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on FTIR and tensile properties for composite material applications
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Abstract

In recent years, the application of natural fiber reinforced polymer composite is rapidly increasing in different parts of
the world due to its light weight, low cost, availability and feasibility of easy fabrication. This article focuses on the inves-
tigation of the physical and mechanical properties of natural fibers such as human hair, Sterculia foetida, delonix regia
and caryotta obtusa fibers in terms of the analysis of the suitability of reinforcement material in composites. Untreated
fibers were compared with NaOH treated fibers. Compositional analysis from Fourier Transform Infra-red Spectroscopy,
tensile properties such as tensile strength, tensile modulus and percentage elongation of both untreated and treated
fibers are discussed in detail. The properties of these natural fibers were compared with those of other natural fibers. The
scope of addition of human hair, sterculia foetida, and delonix regia and caryotta obtusa fibers as reinforcement material

in polymer composites were reported.

Keywords Natural fibers - Alkali treatment - Single fiber testing - Tensile properties - Fourier transform infra-red

spectroscopy

1 Introduction

Design of smart materials encompasses the selection of
advanced materials that play a major role in the fabrication
of new products and their performance. Composite mate-
rials offer definite advantages over metallic and nonmetal-
lic parts due to high strength to weight ratio, light weight
and high resistance to corrosion. Hence these materials
are widely used in industrial applications. Reinforcement
material used in composite may be either synthetic or nat-
ural fibers. Polymer composite with synthetic fibers such
as glass, kevlar, aramid, etc. show good mechanical prop-
erties but the application is limited due to the growth of
natural fiber reinforced polymer composite (NFRPC) dur-
ing the past five years [1]. The evolution of NFRPC material

in various applications has opened up new opportunities
to various manufactures to use alternative materials for
their products in the process of reducing environmental
pollution, greenhouse gas emissions, cost reduction and
increase in the efficiency of the product [2, 3]. Automotive
and aerospace industries have been vigorously manufac-
turing the various natural fiber reinforced parts for their
interior components [4]. The mechanical and damage
properties of raw materials of composite materials have a
major impact in enhancement of material quality [5]. Mois-
ture penetration inside the composites resulting in swell-
ing of the fiber. Natural fibers are hydrophilic in nature
which has many number of hydroxyl groups directly
attached to the water molecule by hydrogen bond. High
moisture absorption and the poor compatibility between
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the fiber and matrix have led to a lack of interlocking of
fiber with matrix. Due to this, the interface between fiber
and matrix become weaker which results in decrease in
the mechanical properties of the composite materials.
Therefore, to improve the interface properties and bond-
ing relationship between the fiber and matrix appropriate
surface modification of the natural fibers are considered
[6-8]. Modification of the fiber surface with chemicals
results in variations in the tensile properties as a result of
the eradication of the fiber constituents or shrinkage of
cell wall [9]. Alkali treatment is widely used for modify-
ing the structure of the fibers. Sodium Hydroxide (NaOH)
is a common alkali used for breaking down the hydroxyl
(OH) groups and the highly packed crystalline structure
into new forms of amorphous network structure. It also
removes certain compositions of fiber like hemicelluloses,
lignin, waxes and oils that increases in the surface rough-
ness of the fiber [10]. Further, the alkali treatment increases
the surface area of the fiber that promotes the adhesion
and interlocking of the fiber with matrix thus resulting in
better strength properties of the composites.

Sterculia Foetida is soft wooded tall and straight tree
belonging to the sterculiaceae family that can grow up to
35 m. The chemical composition of the Sterculia foetida
is 30% Cellulose, 16% Hemicellulose and 45.3% of Lignin
[11]. The alkaline treatment increases the exposure of its
cellulose content resulting in increase in surface rough-
ness of the fiber which ensures the interlocking of the fiber
with polymer. Teli et al. (2018) reported that the sterculia
foetida fruit shell extract had good ultra violet protec-
tion properties with potential for use as a reinforcement
material with polymer matrix [12]. Delonix regia Shown in
Fig. 1cis a type of flowering plant belonging to the family
of Fabaceae and a species of caesalpinioideae. The DR fruit
is green and flaccid in its earlier stage that later turns to
dark brown color and becomes hard. Caryotta Obtusa (CO)
is commonly known as the giant black fishtail palm tree
which is shown in Fig. Te. The tree grows up to 12-20 m
height and the width of the trunk part of the tree grows up
to 60-80 cm. The trunk is covered with black fiber which
is used as the reinforcement for making composites. Plant
fibers such as Sterculia foetida, delonix regia and caryotta
obtusa are available in abundance in India and in many
other countries including Australia, Bangladesh, Indone-
sia, Kenya, Malasiya, Myanmar, Indochina, United States,
Oman, Pakistan, Philippines, Somalia, Sri Lanka, Thailand,
Uganda,, Yemen, Tanzania, Djibouti, Eritrea and Ethiopia
at lot quantity [12, 13]. Human hair is a natural micro fiber
formed of keratin with a-helix structure and is primarily
composed of three main components: cuticle, cortex and
medaulla. Cortex is responsible for the mechanical property
of hair. Human hair is very strong in tension and it has abil-
ity to intact even after several years of an individual’s death
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due to the presence of high amino acid cystine content.
Dumping of human hair waste in open fields creates tre-
mendous environmental problems, which can be reduced
when using hair as the reinforcement in composites. Also
it has significant physical properties such as resistance
to stretching, elasticity and hydrophobicity compared to
other natural fibers [14-16]. Addition of human hair fiber
as a reinforcement in composite makes composites as a
homogeneous and isotropic materials. When failure of
composite starts under external loads, the randomly ori-
ented human hair micro fiber resist the crack propagation
thus resulting in improved strength of the composites.
Currently the human hair reinforced composite was used
in construction, molded furniture and automobiles appli-
cations [17]. A feasibility study was conducted on human
hair for evaluating the impact of using it as a reinforce-
ment fiber and concluded that the human hair is suitable
as reinforcement material in polymer composites due to
its excellent physical, mechanical and thermal properties
[15]. The hair damages depend on the presence of product
of disulfide oxidation of the amino acid cystine content in
hair [18]. In order to evaluate the effectiveness of hair as
reinforcement material, NaOH treatment was performed
on the human hair to determine the changes in its struc-
tural properties.

Fourier Transform Infrared Spectroscopy (FTIR) is
used for the identification of the functional groups
bond structure of fiber through the Infrared (IR)
absorption bands. Organic material absorbs and con-
verts infrared radiation into vibration according to the
chemical bond structure of the atom. The wave lengths
obtained by the molecule depend on the masses and
type of bond structure which may vary throughout
the material. FTIR analysis shows effective interactions
and transformation of untreated fiber and treated fiber
[19]. FTIR study made on treated and untreated bam-
boo fiber showed the alkali treated bamboo fiber hav-
ing certain functional groups such as cellulose, hemi
cellulose and lignin removed from the fiber [20, 21]. The
effect of alkali treatment on Dracaena reflex fiber results
in removal of excess amorphous constituents and also
the infrared spectrum were able to penetrate more in
treated fiber when compared to untreated fiber [22].
Tensile test of single sisal fiber carried out under dif-
ferent gauge lengths (10, 20, 30 and 40 mm) yielded
tensile strength between 300-400 MPa [23]. Single
fiber tests were conducted on three types of flax fiber
including dry flax fiber, enzyme retted fiber and water
retted fiber. Results showed 67-81% reduction in the
diameter of fiber for enzyme retted fiber and 39-51%
for water retted flax fiber than dry flax fiber [24]. In this
research work, the effectiveness of human hair, delonix
regia, caryotta obtusa and sterculia foetida fibers were
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(a) Sterculia Foetida Shell

(c) Delonix Regia tree with Fruit

(e) Caryotta Obtusa tree covered
with fibers at trunk

Fig. 1 Extraction of natural fibers

evaluated by characterizing the fiber using FTIR spec-
troscopic analysis and performing single fiber tensile
test. The fundamental behavior of natural fibers before
and after NaOH treatment was carried out. Suitability of

|

(d) Extracted Delonix Regia Fiber from Fruit

BN

(b) Sterculia Foetida Fiber

Extracted from Shell

(f) Extracted Caryotta Obtusa Fiber

a fiber to reinforce with polymer matrix was analyzed by
comparing the obtained test results with various other
natural fiber characterization results which carried out
by various researchers.
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2 Materials and methods
2.1 Materials used

Four types of natural fibers have been used in this study.
The shell of the Sterculia foetida is soaked in water for
24 h.Then it is taken out and subjected to the mechani-
cal extraction process that includes hammering the shell
in order to loosen the bonding between the fibers. After
hammering, the fibers are peeled manually. Then the
extracted fibers are made to dry at room temperature for
24 h. Sterculia foetida fiber extracted from the fruit shell of
the sterculia plant which is found to range between 60 and
80 mm in its length and 0.5-0.8 mm in diameter. Figure 1a,
b shows the sterculia foetida shell and extracted fiber from
shell respectively. The Delonix Regia fiber is extracted from
the carpel of the Delonix Regia (DR) fruit shown in Fig. 1c
manually using a knife. Then the extracted fibers were
dried at environmental temperature. Figure 1d shows the
collection of the delonix regia fiber. The DR leaves, roots,
fruits and immature seeds have good medicinal value and
are used in treatment of many deceases [13]. The Fig. 1e
showed the extracted Caryotta Obtusa fibers which are
directly collected from trunk part of the CO tree Shown in

Fig.2 Collected human hair

Table 1 Physical property of fibers

Fig. 1f. These fibers are found to be strong with length up
to 170 mm. Among the different species of the CO tree, the
fiber obtained from the trunk has better fiber properties
due to its high elastic nature and high aspect ratio [25]. So
the CO fiber is tested for its behavior and the possibility
of its reinforcement with the polymer matrix. Human hair
was collected from a local hair supplier. Figure 2 shows the
Human hair used for this study.

Alkaline treatment was performed on the fibers used
in this study including Sterculia foetida, Delonix Regia,
Caryotta Obtusa and human hair with NaOH. Fiber sam-
ples were treated with 5% concentrated NaOH solution
in water for 4 h. Following this chemical treatment, the
fibers were washed with distilled water and then by nor-
mal water. Finally the treated fibers were dried at room
temperature.

2.2 Physical property of natural fibers

The natural fibers such as Human Hair, Sterculia Foetida,
Delonix Regia and Caryotta Obtusa were tested for vari-
ous physical properties such as density, fiber diameter
and fiber length. Three fiber samples from each natu-
ral fiber were tested and the average values are shown
in Table 1. The fiber diameter was measured at different
locations along the fiber length using a video measur-
ing system. The fiber length in longitudinal direction was
measured using a standard centimeter scale. Density was
calculated using liquid immersion technique according to
the standard ASTM C 693. The density of the fiber can be
calculated in different ways such as diameter and linear
density, Archimedes, helium pycnometry, gradient column
and liquid pycnometry. The simplest method is the liquid
immersion technique (liquid pycnometry) in which the
calculated fiber was completely immersed in water and
the volumetric displacement was observed [26-28]. It was
found by Troung et al. (2009) that during density measure-
ment of flax fiber through liquid pycnometry method, the
porosity of the natural fibers were not influenced the den-
sity during measurement and the density value obtained
was considered as the absolute density of the natural fib-
ers [27]. The mass of the fiber immersed in water divided

Fiber type Fiber density (g/cm?) Fiber diameter (um) Fiber length (mm)
Before alkali  Afteralkali Standard Before alkali ~ Standard Afteralkali  Standard
(for4h.) deviation deviation deviation
Human hair 1.32 1.115 0.1025 17-110 0.021 20-97 0.0183 20-300
Sterculia Foetida 0.87 0.83 0.02 280-700 0.2749 260-0.590 0.2389 60-100
Delonix Regia 0.75 0.72 0.015 300-900 0.3098 190-870 0.2126 50-200
Caryotta Obtusa 0.78 0.73 0.025 370-580 0.1043 200-490 0.1203 50-150
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by the volume of water rise after immersing the weighed
fiber in water yielded the density value. Ovat et al. (2016)
used liquid immersion technique to find the density of
bamboo fiber and they reported that determined density
of different bamboo fiber samples were almost same and
also the values were similar to the previously published
density value [29]. Density of fibers were calculated using
the following formula,

Density = Mass (m)/ Volume (V) = 18.486/26.41 = 0.7 g/cm?

where ‘m’is mass of the fiber in gram and 'V'is volume of
water rise in beaker (500 ml Borosil IS 2619/1SO 3819) in
cm. Volume is calculated using the formula,

Volume =7z # r? + h = 7x4.1°x 0.5 = 26.41 cm’®

wherer'is the Radius of beaker in cm and‘h’is the height
of water rise in beaker in cm.

In the present study, the density of the natural fibers
obtained were comparatively very low compared to other
natural fibers such as coconut fiber, bamboo, palm, sisal,
banana and hemp which is shown in Table 2. Variations in
the fiber diameter along the fiber length were observed
when measuring different specimens of the fiber. This may
be due to the process of fiber extraction, age of plant and
moisture present in the fiber [30]. The mean diameter was
taken as the average of three measuring points.

2.3 Fourier transform infra-red spectroscopy

The functional groups and this molecular bond structure
of the treated and untreated natural fibers were deter-
mined using FTIR analysis. FT/IR 4700 type-A model was
used for obtaining the Infrared spectrum of fibers in the
range of 4000 cm™' to 600 cm™'. The sample for FTIR
was prepared by mixing natural fiber powder sample of
approximately 0.5 mg with 100 mg of potassium bromide
(KBr). Then the mixture of the samples was placed inside
the sample holder and vacuum pressure was applied
for removing the moisture that present inside the spec-
troscopy. Then the infrared laser was projected on to the
sample for obtaining the FTIR spectrum of molecules. The
absorption bands obtained were analyzed according to
the standard ASTM E1252-98(2013)e1 [31].

Table 2 Comparison of density of fibers with other natural fibers

2.4 Tensile test

The treated and untreated natural fibers were subjected
to tensile test for determination of the properties such as
tensile strength, Young's modulus and percentage elon-
gation. The test was carried out according to the stand-
ard ASTM D3379-75 using a universal testing machine
H10KS/06-100N model. The tensile samples were prepared
by attaching both ends of the fiber using a thick paper
[32]. The distance between the two thick papers has been
considered as the gauge length that is equal to 50 mm for
all the specimens. The loading arrangement of the single
fiber tensile test is shown in Fig. 3. The load range of 100 N
and the cross head speed of 5 mm/min at the room tem-
perature were applied for performing the test.

3 Results and discussion

3.1 Fourier transform infrared spectroscopic
analysis

Figure 4 show the FTIR spectrum of untreated and treated
human hair. A series of bands with different degree of
intensity were obtained for treated and untreated hair
samples. Table 3 shows the FTIR spectrums of untreated
and treated human hair and their characteristics [18,
33-35]. The band at 3272.61 cm™! for untreated hair and

Fig.3 Arrangements of single fiber tensile testing

Fiber Type Human Hair ~ Sterculia Foetida  Delonix Regia  Caryotta Obtusa Coir Bamboo Sisal Banana Palm
Literature values [8]

Fiber Density (g/cm®)  1.32 0.87 0.754 0.78 115 091 145 135 1.03
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Fig.4 FTIR spectrum of
untreated and treated human
hair 100

%'l

3886 3521 3156

——TnTreated HH

FTIR of Treated Vs. Untreated HH

2790 2425 2060 1693 1329 064 399

Wavenumber (cm-1)

Treated HH

Table 3 FTIR spectrum and its characteristics of untreated and treated human hair

Functional group

Wave number of absorbed spec-

trum (cm™)
Untreated fiber  Treated fiber
O-H carboxylic acids and derivatives, alcohols and phenols 3272.61 3270.68
C-H symmetric stretching of CH,, symmetric stretching vibrations of lipids 2924.52 2918.73, 2850.27
Amide | band components—C=0 stretching 1631.48, 1631.48,
Amide Il peak region—protein NH, C-N stretching, NO, bond in nitro compounds 1518.67 1516.74
CH,, CH; asymmetric bending modes of lipids and proteins 1452.14, 1452.14,
Amide Ill band components of proteins C-N stretching vibrations from amines from free amino acids ~ 1231.33 1235.18
C-0 amide | band, C-N, C-C, glucose (Carbohydrate bands, C-O absorption of glycol protein) 1037.52 1044.26

3270.68 cm™ for treated human hair is related to the car-
boxylic groups and the O-H stretching vibrations that
contain water, alcohol and phenol. The wave number
2924.52 cm™' observed for untreated hair was due to the
symmetric vibrations in lipids and C-H symmetric stretch-
ing of CH,. There were additional peaks at wave num-
bers of 2918.73 cm™' and 2850.27 cm™" was observed for
treated human hair at this functional group region. This
was due to the NaOH treatment that create absorption
band that causes C-H stretching vibrations of lipid acyl
CH, groups [36]. The absorption peak at 1631.48 cm™
was observed for both untreated and treated human hair,
which may be originated due to amide | band compo-
nents (3 region pleated structure that confirms the pres-
ence of proteins. Subsequent bands were observed at
1518.67 cm™' and 1516.74 cm™" for untreated and treated
human hair respectively. This region was concerned with
amide Il peak region consisting functional groups of pro-
tein NO, bond in nitro compounds and some carboxylic
acids. The peak at 1452.14 cm™' for both treated and
untreated fiber is characterized as CH,, CH; asymmetric
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bending modes of lipids and proteins. The absorption
band at 1231.33 cm™' and 1235.18 cm™ for untreated
hair and treated hair respectively is due to the amide I
band groups of proteins and C-N stretching vibrations
from free amino acids. The absorption band obtained
at 1037.52 cm™! for untreated hair and 1044.26 cm™' for
treated hair is related to C-N, C-C C-O stretching vibra-
tions of carbohydrates which are described to be glucose
[37].

The absorption bands obtained from both the
untreated and the treated human hair showed decrease
in intensity of bands for treated human hair compared
to untreated human hair. This was due to the removal of
some cystine content in the cuticle cell and the breaking
down of a part of the hydrogen bonding in hair structure
[18]. The spectra of treated and untreated human hair indi-
cate the presence of keratin content in a large quantity
and glucose in a small quantity. An additional peak was
observed for treated human hair where the functional
groups of symmetric stretching vibrations of C-H and lipids
were found [35].
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The FTIR spectra of untreated and treated delonix regia
fiber are shown in Fig. 5. This figure showed the different
absorption bands as in the ranges 4000 cm™' to 600 cm™"
The absorption band at 3290.93 cm™ for untreated delo-
nix regia and at 3281.29 cm™' for treated delonix regia
was observed. The broad absorption band at the region
3500 cm™' to 3100 cm™' for both untreated and treated
fibers was due to hydroxyl (OH) stretching vibrations.
The O-H stretching is mainly associated with the pres-
ence of functional groups of phenols, alcohol and water.
Table 4 shows the FTIR characteristics of treated and
untreated delonix regia fiber [20, 38]. The absorption
peak at 2916.81 cm™ for untreated DR and 2916.81 cm™'
and 2844.49 cm™ for treated DR was attributed due to
the C-H stretching that contains functional groups of cel-
lulose and lignin. Khalil et al. (2013), have reported the
peak at this region as also due to the functional group
of methyl (CH;), methylene (CH,) and aliphatic saturated
(CH,) [39]. The FTIR spectrum observed at 1446.35 cm™,
1372.1 cm™" and 1241.93 cm™ for untreated DR was due
to the functional groups of alkenes (lignin) characterized
as the C=C stretching bond structure. A combination of
these three peaks forms as a single peak for treated DR

Fig.5 FTIR spectrum of
untreated and treated Delonix
Regia 100

% 'T

3886

3321

= Unlreated DE

3136

at C=C stretching bond structure with a wave number of
1644.02 cm™'. There is yet another combination of three
peaks at 1446.35cm™',13,725.1 cm™" and 1241.,jo93 cm™'
for untreated DR were attributed to the C-H bending bond
that contains the functional groups of cellulose, hemi
cellulose and lignin. In treated DR the C-H bending was
observed at 1420.32 cm™' and 1319.07 cm™". The peaks
at 1031.73 cm™' for untreated DR and 1030.77 cm™' for
treated DR indicate the C-O stretching bond structure
from the functional group of cellulose, hemi cellulose and
lignin [40]. The band at 830.205 cm™' and 669.178 cm™" for
treated DR has been identified as C-H out of plane bend-
ing bond structure of functional group of lignin. This was
disappears in untreated DR fiber. Table 4 shows a reduc-
tion in the intensity of peaks after alkaline treatment. Alkali
treatment of fibers reduces the moisture absorption com-
pared to the untreated fibers which is shown in the Table 5.
It results in the decrease in intensity of peaks in treated
fibers than the untreated fibers. There was a decrease in
the number of peaks at C=C Stretching and C-H bond
structure following the treatment of the fiber with sodium
hydroxide solution [41].

FTIR of Treated Vs. Untreated DR

2790 2423 2060 1695
Wavenumber (cm-1)

1329 264 599

Treated DE.

Table 4 FTIR spectrum and its characteristics of untreated and treated Delonix Regia fiber

Functional group

Wave number of absorbed spectrum (cm™)

Untreated fiber Treated fiber
O-H Stretching, H bonded (Alcohol, Water, Phenols) 3290.93 3281.29
C-H Stretching—Alkanes (CH, CH, and CHj), Carboxylic Acids 2916.81 2916.81, 2844.49
C=C Stretching—Alkenes (Lignin) 1730.8,1611.23,1515.78 1644.02
C-H bending—Alkanes (Cellulose, Hemi cellulose and Lignin) 1446.35,1372.1,1241.93 1420.32,1319.07
C-0 Stretching—Alcohol (Cellulose, Hemi cellulose, lignin), Carboxylic Acids,  1031.73 1030.77

Esters, Ethers
C-H—Aromatic (Lignin)

- 830.205, 669.178
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Figure 6 show the FTIR spectrum of untreated and
treated caryotta obtusa (CO) fiber. The absorption bands
obtained between the ranges 4000 cm™' to 600 cm™
have been identified as showed similar band structures
obtained for delonix regia fiber. The difference is the num-
ber of peaks at different band structure varied for the CO
fiber. The first peak at 3290.93 cm™' for untreated Caryotta

Obtusa (CO) fiber and at 3279.36 cm™! for treated Cary-
otta Obtusa (CO) fiber was observed due to the hydroxyl
(OH) stretching vibrations that contain functional groups
of phenols, alcohol and water. Table 6 shows the FTIR
characteristics of treated and untreated caryotta obtusa
fiber [20, 38]. The absorption band at 2919.7 cm™ for
untreated CO and 2917.77 cm™ for treated CO is attributed

Table 5 Percentage moisture

Sample
absorption of fibers before and P

% moisture absorption on every 24 h

after alkali treatment Day 1 Day 2

Day 3

Day4 Day5 Day6é Day7 Day8 Day9 Day1l0

HH UT
HHT1
HHT2
HHT3

0.2590
0.1440
0.0840
0.1570
HHT4 0.2500
uTsS 1.0595
TS 03711
UTDR 0.5830
TDR 0.4700
uTco 2.3386
TCO 0.5085

0.1640
0.0750
0.0270
0.1040
0.0550
0.4032
0.0924
0.2170
0.1790
0.3278
0.2530

0.2170
0.0460
0.0570
0.0700
0.0630
03213
0.0923
0.1290
0.2560
0.4847
0.1682

0.1460
0.0260
0.0290
0.0370
0.0680
0.2402
0.0923
0.2060
0.0970
0.3707
0.1679

0.1400
0.0140
0.0400
0.0110
0.0830
0.1597
0.0000
0.0680
0.2150
0.2363
0.0838

0.0700
0.0120
0.0480
0.0130
0.0310
0.1595
0.0922
0.1070
0.1240
0.3131
0.1675

0.0523
0.0174
0.0480
0.0243
0.0506
0.0000
0.0000
0.0684
0.0785
0.3164
0.0000

0.0349
0.0086
0.0349
0.0110
0.0322
0.1590
0.0000
0.0301
0.0512
0.1577
0.0835

0.0261
0.0086
0.0215
0.0021
0.0183
0.1587
0.0000
0.0165
0.0271
0.1856
0.0835

0.0087
0.0000
0.0080
0.0022
0.0285
0.0000
0.0000
0.0110
0.0150
0.1033
0.0000

Fig.6 FTIR spectrum of

untreated and treated Caryotta

Obtusa 100
o8
06
04
92
20
88
26
84
82
20

%% 'T

——Unlreated CO

FTIR of Treated Vs. Untreated CO

Wavenumber (cm-1)
Treated CO

Table 6 FTIR spectrum and its characteristics of untreated and treated caryotta obtusa fiber

Functional group

Wave number of absorbed spectrum (cm™)

Untreated fiber Treated fiber
O-H Stretching, H bonded (Alcohol, Water, Phenols) 3290.93 3279.36
C-H Stretching—Alkanes (CH, CH, and CHj), Carboxylic Acids 2919.7 2917.77
C=C Stretching—Alkenes (Lignin) 1644.02 1644.02
C-H bending—Alkanes (Cellulose, Hemi cellulose and Lignin) 1371.14,1318.11, 1243.86 1414.53

C-0 Stretching—Alcohol (Cellulose, Hemi cellulose, lignin), Carboxylic Acids,

Esters, Ethers
C-H—Aromatic (Lignin)

1158.04, 1027.87 1158.04, 1027.87

602.646 874.56
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to the C-H stretching of functional groups of cellulose
and lignin. It is also due to the functional group of methyl
(CH;), methylene (CH,) and aliphatic saturated (CH;). The
band at 1644.02 cm™' was observed for both untreated
CO and treated CO was characterized as C=C stretch-
ing bond structure containing the functional groups of
alkenes (lignin). The absorption peaks at 1371.14 cm™',
1318.11 cm™' and 1243.86 cm™' for untreated CO are
characterized as the C-H bending bond structure that con-
tains functional groups of cellulose, hemicelluloses and
lignin. A combination of these three peaks was formed
as a single peak for treated CO at the wave number of
1414.53 cm™'. There was an another combination of two
peaks at 1158.04 cm™' and 1027.87 cm™' for both the
untreated CO and the treated CO were characterized as the
C-0 stretching bond structure which has the functional
group of cellulose, hemi cellulose and lignin [43]. The
band at 602.646 cm™' for untreated CO and 874.56 cm™"
for treated CO indicates C-H out of plane bending bond
structure consists the functional group of lignin. The
identified absorption bands led to the presence of the
same intensity of bands attributed to the O-H stretching,
C-H stretching, C=C stretching and C-0O stretching bond
structures. There was a decreased intensity of bands at
1371.14 cm™" which was characterized as the C-H bending
bond structures due to the alkaline treatment of fibers that
removes some of the cellulose and hemicelluloses con-
tents [44]. The increase in number of peaks and the peak
intensity for alkali treated cellulose fibers such as delonix
regia and caryotta obtusa resulting in improved surface
adhesion between the fiber and the polymer matrix. This
promotes the effective stress transfer at interface region of
the composite which led to higher mechanical properties
of the natural fiber reinforced polymer composites [6, 24,
33, 34]. Cao et al. (2006) have reported that the mechani-
cal properties of NaOH treated bagasse fiber reinforced
composite observed a 13%, 14% and 30% improvement
in tensile strength, flexural strength and impact resistance
respectively [45].

3.2 Scanning electron microscopic analysis

The surface morphological analysis of untreated and
treated natural fibers such as sterculia foetida, delonix
regia and caryotta obtusa were done using Scanning
Electron Microscope. It observed the effect on treating
the natural fibers with NaOH with 5% concentration for
4 h. The Fig. 7 shows the surface morphology of fibers
obtained before and after alkali treatment. It can be seen
in the Fig. 73, ¢, e, the raw fibers (before alkali treated)
surface consist many impurities of fibers such as waxes,
lignin. While the Fig. 7b, d, f, revealed clean surface with
some impurities on the fiber surface. When treating the

fiber with NaOH, the hemicellulose breaking and sepa-
ration of fibers from the fiber bundle occurs at the fiber
structure [46]. The fiber separation results in increase in
the surface of fiber thus resulting in the improved inter-
locking of fiber/matrix when reinforcing the fiber with the
matrix [47]. The groove like structure in the Fig. 7e is due
to the removal of cemantic substances such as lignin and
waxes [48].

3.3 Tensile properties
3.3.1 Tensile strength of natural fibers

Table 7 shows the tensile strength, the Young's modulus
and the percentage elongation of both the untreated nat-
ural fibers and the natural fibers treated with 5% NaOH
at 4 h. The results showed, when considering untreated
fibers the human hair was seen obtaining higher tensile
strength (155-200 MPa) than other natural fibers. The ten-
sile strength of the human hair was seen as 6-11% higher
than the sterculia foetida fiber, 300-350% higher than
the delonix regia and 102-167% higher than the caryotta
obtusa fiber. This helps observation of the delonix regia
having obtaining a low tensile strength compared to the
other natural fibers considered in this work. This is because
of a smaller number of O-H bonds, structure and arrange-
ments of fiber molecules that were observed from Fourier
Transform Infra-Red (FTIR) Spectroscopy. When treating
the fibers with 5% NaOH at 4 h, the sterculia foetida fiber
was seen getting a higher tensile strength (94-213 MPa)
than other natural fibers. Treated Human hair strength was
decreased to 23-63% than the sterculia foetida fiber and
6-11% than the caryotta obtusa fiber. The value obtained
by treated delonix regia fiber lower than that obtained by
treated human hair. There was an increase in the tensile
strength of plant fibers compared to untreated plant fib-
ers, as a result of the NaOH treatment of fibers that pro-
duces a number of hydrogen bonds that resist the tensile
load [49]. Increase in surface area of cellulose fiber reduces
the empty spaces between the fiber and matrix thus
resulting in improved interlocking of fiber with matrix in
the composites [47]. This increases the tensile strength of
the treated fiber reinforced composite than the composite
with untreated fiber [49]. The tensile strength of the natu-
ral fibers used in the present study was comparable to the
fibers used as reinforcement in earlier composites. So, the
present work natural fibers can be used as reinforcement
material and it increases the interaction of fiber with the
polymer matrix at the composite interface.

Many researchers have reported that 5% NaOH treat-
ment of natural fiber for 4 h gives better mechanical prop-
erties [42, 50]. In order to evaluate the effect of NaOH treat-
ment on human hair at different time duration, the human
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Fig.7 SEMimages of a
untreated Sterculia Foetida, b
Alkali Treated Sterculia Foetida,
c untreated Delonix Regia, d
alkali treated Delonix Regia, e
untreated Caryotta Obtusa and
f alkali treated Caryotta Obtusa

T@) TS

Table 7 Tensile properties of untreated and treated natural fibers

Fiber type and condition Tensile strength (MPa) Young's modulus (MPa) Maximum percentage of
elongation (%)
Un treated NaOH treated  Un treated NaOH treated for 4 h Un treated NaOH
for4h treated
for4h
Human hair 155-200 76-130 187-364 130-145 44-106 52-99
Sterculia Foetida 145-180 94-213 2610-5157 2135-4973 8.12 11.89
Delonix Regia 36-45 74-90 900-930 1700-2360 4-5 3.5-44
Caryotta Obtusa 58-99 110-120 680-720 1190-1590 8-15 7-10
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hair was treated with 5% NaOH concentration in water for
1, 2, 3 and 4 h. The tensile strength, the Young's modu-
lus and the percentage elongation of untreated human
hair and the human hair treated with 5% NaOH for 1, 2,
3 and 4 h are shown in Table 8. Human hair treated for
1 h showed a higher tensile strength than the human hair
treated for 2, 3 and 4 h. It was 16-22% higher than for
the tensile strength of untreated human hair. Even when
treating the human hair up to 3 h, the tensile strength was
higher than for the untreated sterculia, delonix regia and
caryotta obtusa fibers. Human hair treated for 4 h shows a
significant decrease in tensile strength that caused losses
its keratin structure in human hair by degrading amino
acid cystine contents in cortical cell [18]. The average ten-
sile strength of natural fibers is shown in Fig. 8. Table 9
shows the comparison of properties between present
work natural fibers and other natural fibers. It is seen
that the obtained tensile properties were better agree-
ment as compared to other natural fibers. The human hair

Table 8 Tensile properties of untreated and treated human hair

Fiber type Tensile Young’s modu- % Elonga-

strength (MPa) lus (MPa) tion at
break

Un treated 155-200 187-364 44-106

Treated for 1 h 180-257 291-632 40-62

Treated for2 h 137-145 208-324 44-66

Treated for3 h 135-138 283-298 46-48

Treated for4 h 76-130 130-145 52-99

with very lower diameter has shown tensile strength that
almost equal to the other natural fibers. Also the cellulose
fibers have obtained the properties that comparable to
the other natural fibers which previously used as reinforce-
ment material in composites. Coir fiber is used in making
suitcases, helmet and furniture applications [2, 51]. The
density and tensile strength obtained for the human hair
and sterculia foetida is higher than the coir fiber. Obtained
tensile properties of the natural fibers considered for the
present work enhances the suitability of the fiber as a rein-
forcement material in composites.

3.4 Young's modulus of natural fibers

The young’s modulus of both the untreated and the
treated natural fibers are shown in Fig. 9. Human hair
obtained lower young’s modulus than the cellulose natu-
ral fibers. Generally human hair is highly elastic in nature
resulting in high strain during tension. Increase in strain
rate causes a decrease in young’s modulus of the fiber.
When treating the human hair with NaOH for 1 h young’s
modulus increased when compared to untreated human
hair sample. While the duration of the chemical treatment
was increased to 2, 3 and 4 h subsequently, the young’s
modulus was found to gradually decrease. When consid-
ering the cellulose natural fibers, Young’s modulus of the
Sterculia foetida fiber was seen as higher than the other
cellulose fibers. The treated cellulose fiber shows increase
in the young'’s modulus than the untreated cellulose fib-
ers. This could be due to the eradication of cementite
substance in the fiber structure. There was a significant

Fig.8 Tensile strength of
untreated and treated natural 250
fibers =
E 200
-
! 150 .
£
» 100 i
_9
[l
° [ [ ¢
: . 1 aryotta
| I R
HH Sterculia Delonix Regia Ohtusa
mUT | 1721 1195 | 412 79.1
M Treated for 1 hr 2149
Treated for 2 hr| 1411 \
M Treated for 3 hr 136.2
m Treated for 4 hr| 103.2 1965 | 79.2 115.4
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Table 9 Comparison of properties of present work natural fibers with other natural fibers

Fibers Density (g/cm?) Diameter (um) Tensile strength  Young’s modu-  Elongation at References
(MPa) lus (GPa) break (%)
Human Hair 1.32 50-110 155-215 0.28-45 44-106 -
Sterculia Foetida 0.87 280-700 145-213 2.14-4.97 8.1-11.9 -
Delonix Regia 0.754 300-900 74-90 1.7-2.4 4-5 -
Caryotta Obtusa 0.78 370-580 99-120 1.19-1.59 8-15 -
Coir 1.31 100-460 131-220 4-6 15-40 [51]
Oil Palm mesocarp 1.13 150-500 80 0.5 17 [51,52]
Kenaf 0.75 83.5 282.60 7.13 - [53,54]
Pineapple Leaf Fiber 0.95 78.8 290.61 5.38 3.1-6.7 [54]
Conium maculatum 0.834 89.3 327.89 15.77 2.67 [43]
Pennisetum purpureum 0.92 943 73 5.68 1.40 [55]
Sansevieria ehrenbergii 0.887 250 50-585 1.5-7.67 2.8-21.7 [56]
Fig.9 Young's modulus of
untreated and treated natural
fibers - 5200 |
£ 4300
= 4200
< 4000 |
@ 3600 1
= 3200 | .
< 2800 | |
g 2400 | !
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= 1600 | !
E’ 1200 | I ‘
1 [l |
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o wilimme.. BN M BN M i ]
HH | Sterculia Delonix Regia Caryotta Obtusa
muUT 28113 23725 909.1 6918
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' Treated for 2 hr| 266.39
W Treated for 3 hr 291.15
W Treated for4hri 138.23 | 5065 20288 13893

increase in the young’s modulus of the treated Sterculia
fiber. This could be the result of decrease in the strain of
the fiber that resists deformation while stretching the fiber
[51].

3.5 Percentage elongation at fiber braking

The percentage elongations of the human hair and the
cellulose natural fiber samples are shown in Fig. 10. The
human hair samples were seen having higher elonga-
tion at fiber breaking point in the tensile test. The range
of percentage elongation of human hair samples was in
the range of 40-106%. No significant variation in elonga-
tion was observed between the treated and the untreated
human hair samples. Table 7 shows the percentage elon-
gation for treated and untreated human hair samples.
Both the treated and the untreated cellulose fibers
showed a smaller elongation when compared to the
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human hair samples. This increases the young'’s modulus
of cellulose fiber samples. Delonix regia obtained lower
percentage elongation than other sterculia foetida and
caryotta obtusa fiber. Wei hu et al. (2010), have reported
the percentage elongation of flax fiber showing less than
2% for dry, water retted and enzyme retted flax samples
[24]. The result obtained from present work was higher
than that of the flax fiber result.

4 Conclusion

In this study, natural fibers such as human hair, sterculia
foetida, delonix regia and caryotta obtusa fibers were
characterized by performing a single fiber tensile test
and FTIR analysis. Three samples in each natural fibers
were tested and the results concluded as follow. Tensile
test results showed delonix regia fibers having lower
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Fig. 10 Percentage elonga-
tions of untreated and treated Y
natural fibers at breaking point 72 |
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tensile properties than other natural fibers. The tensile  Declarations

strength and the percentage elongation were higher for
human hair while the young’s modulus was higher for
Sterculia foetida fiber. The conclusion for spectroscopic
analysis was concluded that the NaOH treated plant fib-
ers surfaces were exposed due to the removal of hemi-
cellulose, lignin, wax, water and oils. Similarly for NaOH
treated human hair fibers were showed decreases in
intensity of spectrum due to the removal of cystine con-
tent in cuticle cell and hydrogen debonding. FTIR results
confirmed the presence of protein in a large quantity
for both the untreated and the treated human hair.
Additional peaks were developed for both the treated
plant fiber and the hair fiber due to the formation of new
molecular structure. NaOH treatment of fibers showed
the exposure of the fiber surface enhancing the fiber
interlocking when reinforced with polymer matrix due
to increased surface area of the treated fibers. The results
showed the fibers used for this research work were found
suitable for usage as reinforcement with polymer matrix.
The high elastic applications, human hair may be used
for the enhancement of vibrational properties of com-
posites. Addition of cellulose fiber and other fillers can
increase the stiffness and strength properties of the
human hair composites. Cellulose fibers such as stercu-
lia, delonix regia and caryotta obtusa showed better stiff-
ness values equivalent to the stiffness of other natural
fibers such as coir, oil palm, Kenaf, conium maculatum,
pennisetum purpureum, Sansevieria ehrenbergii, etc.
With relevance to the future scope, the fibers are found
to be suitable for the applications where the light weight
and sufficient strength and stiffness are needed.
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