalline peak’s intensity
decreased. As a result, the treated Tc fibers crystallinity index
(CI) also decreased. Details gained from each Tc sample’s
diffraction pattern are displayed in Table 2. Tc fibers have

Table 2. Crystallographic Data of Tc Fibers

% Crystallinity ~ Crystallite size
Sample Crystallinity index (nm)
Raw Tc leaf fibres 65.70 0.47 3.62
Alkali treated Tc leaf fibres 58.54 0.29 3.10
Permanganate treated Tc 59.74 0.32 3.85

leaf fibres

crystallinity percentages that are similar to those of Acacia
planifrons (65.38%), agave fibers (64.4%), Sansevieria cylindrica
(60%), napier grass strand (62.4%), and Bauhinia vahlii (56%).
While Mengkuang leaves (69.5%), Careya arborea (85.5%), soy
hulls (69.6%), banyan fiber (72.47%), and Cannabis sativa
(88%) have higher crystallinity than Tc fibers, sugar cane
bagasse (50%), T. Populnea (48.17%), Sansevieria ehrenbergii
(52.27%) and Furcraea foetida (52.6%) have slightly lower
percentages of crystallinity than Tc fibers.">”

Less surface area due to a greater crystallite size means less
water absorption and chemical reactivity in the fibers. Raw Tc
fiber crystallite sizes improved from 3.62 to 3.85 nm after
permanganate treatment, which is equivalent to reported
cellulose crystallite sizes (4 to 7 nm usually). Tc fiber’s crystallite
sizes are similar to those of other naturally occurring fibers, such
as Pithecellobium dulce (3.46 nm), Retama raetam (3.62 nm), jute
(3.58 nm), Bauhinia vahlii (3.85 nm), and cornstalk (3.8 nm).
Careya arborea (7.40 nm), Ficus religiosa root (5.18 nm), Albizia
julibrissin (6.75 nm), Piliostigma racemose (5.25 nm), aerial roots
of banyan fiber (28.36 nm), and ramie (16 nm) are among the
fibers that exhibit larger crystallite sizes.”®"%*’

4.3. FTIR Analysis. Figure 8 displays the FTIR spectra of Tc
fibers that have been chemically treated and those that are raw.
The spectra of Tc fibers show the distinctive peaks of cellulose,
hemicellulose, pectin, lignin, and other components. Table 3
includes a list of the significant wave numbers, corresponding
chemical components, and stretching.

In both the raw and processed spectra, nine common peaks—
the ideal peaks for plant fibers—can be seen at various

Figure 8. FTIR spectra of Tc fibers.

Table 3. Vibrational Band Assignments of Tc Fibers

‘Wavenumber (cm™)

Alkali
treated ~ Permanganate

Raw Tc Tcleaf  treated Tc leaf Vibrational band
leaf fibres fibres fibres assignments References
3425.35 3409.94 3417.09 O—H stretching of cellu- 6, 69
lose bonded to hydrogen
2922.34 292226 2922.46 C—H stretching of cellu- 70
lose
2852.34 2853.18 2853.46 stretching vibration of 71
hemicelluloses with C—
H symmetry
2327.78 2348.69 wax or wax likes substance 72
1631.54 1649.19 1621.81 carboxyl stretch of C—O, 1,73
signifying hemicellulose
contains an acetyl group
1535.70 C==C group of lignin 74
143641 1430.70 144749  C—H, wagging 75
1383.63 1380.24 asymmetric COC stretch- 1,71
ing of lignin
1350.40 1323.41 C—O groups in polysac- 2
charide aromatic ring
1238.10 1236.02 acetyl group’s C—O 6,7
stretching vibration in
lignin
1156.85 1159.26 C—0-C group of cellu- 6
lose and hemicellulose
1111.14 1103.88 1099.59 C—O stretching 66
1020.53 1033.98 1036.46 CO group of cellulose 61
831.05 826.05 831.84 lignin components 7,74
762.04 780.66 778.16 P-glycosidic bond con- 69
necting the monosac-
charide ring
668.01 673.22 vibration of out-of-plane 71
bending involving rings
617.12 600.37 C—X stretching of organic 72
halogen compounds
574.21 OH bending out of plane 5,73

wavelength ranges. The hydrogen-bonded OH groups in the
cellulose are responsible for all three spectra’s broad peaks at
roughly 3400 cm™". The apparent peaks at 2900 cm™ are related
to the C—H stretching of cellulose. The peaks at 2800 cm™*
demonstrate the C—H symmetric stretching of hemicellulose.
Wax has been eliminated from alkali-treated Tc fibers, as
evidenced by the removal of stretching at 2300 cm™" from the
spectrum of alkali-treated Tc fibers. The presence of an acetyl
group is indicated by the peaks at 1600 cm™". The wiggling of
C—H, is connected to the peaks at about 1400 cm™'. The
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Figure 9. SEM images of powdered Tc fibers. (a—d) Raw Tc leaf fibers; (e—h) Alkali treated Tc leaf fibers; (i—1) Permanganate treated Tc leaf fibers.

presence of the CO groups is shown by the peaks at 1100 and
1000 cm™". The peaks at 800 cm™" show the lignin components
of the Tc fibers. The connection between monosaccharide rings
via f-glycosidic bonding is indicated by the peak at 700
em-1.126,7,61,66

The peak at 1535 cm™" indicates the presence of the C=C
group of lignin. This peak is absent in raw and permanganate
treated fibers. The inference made from the presence of this peak
is that there is a high quantity of lignin present in alkali treated
Tc leaf fibers than raw and permanganate treated samples. This
view is supported by chemical analysis results, too (Table 1 and
Figure 4). The three peaks approximately at 600 and 500 cm ™"
are present in the IR spectra of raw Tc samples. Due to
permangante treatment, the peak due to the vibration of out-of-
plane bending disappeared. Because of alkali treatment, the peak
due to stretching of halogen compounds got eliminated. The
peak which accounts for OH bending, which is out of plane,
vanished during both alkali and permanganate treatment of Tc
fibers.*®

4.4. SEM Analysis. At varying magnifications, the surface
characteristics of both raw and surface-modified fibers can be
observed with scanning electron microscopy. The ability of a
fiber to provide a reinforcing effect for composites based on
polymers is greatly influenced by its surface morphology. High-
resolution SEM images are displayed in Figure 9 and are utilized
to identify the microcracks and micro holes on the powdered Tc
fiber surface, respectively. Also, the particle size can be identified
from SEM images of the powdered samples. The three samples
of Tc leaf fiber powder have particles with sizes approximately in
the range of 50—100 ym in diameter. The variation in the size of
the particles in the same sample can be attributed to the
nonhomogeneous grinding of the leaf samples. The geometries
of the shape of particles in all three samples are irregular.”® The

fiber surface’s pores and cracks may provide a large contact area
with the polymer matrix. The irregular geometry and surface
roughness will aid in improved interfacial adhesion between the
fiber and matrix. A white layer on the raw fiber’s surface indicates
the presence of contaminants. To remove contaminants and
improve the bonding of the interfacial surfaces, these samples
underwent chemical treatment. The surface of chemically
treated Tc fibers is rougher than that of the raw fibers, as clearly
seen from Figure 9.">%%¢777

4.5. EDAX Analysis. On the outer layers of both raw and
treated Tc fibers, the distribution of different components is
illustrated in Figure 10.

Table 4 provides a summary of the atomic and weight
percentages of the elements on the fiber surface. Carbon (C)
and oxygen (O) contents in treated and untreated cellulosic
fibers are often higher than those of other elements. The
elimination of lignin, wax and other contaminants from the
exterior surface of the treated Tc fibers is demonstrated by the
decreased concentrations of magnesium (Mg) and chlorine (Cl)
in those fibers. Only the surface of Tc fibers treated with alkali
has a tiny quantity of sodium (Na); this may be the result of
sodium being deposited on the outer layer of the fiber during the
alkalization treatment.”®"

The oxygen-to-carbon ratio in natural fibers is to be measured
using EDAX analysis. A fiber that has more carbon also contains
more lignin. Tc leaf fiber’s carbon content improved while their
oxygen content declined following an alkali treatment. In the
same way, the carbon concentration decreased, and the oxygen
content climbed following permanganate treatment. The higher
O/C ratio suggested a lower level of lignin. Fibers with a lower
O/C ratio are thought to be more hydrophobic.”*™* The O/C
ratio for Tc fibers is provided in Table S.

https://doi.org/10.1021/acsomega.4c02715
ACS Omega 2025, 10, 14566—14580


https://pubs.acs.org/doi/10.1021/acsomega.4c02715?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02715?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02715?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02715?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c02715?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

AR

Figure 10. EDAX Spectra of Tc fibers. (a) Raw Tc leaf fibers; (b) Alkali treated Tc leaf fibers; (c) Permanganate treated Tc leaf fibers.

Table 4. Weight and Atomic % of Elements in Tc Fibers

Permanganate
Alkali treated Tc treated Tc leaf
Raw Tec leaf fibers leaf fibers fibers
Elements wt % atom % wt % atom % wt % atom %

C 62.27 70.84 71.52 74.83 72.68 66.66
(0] 29.49 25.19 26.3 24.04 27.27 33.32
Ca 0.27 0.09 0.69 0.26 0.05 0.02
Mg 021 0.12
Si 7.6 3.7 0.83 0.44
Cl 0.15 0.06
Na 0.66 0.43

Table S. O/C Ratio of Tc Fibers

Elements (atom

%)
o/C Lignin content
Sample (0] C ratio (wt %)
Raw Tc leaf fibers 2519 7084 035 18.08
Alkali treated Tc leaf fibers 24.04 74.83 0.32 21.59
Permanganate treated Tc 3332 66.66 0.49 17.56

leaf fibers

4.6. TGA-DTA Analysis. 4.6.1. TG Analysis. The TG
curves (Figure 11) demonstrated the three stages of mass loss in
both raw and chemically treated Tc fibers. Many branches make
up the lignin structure’s complicated aromatic ring component,
which causes the breakdown to occur at a modest weight loss

100 Raw Tec fibres
AlKali treated Tc fibres

80 Permanganate treated Tc fibres
S 604
=
20
= 404

20 4

0

L) L) L) L) L) L) L) L)
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Figure 11. TG plot of Tc fibers.

rate throughout the course of its whole temperature range,
which is room temperature to 800 °C. Moisture evaporation is
suggested as the first step of mass deterioration. The subsequent
phase of mass loss pertains to the elimination of hemicelluloses,
a small amount of lignin, and a significant amount of cellulose
inside the fiber. The second stage, where deterioration flashed
the exclusion of cellulosic components, is when there is a major
mass loss. Wax and lignin are excluded during the third step of
the degradation. Finally, the char residue marks the end of the
breakdown. Because lignin contains many functional groups
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with varying thermal stabilities, it decomposes more slowly than

cellulose and hemicellulose over a wide temperature range.
Tables 6 and 7 present the Tc fiber thermal analysis.

Untreated Tc fibers have been found to have a maximum

Table 6. Thermal Analysis of Tc Fibers

Thermal
Temperature Mass Residual activation
during mass loss char at 700 energy (kJ/
Sample loss (°C) (%) °C (%) mol)
Raw Tc leaf 33-195 11.42 17.57 59.20
fibres 195-350  34.82
350—487 32.53
Alkali treated Tc 28-208 14.16 23.54 57.40
leaf fibres 208-356 3253
356—495 17.40
Permanganate 41-208 13.04 20.95 56.73
treated Tc leaf 208—347 4032
fibres
347-504 17.63
Table 7. T,,,, Limit of Tc Fibers
Total mass lost (%)
Max.
First  Second  Third temperature T (s0%)
Sample stage stage stage limit (°C) (°C)
Raw Tc leaf fibres 11.42 46.24 78.77 487 359
Alkali treated Tc 14.16 46.69 64.09 495 373
leaf fibres
Permanganate 13.04 53.36 70.99 504 337
treated Tc leaf
fibres

temperature limit of 487 °C; however, following treatments with
alkali and permanganate, the temperature increased to 495 and
504 °C, respectively. Thus, it may be said that fibers treated with
permanganate have the greatest resistance to heat deterioration
and fibers treated with alkali come in next. Compared to other
Tc fiber samples, the mass loss experienced by alkali-treated
fibers is the least. For raw Tc fibers, the residual char is 17.57%.
For Tc fibers treated with alkali, it is 23.54%; and for Tc fibers
treated with permanganate, it is 20.95%. Figure 11 illustrates the
thermal stability of Tc fiber samples, in both their raw and
chemically modified states, up to 800 °C. This demonstrates that
Tc fibers, with their relatively high starting temperature, are
suitable for application as reinforcement in composites,
particularly those based on polymers.”*>*’

4.6.2. Thermal Activation Energy Analysis. Figure 12
displays the Coats—Redfern plot of chemically treated and
untreated Tc fibers. Kinetic activation energy (E,) is a significant
additional component that encourages the usage of reinforcing
in high-temperature applications.”” It can alternatively be seen
as the minimum energy needed for a fiber sample to begin
degradation. Chemical treatments caused the kinetic activation
energy of Tc leaf fibers to drop.” The kinetic activation energies
of raw and chemically treated Tc fibers are found and tabulated
in Table 6.

The kinetic activation energies of some natural fibers which
are found from literature are Lygeum spartum (68.77 kJ/mol),
Dracaena reflexa (68.784 kJ/mol), Furcraea fetida (65.64 kJ/
mol), Careya arborea (74.62 kJ/mol), Cissus quadrangularis root
(74.18 kJ/mol), and Prosopis julifora (76.72 kJ/mol)."”*!
These natural fibers have activation energy values higher than all
the three samples of Tc leaf fibers.
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Figure 12. Coats—Redfern plot of Tc fibers.

4.6.3. DTG Analysis. As seen in Figure 13, for each of the
three samples, degradation is represented by three peaks in the
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DTG (pg/min)

10004

1500 1

298.6 °C

L} L} L} L} L} L} L} L} L}
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Temperature ('C)

Figure 13. DTG curve of Tc fibers.

DTG curve. The evaporation of moisture is the cause of the
initial peak. The depolymerization of both cellulosic and
hemicellulosic components in the Tc leaf fibers is linked to
the second peak. The third peak is the result of residues in the Tc
fibers and the breakdown of the noncellulosic component,
lignin.

The maximum degradation rate of raw, alkali-treated, and
permanganate-treated Tc fibers happens at 312.8 °C, 328.5 °C,
and 298.6 °C according to the DTG data (Table 8). The DTG
profiles (Figure 13) indicate that, for all three samples, the
maximum temperature at which cellulose degrades is within the
range of 250 to 350 °C.**~% The cellulose degradation has been
connected to comparable peaks for various kinds of fibers,
including Lygeum spartum (338.7 °C), Thespesia populnea
(323.8 °C), Chloris barbata (324.6 °C), and the root of Cissus
quadrangularis (328.9 °C).>%

And at last, burned residue started to develop. Since
noncellulosic components have the potential to promote higher
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Table 8. DTG Data of Tc Fibers

Temg)erature Rate of weight loss (ug/
oc)

Sample min)

Raw Tc leaf fibres 66.4 79.1
312.8 406.6

440.2 287.5

Alkali treated Tc leaf fibres 72.2 158.3
328.5 447.6

480.9 121.5

Permanganate treated Tc leaf 83.6 268.7
fibres 298.6 1555.4
444.5 344.0

char formation, the samples had a higher charred residue. The
samples’ good heat stability is indicated by the substantial char
production of Tc fibers.””

4.6.4. DSC Analysis. When a fiber material is heated, DSC
analysis is used to calculate the amount of heat produced or
absorbed during the chemical reactions between its compo-
nents. At various temperatures during the breakdown process, a
range of exothermic and endothermic events take place. The
thermal phase transition of natural fibers is demonstrated by the
endothermic and exothermic peak sizes and locations.
Exothermic events cause the release of heat as opposed to
endothermic reactions, which cause the sample to absorb heat.
The thermal history of materials can be confirmed by measuring
with a DSC.

Figure 14 shows the differential scanning calorimetric profiles
of the chemically treated and raw Tc fibers. For raw fibers, there

120

Raw Tc fibres
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Permanganate treated Tc fibres

80 1
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Figure 14. DSC curve of Tc fibers.

are two exothermic peaks seen. Fibers treated with alkali show
two peaks: an exothermic peak and an endothermic peak. The
fibers that have been treated with permanganate exhibit two
exothermic and one endothermic peak. The endothermic peak
observed within the temperature range of 38—153 °C
corresponds to the vaporization heat of the water absorbed by

the fibers and may be associated with loss of water molecules
from the surface or the interstitial spaces within the fibers. The
second exothermic peak indicates the decomposition of
polysaccharides other than lignin such as a-cellulose. The
third exothermic peak at around 400 °C may be attributed to the
oxidative degradation of the charred residue.”” Table 9 also
provides the details regarding relevant energy consumption.”*>

4.7. CHNS Analysis. Tc fibers have a carbon content of
37.97% when they are raw, but the percentage rises when they
are treated with alkali and permanganate, according to a CHNS
study (Figure 15). The high carbon content of natural fibers is

504 Raw Tec fibres
Alkali treated Tc fibres

40 Permanganate treated Tc fibres
;\? 30+
=
e
g 20-
&}

10 4

Carbon Hydrogen Nitrogen Sulphur

Elements

Figure 15. CHNS chart of Tc fibers.

one of the primary factors that could change the tribological and
mechanical features of the finished product. All of the samples
have the potential to be used as fillers that are conductive, in
materials that exhibit dielectric loss.

Hydrogen is the second most abundant element in Tc leaf
fibers, after carbon (Table 10). It is also discovered that chemical

Table 10. CHNS Table for Tc¢ Fibers”

Sample
Sample C% H% N% S%  weight (mg)
Raw Tc leaf fibres 37.97 5.62 0.70 ND 6.72
Alkali treated Tc leaf 39.05 7.35 0.72 0.25 10.69
fibres
Permanganate treated Tc ~ 42.22 7.68 0.59 0.15 10.61
leaf fibres

“ND: not detected.

treatments cause it to rise as well. All of the samples include trace
levels of nitrogen. Trace levels of sulfur have been found in
processed samples but not in raw Tc fiber samples. Tc fibers

have a carbon composition that is similar to many other natural
88,8
fibers.””**%

Table 9. DSC Data of Tc¢ Fibers

Temperature at peaks (°C) Energy consumption (mW)
Sample Peak 1 Peak 2 Peak 3 Peak 1 Peak 2 Peak 3
Raw Tc leaf fibers 353.7 (exo) 448.3 (exo) 41.86 43.24
Alkali treated Tc leaf fibers 86.6 (endo) 389.1 (exo) —6.70 16.19
Permanganate treated Tc leaf fibers 99.5 (endo) 344.1 (exo) 450.1 (exo) —13.80 107.09 48.02
14576 https://doi.org/10.1021/acsomega.4c02715
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5. CONCLUSIONS

To check if they may be utilized to make composite materials,
the powdered fibers from Tc leaves that fall off in the winter are
gathered and analyzed. Fibers from fallen Terminalia catappa
leaves underwent a variety of analyses, including chemical,
structural, morphological, elemental, spectroscopic, and thermal
evaluations. Deforestation may be decreased when these leftover
leaves are utilized as reinforcements in composites reinforced
with natural fibers. The fibers are chemically treated to improve
their properties using sodium hydroxide and potassium
permanganate solutions. To characterize the raw, alkali treated,
and permanganate treated T fiber samples, chemical analysis, p-
XRD, SEM-EDAX, FTIR, CHNS, and TG-DTA investigations
have been carried out on them. The variations between the
properties of the fiber before and after chemical treatments may
be found as follows.

e Chemical analysis revealed that the quantities of hemi-
cellulose, pectin, ash content, and fiber density increased
after chemical treatments. Following alkali treatment,
cellulose, lignin, and moisture content increased, while
wax content decreased. The vice versa took place post
permanganate treatment. The density of T fibers is much
less than many other natural fibers.

e The p-XRD analysis showed that following chemical
treatments, the crystallinity index and % crystallinity of Tc
fibers dropped. After being treated with permanganate,
the crystallite size grew. Nevertheless, following alkali
treatment, the crystallite’s size shrank. The percentage
crystallinity values are high for three samples when
compared to many other natural fibers.

e All Tc fiber samples had the same peaks in their FTIR
spectra, although the treatments had different intensities
of the peaks. Treatments also caused some peaks to
appear and vanish.

e The SEM data showed that the surface of Tc powder had
been roughened by chemical treatments, which also
produced micropores and microcracks. The particle size is
also found from these images.

e Tc fibers contain higher surface concentrations of carbon
and oxygen, according to the EDAX investigation. Having
high carbon content helps in better bonding with matrix.

e TGA-DTA demonstrated that treatments increased the
maximum temperature limit for Tc fibers. It has been
observed that treatments with alkali and permanganate in
Tc leaf fibers slightly reduce the activation energy values.
The rate of weight loss is found from DTG curves. The
phase transition of sample materials is explained using
exo- and endothermic events using DSC.

e Tcleaffibers had an impressive carbon content, according
to the CHNS research. Next in order of importance is
hydrogen, followed by nitrogen. Additionally, it has been
noted that, after treatments, the concentrations of carbon
and hydrogen increased.

These findings suggest that Tc fibers can be used as
reinforcements in composite materials, whether they are left
untreated or chemically modified. To benefit society, those
composites can be suggested for structural applications such as
floor mats, automotive interior panels, and seatbacks, whereby
lightweight and medium strength are the main concerns. To
look into the variations in fiber characteristics, a variety of
further surface treatments can be applied. Also, Tc leaf fibers
from various other districts of Tamil Nadu can be collected, and

the difference in their qualities due to geographical locations can
be analyzed. The development of composites based on Tc leaf
fibers and their quality testing will be the next important stage.
The product that is under consideration can be used as
reinforcement in a variety of matrices, including concrete, epoxy,
bioplastic, and natural rubber. Furthermore, in addition to Tc
leaf fibers, any other natural fiber can be added during the
fabrication process of composites to analyze the properties of
hybrid composites.

The study can benefit from further application-focused
research that uses BET for the same samples to determine the
surface area of the powdered Tc¢ fiber particles. Different milling
techniques can be used to prepare Tc powders, and the
differences in their properties can be investigated. The study of
ultrafine natural fiber powder is still relatively new, with only a
few research groups involved. Future studies in this area will
primarily concentrate on reducing the energy and chemical
needs for the production of fine particles. Their application in
environmental products, like those that purify water and air, is
also possible. To propel such breakthroughs, it would be
necessary to attain precise control over particle morphology and
size, as well as the capacity to functionalize and tailor the
attributes of particle surfaces.
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