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Abstract

Natural fibers are gaining too much attention and researchers are shifting their interest due to environmental concern and
ecological benefits. The present experimental study is focused on the investigation of thermo-mechanical properties of aggro—
waste pineapple leaf fiber (PALF) reinforced polymer composite under the influence of pineapple micro-particulate inclusion.
For developing the hybrid composites, constant weight fraction (30%) of PALF and five different weight fractions (2.5%,
5%, 7.5% and 10%) of particulates are taken. The study involves preparation, chemical treatment (with 5% NaOH solution)
and characterization (XRD, FTIR and TGA) of micro particulate and results revealed that the treatment of particulate
has a better crystalline index and thermal stability which improved their material characterization as well as mechanical
and thermal properties. The addition of chemically treated particulates in PALF reinforced polymer composites showed
better interfacial bonding between fibers and matrix that enhanced the mechanical and thermal properties of the developed
composite. The experimental results showed that 7.5% of particulates inclusion has highest tensile, flexural, compressive
and hardness properties with higher plane strain fracture toughness and thermogravimetric analysis while 2.5% of particulate
inclusion has highest impact strength. The water absorption and biodegradability tests were also performed and revealed
that the addition of particulates has greater water absorption and better biodegradability. The scanning electron microscopy
was used to study the morphology behaviour with different weight fraction of particulates and also analyzed the fracture
behaviour of developed hybrid composites.

Keywords Pineapple leaf fiber - Pineapple particulate - Hybrid composite - Mechanical properties - Biodegradability -
Scanning electron microscopy

Introduction various engineering application. But due to some major
disadvantages like non-renewability, non-biodegradability,
non-recyclability, required high energy for their processing

and lesser availability has gained more intention from

Recently researchers are shifting and taking more interest
in natural fiber reinforced polymer composites compare

to synthetic fiber reinforced polymer composites due to
their environmentally friendly and ecological concerns
[1]. Synthetic fiber like carbon, glass and kevlar has been
used as reinforcement for developing composite with
help of different petroleum-based polymer matrices for
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researchers and engineers towards natural fiber/filler based
biocomposite [2, 3]. However, natural fiber has most
effective and trending materials to develop biocomposites
due to their excellent cost performances, abundant
availability, less weight to strength ratio, low density,
biocompatible, non-corrosive, non-toxicity, low carbon
emissions and eco-friendly with nature [4]. The usages
of natural fiber as reinforced materials with thermoplastic
and thermosetting matrices are planted, harvested and also
obtained from agricultural wastages. Therefore, that has
resulted in large volume production with cost-effective and
less time taking during processing [5]. India has one of the
largest productions of agricultural wastes such as rice husk,
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wheat husk, coconut, corncob, pineapple leaf and bagasse
where the pineapple leaf (PALF) are the most unutilized
agronomic waste in terms of value additions. Therefore,
this wastage can be used to develop composites for various
applications like infrastructure, furniture, packaging,
automotive, biomedical etc and that may also helpful for
environmental concern as well as farming people to gain
some money and contribute toward ecological balance [6].

Growing environmental pollution, global warming, new
rules, and regulations all over the world for developing bio-
based economy is a big change for government, academic,
industry, and agriculture. In that situation the present work
is giving a solution of making bio-based composite by
using an agricultural waste may a helpful footstep towards
making bio-economy [7]. Every year India produced about
1706000 metric tons of pineapple with a worldwide wide
Sth position in production. Out of that, about 285170 metric
ton was produced by Assam (about 16.7% of total Indian
production) [8]. About 50% of India’s workforce (18% of
GDP) is connected with agriculture. Cultivation of pineapple
is a local activity in north-east India (Assam region) and
is a major source of earnings for the local population [9].
As such, the cultivation of pineapple can aid in sustainable
agro-economic development. So, if we can use this food
waste to develop bio-composite, it can help to make a bridge
between agriculture and industry and boost up the Indian
agricultural-based rural economy.

Among other agricultural waste, PALF has a high amount
(70-80%) of cellulose contains that provide high mechanical
properties to weight ratio and good addition with polymer matrix
[10]. The numerous previous researches have been conducted on
the PALF fiber and filler separately to find out their respective
physical, mechanical and thermal characteristics but the addition
of PALF fiber and filler are yet to be explored [11-17]. Many
studies and researches have been reported that the inclusions of
filler or micro/nano particulate at different weight fractions to
develop composites have increased their physical, mechanical
and thermal properties for various engineering and structural
load applications [18-22]. The hybrid biocompositturee based
on natural fiber and filler has aimed to achieve the combined
effect of their various respective properties such as perfect
insulation, dimension stability, superior interfacial bonding,
higher mechanical and impact strength, modified modulus and
non-corrosive [23]. The abundant availability of pineapple leaf
fiber and fillers are the best example of cost-effective lighter
weight bio-composites materials for engineering and structural
applications. A previous study at different weight fractions of
pinecone powder was used as reinforcement with high-density
polyethene (HDPE) matrix and examined that 10% of pinecone
powder has highest tensile, flexural and compressive properties
[24]. From an extensive literature survey on pineapple leaf
epoxy composites, it revealed that the chemical treatment of
the fiber and filler improved their materials characterization as
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well as enhanced the thermo-mechanical properties [25-27]. A
hybrid composite with 33% weight fraction of sal and teak wood
powder has examined that the effects of hybridization reduced
that water intake ability and improved their various mechanical
properties [28]. The combined effects of fiber and filler on
materials characteristics and thermo mechanical properties
have been discussed where jute fiber was reinforced with epoxy
matrix and calotropis gigantean [29], spent camellia seeds and
azadirachta indica seed [30] powders were used as filler, for
develop the composite. The effects of filler % were improved
their physical, mechanical, thermal and also surface morphology
behaviour of composites. A study with short pineapple leaf
fiber reinforced with starch binder reported that the different
particulate size of starch has affected their properties and
results found that 75um particulate size has better mechanical
properties while 250pm has highest hardness properties of
developed composites [31]. The alkali-treated portunus shell
powder [32] and rosewood/padauk wood powder [33] were used
with jute fiber epoxy composites and examined that treatment of
filler increased their thermo mechanical and fracture properties.
Green gram husk [34] and red mud filler [35] was used with
banana fiber-reinforced composites and revealed that the
incorporation of filler % improved their chemical, physical,
mechanical and damping characteristics of the composites.

The present work is mainly focused on the PALF fiber
and PALF particulates are reinforced with epoxy matrix
and investigate the effects of particulates inclusion on their
chemical, physical, mechanical, thermal and biodegradation
properties of developing composites. The epoxy resin is
selected based on their high-performance ability, good
compatibility with natural fiber, easily cured at room
temperature and that may use in various application such as
electrical electronics components, aerodynamics, marine,
automobile and biomedical industries [36]. The hybridization
of the same fiber and filler materials may results in good
stability and bonding with matrix materials. The particulates
size are ranging in between 70-80um which results in better
dispersion in matrix phase and produced improved mechanical
and fracture properties of developed biocomposites [6]. The
treatment of PALF particulates with NaOH solution used for
the surface modification that provides good adhesion with
epoxy resin and it also aims to economic and environment
friendly for any application perspective [37].

Materials and methods

Materials

Epoxy resin of tread LY-556 with hardener HY-951 was
used as matrix material. The matrix material was selected

based on their simple processing, dimensional stability,
and decent viscosity with worthy mechanical properties.
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Pineapple leaf fiber and pineapple leaf particulates
were used as reinforcing material for fabricating
the composite. North-east India is one of the most
pineapples harvesting region of India, where pineapple
leaf is one of the agricultural waste product because after
harvesting and collection of pineapples fruit, pineapple
leaf is usually burnt or buried and that may cause air
pollution. So that instead of wastages, we can use it to
provide material for various structural and non-structural
applications. The physical and mechanical properties of
epoxy resin and PALF are tabulated in Table 1.

Fiber processing

Pineapple leaves were collected from the north-east
region of India and fibers were extracted manually as
mention by Jagdish et al. [17]. The extracted fibers were
soaks in water for 24 hrs to eliminate impurities from
the fibers and then fibers are dried at open atmosphere
for 24 hours that helps to remove moisture and other foul
gases. This process is continued with complete drying
of fibers inside the oven at 90° C for 6hrs. The chemical
composition of PALF fiber was measured by Laboratory
Analytical Procedure (LAP) as reported by Mishra et al.
[38]. The chemical compositions of fiber are shown in
Fig. 1.

Pineapple leaf particulate preparation

Pineapple leaf fibers are chopped in fine pieces and
particulate particles have been prepared with help of
ball milling process. The particulates obtained from ball
milling are again grinded in the general grinder. The

grinded particulates are finally screened using sieves to
obtain average particulates in the size of 50 to 75 pum as
shown in Fig. 2. Nagarajan et al. [39] observed that, as
particular size decreased the strength of the reinforced
composite increased. Therefore, the current research
work is used the same average particulate size which
is previously used by Nagarajan et al. Pineapple leaf
particulates are then washed using distilled water to
remove the impurities. Washed particulates are dried at
atmosphere for 24 hours and then finally dried in an oven
at a temperature of 65°C. These particulates are named
as untreated particulate.

Chemical treatment of pineapple leaf particulate

For surface modification and enhancing the properties
of PALF particulate, chemical treatment has been done
[40]. Chemical treatment was performed by 5% by weight
of NaOH aqueous solution. First, NaOH aqueous solution
was prepared in a beaker by dissolving 5g of NaOH
pellets in 100ml of distilled water and then, the solution
mixed properly with the help of magnetic stirrer at 750
rpm for 15 to 20mins. Now, 15 gm of PALF particulate
was added with that solution and stirring of the solution
was done again at 48°C for 8 hours with 870 rpm. After
that process, the particulate was washed by using acetone
and distilled water which helps in reduction of pH value
of the treated particulate and maintain a neutralized
value of pH 7. Finally, treated particulates are dried
at atmosphere for 24 hours and again dried in an oven
for overnight at 65°C. This particulate is designated as
chemical treated particulate and this particulate are used
for fabricating the composite specimens [41].

Table 1 Properties of epoxy and

Material Properties Unit Value Standard/Method
PALF
Epoxy resin LY556 Density gm/cm’ 1.13 ASTM D-2734-70
and Hardener Hy951  viscosity mPa-s 12000 As per datasheet

Colour - Clear, Pale Yellow  Visual Inspection
Tensile Strength MPa 26+3.5 ASTM D 638 type V
Tensile Modulus GPa 1.1+0.6 ASTM D 638 type V
Flexural Strength MPa 32.23+0.22 ASTM D 790-03
Flexural Modulus GPa 1.44+0.4 ASTM D 790-03
1zod Impact Strength ~ J/m 64.17+£2.6 ASTM D 256-10
Hardness Shore D 4342 ASTM D 2240-15
Fracture toughness MPaxm'?  0.53+0.11 ASTM D 5045
Fracture Energy J/mm? 237421 ASTM D 5045

Pineapple Leaf Fiber ~ Density gm/cm’® 1.307 Helium Pycnometer
Diameter um 246-273 Stereomicroscope
Length cm 15-16 Slide Calipash
Tensile Strength MPa 362.765+23 ASTM D3822-14
Tensile Modulus GPa 14.422+3.4 ASTM D3822-14
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Fig. 1 Composition of pineap-
ple leaf fiber
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The surface modification of PALF particulate through ~ Composite preparation
reaction with NaOH was carried out as follows. First, NaOH
form sodium cations (Na*) and hydroxide anions (OH). In  The compression hand layup technique is used to fabricate
the next step, a nucleophilic reaction occurred and due to  the composite specimen. A flat and smooth die made of
this cellulose component of particulate was grafted with  cast iron with dimension (200 mm X 200 mm) are used to
sodium ions with a covalent bond as described in Fig. 3. fabricate the composite specimens. The mixture of PALF
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Fig.2 Preparation of pineapple leaf particulate
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Fig.3 Chemical reaction mechanism

particulate and epoxy resin are mixed properly for 20mins at
50rpm with help of ultrasonic dual mixing for homogeneous
mixture, and then hardener is poured in the mixture with
the ratio of 10:1 and again mixed properly for 15mins with
mechanical stirring. The degassing is required to remove
the air bubbles and voids from the final mixture. Over die, a
layer of wax polish and polyvinyl alcohol (PVA) was applied
to easy removal of the fabricated composite. Now, a layer
of resin hardener with PALF particulate mixture is coated
over the die using a brush and unidirectional PALF fibers
are placed over it. This process is repeated until the desired
thickness (3.5mm) of the specimens is achieved. Then the
dies are compressed with an external load of 30 kg weight
for equal distribution of resin and hardener over entire
specimens with the removal of air voids and left to cure
for 24 hours. The PALF fiber weight percentage is fixed to
30% and four different weight fractions (2.5%, 5%, 7.5%,
and 10%) of PALF particulates are taken and fabricated
composite specimens are named as PF0, PF1, PF2, PF3 and
PF4 respectively. The fabrication process of the composites
is described with a flow diagram as shown in Fig. 4. Finally,
the fabricated composite specimens are cut into desired
shape and size according to respective ASTM standards.
During trial experimentation of pineapple leaf fiber
reinforced composite were fabricated separately with
different weight fraction (10, 20, 30, and 40% by weight).
The fibers are distributed unidirectional for the fabrication of
composite specimen and tested their mechanical properties
such as tensile and flexural properties. The experiment
results reported that the 30% weight fraction of fiber has
the highest mechanical properties and 40% of fiber loading
revealed, the decrements in their respective properties. A
similar type of decrement was reported by Komal et al. [42]
for banana fiber and Ng Lin Feng et al. [43] for Pineapple
and Kenaf fiber. The reason behind this reduction is

Na+ OH-

O+ o0

OH- H H

+ Ny

O 0 O
Na Na Na
Treated PALF particulate

generally clusterization of fiber and due to the higher number
of fiber-less bonding strength. So for further processing of
hybrid composite, constant fiber weight fraction (30%) was
taken and 70% matrix material was modified with different
particulate weight fraction(2.5,5,7.5 and 10%).

Particulate characterization

The chemically treated and untreated particulates are
characterized by X-ray diffraction (XRD), Fourier transforms
infrared spectroscopy (FTIR), and thermogravimetric
analysis (TGA). This processes helped to understand the
effect of chemical treatment on surface modification, phase
transformation, molecular bonding and thermal stability of
untreated particulate.

X-ray diffraction has been carried out by using Burcker
D8 focus XRD machine operated at 30kV/15mA. The phase
change of treated and untreated particulate was carried out in
a 20 in the range of 10 to 90 degree at a speed of 2 degrees/
min with a step size of 0.05. The crystallinity index was
calculated as Eq. (1) [44].

Crystallinity(%) =(Crystalline area X 100) )

+ Total area under the curve

Fourier-transform infrared spectroscopy was done to
identify the changes in the functional group due to surface
modification. This process is carried out in the range of
450-3900 cm™! with 2cm™! resolution. The pineapple leaf
particulate was mixed with Potassium Bromide (KBr) in
the proportion of 1:200 (by weight). And the mixture was
compressing in a compression die to form a thin pellet which
was used for testing [45]. Thermal properties of treated and
untreated particulate were investigated experimentally by
EXSTAR TG/DTA 6300 (a thermo-gravimetric analyser)

@ Springer



66 Page6of23

Journal of Polymer Research (2021) 28: 66

(2.5,5.0,7.5,10%)
PALF particulte

LY556+Particulate
(Part A)

Sonication 20 Min
Process Time

Mechanical Mixing
for 15 Min

Pre-curing at
120 °C for 2h

Post-curing at
160 °C for 8h

Fig.4 Fabrication details of composite specimens

under a nitrogen atmosphere with a nitrogen flow rate of 200
ml/min and specimen heating rate of 10°C/min.

Testing of developed composites

To characterized the composites, physical (density and
void content of composite), mechanical (Hardness, Tensile,
Flexural, Compression, Impact and Mode-I fracture
toughness), thermal (TGA), water absorption and bio-
degradability testing has been carried out. The detailed
testing process was described in Table 2.

Result and discussion
Particulate size distribution

To identify the distribution of particulate size sieve analysis
was done. Figure 5(a) shows the Sieve arrangements as per
particulate size. The size of particulate has affected the strength
of the composite, so it is necessary to identify the particulate size
distribution. Figure 5(b) shows the particulate size distribution
of PALF particulate. From the graph it is observed that about
34% of particulate is of 50 to 75 um size, 30% of particulate is
of 25 to 50 um size, 17% of particulate is of the size of less than
25 um, 11% of particulate is of the size of 75 to 100 pm and 8%
of particulate is the size of greater than 100 pm.

@ Springer
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The morphology behaviour analysis of particulates
was carried out with the help of Field Emission Electron
Microscopy (FESEM) as shown in Fig. 6. The images
of particulate distributions were taken under different
magnifications. The morphology analysis was done
on untreated and treaded particulates where untreated
particulate shows some agglomeration effects while treated
particulate shows finalized group of particles with spherical.

Characterization results of PALF particulates

The influence of chemical treatment with aqueous NaOH
solution on the crystalline structure of PALF particulate
can be depicted from the result of X-ray diffraction as
shown in Fig. 7. Due to the chemical treatment of PALF
particulates, the delignification and dewaxing took place.
At the same time, alkaline treatment Na+ hypothetically
grafted with cellulose part of the PALF fiber by a
nucleophilic reaction. The reaction of this process also
showed in Fig. 3. When PALF particulates are washing
with water to remove the sodium ions and lower weight
polymer (lignin and hemicelluloses), the modified cellulose
has been produced whereas chemical treatment rearranged
the atomic structure of the untreated PALF particulates that
enhanced the crystalline index of the modified cellulose
[57]. The difference of initial and final weight of PALF
particulate before and after treatment was also evidenced
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Fig.5 (a) Sieving arrangement
(b) Particulate size distribution
of pineapple leaf particulate

@ Springer

()

Particulate size range

>100 um

100-75 um

75-50 pm

50-25 um

<25 pm

~
=3
~
w w H
o (3, ] o
1 1

N
3]
1

20

15

10 -

Particulate size distribution (%)

||[EZ] size distribution |

RRREK
LR
25258588
pR02020%0%
LK,
KX 0.0‘0
edetedels

%
XXX
258

X

O
Q

0

9
>

S

O
o

5

&,

5

R

<

5

,v
0,
9,
0205050
SRR

0.0,

2

%0

55

x

%

%
3K
oy
250
RS

5

&
35
939,

5

%S

10

K2
Vo %

5

O

S5

&
2R

R

074
0%
KR
O
2R

55
oS

35

5%

%

35
o0,

55

9
9,
K

O

5

2
9
0,

2
9
<
9

Q

55

55

%
&,
2R

D

000
&
&%

O
O
Q0
<

Q

R
KD

55

55

P

30

TS
QREREKKL

9
9,

TS
QRIKKL

XA
>

X2
X2

P
9%

,
X
2958
&%
%3
&
%

%
e
%
5
5

&5

52525855
52525855
XXX
5L
ZRRKS

9
KD
Q

%S
&5
oS
oS

K
<
2

0'0‘0
O 0.9
0000
&&5
$.0.9,

<
<
&R

2
<
9

z
2958
%

QD
9,

=3
&
%
0%
%
100
&

K2

Q
>
D%

026%
XXX
R

RS —
3%&%%%5 RRRRXKS
00 KRN

::
:’
D

0000
BEELE,
XXKRRKS
5???0
252585858
2K

XS
S35
8RS
3552
2%

O
K2

(R0
TS
K
255
38
%
85
0%,
e

K

555
%%
2
2R
2R
5%
2%

9%

RS
S
5
o

&%

T
25-50

50-75

Particulate size range



Journal of Polymer Research (2021) 28: 66

Page90f23 66

Fig.6 FESEM morphology
analysis of particulates

Untreated particulate r}{.‘

with non-cellulose component particulates loss and results
showed in Table 3. Thus, the treated particulates have
lower amorphous material (lignin and hemicelluloses)
that revealed a higher peak value with high-intensity count
and greater crystalline index [58]. The highest pick for the
untreated particulates have been observed at 20 = 25.38° but
after chemical treatment, the highest peak has been shifted
to 24.9°. This peak is of (0 0 2) plane and other two small
peaks are observed at around 15° of (1 0 1) plane and about
36° of (0 4 0). From the XRD result the crystallinity index
for treated particulates have shown 58.6% and untreated
particulates this value was 41.5%.

The difference of initial and final weight of PALF
particulate before and after treatment was also evidenced

with non-cellulose component particle loss and results
showed in Table 3.

The effects of chemical treatment for surface
modification of PALF particulate can be observed from
the result of FTIR (Fourier transform infrared spectra).
Figure 8 shows the intensity of functional group presents
in untreated and treated PALF particulate. This is also
evidence of surface modification of treated particulate
over untreated particulate. The FTIR spectrum for
untreated PALF particulate shows picks at 562 and
621 cm’! due to the presence of a small amount of
p-hydroxyphenyl propane present in lignin and outer
plane bending of O-H molecule respectively. The peak at
1031 cm™ spectrum band is due to stretching of C-O/C-C

Treated PALF particulate

Untreated PALF particulate

Fig.7 XRD graph of untreated 600
and treated pineapple leaf
particulate J
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Table 3 Weight loss of PALF particulate due to alkaline treatment

Initial Weight ~ Final Weight Weight differ- ~ Weight loss (%)
W) W,) ence (W, -W,)
20 gm 15.696 gm 4.304 gm 21.52

bond of polysaccharide present in cellulose. The spectral
bands at 1243 and 1372 cm’! are due to stretching
vibration of C-O group in lignin and extractives and
bending vibration of C-H group present in cellulose,
hemicelluloses respectively. A prominent peak is shown
at 1426 cm™' is due to bending vibration of CH, group
present in cellulose. The Peak at spectrum band of 1508
to 1593 cm! is due to the presence of aromatic ring in
lignin. Spectrum also shows a peak at 1643 cm™! due to
absorption of water. The Peak at 1735 and 2853 cm™
is due to stretching vibration of C=0O group of acetyl
present in hemicelluloses and CH, stretching of cellulose
respectively. The peak at the spectral band at 2919
and 2923 is due to stretching vibration of C-H group
present in cellulose and lignin molecules. And a peak at
3420 cm™! is due to stretching of O-H (hydroxyl group)
present in cellulose structure. Table 4 shows the tabular
representation of the assigned transmission band in the
FTIR spectrum [59].

After chemical treatment, a significant reduction in
absence of vibration energy and transmittance has been
observed for pineapple particulates. A decrement in intensity
about “621”cm! has been observed. This reduction is due to
the removal of the O-H group from the treated particulates.
The decrement of intensity around 1243 cm-1 has been also
reported. This decrement is due to the removal of lignin
where C-O bonding vibration is absent. After chemical
treatment due to removal of hemicelluloses, the stretching
vibration peak of C = O of hemicellulose has been shifted
from “1735 to 1670” cm™!. The characteristic peak between
“1800 to 1600” cm™! is also reduced after chemical
treatment. Due to the removal of lignin, the intensity pick at
2919 to 2923 cm! is significantly decreased and a reduction
in peak value between “3200 to 3300” cm™! has been also
reported. This reduction is recorded due to the removal of
the O-H group from the alkali-treated particulate.

To understand the effect of chemical treatment on
thermal degradation of particulate, thermogravimetric
analysis has been done. Figure 9 shows the graphical
representation of Thermogravimetric and derivative
thermo gravity (DTG) over a temperature range of 25
to 800°C for untreated and treated PALF particulate.
The temperature of initial degradation and percentage
of residue mass at the end for both treated and untreated
particulate has been shown in Table 5.
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Table 4 Assignment of

) ) Wavelength(cm™)
transmittance bands in FTIR

Assignment

spectrum 562

621

1033

1243

1371

1426
1508 and 1593
1643

1735

2853
2919 and 2923
3420

p-hydroxyphenyl of propane

Out of plane bending of O-H

C-C/C-O stretching of polysaccharide in cellulose
Stretching of C-O presents in extractives and lignin
Bending of C-H of cellulose and hemicellulose
Bending vibration of symmetric CH, group of cellulose
Aromatic ring presents in lignin

Water absorption

Stretching of Carbonyl (C=0) of acetyl groups in hemicellulose
Stretching of CH, of cellulose

C-H stretching of cellulose and lignin

Stretching of Hydroxyl (OH) group in cellulose

It is observed that there is a significant impact of chemical
treatment on the initial degradation temperature of particulate
and residual mass left at the end of the degradation process.
The initial degradation temperature increased by 37°C and the
residual mass left is also increased by 5.55%. The effects of
surface modification are not quite shown in the temperature
range of 25 to 350°C. Therefore, percentage weight loss of
untreated and treated particulate are less affected, but for
the further increment of temperature from 400 to 750°C, the
mass loss for untreated and treated particulate is 23% and
37% respectively as evident from the depicted thermogram.
The above value signifies that alkaline treatment has a good
impact on particulate at the high-temperature range. Untreated

particulate might have a greater moisture content as compared
to treated particulate and at elevated temperature, moisture
is evaporated which results in a difference of weight loss.
This can prove that alkaline treatment of particulate can
reduce the population of polar group presences in particulate
molecules and that ensured, the treated particulate surface
has more hydrophobic with higher thermal stability [60]. For
calculating the weight change, DTG takes the first weight
signal derivative and within the specified temperature range,
degradation is anticipated as a footprint of peaks generation.
Moreover for untreated and treated particulate, the DTG curve
shows the peaks at 336 and 348 respectively, for -10.6%/min
and 7.49%/min.
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Table 5 Data of TGA of untreated and treated pineapple leaf particulate

Particulate IDT (°C) MRDT (°C) Ts,(°C) Final residue
type (%)
Untreated 273 322 333 19.66

PALF
Treated 310 332 341 25.21

PALF

Experimental results of developed
composites

To identify the effect of pineapple leaf particulate addition
on PALF reinforced composite physical, mechanical and
thermal characterization has been performed. The results
are shown below.

Density and void content

For physical characterization of non-hybrid and hybrid
composite specimens, experimental and theoretical densities
along with void content have been determined and tabulated
in Table 6. It is noted that, due to pressure of void inside
composite specimens, the calculated theoretical density
values of composites are not equal to experimentally
investigated values.

Natural fiber contains lumens in its cellular structure which
performed voids in the composite structure. That means the
natural fiber consist of cellulose carries voids naturally and
results showed, adding the fiber with matrix increased the
void contains in the composites. A similar trend of increment
in void content with fiber volume fraction was observed by
Satapathy et al. [61]. Figure 10 shows the percentage of void
content for developed composites specimens and analysed
that, the addition of pineapple leaf particulate also increase the
void content in composites. This may be due to hydrophilic
property of pineapple leaf particulate because pineapple leaf
particulate may also absorb moisture from the environment
and at the time of the curing process. This moisture evaporated
and void is developed inside the composite. It is also observed

that as the particulate loading increases the void content is
also increased. This has happened because as particulate
loading increases, the area of contact between particulate
and epoxy are also increased which turn erupted and created
voids. The maximum void content is about 4.02% for PF4
type of composite. A similar trend in void content variation
with an increment of reinforced materials has been reported
by Madsen et al. [62].

Mechanical properties results

The various mechanical properties tests like tensile,
flexural, compressive and hardness properties of the
developed composites have been performed where for
every test, five specimens are tested and average values
of the results are recorded. The results revealed that
the addition of pineapple leaf particulates along with
pineapple leaf fiber showed the increment in strength
and modulus as compare to PALF reinforced polymer
composite (PF0). The additions of particulates up to
7.5% of weight fraction have enhanced their respective
properties while decrements in the properties are
recorded with 10% of weight fractions.

From results of tensile test, It is seen that for PFO
composite specimen, the tensile strength and modulus
are 61.55 MPa and 2.21 GPa respectively while, after
addition of 2.5% particulate along with PALF, the tensile
strength and stiffness values of hybrid composites are
increased by 20.38% and 23.69% respectively. The
highest value of tensile properties showed for PF3 type
of hybrid composite (Tensile strength =89.432 MPa
and Tensile modulus = 3.032 GPa) as shown in Fig. 11.
The addition of particulates with matrix material is
resulting in good interfacial bonding between PALF and
particulate loaded epoxy that result in the increment in
tensile properties of the developed composite [65]. In the
other hand, PF4 hybrid composite showed the decrements
in strength and stiffness as compared to PF3 hybrid
composite because excessive addition of particulate
with epoxy material is decreasing the bonding strength
between fiber and matrix which results in a reduction of

Table 6 Density and void

. Composite Composite code Theoretical Experimental
content F)f developed bio- density density
composites (gm/em?) (gm/em?)

30% w Fiber+ 70% neat epoxy PFO 1.177 1.148
30% w Fiber+ (2.5%w filler loaded epoxy) PF1 1.101 1.070
30% w Fiber+ (5%w filler loaded epoxy) PF2 1.033 1.000
30% w Fiber+ (7.5%w filler loaded epoxy) PF3 0.974 0.935
30% w Fiber+ (10%w filler loaded epoxy) PF4 0.920 0.883
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it is observed that, 2.5% addition of particulates (PF1)
along with fiber shown increment in elongation before

tensile properties [66]. From Fig. 12 stress

Fig. 11 Tensile properties of

developed composites
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Fig. 12 Tensile stress-strain 100
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addition of pineapple leaf particulate along with PALF
in low percentage increased the toughness of the material
whereas, the particulate percentage increased, the
material became more brittle and decrements in the strain
at break value for developed hybrid composites [67].
Flexural test and compression test have shown same
behaviours in the results and seen that for PFO composite
specimen, the flexural strength and modulus are 79.55
MPa and 5.73 GPa respectively whereas compressive
strength and modulus are recorded 75.87 MPa and
5.44 GPa. The maximum increments of their properties
with 7.5% of weight fractions where 30.30% flexural
strength, 56.43% flexural modulus, 29.87% compressive
strength and 17.85% compressive modulus are recorded
respectively. Figure 13 shows the flexural stress-strain
curve for developed composites. Due to addition of
pineapple leaf particulate along with pineapple leaf fiber,
the micro-level gap between two fibers have been filled
with these micro-particles which resist the fiber breakage
and increases the fiber-matrix interfacial bonding as well
as the matrix to fiber stress transmission capability and
results found the increments in flexural and compressive
properties [68, 69]. Whereas the addition of excessive
particulate may lead to improper bonding between
reinforced and matrix materials that form cluster with
epoxy resin inside the composites. Due to this effect
the value of stress concentration factor increases and
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bonding strength between reinforcing material and
matrix material decreases which result in a decrement
of properties of composites [70]. The type PF4 developed
hybrid composites observed the decrements in properties
due to this cluster and agglomerations effects and a
similar observation was reported by Ahmed et al. [71].
Figure 14 shows the compressive stress-strain curve for
developed composites.

The hardness of developed composites has been
measured by using Shore-D hardness tester. From results
obtained, neat epoxy has the lowest hardness value 43
and after fiber addition with the epoxy, the hardness
increased to 66. While after addition of PALF particulate
with fiber shows the increment in hardness value and the
highest hardness value is observed for PF3 composite
(93.5). Addition of fine pineapple leaf particulate along
with the PALF-epoxy composite resists the indentation
and results in an increment of Shore-D hardness value
[63]. But for PF4 type of composite where particulate
loading is 10% shows reduction in hardness value (83.75)
due to excessive addition of particulate may reduce
binding strength of matrix and reinforcing material. The
same kind of reduction has been reported by Kokta et al.
[64].

The impact tests are performed on developed
composites where the energy absorbed by any material
before breaking determines the toughness of the material.



Journal of Polymer Research (2021) 28: 66

Page 150f23 66

Fig. 13 Flexural stress-strain

curve up to failure of developed
composites

Flexural stress (MPa)

Figure 15 shows the impact strength of different types
of composite specimens. From previous results, it was
found that the addition of particulate with matrix at low
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Extension (%)

weight percentage result increment in impact strength
and at higher weight fraction results in a decrement in
impact strength [72]. The similar trend was observed for
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Fig. 15 Impact strength of 100
developed composites
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Fig. 17 TGA and DTG graph of 105 0.05
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particulate loaded matrix and fiber. Due to proper
bonding, it leads to better stress transmission from the
matrix to reinforced material which was also observed by
Ahmed et al. [71]. The further increment in particulate
percentage results in the decrement of impact strength.
This may be co-relating with tensile elongation before
the break. From tensile results, it is observed that as
the pineapple leaf particulate loading increases, the
elongation at break value decreases. This is the evidence
of the addition of pineapple particulate at higher weight
percentage made the composite brittle and result in a
decrement in toughness values as well as impact strength
values.

Fracture properties

The fracture toughness (K;.) and fracture energy (Gy.)
has been found out for all types of developed composites.
Figure 16 shows the fracture toughness and fracture
energy value for developed composites. The fracture
toughness (Kj,) value for neat epoxy was 0.58 MPam'’2.
Due to the high cross-link structure of density presents
in thermoset epoxy resin, the samples are brittle and
showed less K, value. While, after addition of fiber with
epoxy, the K;, reached to 4.54 MPam'”? with 6.82% of
increment. This increment tells that addition of PALF
made the material ductile with compare to neat epoxy

[73]. Now, the addition of pineapple leaf particulate up

Temperature (°C)

to 2.5% (PF1) with PALF reinforced composite results
in an increment of 19.6% in fracture toughness value
as compare to PALF reinforced composite (PF0). The
increment in fracture toughness and fracture energy at
low pineapple leaf particulate loading (PF1) may be
related to the interruption of crack front propagation.
The micro-particulate of pineapple leaf inside composite
may create obstacles at the crack front and result in crack
front bowing in the middle of leaf particle. This leads to
creating secondary cracks and thus ultimately increasing
the value of fracture toughness [74]. This theory is only
applicable for low percentages of particulate loaded
hybrid composite like PF1 composite whereas, for
composite with higher particulate loading (PF2, PF3,
& PF4) crack growth is weaker due to deboning of
particulate and results in higher blunting of the crack tip
[75]. From results, it analysed that, the further increment
of particulate content in developed composites result in
continuous and remarkable drop of K, and G, value. The
10% of particulate loaded pineapple leaf fiber-reinforced
composite (PF4) showed the lowest fracture toughness

Table 7 Data of TGA for developed bio-composite

Composite IDT MRDT Tsq Final residue (%)
Type

PFO 320 386 395 20.88

PF3 346 408 419 28.61
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Fig. 18 Thickness swelling
graph of developed composites

value of 3.02 MPam'? because due to development
of stress concentration spots at different places which
reduced the contact area between matrix and reinforced

Fig. 19 Biodegradability graph
of developed composites
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Fig. 20 Surface morphology and fracture analysis of developed composites

Thermal stability using TGA

To understand the thermal stability of developed composite
thermo-gravimetric analysis (TGA) has been performed. TGA
has been performed for PFO (which is non-particulate loaded
PALF reinforced composite) and PF3 (7.5% particulate loaded
PALF reinforced composite) type of composite. PF3 type of

composite sample was chosen because this sample showed
higher mechanical properties. Figure 17 shows the TGA and
DTG graph of the developed composites and Table 7 showed
the various temperature properties and the final residual value
of the developed composites.

It is observed that, addition of pineapple leaf particulate
results 8.13% increment in initial degradation temperature,
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5.7% increment in MRDT value and about 8% increment
in final residual mass values. This concludes that, the
addition of particulate along with fiber results in increment
in thermal stability of the developed hybrid composites. This
is due to hindering the heat passage postponing the weight
loss. Similar behaviour has been reported by Goyat et al.
[74]. From the DTG curve, the addition of pineapple leaf
particulate also showed a change in pick value and increment
in pick temperature. DTS peak values are -0.452% and
-0.440% at a temperature of 401°C and 459°C respectively
for PFO and PF3 type of developed composites.

Water absorption and biodegradability behaviour

The water absorption behaviour of all types of developed
composites has been shown in Fig. 18. It is seen that the
percentage of water absorption increases with the number
of day increases and gradually saturated after 16 days. Water
absorption for PFO composite is lesser as compare to hybrid
composites (PF1, PF2, PF3, & PF4). The water absorption
is mainly caused to due hydrophilic nature of lingo-cellulose
contains in fiber and particulates. Addition of particulate
along with fiber results in increment in water absorption
properties continuously. Hence, PF4 hybrid composite has
contained maximum water absorption and a similar trend
has been reported by Wei Wang et al. [76].

From Fig. 19 it is seen that up to 16th days, there is an
increment in weight percentage of all type of developed
composites. After 16th day, this increment is saturated up
to 27th days while after 27th days, composite specimens
started to lose its weight. This decrement is due to mass
degradation of developed composites. Mass degradation
may happen due to decomposition of mass done by bacterial
presents in the environment at normal temperature. Similar
degradation behaviour has been reported by Dinesh et al.
[33]. Maximum biodegradability value was observed for PF4
composite and the minimum value is for PFO composite.
Therefore, it revealed that the addition of pineapple leaf
particulate along with PALF fiber results in increment
in water absorption value and also lead to increment in
biodegradability properties.

Surface morphology and fracture analysis

The surface morphology and fracture behaviour of
particulate inclusion with pineapple fiber reinforced polymer
hybrid composite were analysed by field emission scanning
electron microscopy (FESEM). The analysis was done with
high magnification from100x - 50000x. The analysis was
mainly focused to determine the distribution and scattering
behaviour of pineapple leaf particulate inside the developed
hybrid composites. Figure 20 shows the effects of different
weight % of particulate in PALF fiber reinforced epoxy

@ Springer

composites. PFO has PALF reinforced composites without
the inclusion of particulates which results in less interfacial
bonding between fiber and epoxy due to more voids and
hence mechanical properties are affected. PF1 has 2.5% of
particulate distribution inside the developed bio-composites
where particulates are less dispersed due to lower weight %
and results in fewer effects on their respective properties.
PF2 and PF3 hybrid-composites show a good scattering of
particulates with epoxy resin that results in better interaction
and interfacial bonding between particulate to fiber and
particulate to epoxy resin. Therefore the efficient distribution
of particulate (7.5%) in PF3 bio-composite has attended the
highest values of mechanical properties due to intensified
cross-link behaviour of particulates particles inside the
matrix materials. Thereafter, if particulates are more added
continuously, it results in agglomeration and cluster effects
inside developed hybrid composites as shown in PF4 image.
This is happened due to more amount of particulates have
poor interaction of particles movement and week interfacial
bonding with matrix phase which results in more voids and
cavitation inside composites and reduce its mechanical
properties [33]. The developed composites are mainly failed
due to brittle fracture with linear behaviour of stress because
no plastic deformation occurs. The failures are mainly
happened due to fiber breakage, crushing of fiber, fiber
pullout, fiber debonding, level buckling and week yielding
zone formed [77]. This type of failure may be occurred due
to the perfect dispersion of particulate with epoxy resin
which is brittle and belongs to thermoset polymer.

Conclusion

The pineapple leaf fiber reinforced composites were
developed with the inclusion of four different weight
fraction of pineapple leaf particulate by using compression
moulding hand layup technique. The chemical
characterization of developed pineapple leaf particulate
has been carried out and finally developed composites
were characterized by performing physical, mechanical and
thermal characterization as well as water absorption and
biodegradability test. Based on the above characterization,
the following results are drawn.

e The chemical treatment with NaOH solution of
pineapple leaf particulate results in surface modification
of particulates and significantly enhanced the bonding
strength between particulate and polymer matrix which
may also improve their thermal stability and decrease in
moisture absorption behaviour.

e Addition of pineapple leaf particulate along with
pineapple leaf fiber increased the bonding strength
between the matrix and reinforcing material which
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results in increment in mechanical properties like
tensile strength, tensile modulus, flexural strength,
flexural modulus, compressive strength, compressive
modulus, hardness, and impact strength. Not only
mechanical properties but also improved their
thermal stability, water absorption behaviour and
biodegradability behaviour for developed composites.

e The maximum mechanical properties of developed hybrid
composites were recorded with 7.5% of particulate inclusion
in PALF reinforced epoxy composites. While the addition
of excessive weight percentage of particulate results in
clusterization and agglomeration effect that reduced their
mechanical properties.

e The addition of 2.5% pineapple leaf particulate with
PALF reinforced composites are having greater impact
and fracture properties while after more addition of
particulates, increases the brittleness of material and
decreases the elongation before the break, fracture
toughness and impact strength.

e Water absorption behaviour and biodegradability
property of composite increased with increment in
the particulate weight percentage in developed hybrid
composites and conclude that addition of particulate
not only help to develop a material with better
mechanical and thermal properties but also help to
develop more biodegradable material.

Thus, the developed composites have lighter in weight,
cost-effective, biodegradable and environmentally friendly
materials for moderate load bearing application.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10965-021-02435-y.
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