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ABSTRACT: ZnO nanorods were prepared by the sol−gel method and
characterized using UV−visible absorption spectroscopy, Fourier transform
infrared (FT-IR) spectroscopy, powder X-ray diffraction (PXRD), thermogravi-
metric analysis/differential thermogravimetry (TGA/DTG), high-resolution
transmission electron microscopy (HR-TEM), field emission scanning electron
microscopy (FE-SEM), and energy-dispersive X-ray spectroscopy (EDAX).
Banana fiber/polyester resin (BF/PE) biocomposites and BF/PE/MS/nano
ZnO nanobiocomposites were made using the untreated and chemically treated
(with NaOH, formic acid, acetic anhydride, hydrogen peroxide, and potassium
permanganate) banana fiber (BF), unsaturated polyester resin (PE), molecular
sieves (MS), and the prepared ZnO nanorods. The KMnO4, Ac2O, and NaOH
treatments enhanced the thermal stability of the nanobiocomposites. Addition of
2% of ZnO nanorods increased the tensile strength of all of the chemically treated
BF/PE/MS biocomposites. The chemical treatments alone decreased (NaOH15.4 MPa; KMnO414.5 MPa; H2O29.9 MPa;
Ac2O7.9 MPa; HCOOH6.9 MPa) the compressive strength of the untreated BF/PE/MS biocomposite (25.9 MPa). But the
chemical treatment and addition of ZnO nanorods enhanced the compressive strength effectively (48.5, 41.6, 39.4, 37.0, and 34.6
MPa for NaOH, HCOOH, KMnO4, H2O2, and Ac2O treatments, respectively) compared to the untreated BF/PE/MS
biocomposites (24.0 MPa). The H2O2 (69.0 MPa) and NaOH (62.9 MPa) treatments enhanced the flexural strength of the
untreated BF/PE biocomposites (51.6 MPa). The addition of ZnO nanorods enhanced the flexural strength of all of the chemically
treated (except NaOH) BF/PE/MS biocomposites (55.7, 59.4, 79.0, and 67.4 MPa for HCOOH, Ac2O, H2O2, and KMnO4
treatments, respectively). The impact strengths of the biocomposites were enhanced by both chemical treatments and addition of
ZnO nanorods. The addition of ZnO nanorods decreased the water absorption of the biocomposites significantly from 24.3% for the
untreated to a minimum of 14.5% for the H2O2-treated BF/PE/MS/ZnO nanobiocomposite.

1. INTRODUCTION

In the last few decades, natural fibers have gained increasing
importance and usage due to their ability to replace synthetic
fibers in composites applications. They possess attractive
properties such as low cost, low density, and high specific
strength/stiffness.1 In addition to these reasons, they are
renewable and their production requires little energy and
involves CO2 absorption, and return of oxygen to the
environment.2 Many authors reported the use of natural fibers
such as sisal, banana, henequen, jute, hemp, and wood pulp as
reinforcements in polymer matrices.3−8 The extensive supply
of natural fibers and the versatility to enhance their properties
by surface treatments make these fibers an ideal alternative to
conventional synthetic reinforcements. In the last few decades,
the natural cellulose fiber-reinforced composite materials have
been increasingly used in various automotive applications by a
number of automotive companies, construction industry,

sports, aerospace, and other sectors, such as window frame
panels, roofing, and bicycle frames.9−12 Because of the
hydrophilic nature of the plant fibers, they are incompatible
with the hydrophobic organic polymers and they form
composites with poor interfacial bonding and poor mechanical
properties. Chemical treatment of natural fibers is an important
method to be adopted in the production of their composites to
improve their mechanical properties and reduce water
absorption. It was found that the hydroxyl groups in the
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cellulosic fibers are either removed or modified to less
hydrophilic or hydrophobic groups by different chemical
treatments, which minimize the overall hydrophilic nature of
the fibers and improve the mechanical strength as well as the
dimensional stability of natural fiber-reinforced polymer
composites. The effects of various chemical treatments on
cellulose fibers, which were used as reinforcements for
thermoplastics and thermosets, were studied.13 Composite
materials are the most adaptable engineering materials with the
perfect combination of two different components, natural/
synthetic fibers as reinforcement and polymer matrix with the
perfect physical or chemical properties of each component.14

Natural fiber-reinforced hybrid polymer composites provide
designers with the ability to customize composites at a low cost
that cannot be accomplished in binary structures with a single
fiber/filler dispersed in the matrix.15 Hybridization is a method
of incorporation of two different reinforcements (either
synthetic fibers/nanofillers/natural/metallic fibers in one
polymer matrix) or the incorporation of single reinforcement
in polymer blends, to produce better properties such as high
mechanical properties, thermal stability, and reduced water
absorption properties, which cannot be realized in conven-
tional composite materials.16,17 Hybrid materials are techno-
logically advanced composite materials composed of two or
more separate components at the molecular or nanometer
level. They have improved tensile, compressive, and impact
properties.18 The properties of hybrid composites made using
two different fibers are controlled solely by the length,
direction, and type of the fibers, the degree of intermingling
of the fibers, the arrangement of the fibers, and the bonding of
the fibers with the resin. Researchers concluded from their
analysis that the addition of a very small amount of
nanoparticles to the matrix can significantly boost the
properties, without affecting the weight or processability of
the natural fiber-reinforced composites. So far, many pioneer-
ing works have been performed on natural fiber hybrid
nanocomposite materials using nanoparticles for a variety of
advanced applications.17,19

Nanofillers, either from natural or synthetic sources, are
therefore of great interest and are considered to be the most
promising materials of the future due to their specific
properties compared to bulk counterparts. The most popular
nanofillers include carbon nanotubes, layered nanoclays,
nanofibers, ultradispersed diamonds (nanodiamonds), inor-
ganic nanotubes, fullerenes, nanometal oxides, calcium
carbonate, metallic nanoparticles, POSS, and graphite.20,21

The application of nanofillers greatly enhances or changes the
variable properties of materials, including physical, mechanical,
electronic, electrical, and thermal properties, often in
combination with natural or unconventional fillers.22,23

Inorganic and organic nanofillers have gained significant
attention due to their peculiar properties and various possible
applications in the aerospace, automotive, electronics, and
construction industries.24,25 Banana is cultivated in India
extensively, and the fibers can be extracted from the wastes
after the fruits are removed. Banana fibers obtained from the
dried stalk of banana trees, a waste product of banana
production, offer possibilities for engineering applications,
including automotive applications. Banana fibers consist of
approximately 35% cellulose, 15% hemicellulose, 20% lignin,
10% moisture, and 20% of waxy and other extractives. The
relatively large quantity of crystalline cellulose phase imparts
high structural strength to the banana fiber. Banana fiber has

reasonably good basic strength properties26−28 and lower
density than glass fibers.29 Hence, several authors have studied
the possibilities for the making of banana fiber-reinforced
polymer composites. Also chemical treatment of the fiber and
addition of nanoclay were reported to improve the mechanical
and thermal properties of its composites with epoxy resin.30

In this study, it is proposed to study the effect of chemical
treatment of the short banana fibers with different chemicals
like alkali, formic acid, acetic anhydride, hydrogen peroxide,
and potassium permanganate and the addition of microsized
inorganic fillers, namely, zeolite and ZnO nanorods, on the
mechanical and thermal properties of the hybrid nano-
biocomposites with unsaturated polyester resin. The aim of
this research work is to improve the mechanical properties and
reduce the percentage of water absorption.

2. EXPERIMENTAL SECTION
2.1. Materials. The banana fiber used in the present study

was obtained from Sri Achu Fibres, Erode, Tamilnadu, India.
The banana fibers were hand-chopped to an average length of
2 cm. The general-purpose unsaturated orthophthalic polyester
resin (GP Resin0051MNP), the standard laminating system
in the composites industry, and methyl ethyl ketone peroxide
(MEKP) and cobalt octoate, catalyst and accelerator,
respectively, were obtained from Covai Seenu & Company,
Coimbatore, Tamilnadu, India. Zinc sulfate (ZnSO4·7H2O),
hydrogen peroxide (H2O2), and triethanolamine (TEA) were
purchased from Merck, Mumbai. Methanol, sodium hydroxide,
formic acid, acetic anhydride, potassium permanganate, and
glacial acetic acid were purchased from SRL Chemicals (P)
Ltd., Mumbai, and were of analytical grade. Acetone was
obtained from Moly Chemicals (P) Ltd., Mumbai. Molecular
sieves (4A0) were obtained from Fisher Scientific, Mumbai.

2.2. Measurements. Ultraviolet−visible (UV−vis) absorp-
tion spectra of ZnO nanorods were measured with a
PerkinElmer Lambda 750 UV−vis spectrophotometer in the
range of 190−1100 nm. The powder sample was dispersed in
methanol, and the spectrum was recorded using a 10 mm
quartz cell at 25 °C. Fourier transform infrared spectra were
measured for dry powder after making pellets with KBr on a
BRUKER VECTOR 22 FT-IR spectrophotometer operating
from 400 to 4000 cm−1. Powder X-ray diffraction (PXRD)
pattern of ZnO nanorod was recorded using a PANalytical
X’pert PRO diffractometer with Cu Kα radiation (1.54 A0), the
Netherlands. The ZnO nanorod was scanned in the 2θ range
of 20−100°. All of the peaks were assigned and compared with
the database published by the Joint Committee on Powder
Diffraction Standards (JCPDS). Thermogravimetric analysis
(TGA) of the ZnO nanorod and all of the composite samples
were obtained with a PerkinElmer TGA/DTA 6300 at a
heating rate of 5 °C min−1 in ambient air. The morphology of
the ZnO nanorod sample was measured using scanning
electron microscopy (SEM), and energy-dispersive X-ray
(EDAX) analysis was performed in an FE-SEM JSM-7100F
JEOL instrument. For measurements, the ZnO nanorod
powder sample was drop-cast on the glass and fiber samples
were fixed at a carbon tap and dried under vacuum. All of the
samples were gold-coated before starting the measurement.
High-resolution transmission electron microscopy (HR-TEM)
images were measured using an FEI Technai G2 12 Twin
TEM 120 keV transmission electron microscope. A diluted
solution was drop-cast on the carbon-coated copper grid and
was dried under vacuum. Images were collected at 120 keV.
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3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of ZnO Nanorod.
3.1.1. Synthesis of ZnO Nanorods. During the previous three
decades, few hundreds of papers have been published on the
various possible methods of synthesis (including sol−gel
method) and characterization of ZnO nanoparticles.31,32

Different ZnO nanoparticle morphologies have been reported
that include flower-like ZnO,33,34 spherical ZnO,35 and
elliptical ZnO.36 A thorough analysis of the literature reveals
that in aqueous medium containing Zn2+ and OH− ions,
different species form as a function of pH. ZnO is mainly
formed at pH values between 9 and 13, whereas Zn(OH)2
predominated at pH 6.0−9.0. It was reported that one of the
accelerators of ZnO formation is the presence of excess NaOH
(or alkaline conditions) during precipitation. The use of a large
excess of one reactant to the other and allowing a certain
exposure time may be inferred to be another ZnO formation
accelerator.37 Also, the Zn2+ ion is known to bind with bases
like ethylene diamine, triethanolamine (TEA), lysozyme, etc.
and form complexes, thereby controlling the hydrolysis of the
zinc hydroxide into ZnO.38,39 TEA [N(CH2−CH2−OH)3],
being a complexing agent, coordinates to zinc ions and forms

complex with Zn2+, thereby enhancing the conversion of zinc
hydroxide into ZnO that gets adsorbed on the ZnO surface,
resulting in the enhancement or inhibition of the growth of
ZnO crystals along different planes. The TEA content
influences the morphology of the ZnO nanoparticles formed
significantly.40 Ban et al.41 reported the preparation ZnO
crystals using zinc sulfate heptahydrate, TEA, and tetramethyl
ammonium hydroxide (TMAH) as zinc source, stabilizer, and
base source, respectively, in water, at 0.2 mol L−1 of Zn and
TEA/Zn = 4. They suggested that the zinc species was
dissolved as zincate ions Zn(OH)3

− and Zn(OH)4
2− (but the

solubility is very low)

+ → ↓+ −Zn 2OH Zn(OH)2
2

+ → [ ]− −Zn(OH) OH Zn(OH)2 3

+ → [ ]− −Zn(OH) 2OH Zn(OH)2 4
2

and that the stabilization of zincate ions with TEA enabled the
solution with high Zn concentration. Zincate ions react with
TEA as follows

[ ] + − ↔ [ ] +− −Zn(OH) TEA H Zn(TEA) 3 H O3 3 2

Figure 1. Characterization of ZnO nanorods. (a) UV−visible absorption spectrum, (b) Fourier transform infrared (FT-IR) spectrum, (c) powder
XRD pattern, (d) TGA curve, (e) differential thermogravimetry (DTG) curve, (f) field emission scanning electron microscopy (FE-SEM) image,
(g) FE-SEM-EDX image, (h) FE-SEM-EDX curve, and (i) high-resolution transmission electron microscopy (HR-TEM) image.
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and

[ ] + −

↔ [ ] +

−

−

Zn(OH) TEA H

Zn(OH)(TEA) 3 H O
4

2
3

2
2

A coordinate bond was expected to be formed between the N
atom in the coordinated TEA ligand and the Zn atom,
resulting in stable complex ions, which decompose on heating
to form ZnO crystals. They also reported the formation of
hexagonal rod-shaped crystals at high TMAH/Zn ratios
(highly basic media).41

It has been reported with enough experimental evidence that
with a very high TEA content, the growth of the crystals along
the 0001 plane is inhibited and hence the aspect ratio of the
nanoparticles formed decreases, while with lower TEA
contents, the crystal growth along the 0001 plane is enhanced,
leading to the formation of long rodlike crystals. Based on
these observations, in the present work, a sol−gel method
using zinc sulfate, triethanolamine (to induce the particle
growth with the nanorod morphology) sodium hydroxide,
ethanol, and water was adopted for the preparation of the ZnO
nanorods. A large excess (2.5 mol) of sodium hydroxide was
used to facilitate the quick conversion of the Zn(OH)2 formed
into ZnO. A lower quantity (0.12 mol) of TEA was used to
control the ZnO nanoparticle formed to have the morphology
of the nanorod (Figure 8). The formation of the ZnO
nanostructures is a complex process and mostly considered to
include three main steps: formation of the hydroxide in the gel
form, generation of ZnO nuclei, and subsequent ZnO crystal
growth. The [Zn(OH)4]

2− complexes serve as basic growth
units for the preparation of ZnO nanostructures.40,41 Based on
the intense scrutiny of the literature, the mechanism of the
formation of ZnO nanorods in the present work is also
proposed to be similar to the one mentioned above. It is
believed that the presence of low concentrations of TEA
facilitates the formation of ZnO with nanorod morphology as
reported in the literature.38,40

3.1.2. UV−Visible Spectrum of ZnO Nanorods. The optical
properties of ZnO nanorods were characterized using a UV−
visible spectrophotometer. The UV−visible absorption spec-
trum of ZnO nanorod is shown in Figure 1a. The absorption
peak (λmax) near 406 nm confirms the formation of ZnO
nanorods. Other authors observed similar peaks below 400 nm
(350−370 nm) due to the electronic transition from the
valence band to the conduction band. The literature study
indicates that the bulk ZnO particles absorb around 380 nm,
while the absorption of ZnO nanoparticles is blue-shifted to
different wavelengths from 375 to 350.42 The prepared ZnO
nanorods show a redshift in the absorption band, which may
be attributed to the aggregation of the nanorods, resulting in
larger nanostructures and/or the presence of the zincate ions
like Zn(OH)2, [Zn(OH)3]

−, [Zn(OH)4]
2−, and traces of TEA.

Such redshifts of the characteristic absorptions of the Zn−O
bond in ZnO are also reported by other authors. Koutu et al.43

observed a reduction in size of the as-prepared ZnO
nanostructures as the NaOH concentration increased, which
may be due to the fast nucleation during the synthesis process.
But literature survey shows that the size of the nanostructure
increases as the NaOH concentration increases. According to
the Ostwald ripening theory,44,45 during synthesis, tiny
crystallites nucleate first and then agglomerate into larger
crystallites due to the energy difference between large and
smaller particles of higher solubility based on the Gibbs−

Thomson law.46 This increases the number of energy states of
the material substantially, thereby decreasing the energy gap
(the band gap) between the highest occupied valence band and
the lowest occupied conduction band, leading to a redshift. C-
doped ZnO-NPs, prepared by irradiating the Zn granules with
CO2 microwave plasma from a torch, were reported to show a
significant redshift in the absorption edge to lower energy due
to band gap narrowing. The authors suggested that the carbon
species are incorporated into the O site of ZnO in the process
of synthesis.47

3.1.3. FT-IR Spectrum of ZnO Nanorods. Figure 1b shows
the FT-IR spectrum of ZnO nanorod in the range of 500−
4000 cm−1. The broad absorption around 3414 cm−1 and that
around 1140 cm−1 are due to the O−H stretching and C−O/
C−N stretching vibrations, respectively, of the triethanol-
amine, which is adsorbed on the ZnO and the residual
Zn(OH)2, respectively. The absorption band around 618 cm−1

is identified as the characteristic band of the ZnO nanorod.
Generally, characteristic absorptions of the ZnO nano-

particles appear below 600 cm−1 like any other metal
oxide.48,49 The absorption bands due to the Zn−O bond
vibrations in ZnO nanoparticles have been reported in the
literature at 417.5,50 477,38 480,40 482, 595,51 and 500 cm−1,52

and the difference in absorptions is attributed to difference in
particle sizes. Soni et al.53 attributed the band observed around
520 cm−1 to the wurtzite hexagonal shape of pure ZnO
nanorod.
Andreś-Vergeś et al.54,55 discussed the dependence of the IR

spectrum of ZnO particles on various geometrical shapes and
suggested that the origin of IR bands at 475 and 494 cm−1 is
due to the ZnO/Zn(OH)2

− citrate complex on the surface and
bulk of the ZnO in the solid state. On calcination at 300 °C,
bands at 440 and 529 cm−1 appear.48 The FT-IR spectrum of
the ZnO nanoparticles synthesized by a novel green route
using natural biodegradable polymer showed a broad band
around 457 cm−1 and a shoulder around 545 cm−1

corresponding to ZnO nanoparticles according to the
authors.56 Singh et al.57 reported that the characteristic Zn−
O vibration appears at 782 cm−1 for the ZnO nanoparticles
prepared using zinc acetate and Coriandrum sativum leaf
extract. The band at 533 cm−1 was reported to be the
characteristic absorption of Zn−O bond for ZnO nanoparticle
with 77.56% of zinc and 22.44% of oxygen (from EDAX
studies).58 The absorption at 620.93 cm−1 was reported to
correspond to the Zn−O bond deformation vibration for the
ZnO nanoparticles prepared using zinc sulfate heptahydrate as
the precursor, hydrazine hydrate as the surfactant, and PVP as
the stabilizer.59

The absorption at 618 cm−1 for the ZnO nanorods prepared
in our present study may be due to the difference in particle
size and geometry or to the presence of traces of TEA and the
Zn(OH)2 as indicated by the EDAX data (zinc48% and
oxygen52%).

3.1.4. Powder XRD Pattern of ZnO Nanorod. Figure 1c
shows the powder XRD pattern of the ZnO nanorod
synthesized by the sol−gel method. This XRD pattern shows
distinct peaks at 31.7, 34.38, 36.19, 47.48, 62.67, 62.84, 67.87,
69.07, and 72.61° corresponding to different diffraction planes
(100), (002), (101), (102), (110), (103), (112), (201), and
(004) of the ZnO nanorod. The presence of these peaks in the
XRD pattern confirms the shape of ZnO as short nanorods as
reported elsewhere.60 All of the peaks in the powder XRD
pattern of ZnO nanorods are very sharp, showing that the
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prepared ZnO nanorods are highly crystalline. The powder
XRD pattern of ZnO nanorods is in good agreement with that
reported in the literature (ICCD No. 01-080-0075).
3.1.5. TGA/DTG of ZnO Nanorods. TGA/DTG curves of

the as-synthesized ZnO nanorod samples prepared by the sol−
gel method are given in Figure 1d,e. These curves reveal that
the weight loss for ZnO stopped at 480 °C. In the DTG curves
of the samples, three different kinds of peaks were observed.
The first one below 100 °C is due to the removal of moisture.
The second stage degradation with a weight loss of 0.4%,
observed around 280 °C, is mainly due to the loss/
decomposition of traces of triethanolamine (adhering to
ZnO nanorods), used in the preparation of ZnO as a stabilizer.
The third-stage degradation indicated by the peak around 480
°C was assigned to the conversion of traces of Zn(OH)2
(present along with the ZnO nanorods as indicated by the FT-
IR and EDAX analyses) to ZnO. The ZnO nanorods are found
to be stable beyond this temperature as no more weight loss
was observed beyond 480 °C. Similar observations were found
in the literature.61 The degradation peak around 430 °C is
reported to be due to the conversion of Zn(OH)2 into ZnO,
and beyond 434 °C, no weight losses were observed in the
TGA curve of ZnO.61 But Kołodziejczak-Radzimska et al.
reported up to 20% weight loss in the TGA of ZnO particles
synthesized by the emulsion precipitation method.62

3.1.6. FE-SEM Image of ZnO Nanorods. The nanoparticles
of ZnO prepared by different methods and using different
precursors have different morphologies like spherical particles,
flower-like morphology, flake-like morphology, rodlike mor-
phology, etc. The FE-SEM image of the prepared ZnO,
obtained with a magnification of 5000× on a glass substrate is
shown in Figure 1f, which indicates a rodlike morphology with
an average diameter of 350 nm and an average length of 700
nm (1 μm = 1000 nm). Such high diameters indicate
agglomeration of the particles, and hence further analysis
using TEM was carried out. The particle size of about 85 nm
was reported for the ZnO nanopowder with rodlike
morphology prepared using zinc acetate dihydrate, sodium
hydroxide, and ethanol by the sol−gel method. Hasnidawani et
al.63 observed that ZnO can be formed in different
morphologies based on the type of precursor that has been
used, viz., zinc acetate nano-rodlike structure, zinc chloride and
sulfate nanoprism structure, and zinc nitrate prism flower-
shaped structure. Handore et al.56 reported uniform and
multifaceted morphology. Haque et al. reported well-defined
hexagonal rodlike structure for the ZnO prepared from zinc
acetate, and TEA.40 Osman et al. reported different
morphologies of platelets, flaky particles, nanotubes, spherical,
and nanorods.64 Ban et al. reported that on increasing the base
tetramethyl ammonium hydroxide/Zn ratio, the shape of the
resulting ZnO crystals changed from a short asymmetric
column with a hexagonal flat edge and a rounded one, through
a rocket-like shape formed by intergrowth, to a hexagonal
rod.41

3.1.7. FE-SEM-EDAX Analysis of ZnO Nanorod. Figure 1g
shows the FE-SEM-EDAX image and spectrum of the prepared
ZnO nanorod sample; the EDX spectra clearly reflect the
presence of zinc (48%) and oxygen (52%). But the actual
compositions of zinc and oxygen in pure zinc oxide are 80.2
and 19.8%, respectively. The additional peak in the EDAX
spectrum (Figure 1h) and the stoichiometry of zinc and
oxygen differing from that of the theoretical value may be due
to the presence of traces of TEA adsorbed on the ZnO

nanorod or the traces of Zn(OH)2 in the sample. Analysis of
the literature reveals that a few authors reported the zinc−
oxygen compositions almost close to the stoichiometry in the
molecule,49 while others reported varying compositions.
Hasnidawani et al.63 reported 55.38% zinc content and
44.62% oxygen content for ZnO nanopowder prepared by
sol−gel method using zinc acetate dihydrate, sodium
hydroxide, and ethanol. Shamhari et al. reported, based on
EDX studies, that the ZnO nanoparticles prepared by
solvothermal process using zinc acetate dihydrate, absolute
ethanol, and potassium hydroxide have 76.3% Zn and 23.7%
O.65 Soni et al. reported the weight percentage ratio of zinc to
oxygen as 79.50:20.50 using EDAX analysis, which is almost
consistent with stoichiometric ZnO.53

3.1.8. HR-TEM Image of ZnO Nanorods. TEM analysis was
employed to further investigate and confirm the morphology
and size of the prepared ZnO nanostructures. Figure 1i shows
the HR-TEM image of ZnO nanorods. The statistical analysis
indicates that the average nanorod diameter and length are 20
and 40 nm, respectively. The image reveals a short rodlike
morphology for ZnO nanorods. Soni et al. reported diameters
and lengths ranging from 25 to 30 nm and from ∼0.3 to 3 μm,
respectively, for the ZnO nanorods synthesized using zinc
acetate, methanol, and sodium hydroxide.53

3.2. FT-IR Spectroscopy of Banana Fiber. Figure 2
shows the FT-IR spectra of the unmodified and chemically

modified banana fibers. The FT-IR spectrum of the
unmodified banana fiber consists of absorption bands in the
region of 800−3400 cm−1 characteristic of the stretching
vibrations of O−H, CO, CC, and CH2 groups.

66 All of
the characteristic bands shifted to lower wavenumbers after
treatment with 5% NaOH, and the intensity of the absorption
bands due to the −OH is reduced in comparison to that of the
untreated banana fiber. Treatment with other reagents, viz.,
HCOOH and KMnO4 also led to a similar reduction in the
intensity of the OH bands. But with the Ac2O and H2O2
treatments, an increase in the intensity of the OH bands was
observed. Another weak band around 2916 cm−1 assigned to
the C−H stretching vibrations of the aliphatic C−H bond also
shows similar types of changes on treatment with the
respective reagents due to the removal of xylan, a type of
hemicellulose.67,68 Figure 2 clearly shows that the band at 1736
cm−1 due to the CO groups present in lignin and

Figure 2. FT-IR spectra of untreated and chemically treated banana
fibers.
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hemicelluloses completely disappeared after 5% NaOH
treatment. After KMnO4 treatment, the intensity of the same
band decreased significantly, while with H2O2 treatment, only a
small decrease was observed. With Ac2O and H2O2 treatments,
the intensity of the bands due to >CO stretching vibrations
was found to be enhanced. This is due to the removal of the
constituents of hemicelluloses and lignin on the banana fiber.
The bands around 1654 and 1251 cm−1 are assigned to the
>CO (acetyl) group present in lignin.68,69 The intensities of
these bands were also decreased on chemical treatments. This
is because of the partial removal of lignin on the fiber surface.
The next band 1434 cm−1 can be assigned to the aromatic
skeletal vibrations of lignin combined with C−H in-plane
deformation of the CH2 groups of cellulose. Another broad
band at 1021 cm−1 is due to the C4−OH of the glucose
residue in the cellulosic part of the raw banana fiber. The
intensity of this band also undergoes reduction on chemical
treatments. The NaOH, HCOOH, and KMnO4 treatments
bring about better removal of the constituents of the fiber,
namely, hemicellulose and lignin compared with H2O2 and
Ac2O treatments. Particularly, among the various chemical
treatments carried out in the present study, alkali treatment
seems to be better for banana fiber as it removes lignin and
other impurities effectively.
3.3. Thermal Analysis of Untreated and Chemically

Treated Banana Fibers. Figure 3a−d shows the TGA/DTA
curves and the expanded TGA/DTA curves of untreated and
chemically treated banana fibers. All of the natural fibers
consist of several constituents such as cellulose, hemicellulose
or xylan, lignin, oily waxes, moisture content, and other

impurities in varying quantities. Thermograms of all of the
natural fibers show almost similar trends with very slight
differences; they decompose in three main stages as noted by
other authors reported in the literature.70−73 The first-,
second-, and final-stage decompositions for the natural fibers,
in general, are reportedly found around 30−150, 150−350, and
275−380 °C, due to the evaporation of moisture, decom-
position of hemicellulose or xylan, and cellulose degradation,
respectively. In the present study, the weight loss found in the
TGA curve below 100 °C is assigned to the evaporation of
moisture for the untreated and treated banana fibers (Figure
3a,b). Figure 3c shows that the DTG curves of the untreated
banana fiber consist of two distinct peaks. The first weight loss
noted at 285−375 °C is attributed to the hemicelluloses and
the next peak noted between 375 and 416 °C is assigned to
cellulose degradation of untreated banana fiber. Table 1 shows
the peak decomposition temperatures obtained from the DTG
curves of untreated and chemically (such as NaOH, HCOOH,
Ac2O, H2O2, and KMnO4) treated banana fibers. The results

Figure 3. (a) TGA curves, (b) expanded TGA curves, (c) DTG curves, and (d) expanded DTG curves of untreated and chemically treated banana
fibers.

Table 1. Peak Temperatures Obtained from the DTG
Curves of Untreated and Chemically Treated Banana Fiber

S. No. sample code peak I (°C) peak II (°C) peak III (°C)

1 BF-UT 285 375 416
2 BF-HCOOH 297 409 431
3 BF-NaOH 307 406 447
4 BF-KMnO4 310 409 465
5 BF-H2O2 308 409 435
6 BF-AC2O 298 394 501
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show that the thermal degradation temperature increases in the
order of UT < HCOOH < H2O2 < NaOH < KMnO4 < Ac2O.
However, the thermal stability of Ac2O-treated fiber is found to
be higher than that of the untreated fiber and other chemically
treated banana fibers.
3.4. Thermal Stability of Untreated and Chemically

Treated BF Fiber/PE/Molecular Sieves Filled ZnO Nano-
rod Hybrid Nanobiocomposites. The TGA, expanded
TGA, and DTG thermograms of the untreated and chemically
treated short BF fiber-reinforced unsaturated polyester
biocomposite and the nanobiocomposites with molecular
sieves + ZnO nanorod are given in Figure 4a−c. Peak
temperatures obtained from the DTG curves are given in
Table 2. The increasing temperature gradually increased the
weight loss of all of the biocomposites and nanobiocomposites.
The weight loss below 100 °C is associated with the
evaporation of water from the composites (Figure 4a). Two
major degradation peaks are observed in the DTG curve

(Figure 4c). The first major weight loss at around 350 °C
(starting from 250 °C) is related to the degradation of the
cellulose fiber. The second major weight loss around 450 °C
(starting from 350 °C) is related to the degradation of the PE
matrix. The BF + PE biocomposites were found to have better
degradation temperature compared with BF + PE + UT + MS
+ nano ZnO nanobiocomposites.
KMnO4-treated BF + PE + MS + nano ZnO nanorod-filled

nanobiocomposites show the highest thermal stability among
all of the treated/untreated BF-reinforced nanobiocomposites
and biocomposites.
The decreasing order of the first decomposition temperature

corresponding to the BF fibers in the nanobiocomposites/
biocomposites for the various chemical treatments is KMnO4
(367.21 °C) > Ac2O(356.13 °C) > BF + PE (354.18 °C) >
NaOH (343.10 °C) > BF + PE + UT + MS + nano ZnO
(340.7 °C) > H2O2 (330.06 °C) > HCOOH (307.70 °C).
In a previous report,73b the authors reported that the

composite samples reinforced with alkali-, KMnO4-, and formic
acid-treated natural fibers have a higher degradation temper-
ature in comparison to the untreated composites. On the other
hand, for benzoylation, acetylation, and silane treatment, the
hydrophilicity of the fiber surface decreased and the void
content increased. This leads to weak chemical bonding at the
fiber/matrix interface. In our study, an increase in the
degradation temperature was observed for the KMnO4- and
Ac2O-treated BF + PE + MS + nano ZnO filled nano-
biocomposites in comparison to the untreated nanobiocompo-
sites. NaOH, H2O2, and HCOOH-treated BF + PE + MS +
nano ZnO nanobiocomposites were found to a have lower
degradation temperature compared with untreated nano-
biocomposites.

Figure 4. (a) TGA curve, (b) expanded TGA curve, and (c) DTG curve of unmodified and chemically modified BF fiber/PE/MS/ZnO hybrid
nanobiocomposites.

Table 2. Thermal Analysis Data of Unmodified/Chemically
Modified BF Fiber/PE/Molecular Sieves Filled ZnO
Nanorod Hybrid Nanobiocomposite

sample peak I (°C) peak II (°C)

BF + PE 354.2 406.5
BF + PE + UT + MS + nano ZnO 340.6 402.6
BF + PE + NaOH + MS + nano ZnO 343.1 410.2
BF + PF + HCOOH + MS + nano ZnO 307.7 391.5
BF + PE + Ac2O + MS + nano ZnO 356.1 408.3
BF + PE + H2O2 + MS + nano ZnO 330.1 385.9
BF + PE + KMnO4 + MS + nano ZnO 367.2 417.6
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3.5. Effect of Various Chemical Treatments and ZnO
Nanorod on the Mechanical Properties, and Water
Absorption of Short BF/PE/Molecular Sieves + ZnO
Nanorod Hybrid Nanobiocomposites. 3.5.1. Tensile
Strength. The tensile strengths of randomly oriented banana
fiber-reinforced unsaturated polyester/molecular sieves/ZnO
nanorod-filled hybrid nanobiocomposites (BF/PE/MS + ZnO
nanorod) and BF/PE/MS biocomposites with and without
chemical treatment of the banana fibers are given in Table 3
and Figure 6a. The chemical treatment of the banana fiber with
all of the chemicals (NaOH, HCOOH, Ac2O, H2O2, KMnO4)
leads to a decrease in the tensile strength of the BF/PE/MS
biocomposites, although only a very moderate decrease was
observed for H2O2 and KMnO4 treatments. This is in contrast
to the general observation of enhanced tensile properties on
chemical treatment of the natural fibers. The increase is
attributed to the removal of waxy materials, hemicellulose,
lignin, etc. But a few other authors have reported a decrease in
the tensile strength of the biocomposites on chemical
treatment of the natural fibers.74−76 The decrease in tensile
strength may be due to the excess delignification of natural
fiber at higher alkali concentration resulting in a weaker or
damaged fiber or the degradation of the fibrous material in
addition to lignin. KMnO4 treatment is reported to enhance
the tensile strength of abaca fibers at low concentrations and
shorter treatment times. At high concentrations and longer
treatment times, a decrease in tensile strength was observed.77

A study on the effect of NaOH concentration (0.5, 1, 2, 4, and
10%) for treating sisal fiber reveals that the maximum tensile
strength was obtained for the sisal/polyester composites from
the 4% NaOH treatment and higher tensile strength for 5%
NaOH treatment than for 10% NaOH treatment.78

The addition of 2% of ZnO nanorods increased the tensile
strength of all of the chemically treated BF/PE/MS
biocomposites. The addition of ZnO nanorod to the BF +
PE +UT + MS biocomposite does not bring about such an
increase (Table 3) The untreated bionanocomposite BF + PE
+ MS+nano ZnO has a lower tensile strength of 18.0 MPa The
tensile strength decreased (from 26.0 to 18.6 MPa) in the
following order for the various chemically treated banana fiber-
reinforced bionanocomposites, though the differences are very
small BF + PE + NaOH + MS+ nano ZnO > BF + PE +
HCOOH + MS + nano ZnO > BF + PE + KMnO4 + MS +
nano ZnO > BF + PE + H2O2 + MS + nano ZnO > BF + PE +
Ac2O + MS + nano ZnO. Only a slight decrease was observed
for the NaOH, HCOOH, and KMnO4 treatments, while
significant decreases were noticed for H2O2 and Ac2O
treatments, although FT-IR (Figure 2) and SEM images
(Figure 5) indicate the removal of lignin and hemicelluloses.
In a previous study, sisal/banana hybrid biocomposites were

found to show improvement in the tensile properties with the
addition of Al2O3 nanopowder. The addition of 3 wt % of
nanopowder enhanced the tensile properties from 41.1 to
55.75 MPa. The incorporation of nanofiller provides more
interfacial interaction between filler and resin, resulting in
wettability enhancement.79 Other authors reported that the
coir/wood/MMT/PP hybrid nanocomposite displayed better
tensile properties than coir/wood/PP, wood/PP, and coir/PP
composites because of more effective stress transfer between
the fibers in the presence of MMT. The nanoclay enhanced
interfacial interaction and adhesion between the fiber and the
polymer matrix, thus improving the mechanical properties of
the composites.80 Hybridization involving the combination of T
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nanofiller and natural fiber in the polymer matrix results in
increased mechanical properties.81

3.5.2. Compressive Strength. The compressive strengths of
the hybrid biocomposites BF + PE + MS and hybrid
nanobiocomposites BF/PE/MS + ZnO with untreated and
chemically treated short randomly oriented banana fiber are
given in Figure 6b and Table 3. The compressive strengths of
all of the biocomposites and nanobiocomposites prepared in

the present study were found to be significantly higher than the
tensile strength. Such observations were made by other authors
for the woven kenaf fiber-reinforced unsaturated polyester
biocomposites.82 A significant decrease in the compressive
strength of the BF + PE + MS biocomposites was noticed
when chemically treated banana fibers were used instead of
untreated fibers. Similar observations were reported in the
literature.83 NaOH-treated banana fiber/eco-polyester compo-

Figure 5. SEM images of (a) untreated, (b) NaOH-treated, and (c) Ac2O-treated banana fibers.

Figure 6. Effect of different chemical treatments on the (a) tensile strength, (b) compressive strength, (c) flexural strength, (d) impact strength,
and (e) % water absorption of short BF/PE/MS biocomposites and short BF /PE/MS/ZnO hybrid nanobiocomposites.
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sites have lower compressive strength (84.70 ± 5.12 MPa)
than the untreated banana fiber/eco-polyester composites
(122.88 ± 2.54 MPa), although a reverse trend was reported
for the epoxy-based composites.83 Previous work revealed that
chemical treatments increase surface roughness and decrease
surface polarity.84 NaOH cleans the surface of the fiber by
removing impurities, waxes, and part of the lignin acts as a
cementing substance that holds the fibrils together. Partial
removal of lignin causes some debonding of the fibrils, which
leads to exposure or protruding of some of them. Such
protrusion will produce mechanical bonding of the fibers and
consequently improve fiber−matrix interaction and hence
enhanced strength.48,49 But the BF + PE + MS + ZnO hybrid
bionanocomposites show a much higher compressive strength
only with chemically treated fibers (especially NaOH) (Table
3). BF + PE + MS + ZnO hybrid nanobiocomposites made
with untreated fibers have compressive strength comparable to
that of the respective biocomposite (Table 3). The chemical
treatment of the fiber and the addition of nanofiller together
give very high compressive strength to the BF + PE + MS
biocomposites. In the BF/PE/MS + ZnO nanobiocomposite,
the addition of 2% ZnO nanorod to the polyester resin matrix,
which already contains banana fiber and molecular sieves,
moderately increased the compatibility between fiber/matrix
and MS/matrix, thereby increasing the compressive strength.
Similar observations were made by Mohan et al. They reported
that nanoclay-infused banana fiber resulted in a 43% increase
in the ultimate compressive strength of the banana fiber-

reinforced epoxy composite cylinders, compared to the
composite cylinders without nanoclay.85

The intensity of the band at 1736 cm−1 in the FT-IR
spectrum (Figure 7a,b) due to the ester and carbonyl group of
lignin present in the banana fiber was found to decrease on
treatment with HCOOH; with Ac2O treatment, this band has a
very high intensity, indicating that the removal is not very
efficient; with NaOH treatment, this band has almost vanished,
showing that the lignin is almost completely removed.
Accordingly, the compressive strength of the BF/PE/MS +
NaOH + ZnO nanobiocomposite is the highest; that of the
BF/PE/MS + HCOOH + ZnO nanobiocomposite is
moderate; and that of the BF/PE/MS + Ac2O + ZnO
nanobiocomposite is the lowest.

3.5.3. Flexural Strength. The flexural strengths of BF/PE/
MS + nano ZnO in the BF/PE/MS hybrid biocomposites and
BF/PE/MS + ZnO hybrid nanobiocomposites are given in
Figure 6c and Table 3. The H2O2- and NaOH-treated BF/PE/
MS hybrid biocomposites showed improved flexural strength
(69.0 and 62.9 MPa, respectively) compared to the untreated
BF/PE/MS hybrid biocomposites (51.6 MPa), while the
KMnO4, Ac2O, and HCOOH treatments decreased the flexural
strength. Alfafiber-reinforced polyester composites show
improved flexural strength after treatment with NaOH.86 All
of the chemically treated BF/PE/MS + ZnO hybrid nano-
biocomposites have improved flexural properties after adding
ZnO nanorods except NaOH-treated BF/PE/MS + ZnO
hybrid nanobiocomposites. The H2O2 and KMnO4 treatments

Figure 7. (a) FT-IR spectra of NaOH-, HCOOH-, H2O2-, Ac2O-, and KMnO4-treated banana fibers. (b) Comparison of the compressive strengths
of NaOH-, HCOOH-, and Ac2O-treated BF + PE + MS + ZnO hybrid nanobiocomposites with the intensity of the absorption band at 1736 cm−1

in the respective FT-IR spectra. (c) Comparison of the effect of ZnO nanorods on the compressive strength of different chemically treated BF + PE
+ MS + ZnO hybrid nanobiocomposites and BF + PE + MS hybrid biocomposites (****P < 0.0001). (d) Comparison of the effect of ZnO
nanorods on the compressive strengths of NaOH-, HCOOH-, and Ac2O-treated BF + PE + MS + ZnO hybrid nanobiocomposites and BF + PE +
MS hybrid biocomposites (****P < 0.0001) P values are with respect to the control (biocomposites with and without ZnO nanorods).
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and ZnO together give the highest flexural strength. The
untreated BF/PE/MS + ZnO hybrid nanobiocomposite was
found to have lower flexural strength than the corresponding
biocomposite.
The added ZnO nanorods should have enhanced the

interfacial bonding between the banana fiber and the polyester
matrix. Also, the ZnO nanorods having the residual hydroxide
groups is strongly bonded to the fibers and the nonpolar parts
of the ZnO are associated with the polyester matrix.
Similarly, the KMnO4-, Ac2O-, and HCOOH-treated hybrid

nanobiocomposites were found to have moderately high
flexural strength compared with the corresponding biocompo-
sites. Goriparthi et al.87 reported that the flexural strength of
alkali-, peroxide-, permanganate-, and silane-treated jute fiber-
reinforced polylactic acid composites are higher than that of
the untreated fiber composites.
3.5.4. Izod Impact Properties. Figure 6d and Table 3 show

the Izod impact properties of untreated and chemically treated
short BF/PE/MS biocomposites and chemically treated BF/
PE/MS + ZnO hybrid nanobiocomposites. The impact
strength of the untreated BF/PE/MS biocomposite was
increased considerably by all of the chemical treatments used
in the present study. The addition of ZnO nanorods further
enhanced the impact strength (Table 3). Pretreatment of the
banana fiber and the addition of ZnO nanorod together gave
the highest flexural strength of 1.45 J m−1. The addition of 1%
of MMT into the kenaf fiber-polyester system showed
improved impact properties. Further addition led to agglom-
eration of MMT particles, causing a decrease in impact
strength.88 Literature study reveals that addition of biosynthe-
sized alumina nanoparticles to hybrid banana/coir, sisal/coir,
and sisal/banana biocomposites enhanced the impact strength
by 9.65, 12.64, and 7.12%, respectively.89 The addition of
baggase ash particles to hybrid sisal/flax and sisal/kenaf
biocomposites enhanced the impact strength.90

3.5.5. Water Absorption Properties. The water absorption
properties of untreated/chemically treated short BF/PE/MS
biocomposites and BF/PE/MS + ZnO hybrid nanobiocompo-
sites are illustrated in Figure 6e and Table 3. Banana fiber, a
natural fiber, is strongly hydrophilic with many hydroxyl
groups (−OH) and absorbs moisture heavily due to the
formation of hydrogen bonds with water molecules.91 Alkali
treatment leads to an improvement in interfacial bonding,
hence promoting resin/fiber interpenetration at the interface,
by providing additional sites for mechanical interlocking.92 The
NaOH-treated woven fan palm fiber-reinforced (WFP)
unsaturated polyester composites have a lower water
absorption percentage compared to untreated WFP compo-
sites.93 However, our results reveal that all of the chemically
treated BF/PE/MS biocomposites (except NaOH treatment)
absorb much larger quantities of water than the untreated BF/
PE/MS biocomposites. This may be because of the presence of
molecular sieves, which have lot of voids and are known to
absorb water and other solvent molecules extensively.
All of the chemically treated short BF/PE/MS + ZnO hybrid

nanobiocomposites have lower moisture absorption than the
respective BF/PE/MS biocomposites. This observation
suggests that the addition of ZnO nanorods interfered with
the absorption of water. Similar results of reduced water
absorption by the addition of nanomaterials were reported in
the literature.
The H2O2-treated hybrid nanobiocomposites show the

highest resistance to water absorption among all of the

nanobiocomposites prepared in this work. In the previous
results, NaOH-treated jute fiber/unsaturated polyester compo-
sites were reported to show only 2.5% of water absorption after
immersion in normal water for 250 h. This illustrates the
effectiveness of alkaline treatment of jute fiber in the reduction
of water absorption. A further decrease in water absorption was
noticed on the incorporation of Al2O3/ZrO2. Better compat-
ibility between hydrophobic metal oxides and hydrophobic
polyester might have attributed to the reduction of water
absorption.92 Reduction in the hydrophilicity of the
composites is advantageous for many applications. The water
mass uptake of sisal fiber-reinforced composites based on
epoxy polymer and three levels of nanoclay (1, 3, and 5 wt %)
were studied by Mohan and Kanny et al. The result showed a
dramatic decrease in water mass uptake of nanoclay-filled
composites by increasing the nanoclay content. Hybridization
involving the combination of nanofiller and natural fiber in the
polymer matrix results in the reduction of water absorption
properties.30,81 Generally, the composite materials with low
water absorption must be most suitable for many automotive
applications such as car wheel shield, panels, etc.

4. CONCLUSIONS

Untreated and chemically treated short BF/PE/MS bio-
composites and chemically treated BF/PE/MS + ZnO hybrid
nanobiocomposites were made using the ZnO nanorods
prepared in our laboratory. KMnO4 treatment increased the
thermal stability, while the NaOH, H2O2, and HCOOH
treatments decreased the thermal stability of nanobiocompo-
sites. Pretreatment of the banana fibers with NaOH, HCOOH,
H2O2, Ac2O, and KMnO4 led to a significant decrease in the
tensile strength, flexural strength (except with NaOH and
H2O2), and compressive strength and a very moderate increase
in the impact strength of the BF/PE/MS biocomposites. The
addition of ZnO nanorods and pretreatment of the banana
fibers with NaOH, HCOOH, H2O2, Ac2O, and KMnO4
together enhanced all of the mechanical properties in the
BF/PE/MS + ZnO nanobiocomposites substantially.
HCOOH-, H2O2-, Ac2O-, and KMnO4-treated BF/PE/MS
biocomposites have higher moisture absorption than the
biocomposites with untreated fibers. But all of the nano-
biocomposites containing ZnO nanorods show much lower
water absorption. Our results suggest that the NaOH,
HCOOH, and H2O2 treatments along with ZnO nanorods
give superior materials.

5. MATERIALS AND METHODS

5.1. Chemical Treatments of Banana Fiber. 5.1.1. Alkali
Treatment. Raw banana fibers were immersed in 5% aqueous
NaOH solution at 25 °C for 2 h. The treated fibers were then
washed three times with running water to remove excess of
NaOH on the fibers. The fibers were then washed with 5%
solution of glacial acetic acid in water to neutralize the traces of
NaOH remaining on the fiber surface. The neutralized fibers
were washed again with distilled water to remove the excess
acetic anhydride. The rinsed banana fibers were dried in
sunlight for 1 day.

5.1.2. Acetic Anhydride Treatment. The natural untreated
banana fibers were dipped in 10% acetic anhydride in acetone
for 2 h; the fibers were washed thrice with running water
gently. The treated banana fibers were rinsed with distilled
water and dried in sunlight for 1 day.
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5.1.3. Hydrogen Peroxide Treatment. The unmodified raw
banana fibers were soaked in 10% hydrogen peroxide solution
in water for 2 h; the fibers were washed with tap water
vigorously. The treated banana fibers were rinsed with distilled
water three times and dried at room temperature for 24 h.
5.1.4. Formic Acid Treatment. The chopped banana fibers

were soaked in 10% formic acid solution in water for 2 h; the
soaked fibers were washed with tap water three times. Then,
the treated fibers were rinsed with distilled water to remove the
excess of formic acid and dried in sunlight for 1 day.
5.1.5. Permanganate Treatment. The banana fibers were

soaked in 0.05 N KMnO4 solution (water/acetone mixture in
the ratio of 9:1) for 1 h; the treated fibers were washed with
running water three times. The treated fibers were rinsed with
distilled water and dried in air for 1 day.
5.2. Synthesis of ZnO Nanorods. ZnO nanorods were

synthesized by the sol−gel method. Zinc sulfate (100 g, 0.3477
mol; ZnSO4·7H2O) as the precursor for zinc and triethanol-
amine (TEA, 15.8 mL, 0.12 mol) as the stabilizer were taken in
a 1000 mL RB flask. DI water (150 mL) and ethanol (150 mL)
were added to the above mixture and heated to 70 °C with
stirring. A solution containing 100 g (2.5 mol) of sodium
hydroxide in 100 mL of a 1:1 mixture of ethanol and water was
then added dropwise slowly and maintained at this temper-
ature overnight. The milky white precipitate formed was
filtered, washed with methanol, and dried in an air oven at 80
°C for 5 h to get free-flowing ZnO nanorod powder. The
schematic representation of the synthesis of ZnO nanorods
using the sol−gel method is given in Figure 8.

5.3. Preparation of Hybrid Nanobiocomposites. The
hybrid nanobiocomposites were prepared by the compression
molding technique as shown in Figure 9 with the specimen
dimensions of 290 mm × 290 mm × 3 mm. A thin layer of
mold-releasing agent (PVA solution) was applied to the clean
mold using a brush and allowed to dry. Meanwhile, 6 g of ZnO
nanorods (2.4%) is synthesized in our laboratory as shown in
Figure 1. Molecular sieves (30 g, 4 A0; 12%) filler and acetone
solvent (35 mL) were taken in a 500 mL beaker and stirred
gently. Unsaturated polyester resin (200 g) was then added to
this mixture, stirred using a mechanical stirrer for 30 min, and
finally sonicated in a sonicator for 30 min. The excess of
acetone solvent was removed by heating the mixture in a
heating mantle at 80 °C for 10 min, cooled to room

temperature, 3 mL of the cobalt octoate solution (accelerator;
6% solution in styrene) was added, and stirred. Then, after 5
min, 3 mL of methyl ethyl ketone peroxide catalyst solution
(6% solution in dimethyl phthalate) was added slowly and
stirred well. To the above mixture, 100 g of short (2 cm long)
banana fiber was added, mixed thoroughly using a glass rod,
and poured on the mold. The mold was kept at a pressure of
1500 psi at room temperature for 30 min for curing and then
post-cured at a temperature of 80 °C for 30 min. After curing,
the composite samples were cut as per the ASTM standard.

5.3.1. Mechanical Testing. 5.3.1.1. Tensile Testing. The
tensile tests of all of the hybrid biocomposites and nano-
biocomposites were carried out according to the ASTM D
3089 standard, using a KALPAK Universal tester KIC-2-1000
(capacity 100 kN; model number SR.NO.12110) with a
crosshead speed of 2 mm min−1 at room temperature. The
dimensions of the specimen used for the test are 250 mm × 25
mm × 3 mm. Three samples were tested for each composition,
and the average value was calculated. The ultimate tensile
strength was calculated using the following formula

=

peak load/cross sectional area

ultimate tensile strength (MPa)

5.3.2. Bending Test. The three-point bending test speci-
mens (125 mm × 13 mm × 3 mm) of all of the hybrid
biocomposites and nanobiocomposites were prepared as per
ASTM D 790; the bending test was carried out using a
KALPAK Universal tester KIC-2-1000 (capacity 100 kN;
model number SR.NO.12110) with a crosshead speed of 2 mm
min−1 at room temperature. Three samples were tested for
each composition, and the average value was calculated. The
load−displacement curve was obtained. Flexural strength
(MPa) was calculated by the software.

5.3.3. Compressive Strength. Compressive tests of all of the
hybrid biocomposites and nanobiocomposites were carried out
as per the standard ASTM D 3410 (specimen dimensions: 150
mm × 25 mm × 3 mm) using a KALPAK Universal tester
KIC-2-1000 (capacity 100 kN; model number SR.NO.12110)
with a crosshead speed of 2 mm min−1 at room temperature.
Three samples were tested, and the average value of the
compressive strength was calculated from the stress−strain
curve by the software.

5.3.4. Impact Strength. Izod impact test specimens (65 mm
× 13 mm × 3 mm) of all of the hybrid biocomposites and
nanobiocomposites were prepared according to ASTM D 256;
an indigeneous Impact test machine (25J developed by Central
Institute of Plastics Engineering and Technology (CIPET)
Chennai, Tamilnadu, India) with a striking pendulum was used
to determine the notched Izod impact strength. Three samples
were tested for each composition, and the average value of the
impact strength (J m−1) was calculated.

= −

impact energy (J)/thickness of the specimen (m)

Izod impact strength (J m )1

5.3.5. Water Absorption Test. The test specimens (20 mm
× 20 mm × 3 mm) of all of the hybrid biocomposites and
nanobiocomposites, prepared according to ASTM D 5229 and
weighed (W1), were kept immersed in water for 48 h at room
temperature. Then, the specimens were taken out and the
water adhering to the surface was wiped out using a dry tissue

Figure 8. Schematic representation of the synthesis of ZnO nanorods.
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paper and weighed (W2). The percentage of water absorption
was calculated using the formula

= − ×W W W% of water absorption ( )/( ) 1002 1 1

Three samples were tested, and the average value was
obtained.
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