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The objective of this work is to explore the natural cellulosic fibers extracted from Nendran Banana Peduncle
plants. This is the first time, the tests are carried out in the Nendran Banana Peduncle Fiber (NBPF) to measure
the properties of the chemical, physical, mechanical, thermal (TGA/DTG), X-ray Diffraction (XRD) analysis,
Fourier-transform Infrared spectroscopy(FT-IR), Nuclear Magnetic Resonance (NMR) analysis and Atomic
Force Microscopy (AFM) furnished in this work. The Weibull distribution analysis was adopted for the analysis
of diameter, tensile strength andYoung'smodulus of thefiber. The XRD analysis for theNBPF shows that the crys-
tallinity index of 53.3%and crystallinity size of 4.72 nm. Thermogravimetric analysis depicted that NBPF canwith-
stand thermally up to 356 °C. FT-IR results proved the existence of different chemical compositions and their
corresponding functional groups. AFM analysis revealed the surface of the fiber found as rough. From the results,
it is concluded that NBPF utilized as a polymer matrix composite for manufacturing light load automotive com-
ponents and construction equipment.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Natural fibers have considered as a polymeric composite mate-
rials in recent times. Natural fibers have potential to serve as a re-
placement to synthetic fibers owing to their significant properties
like biodegradability, abundant availability, low density, recyclabil-
ity, sustainability, non-toxicity, non-corrosive, eco-friendly and low
carbon emissions [1–4]. In order to protect the environmental dam-
ages due to the usage of petroleum based fiber reinforced compos-
ites, many researchers have identified the green composites are
prepared from natural cellulosic fibers. Then the proper utilization
of new natural cellulosic fibers emerges the significant role in pre-
paring the polymeric composite materials [5–7]. Due to the environ-
mental consciousness, various researchers have to identify the
natural new cellulosic fibers for the replacement of the synthetic fi-
bers to save the environment. The natural fibers were introduced
from plenty of renewable resources make use of reinforcements in
polymer matrix for fabricating the various end components. These
natural fiber reinforced composites in the form of degradability and
utilization of natural products to protect the environment [8].
Many researchers have been analyzed the fibers, prepared from
.

various parts of the plant such as stem, leaf, bark, roots, fruits and
seeds and examined the different plant fibers like banana, hemp,
sisal, coir, bamboo for reinforcement to prepare the polymer com-
posites. Recently some researchers examined the appropriateness
of natural fibers such as Sansevieria cylindrica, Sansevieria
ehrenbergii, Prosopis juliflora, Indian mallow, Saharan Aloe vera,
Furcraea foetida, Thespesia populnea, aerial roots of banyan tree, Red
banana Peduncle, Calotropis gigantea, Leucas Aspera [9–19]. The
final properties of polymer composites are depending on the nature
of resin, fiber alignment, and the bonding between the fiber and ma-
trix [20].

Many researchers have extracted the fibers from the stem of Ba-
nana only. Usually the Banana Peduncle is disposed as a waste mate-
rial. In order to beneficially utilize the waste into useful product, our
study focused on the fiber extracted from banana Peduncle. Gener-
ally there are many varieties of bananas like red banana, nendran ba-
nana, rasthaly banana, morris banana and Poovan banana etc. For the
first time, the novel natural fibers from Nendran Banana Peduncle
(NBP) were prepared and its basic essential properties like density,
chemical composition, crystallinity index (CI), crystalline size (CS),
Fourier Transform-Infrared (FT-IR) Analysis, X-ray diffraction
(XRD) analysis, Single fiber tensile test and Weibull distribution
analysis, Thermogravimetric analysis (TGA/DTG), Nuclear Magnetic
Resonance (NMR) and Atomic Force Microscopy (AFM) analysis
was executed and compared with other fibers.
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2. Materials and methods

2.1. Materials

Nendran Banana is a breed of banana which was initially cultivated
in the village of Chengazhikodu, in the district of Thrissur, Kerala,
India. Nendran Banana Peduncle (NBP) plants for a length between
40 cm and 50 cm have collected from Nagercoil city in Kanniyakumari
district, Tamilnadu, India.

2.2. Extraction of the fiber from Nendran Banana peduncle (NBP)

NBP is peeled with the help of a knife. It is cleaned with purified
water so as to make it free of dust and other pollutants. The retting pro-
cess was carried out by, the NBP was immersed in purified water at at-
mospheric temperature until the fiber loosened from the peduncle. The
fibers were prepared by using a comb having multiple teeth. The ex-
tracted fibers are prepared free from the undesired contents by the
NBP fibers were cleaned many times in demineralized water [21]. The
process of extraction and retting process of NBPF was shown in Fig. 1.

2.3. Single Fiber tensile test and Weibull distribution

Single fiber tensile tests were carried out by using INSTRON Uni-
versal Testing Machine (5500R) with a load cell capacity of 100 N. As
Fig. 1. Preparation of Nendran
per ASTMD3822–07, twenty five samples were considered for exam-
ination is tested and Weibull distribution analysis is used to analyze
the results using Minitab 17 software. The diameter of the fiber, ten-
sile strength and Young's modulus is statistically analyzed by
Weibull distribution.

Themicrofibril angle (α)was estimated though the followingEq. (1)
[13].

ε ¼ ln 1þ L f−Lo
Lo

� �
¼ ln Cosαð Þ ð1Þ

where ε denotes the beginning of the final linear part of the stress–
strain curve, Lf refers the degree of a microfibril, and Lo represents the
gauge length and α indicates the microfibril angle.
2.4. Chemical properties

The chemical constituents of the NBP fibers such as α-cellulose,
hemicellulose, and lignin content were determined by using the
established test methods [12]. Conrad method was used to evaluate
the wax content in the fiber [22]. ASTM E1755-01 standard was
adopted to measure the percentage of ash content of the fibers.
Banana Peduncle Fiber.



Fig. 2. Tensile stress- strain curve of Nendran Banana Peduncle Fiber.

Fig. 3. Optical microscopic image of Nendran Banana Peduncle Fiber.
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2.5. Physical properties

A pycnometer was used to examine the density of fiber. Initially,
NBPFs were located in the silica cell packed desiccators to eliminate
themoisture present in the fibers for 5 days. After that they were sliced
into the size of 5 mm small pieces through chopping and placed in the
instrument. The NBPFs were submerged in a toluene filled container
about 2 h before conducting the experiment so as to eliminate the
micro bubbles from the fibers. The density of NBPFs (ρ) was obtained
through the following Eq. (2).

ρNBPF ¼ m2−m1ð Þ
m3−m1ð Þ− m4−m2ð Þ

� �
ρT ð2Þ

where m1 denotes themass of the empty pycnometer, m2 indicates the
mass of the pycnometer packed with chopped fibers, m3 represents the
mass of the pycnometer filled with toluene, m4 refers the mass of the
pycnometer filled with chopped fibers and toluene solution and ρt is
the density of toluene (i.e., 790 kg/m3).

Through optical microscope the fiber average diameter is deter-
mined. This was performed for 25 samples of fibers. The measurement
was taken along the fiber randomly at various positions. The fiber aver-
age diameter probability is analyzed thoughWeibull distribution statis-
tical analysis. It is observed that the cross section is almost a regular
circular cross section.

2.6. Thermogravimetric analysis (TGA)

Jupiter simultaneous thermal analyzer, Model STA 2500, NETZSCH,
Germanywas deployed for the thermal stability of theNBPFs to guaran-
tee the strength of fibers for higher temperature applications. The anal-
ysis was performed in the crucible cup kept in the nitrogen atmosphere
for a flow rate of 20 ml/min from the ambient temperature to 800 °C
with 10 °C/min as an incremental heating rate. Nitrogen Gas flow at a
rate of 40 ml/min and Nitrogen gas protective flow rate at 60 ml/min
[23–25].

The Broido's equation and Briodo's plot [ln(ln(1/y))vs(1/T)] were
adopted to determine the thermal stability of NBPFs in the form of ki-
netic activation energy (Ea) by using the Eq. (3) [26–29].

ln ln
1
y

� �� �
¼ −

Ea
R

� �
1
T

� �
þ K

� �
ð3Þ

where y denotes normalized weight (wt/wo), wo indicates initial
weight,wt representsweight of the sample at anytime t, Ea refers kinetic
activation energy, R is the Universal gas constant (8.32 kJ/mol-K), T de-
notes temperature in K and K indicates the reaction rate constant.

2.7. Fourier transform infrared spectroscopy (FT-IR) analysis

Fourier transform infrared spectrometer Perkin Elmer SpectrumRX I
was deployed to observe the presence of chemical functional groups in
the NBFs by forming an infrared absorption spectrum. The FT-IR spec-
trum was obtained in the range of frequency between 500 and
4000 cm−1 with a scan rate of 32 scans at 4 cm−1 as resolution in
total reflectance mode [12,15].

2.8. X ray diffraction (XRD) analysis

XRayDiffractometer (X'Pert Pro)was employed to observe the crys-
tallographic structure of NBPFs at wavelength 0.154 nm of using Cu-Kα
radiation. The electric current 30mAwas carried out at 40 kV as the op-
erating voltage. The scanning was performed in the range between 10°
and 80° (2θ) with the increment of 0.05° [28].
2.8.1. Evaluation of crystalline index (CI) and crystallite size (CS)
The degree of CI in the cellulosic materials is calculated according to

the peak height method. The empirical equation proposed by [28] for
calculating the crystalline index is given in Eq. (4).

CI ¼ I200−IAM
I200

ð4Þ

where I200 refers the maximum intensity of the 200 lattice plane at 2θ
angle between 22° and 23° and IAM indicates the amount of non-
crystalline or amorphous material measured by the height of valley of
the minimum between the peaks, at an angle of 2θ about 18°.

The crystallite size (CS) was examined by using Scherrer's formula
[30] given in Eq. (5).

CS200 ¼ kλ
β200 Cosθ

ð5Þ

where K= 0.89, is the Scherrer's constant, λ=0.1541 nm is the wave-
length of the radiation, β refers the peak's full-width at half-maximum
in radians and θ indicates the corresponding Bragg angle.

2.9. Atomic force microscopy (AFM) analysis

This analysis was performed by Park XE-70 Model AFM (Korea
Make) with XEI image processing software to assess the roughness of



Fig. 4. Weibull distribution plot for (a) diameter, (b) tensile strength, (c) Young's modulus of Nendran Banana Peduncle Fiber.
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NBPFs. The resolution range of the scanner scale in x, y and direction is
10 μm×10 μm×70 μm. The surface roughness parameters like average
surface roughness (Sa), Root mean square roughness (Sq or Srms), Ten
point average roughness (Sz), skewness (Ssk), and kurtosis (Sku) were
determined [13].

2.10. 13C (CP-MAS) nuclear magnetic resonance (NMR) spectroscopy
analysis

Solid state NMRmodel DELTA2NMR400MHz spectrometerwas de-
ployed to estimate the presence of chemical constituents present in the
NBPFs. TheNMRspectroscopy of theNBPFswas set in cross-polarization
modewithmagic angle sample spinning (MAS) at room temperature at
the rate of 10 KHz. The operating frequency of was positioned at
75.46 MHz.

3. Results and discussion

3.1. Single fiber tensile test and Weibull distribution

The tensile stress-strain curves of NBPF samples can be found in
Fig. 2. The single fiber tensile strength of the NBPFs was identified
to be 65.51 MPa and 2.17% of strain rate. The optical microscopic
image of the fiber to measure the diameter is shown as Fig. 3. The av-
erage value of the young's modulus of NBPFs and diameter was found
to be 47.45 GPa and 26 μm. The microfibril angle of NBPFs was deter-
mined as 9.45–13.87° from the deformation Eq. (1). The microfibril
angle of the proposed fiber is remarkably higher than that of Cissus
quadrangularis (5.89°), Arundo donax (6.85°) and closely allied to
Prosopis juliflora (10.64°) and Saharan Aloe vera (11.1°)
[10,13,31–32].

The Weibull distribution plot curves of diameter, Young's modulus
and tensile strength of NBPFs were shown in Fig. 4. It can be reported
that the values of diameter, tensile strength and Youngs modulus of
all the fiber samples were positioned within limits and fit perfectly the
Weibull distribution. From this analysis, it can understand that the
Weibull distribution with three parameters provides the mechanical
properties very close to the experimental mean values obtained.

3.2. Chemical composition

The chemical composition analysis results arrived for the NBPFs
were compared with that of other natural fibers was presented in
Table 1.The chemical properties of the NBPFs have a significant effect
Table 1
Comparison of chemical composition and tensile properties of NBPF with other natural fibers.

Fiber Density
(kg/m3)

Cellulose
(wt%)

Hemi-cellulose
(wt%)

Lignin
(wt%)

Wax
(wt
%)

Moistu
(wt%)

NBPF 972 73.20 10.85 15.32 0.25 9.01

Sansevieria cylindrica 915 79.70 10.13 3.80 0.09 6.08
Prosopis juliflora 580 61.65 16.14 17.11 0.61 9.48
Sansevieria ehrenbergii 887 80 11.25 7.8 0.45 10.55
Saharan aloe vera 1325.1 67.4 8.2 13.7 0.24 5.8
Thespesia populnea 1412 70.12 12.64 16.34 0.76 10.83

Leucas Aspera 1118 50.7 13.2 9.7 – 11.31
RBPF 990 72.90 11.01 15.99 0.32 9.36
Cissus quadrangularis 1510 77.17 11.02 10.45 0.14 7.30
Arundo donax 1168 43.2 20.5 17.2
Coccinia grandis.L 1243

± 22.64
62.35 13.42 15.61 0.79 5.6

Red banana – – – – – –
Rasthaly banana – – – – – –
Morris banana – – – – – –
Poovan banana – – – – – –
based on the maturity age of the plant and soil characteristics. NBPFs
are composed of cellulose (73.20wt%), packed as helically wound cellu-
lose microfibrils, banded together by an amorphous lignin. Moreover,
the NBPFs confirms the hemicellulose content of (10.85 wt%) was
thought to be a catalyst between cellulose and lignin. The lignin content
of theNBPFswere found up to 15.32wt%which keepsmoisture and acts
as a biological protection against microbes [11,34] The wax content of
NBPFs (0.25 wt%) exhibits better interfacial bond between the fibers
and polymer matrices [18,34] and is lower than other natural fiber ob-
tained from Prosopis juliflora (0.61%), Thespesia populnea (0.76%) and
Coccinia grandis. L (0.79%). The moisture and ash content of the NBPFs
consists of 9.01 wt% and 4.23 wt%.

3.3. Thermal stability analysis of fiber using TGA

Thermo gravimetric analysis (TGA) is used to analyze most dom-
inant components like cellulose, hemicellulose & lignin in the fibers
degradation temperature and thermal stability. The TG, DTG curve
and Broido's plot of NBPF are shown in Figs. 5 and 6 respectively.
The degradation of different ingredients of NBPF undertaken in
three stages. In the first stage, the degradation of NBPFs starts
under (100 °C), this could be due to vaporization of moisture and re-
moval of waxy material from the fiber. The second peak shows the
mass loss (around 50%) takes place in the second phase (356 °C)
where most of cellulose content, hemicellulose and lignin content
is degradation occurs at this phase. The final phase of cellulose deg-
radation occurs from (357 °C - 520.16 °C) which corresponds to the
degradation of wax as well as lignin which leaves ash as residue. In
addition, the thermal stability of the NBPF was found to be relatively
similar than that of Thespesia populnea [15], Coccinia grandis.L [33],
Kusha Grass [34,36] and Aristida adscensionis [37].

The minimum energy necessary to begin the fiber degradation is
known as kinetic activation energy (Ea) shown in broads curve (Fig. 4)
and the kinetic activation energy of NBPF is 89 kJ/mol. The results of
the TGA analysis reveals that the NBPFs are appropriate material to be
acts as a better reinforcement for industrial application, which requires
high resistance to withstand the temperature.

3.4. FT-IR analysis

Table 2 shows the FT-IR Peak Positions, corresponding chemical
functional groups, and composition in the NBPF, The identified spec-
trum for different regions are diagnostics region ranges from 3400 to
3423 cm−1 (1) ascribed to O\\H stretching in carboxylic acid group of
re Ash
(wt
%)

Tensile
strength
(MPa)

Elongation
at break
(%)

Young's
modulus
(GPa)

Microfibril
angle (°)

Ref

2.59 65.51 ± 1.15 2.17 49.50 ± 1.31 9.45–13.87 Present
work

– 673.12 ± 51 10.04 ± 1.5 6.72 ± 1.9 – 9
5.20 558 ± 13.4 1.77 – 10.64 ± 0.45 10
0.6 50–585 2.8–21.7 1.5–7.97 – 11
– 805.5 42.29 2.39 11.1 13
1.80 557.82

± 56.29
2.80 ± 0.56 20.57 ± 4.46 13.94 ± 1.21 15

– – – – – 18
2.79 21
– 1857–5330 3.57–8.37 68–203 5.89 ± 0.27 32
1.9 248 9.4 3.4 6.85 ± 1.23 33
4.388 273 ± 27.74 10.17

± 1.261
2.703
± 0.2736

13.25
± 0.6641

[33]

– 567 30 – – [35]
– 388 27.8 – – [35]
– 282 24.2 – – [35]
– 206 21.8 – – [35]



Fig. 5. TGA and DTG curve of Nendran Banana Peduncle Fiber.

Fig. 6. Broidos curve of Nendran Banana Peduncle Fiber.

Fig. 7. FTIR spectra of Nendran Banana Peduncle Fiber.
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cellulose [29]. The peaks at 2923 cm−1is attributed to the CH2 asym-
metric stretching of the cellulose fiber and peaks at 2855 cm−1is attrib-
uted to C\\H stretching vibration of CH and CH2 due to the presence of
cellulose and hemicellulose components. The band peak at 2342 cm−1

which correspond to CH2 symmetrical stretching of wax (3). The FT-
IR spectra of NBPFs is shown in Fig. 7.

The peak at 1659 cm−1(4) shows the presence of lignin and hemi-
celluloses which corresponds to C\\O stretching vibration of the acetyl
group. The Peak at 1467 cm−1 (5) ascribed to the –C-H bending of lignin
and peak at 1397 cm−1is attributed to the strong acetyl -C-O-with over-
lapped of –C-H- stretching of phenolic and esters. The peak at
1105 cm−1 (6) is seen in the C-O-C asymmetric bridge oxygen
Table 2
FT-IR Peak positions, corresponding chemical functional groups, and composition of the NBPF.

Peak positions
(Wave number
(cm−1))

Functional group

3400 cm−1 OH-stretching
2923 cm−1 CH2 asymmetric stretching
2855 cm−1 C–H stretching
2342 cm−1 CH2 symmetrical stretching
1659 cm−1 C–O stretching
1467 cm−1 –C-H bending
stretching in cellulose and hemicellulose [18]. The band at 770 cm−1is
owed to the presence of saline. The peak at 692 cm−1 is attributed to
the C-OH out of phase bendingmotion. The peak at 597 cm−1 described
to the C-OH bending in cellulose (7).

3.5. XRD analysis

Fig. 8 shows the X-ray diffractogram of the Nendran banana Pe-
duncle fiber. It can be observed that first peak occurred at 2θ =
15.34° which belong to the evidence of the amorphous fraction
(Iam) in cellulosic fibers. The second peak occurred at 2θ = 24.16°
which belong to cellulose content in the fiber (Ic). The value of
Respective chemical composition Reference

Cellulose 10,12
Cellulose 13
Cellulose and Hemicellulose 12
Wax 36
Lignin and Hemicelluloses 33
Lignin 29



Fig. 8. XRD spectra of Nendran Banana Peduncle Fiber.

Fig. 9. AFM images on Nendran Banana
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crystallinity index (CI) for the nendran banana fiber was 53.3%,
which is higher than for the Ferula (48%), Borassus (38.4%), Century
(53%), Thespesia (48%) and lower than for jute (65.8%) and hemp
(80%) [35]. The crystalline size was found to be 4.72 nm respectively
which is lower than that of Jute (29.5 Nm), Prosopis Julifora (15 Nm)
Mending Grass (14.3 Nm) Sisal (16.9 Nm), Cotton (7 Nm) and Flax
(5.4 Nm) [13].
3.6. Atomic force microscopy (AFM)

The surface roughness profile of NBPF in 2-D and 3-D images are ob-
tained by AFM is shown in Fig. 9. From the results, it is concluded that
the surface roughness has the peak of maximum at 25.484 and mini-
mum at−16.548. It is known that the surface of NBPF is rough and in-
dicates the average roughness kurtosis (Sku) value of NBPF is 2.99. The
average roughness (Sa) rate of NBPF is 13 nm. Roughness skewness
(Ssk) value obtained for NBPF is 0.214. In addition to that the root
mean square roughness (Sq) is 16.3 nm, ten-point average roughness
(Sz) is 119 nm indicates that rough apparent surface. The comparison
of roughness parameters of NBPF with other natural fibers was pre-
sented in the Table 3.
Peduncle Fiber in (a) 2D, (b) 3D.



Table 3
Comparison on roughness parameter of NBPF with other natural fibers.

Fiber name Spv Sq Sa Sz Ssk Sku Reference

Nendran Banana Peduncle fiber 25.484 16.3 13 119 0.214 2.99 This work
Thespesia populnea barks – – 3.002 – −2.282 9.096 [15]

Calotropis gigantea fruit fiber 104.52 36.42 800 – 0.234 5.111 [19]
Red Banana Peduncle Fiber 51.049 10.087 8.099 45.506 0.110 2.766 [21]

Acacia Concinna plant 82.608 14.808 11.217 60.083 −0.507 3.473 [27]
Root of Ficus religiosa tree 23.077 3.100 2.374 13.901 −1.540 4.370 [38]

Pongamia pinnata L. Bark Fiber 35.33 6.502 4.88 29.46 −1.35 5.10 [39]
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3.7. 13C solid (CP-MAS) nuclear magnetic resonance (NMR) spectroscopy
analysis

The variant peak positions of 13C solid NMR spectrum of NBPF to
show the variation of carbon atoms in the cellulose are illustrated
in Fig. 10. C-1 Cellulose presence is shown at the peak of 106 ppm.
Another peak available at 83.5 ppm corresponds to cellulose C-4.
The presence of C-2, C-3 and C-5 carbon atoms in cellulose is in be-
tween 75.94 ppm and 73.63 ppm. The presence of C-6 carbon atom
is available at the peak of 63.2 ppm. The peak available at
26.63 ppm indicated to acetyl groups of hemicelluloses. The minor
peaks available between 119.12 ppm and 137.12 ppm indicate the
peaks of lignin. Thus, 13C NMR spectrum substantiates the presence
of cellulose, hemicellulose and lignin in NBPFs.

4. Conclusion

The present investigation demonstrates the properties like physical,
chemical, thermal and surface roughness of NBPF.

• The diameter and density of NBPF as 26 μm and 972 kg/m3 respec-
tively.

• The single fiber tensile strength was estimated as 65.51 ± 1.15 MPa
and Young's modulus of NBPF was found to be 49.5 ± 1.31GPa.

• The cellulose of NBPF is 73.20 wt%, which exhibits better cellulose
content when compared with other cellulosic fibers.

• The XRD analysis displays that the crystalline Index (CI) and crystal-
line size (CS) as 53.3% and 4.72 nm respectively.

• The TGA results confirmed that NBPF withstand up to 356 °C with the
reduction in mass of 50%.

• From the results NBPFs substantiate the suitability of the fiber to pre-
pare the polymer composites for light load automotive components
and construction equipments.
Fig. 10. NMR spectra of Nendran Banana Peduncle Fiber.
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