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ABSTRACT: Isora nanofibers (INF) were produced by a combined thermal-chemical-mechanical method from Helicteres
isora plant. The resulting fibers were analyzed using transmission electron microscopy and scanning electron
microscopy, which showed a network-like structure with a length of 600 nm, width of 50 nm and an aspect
ratio of 12. Fourier transform infrared spectroscopy indicated that chemical treatments progressively
removed noncellulosic constituents. X-ray diffraction analysis revealed that crystallinity increased with
successive chemical treatments. Using the synthesized isora nanofibers, poly(butylene succinate) (PBS)-based
biodegradable nanocomposites were prepared. The nanocomposites were processed using a Brabender
twin-screw compounder and an injection molding machine. Effects of INF on the mechanical properties
of nanocomposites were investigated. Tensile and flexural moduli of PBS-INF nanocomposites showed an
increase with increase in INF content owing to the network formation of the nanofibers in the PBS matrix,
whereas toughness and strain-at-break exhibited the opposite trend. Tensile and flexural strengths showed an
increase up to 1.5 phr of INF loading, beyond which they were observed to decline owing to agglomeration of
INF. Theoretically predicted tensile strength and Young’s modulus were found to increase with INF content;
however, there existed a mismatch between theoretical predictions and experimental observations.
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1 INTRODUCTION

Plastics, due to their versatility, ease of manufacture,
and comparatively lower cost, coupled with unique
thermal, mechanical, and electrical properties, are
used in day-to-day life for an expanding range of
applications from disposable utensils to space shuttles.
According to targeted applications, polymer proper-
ties are enhanced and/or modulated by the addition
of diverse kinds of fillers. The non-biodegradable
nature of these plastics (pristine/composite) has led
to the generation of infinite amounts of solid waste.
Hence, researchers across the world are working on
developing sustainable plastics that are biodegradable

*Corresponding author: spilla@clemson.edu

DOI: 10.7569/JRM.2016.634128

J. Renew. Mater., Vol. 4, No. 5, October 2016

or compostable under simulated aging conditions.
Poly(butylene succinate) (PBS) is among the most
promising biodegradable aliphatic polyesters. PBS can
be synthesized by poly-condensation of 1,4-butanediol
with succinic acid [1]. Compared to other biodegrad-
able polymers, PBS possesses superior mechani-
cal and thermal properties, good processability, and
high chemical resistance [2, 3]. PBS has a melting
point in the range of 90-120 °C, glass transition tem-
perature in the range of —45 to —10 °C (between that
of polyethylene (PE) and polypropylene (PP)), ten-
sile strength between that of PE and PP, and stiffness
between that of low-density polyethylene (LDPE) and
of high-density polyethylene (HDPE) [4]. Moreover,
PBS undergoes biodegradation during disposal in
compost, moist soil, fresh water (by activated sludge),
and seawater [5]. However, compared to synthetic
plastics, PBS has inferior mechanical properties, which
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limits its widespread use. Use of non-biodegradable
synthetic fillers can improve the properties, but ren-
ders the composite non-biodegradable. Hence, to
increase the use of PBS an appropriate reinforcement
strategy, which enhances the properties (e.g., mechani-
cal properties) while maintaining the highly sought-
after biodegradability, is essential.

Replacing traditional synthetic reinforcement fibers
with natural fibers (e.g., natural cellulose fibers) [6—8]
is an attractive proposition to solve the problem men-
tioned above. Use of such completely biodegradable
composites in fields such as the automotive, packaging,
and furniture industries could significantly reduce the
amount of non-degradable wastes. Various PBS-based
green composites reinforced with a variety of biofibers
are reported [1, 5, 9-20]. Among the diverse biofibers
reported, cellulose, a readily available renewable
and biodegradable biopolymer, with high mechani-
cal strength, low density, chemical stability, and ease
of derivatization, is being intensely researched to
fabricate biodegradable composites [3-5]. Cellulose
extracted from different sources, including sugar beet
[21-27], potato tuber cell [28, 29], lemon and maize [30],
coir [15, 31-36], banana [37-41], as well as various other
renewable resources [42-52], exhibited varying rein-
forcing ability, indicating the strong correlation of the
aspect ratio, crystallinity, morphology, and properties
of cellulose with the raw material and the employed
extraction process [53].

However, all these studies use micro- or macro-
scale fillers, which in spite of enhancing the mechani-
cal properties, needed to be added at high volume
ratios to achieve the desired strengths. Moreover,
while the addition of most of the reinforcement fibers
to PBS resulted in the enhancement of tensile proper-
ties [1, 9-16, 18-20], addition of certain natural fibers
such as starch [43], cellulose filler [43], rice husk flour
[44], wood flour [17, 44], and lignin [5] led to a decline
in the tensile strength. Other mechanical properties,
including elastic modulus (except in the case of basalt
fiber [45]), flexural strength, etc., also showed signifi-
cant enhancement upon addition of biofibers-based
fillers. It is worth noting that the optimal filler load-
ing in all these studies is in the range of 10-40% (high
loading), except in the case of cellulose whiskers [46],
due to the micro/macro nature of the fillers used.
Nanodimensional fillers, due to their unique structure
and properties, could enhance the properties even at a
lower loading. It is interesting to note that while vari-
ous PBS-based nanocomposites containing diverse
filler systems have been investigated, reinforcement
with bio-based nanofibers, particularly nanocellulose,
are rare. One particular example is by Lin et al., where
they observed a significant enhancement of mechani-
cal performance and crystalline properties of PBS
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matrix when reinforced with cellulose whisker and
platelet-like starch nanocrystal [46].

In the present study, we extracted isora nanofiber
(INF) from Helicteres isora plant by using a combined
thermal-chemical-mechanical method. The method
yielded nanosized INF fibers. INF was characterized
using scanning electron microscopy (SEM), transmis-
sion electron microscopy (TEM), Fourier transform
infrared (FTIR) spectroscopy, X-ray diffraction anal-
ysis (XRD) and thermogravimetric analysis (TGA).
We also fabricated PBS-based nanocomposites using
these INF fibers and investigated their morphology,
microstructure, and mechanical properties. The nano
dimensions of prepared INFs enabled the nanocom-
posite to exhibit enhanced mechanical properties
with INF loading of only 1.5%, an order of magnitude
reduction compared to typical micro/macro biofillers.
Finally, some analytical models were used to predict
theoretical tensile strength and Young’s modulus of
the nanocomposites and compared with experimental
results to gain a better understanding of the interac-
tions between PBS and INF.

2 EXPERIMENTAL
2.1 Materials

Polybutylene succinate (PBS) (melt flow index:
25g/10min; density: 1.20-1.28g/cm?® melting point:
114 °C) was purchased from Shanghai Yuhan Bio-
technology Co., China. INF was extracted from the
barks of Helicteres isora plant collected from the forests
of South India. Analytical grade reagents—hydrogen
peroxide, sodium hydroxide and oxalic acid—were
used. A homogenizer of type IKA®T25 digital Ultra-
Turrax and a laboratory autoclave (with 25 psi pres-
sure) were also used for preparation of INF.

2.2 Methods
2.2.1 Preparation of INF

Helicteres isora (family: Sterculiacea) is a lignocellulosic
rich fiber (tensile strength ~ 500 MPa, elastic modulus
of 26.3 GPa, and elongation-at-break ~ 2.5%) [48]. Isora
fibers were chopped into short length of about 0.5-1 cm,
treated with 2 wt% NaOH solution in an autoclave in
the ratio of 1:10 (fiber:solution, w/v), and kept at a
pressure of 20 psi and temperature range of 110-120 °C
for a duration of one hour. Thoroughly washed and
dried fibers were then bleached with hydrogen perox-
ide (H,0,) using a solution of 30% (v/v) H,0,and 4%
(w/v) NaOH in a water bath at 60 °C in the ratio of 1:20
(fiber:solution, w/v) with constant stirring for 90 min.
The bleached isora fibers were washed with distilled
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water until the solution reached the pH value of 7.
Isora fibers were oven-dried at 60 °C for 12 hours, and
the H,O, bleaching procedure was then repeated three
times [31, 47]. The bleached fibers were then treated
with 10 vol% oxalic acid in an autoclave under pres-
sure of 20 psi and at a temperature of 110 °C for one
hour. Immediate release of the pressure led to defibril-
lation of the fibers [34], and this acid treatment process
was repeated four times. Acid-hydrolyzed solution,
containing fibers, was homogenized for 20 min at
12,000 rpm using an IKA®T25 Ultra-Turrax digital
homogenizer, following which the suspension was
kept in an oven at 80 °C till it was fully dry [48]. A sche-
matic representation of the experimental procedure for
preparation of INF is given in Figure 1.

2.2.2 Preparation of Nanocomposites

Melt mixing of PBS with different INF loadings (0.5,
1, 1.5 and 2 parts per hundred parts of polymer resin
[phr]), was performed in a Brabender twin-screw
compounder (GmbH & Co. KG, Duisburg, Germany),
at 140 °C for 9 min at a screw speed of 90 rpm. The
extruded strand was pelletized and dried at 80 °C
for 24 hours. Extruded pellets were injection molded
into tensile (ISO 20753 A,)) and flexural (ISO 178) test
bars using a micro injection molding machine (DSM

20kV X550 20pum 12 54 SEI

Alkali treatment +
H,0, bleaching

Xplore, Netherlands) at 140 °C and an injection pres-
sure of 1200 psi.

2.3 Characterization
2.3.1 Isora Nanofiber

Chemical composition of raw isora fiber and fibers
at each treatment was measured as per the Technical
Association of Pulp and Paper Industry (TAPPI)
standard. a-Cellulose and hemicellulose content were
determined by TAPPI T19 m-54 method, while lignin
content was analyzed by TAPPI-T222 om-88 method
[7, 49]. A minimum of five samples were tested for
each material, and average values were calculated. A
fixed amount of INF suspended in water was dried up
to constant weight at 105 °C, and the yield of INFs was
calculated by using an electronic analytical balance
(Mettler Toledo ML204/actual scale interval = 0.1 mg).

Scanning electron microscopy (SEM) (JEOL JSM-
820 model) was used to observe the effect of differ-
ent chemical treatments on the surface morphology of
isora fibers. The samples were coated with gold using
a vacuum sputter coater (model SC500) to avoid subse-
quent charging before measurement by SEM, with the
accelerating voltage being 20 kV. A JEOL JEM 2100 high
resolution transmission electron microscope (TEM)

Helicteres isora plant i

Figure 1 Procedure for the preparation of INF from Helicteres isorabark.
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was used to examine the size of INF. A drop of a diluted
suspension (1 wt%) was deposited on the surface of a
clean copper grid coated with a thin carbon film. The
sample was dried at ambient temperature before TEM
analysis and the measurement was carried out with
an accelerating voltage of 80 kV. Fourier transform
infrared spectroscopy (FTIR) spectrum of INF was
recorded using a Shimadzu IR-470 IR spectrophotom-
eter. The FTIR spectrum of each sample was obtained
in the wavelength range of 400-4000 cm™, with a reso-
lution of 2 cm™ and a total of 15 scans for each sample.
X-ray diffraction technique was employed to analyze
the crystallinity of INF after different chemical treat-
ments. X-ray equatorial diffraction patterns of raw,
alkali-treated, HzOz-bleached and acid-treated fibrils
were obtained with an X-ray diffractometer (JEOL
diffractometer, Model JDX 8P) using CuK radiation
(A = 0.1539 nm) at operating voltage and current of
40 kV and 20 mA respectively. X-ray diffractograms
were obtained at room temperature within a 26 range
from 5 to 80° at a scan rate of 2°/min. Crystallinity
index (I ) of the material was determined by Segal
method, as shown in Equation 1 [51].

I (%) :IOOZ _Ium

cr

oY)

I 002

Where I  expresses the relative degree of crystallinity,
I, is the maximum intensity of (0 0 2) lattice diffrac-
tion at 26 = 22°, and I is the intensity of diffraction at
20 =16°; 1, represents both crystalline and amorphous
regions, while I represents only the amorphous part.
Thermal stability of INF fibers was determined using
a thermogravimetric analyzer (TGA Q5000). All meas-
urements were performed under nitrogen atmosphere
with a gas flow of 10 mL/min by heating the material
from room temperature to 700 °C at a heating rate of

10 °C/min.

2.3.2 PBS-INF Composites

The dispersion state of INF within the resulting PBS-
INF composites was investigated using TEM. For this,
ultra-thin films of each type of composite (thickness

of 50 nm) were obtained by ultra-microtome cut-
ting. Static tensile properties (i.e., modulus, strength
and toughness) were measured at room temperature
(~25 °C) and atmospheric conditions (relative humid-
ity: ~50 + 5%) using an Instron Universal Testing
Machine (Model# 5985) equipped with a 1 kN load
cell, with tests being carried out at crosshead speed
of 10 mm/min in accordance with ISO 20753 A,, and
five identical specimens being tested for each formu-
lation. Flexural tests were conducted using a three-
point bending fixture on an Instron Universal Testing
Machine (Model# 5985) equipped with a 1kN load cell,
with tests being carried out at a test speed of 2 mm/
min up to 16% bending in accordance with ISO 178.
Span-to-depth ratio was 16, with average values of
flexural strength and modulus of each composite cal-
culated using five specimens each.

3 RESULTS AND DISCUSSIONS

3.1 Isora Fiber
3.1.1 Compositional Analysis

The chemical composition of isora fiber after different
chemical treatments is summarized in Table 1. As the
results illustrate, isora fiber is an attractive source of
nanocellulose due to its higher cellulose content com-
pared to other commonly used natural fibers such
as banana (Musa spp.) (54-64.4%) [41, 52], sugarcane
(Saccharum officinarum) bagasse (44.9-45%) [54], bam-
boo (Bambusa spp.) (41.8-54.0%) [55], and coconut
(Cocos nucifera) husk (32.5-45.9%) [56]. The results also
reveal that chemical treatments removed almost all the
hemicellulose (0.6%) and lignin (1.4%) from the fibers,
accompanied with a drastic increase in cellulose con-
tent from 72% to 94%. The sum of percentage content
of cellulose, hemicellulose and lignin corresponds to
the total dry matter, indicating the presence of other
components like pectin, wax, and moisture.

When raw fiber was subjected to alkali treatment
followed by steam explosion, hemicellulose was under-
going hydrolysis, while lignin was going through
depolymerization, giving rise to sugars and phenolic

Table 1 Chemical composition of fibers at each stage of treatment.

Fiber Cellulose (%) (TAPPI T19 m-54) | Hemicellulose (%) (TAPPI T19 m-54) | Lignin (%) (TAPPI-T222 om-88)
Raw 72.0+31 31+24 21.2+09
Alkali treated 763 +29 1.8+31 15524
H,O, bleached 86.1+18 1.1+09 21+14
Acid hydrolysis 943 +3.3 06+23 14+32
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Figure 2 SEM images of (a) Untreated fiber (b) Alkali-treated isora fiber (c) Bleached fiber (d)Acid - hydrolyzed fiber.

resin compounds that are partially soluble in water
[57]. Generally, steam explosion ends up in a chemi-
cal reaction of glycosidic bonds within hemicellulose,
resulting in the cleavage of hemicelluloses-lignin
bonds [58]. High solubility of lignin and hemicel-
luloses was due to the cleavage of the ether linkages
between lignin and hemicellulose by alkali treatment
[59]. Yield of INF with respect to the initial amount of
dried isora fibers was 58%, higher than the nanofiber
obtained from isora fiber by chlorine-based bleach-
ing [48]. Hence, it can be used as a potential source for
scaling up the production of cellulose nanofibrils.

3.1.2 Morphology

Scanning electron microscopy (SEM) images of the
isora fiber at different processing stages are shown
in Figure 2. Figure 2a shows the surface of raw fiber
[60]. After alkali treatment, due to the partial removal
of materials such as lignin, hemicellulose, pectin, wax
and other impurities, the fiber surface becomes smooth,
as shown in Figure 2b. The H,O, bleaching treatment
caused defibrillation of fiber bundles by removal
of binding material and reduction in fiber diameter
(Figure 2¢) [60]. Further decrease in the diameter of
fibers was observed post acid treatment (Figure 2d)
[34]. After homogenization these acid-treated fibers
result in further defibrillation yielding INF.

3.1.3 FTIR Analysis

The FTIR spectra of isora fiber at different stages are
shown in Figure 3. As can be seen in Figure 3, all
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Figure 3 FTIR spectra of raw fiber, alkali treated, H,O,
bleached and acid hydrolysed isora fibers.

prominent bands corresponding to cellulose, includ-
ing 3341, 2901, 1429, 1161, 1110 and 897 cm™!, are pre-
sent in all the spectra [61-63]. However, for raw fibers,
additional bands at 1731 cm™ correspond to acetyl and
uronic ester groups of hemicelluloses and the ester link-
age of carboxylic group of the ferulic and p-coumaric
acids of lignin. The peak at 1509 cm™" originating from
the aromatic C=C stretching was also present [64]. As
the fibers are subjected to alkali treatment and H,O,
bleaching, intensities of all these peaks showed a
reduction, indicating the partial removal of lignin and
hemicellulose [65-67]. As expected, the data presented
in Table 1 shows that hemicellulose and lignin are not
entirely removed by these chemical treatments and a
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small amount is always retained even after various
chemical treatments [25, 68].

3.1.4 X-Ray Diffraction Analysis

Chemical treatments that are capable of removing
noncellulosic biomass can affect the crystallinity of cel-
lulose. Figure 4 shows the XRD patterns of raw fiber
and of fibers at different chemical treatment stages.
Raw fiber shows a strong crystalline peak at 26 values:
22.6° for (2 0 0) plane, and a broad peak at 16° for
(101) plane. As can be seen from Figure 4, all the sam-
ples exhibited a sharp diffraction peak at 22°, which is
characteristic of cellulose I structure [69]. In the case of
nanofibers, the diffractogram demonstrates a consid-
erable increase in the sharpness of edge. Moreover, for
INF, the peak at 16° became broader with an observ-
able shoulder, indicating the highly enriched structure
of cellulose.

12000 4 — Raw fiber
| — Alkali treated fiber
—— Bleached fiber
10000 4 —— Acid hydrolysed fiber
’5:‘ -
& 8000
€ ]
3
S 6000 -
2 |
2
g 4000 -
< ]
2000 4
0 4 .
10 15 20 25 30

2 theta (degree)

Figure 4 XRD spectra of raw fiber, alkali treated, H,O,
bleached and acid hydrolysed isora fibers.

—— Raw fiber
100 4 —— Alkali treated fiber
Bleached fiber
——— Acid hydrolysed fiber
80
’O\B‘ 60
=
2
g 404
20 +
0 LANNN L S L B S B R
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Temperature (°C)

Derivative weight (%)

The I was calculated according to Segal’s method,
which provides a quantitative measure of the crystal-
linity in powders [51]. A higher crystallinity index for
chemically treated isora fibers in comparison to the
raw fibers can be attributed to the efficient removal of
hemicellulose and lignin from the amorphous regions,
and the enrichment of cellulose content in isora fibers
due to alkali and H,O, bleaching treatments (Table 2).
Therefore, INF obtained from the combined applica-
tion of chemical treatments and high pressure homog-
enization treatment in the present work can be highly
effective in achieving better reinforcement in compos-
ite materials [25].

3.1.5 Thermogravimetric Analysis

Raw, alkali-treated, H,O,-bleached, and homoge-
nized isora fiber samples were thermogravimetrically
analyzed to compare the degradation characteristics
at different stages of preparation (Figure 5). Initial
weight loss observed in the temperature region of
60-110 °C was due to vaporization and removal of
bound water in the cellulose samples. Weight reduc-
tion beginning at 220 °C was due to the degradation
of hemicellulose, which has lower thermal stability
than lignin and cellulose [70]. Massive degradation
observed in the temperature region from 250 to 450 °C

Table 2 Crystallinity Index of the fibers

Fiber Crystallinity index (I )
Raw 34.11
Alkali treated 49.26
H,O, bleached 7725
Acid hydrolysis 88.68
0.0 <

05 4 Raw fiber

w Alkali treated fiber
Bleached fiber
~— Acid hydrolysed fiber
-1.0 4
-1.5 4

L} hd L Ad L) - L] hd L) . L] b L) A4 L] - L} hd
50 100 150 200 250 300 350 400 450 500
Temperature (°C)

Figure 5 TG curves of raw, alkali treated, H,O, bleached and acid hydrolyzed isora fiber.
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Figure 6 TEM image of (a) INF, (b) PBS-0.5 INF and (c) PBS-1.5 INF.

was due to the degradation of lignin and cellulose
components.

From the DTG curve it is clear that various chemical
treatments led to an enhancement in thermal stability
of the isora fiber. Presence of hemicellulose, pectin,
and lignin may expedite thermal degradation of isora
fibers by providing more active sites for initiating such
degradation. The different chemical treatments led to
the removal of these components, thereby improving
its thermal stability. At 700 °C, the lowest char yield
was obtained for the acid-treated cellulose due to the
removal of noncellulosic components in the fiber.

3.2 PBS-INF Composites

3.2.1 Morphology

The INF and composites were imaged using TEM
as well. Figure 6a shows the INF fiber before mixing
with PBS. The TEM images in Figure 6b and 6c show
the dispersion state of INF at 0.5 and 1.5 phr in the
corresponding PBS-INF composites. It was difficult
to obtain uniformly dispersed nanocellulose from
natural plant fibers since the nanophase has a strong
tendency to form larger structures via aggregation and
agglomeration [71].

3.2.2 Mechanical Properties

Figure 7 shows stress-strain curves of pure PBS and
PBS-INF nanocomposites, indicating the occurrence of
an initial yielding, followed by a drop in stress. This
was due to a reduction in the cross-sectional area on
account of necking and breakage of the secondary
bonds (i.e., van der Waals and hydrophobic interac-
tions) that connected the crystal structure, leading to
the occurrence of the slip between polymer chains
[72]. This was followed by severe necking and strain
hardening, as indicated by the gradual rise of the
stress-strain curve. It is also interesting to note that the

J. Renew. Mater., Vol. 4, No. 5, October 2016
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Figure 7 Tensile stress-strain curves of PBS and PBS-INF
nanocomposites.

failure stress was observed to be higher than the initial
yield stress usually accompanied by strain-induced
crystallization, which would have aligned the crys-
tallites in the direction of strain [12]. All specimens
showed a tendency to follow ductile fracture mode, as
evidenced from the stress-strain curves. Ductility was
gauged by strain-at-break and toughness. Lin et al.
observed that addition of 2 wt% cellulose nanowiskers
improved the tensile strength from 26.2 to 29 MPa [46].

Toughness, which is defined as energy-to-fracture
per unit volume of the specimen, is obtained by inte-
grating area under the stress-strain curve. Toughness
of PBS-INF nanocomposites showed a significant
decrease when compared to pure PBS (Figure 8). This
decrease in toughness may be attributed to the fact
that INF particles acted as stress concentrators [73].
Area up to the yield point in the stress-strain curve
is termed “modulus of resilience.” Modulus of resil-
ience of the PBS-INF composites (Figure 8) showed
an increase up to the loading level of 1.5 phr INF

d © 2016 Scrivener Publishing LLC 357
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Figure 8 Toughness, modulus of resilience and strain at break of PBS and PBS-INF nanocomposites.
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Figure 9 Ultimate strength, yield strength and elastic modulus of PBS and PBS-INF nanocomposites.

due to interfacial interaction between the fibers and
matrix [74]. Strain-at-break (%) showed a decrease
with increase in INF content (Figure 8). For example,
strain-at-break was observed to decrease from 606%
(neat PBS) to 368% upon addition of 2 phr INF. The
decreased deformability of PBS matrix was due to the
enhanced restriction offered by INF.

Young’s modulus of PBS-INF nanocomposites
increased with INF content (Figure 9). Modulus was
observed to become enhanced from 3.8 GPa (neat PBS)
to 4.9 GPa upon addition of 2 phr INF, an increase of
nearly 29%. This increment in modulus was due to
the enhanced restriction of polymer chains offered by
INF. In fact, the INF is able to form a network in the
PBS matrix by hydrogen bonding interaction which
can suppress the mobility of the PBS chains, leading
to an increase in stiffness and strength and decrease
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in toughness and elongation at break. In this study,
enhancement in ultimate tensile strength and yield
strength were observed for nanocomposites up to a
loading level of 1.5% INF (Figure 9). Addition of 1.5 phr
INF was observed to lead to the enhancement of ulti-
mate tensile strength by 14% and of yield strength by
25.2% compared to corresponding values for neat PBS.
However, beyond 1.5% INF loading, both strength
parameters showed a decline. This could be due to
possible agglomeration of INF reducing the effective
interfacial area, thereby leading to a compromise on
tensile strength. Lin et al. have observed a similar phe-
nomenon for cellulose whisker (CW)-reinforced PBS
composites. They reported an enhancement in tensile
strength from 26 MPa (for neat PBS) to 29 MPa upon
loading of 2 wt% of CW; although further increase in
CW content led to a decline in tensile strength [46].
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3.2.3 Theoretical Model Predictions:
Comparison of the Mechanical
Properties

To gain a better understanding of the interactions
between PBS and INEF, tensile strength and Young's
modulus data were analyzed by comparing them with
various prediction models/theories.

3.2.3.1 Relative Tensile Strength (RTS)

Relative tensile strength is the ratio of tensile strength
of the composite to the tensile strength of pure matrix.
Four theoretical models were used to predict the RTS
of PBS-INF composites. These are described below in
detail.

a. Rule of mixture (ROM) and Inverse rule of
mixtures (IROM):
ROM and IROM equations (Equations 2 and 3)
represent the simplest model that can be used
to predict the tensile strength of a composite.
ROM equation (Equation 2) is used to predict
the upper limit of tensile strength while IROM
equation (Equation 3) is used to predict the
lower limit of tensile strength [75].

0c =T NpOINE + TpBsPrps (2)

o = IINFPPBS
o=
IiNFPpes + TpesINE

3)

Here, o, 0, and g, refer to tensile strength
of the composite, isora fiber and neat PBS
respectively, while @, and @, refer to vol-
ume fraction of INF and PBS respectively in the
nanocomposite.
b. Nicolais-Narkis model:
This model assumes no adhesion between the
filler and matrix. Based on this assumption,
RTS is calculated using Equation 4 given below.

RTS=-2€

=1-1.209%} )
IpBs

c. Halpin-Tsai model:
In this model, perfect interaction is assumed
between the filler and matrix. Based on this
assumption, RTS is calculated using Equation 5,
where ¢ is calculated using Equation 6.

RTS= agc :1+f77T¢INF (5)
Opes L= 7/1OINF
21
=— 6
¢ ¥ (6)
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Figure 10 Comparison of experimental RTS values of
PBS-INF composites with values obtained from theoretical
models.

_ (EINF / Epgs ) -1

= (7)
! (EINF /EPBS)+2

Here, [ and d refer to the average length and diam-
eter of INF fibers and E . and E,,; refer to the Young’s
modulus of filler and PBS respectively.

Figure 10 compares the experimentally obtained
values of RTS with theoretically obtained RTS val-
ues based on the four models mentioned above for
various INF loadings. As can be seen, experimental
results are observed to match better, relatively, with
theoretical values obtained using ROM and Halpin-
Tsai models compared to Nicolais-Narkis and
Inverse ROM models. Percentage deviation of exper-
imentally obtained RTS values from theoretically
obtained value is very large in the case of Nicolais-
Narkis and inverse ROM models compared to that
from Halpin-Tsai and ROM models. This suggests
the existence of some type of interaction between
INF and PBS.

3.2.3.2 Relative Young’s Modulus (RYM)

Relative Young’s modulus is the ratio of Young’s mod-
ulus of the composite to the Young's modulus of pure
matrix. It can also be obtained using three different
models as given below.

a. ROM-IROM model:
ROM and IROM equations (Equations 8 and 9)
represent the simplest model that can be used
to predict the elastic modulus of a composite.
ROM equation (Equation 8) is used to predict
the upper limit of elastic modulus while IROM
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equation (Equation 9) is used to predict the
lower limit of elastic modulus [76].

Ec =Enr®nre +EppsPpas 8)

_ EnrEpgs )
EiNgPpps + Epps@ine

b. Halpin-Tsai model:

This model [77] predicts the elastic con-
stants of composite materials as a function of
aspect ratio of the filler, when the constituent
properties and volume fractions of the two
phases (matrix and reinforcement) are known.
Elastic modulus (E) of a randomly oriented
short fiber composite is given by Equation 10,
where E, and E, are longitudinal and traverse
moduli respectively, and are calculated using
Equations 11 and 12.

Ec

3 5
E-=—E; +—E 10
c=g L+8 T (10)
1+(21/4d
E, :EPBS|: ( )’7L¢INP:| 11
1=7.0ne
1+2
Er :EPBS[—+ ”T@NP] (12)
1=7.0ne

Constants », and #, are calculated using
Equations 13 and 7, while (I/d) represents the
aspect ratio of enforcement.

= (Emvr / Epps) -1
' (Emve / Epps)+ 21/ d)

(13)

Figure 11 shows the variation in relative Young's
modulus (RYM) with change in volume fraction of
filler in the composites. Experimentally obtained
RYM values were compared with theoretical RYM
values obtained using ROM, IROM and Halpin-Tsai
models. RYM value showed a progressive increase
with INF content due to the stiffening effect of INF.
Halpin-Tsai model assumes the existence of per-
fect adhesion between the filler and its matrix, and
experimentally obtained RYM results in this study
were observed to be closer to the Halpin-Tsai model,
as was also found for the RTS values [78]. While
the Halpin-Tsai model supposes a perfect interface
between matrix and fiber, it does not account for
fiber-fiber interactions which can take place in high
loading cellulose composite/nanocomposites (i.e.,
percolated networks).
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Young’s modulus of cellulose fibers can vary
according to the source of cellulose and based on fiber
dimensions. Young’s modulus of 40-60 GPa is usually
found for natural bast fibers like flax and hemp, while
it potentially increases up to 80 GPa for single cells
and is in the range of 100-140 GPa for nanofibrils and
nanowhiskers [79].

Flexural strength of a material is its ability to resist
deformation under load. Figure 12 shows the flexural
strength and modulus of PBS and PBS-INF nano-
composites. Flexural properties of INF-reinforced
PBS nanocomposites were observed to show a simi-
lar trend as tensile properties. Flexural strength of
PBS-INF nanocomposites was observed to become
enhanced upon the addition of INF up to 1.5 phr;
for example, flexural strength showed an increased
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—o— |IROM

1 ——RrROM
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Figure 11 Comparison of experimentally obtained RYM
values of PBS-INF composites with values of the theoretical
models.
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Figure 12 Flexural strength and flexural modulus of PBS
and PBS-INF nanocomposites.
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from 42.5 MPa for neat PBS to 52 MPa upon addi-
tion of 1.5 phr INF, showing an increase of 22%.
This improvement in flexural strength could be due
to the formation of mechanical interlocks between
INF and PBS, giving the PBS matrix ability to with-
stand the bending force [16]. Moreover, collapse of
the fiber-matrix interface upon bending is expected
to allow better contact between the matrix and rein-
forced fibers [16]. This physical interaction would
have allowed the applied load to be transferred to
the fibers via mechanical shearing at the fiber-matrix
interface. Beyond 1.5 phr of INF loading, flexural
strength was observed to decline, which may be due
to the reduced interaction between PBS and INF on
account of agglomeration of INF. The stiffening effect
of INF led to improvement in the flexural modulus
of PBS-INF nanocomposites. In fact, similar to tensile
modulus, flexural moduli also showed an increase
with INF content due to the enhanced restriction of
polymer chains offered by INF.

4 CONCLUSIONS

In this study, isora nanofibers were extracted from
Helicteres isora by using combined thermal-chemical-
mechanical treatments. Morphology, structural
analysis and thermal stability of cellulose fiber were
analyzed at each step using scanning electron micros-
copy (SEM), transmission electron microscopy (TEM),
Fourier transform infrared (FTIR) spectroscopy, X-ray
diffraction analysis (XRD) and thermogravimetric
analysis (TGA). The FTIR results indicated that chemi-
cal treatments progressively removed noncellulosic
constituents and analysis of XRD results revealed
an increase in the crystallinity of fiber with succes-
sive treatments. A and DTG results showed that
isora nanofiber possessed higher thermal stability.
Sustainable and biodegradable nanocomposites were
prepared using PBS and INF. All specimens tended to
follow ductile fracture mode, as evidenced from the
stress-strain curves. Addition of INF was observed to
lead to an increase in resilience, tensile and flexural
moduli of PBS-INF nanocomposites, but was accom-
panied with a decline in toughness and strain-at-break
of the nanocomposites. INF showed a promising rein-
forcing ability by enhancing both tensile and flexural
strengths up to 1.5 phr INF loading. However, beyond
this level of loading, both the strength parameters were
observed to decline due to possible agglomeration of
INF. Thus, the optimum INF loading for enhanced
(tensile and flexural) stiffness and strength properties
was found to be 1.5 phr. Theoretically predicted tensile
strength and Young’s modulus were found to increase
with INF content; however, a mismatch was observed

J. Renew. Mater., Vol. 4, No. 5, October 2016

to exist between theoretically predicted and experi-
mentally observed results due to reasons discussed
previously.
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