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ABSTRACT: The utilization of waste generated by natural i
resources is a crucial problem nowadays. The current study me,cc,mm, i
describes the utilization of pineapple (Ananas comosus) crown &z - ,
residue husk (PCRh) as a strength additive for low-density
polyethylene (LDPE) and ethylene propylene rubber (EPR)
composites. The blend composites with 30% husk, 10 wt % EPR, ‘et
and 60% LDPE content showed much better mechanical
properties, such as tensile strength and flexural properties, than Pincar’;z'iéﬁ"“'lsk A Observation
pristine LDPE and its binary composite with 10 wt % EPR. The [ , d — "
high tensile strength (~19.28 MPa) and tensile modulus (522.97 LDPE, T
MPa) were obtained for the composite consisting of 30 wt % PCRh
in the basic polymer matrix. Similarly, the highest flexural strength
(~18.09 MPa) and modulus (~790.29 MPa) were recorded for the same composition. The incorporation of PCRh with LDPE and
EPR was further characterized by attenuated total reflection—Fourier transform infrared, differential scanning calorimetry, field
emission scanning electron microscopy, dynamic mechanical analysis, and a universal testing machine to evaluate its impact on
various properties.
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1. INTRODUCTION absorption efficiency.”® Such composites minimize the weight
of vehicle components by 80% while reducing the energy
required for manufacture.” By substitution of different kinds of
lignocellulose fibers for glass fibers, environmentally friendly
composites may be created. Demand for natural fibers in
plastic composites is anticipated to increase by 15—20% yearly,
with growth rates of 15—20% in automotive applications and
50—80% in a few specific construction applications.” Industrial
and consumer products, including tiles, garden tools, plant
pots, furniture, and oceanic piers, are some of the other
expanding markets.”~"?

Additionally, there is a renewal of interest in researching
more ecologically friendly materials due to the ongoing

Polymer composites are now widely used in various industries,
including transportation, the aerospace industry, and pack-
aging.;,F4 attributable to their excellent corrosion resistance,
low density, translucency, and high stiffness.™® Polymer
composites reinforce natural fibers to improve their mechanical
and electrical characteristics. These natural fibers are nontoxic,
biodegradable, readily available, and light in weight.7’8 As a
result, they are widely used to create polymer composites that
are reinforced with fiber. Natural fibers like jute, cotton, hemp,
sisal, date palm leaf coir, flax, sawdust, and rice husk are
frequently used in polymer composites.”” " Natural fibers are

a great alternative to synthetic reinforcements because of their

widespread availability and flexibility in improving their eflv1ronmen_t.al 1ssues. AS_ a result, p r(.)blems such as
qualities via surface treatments.®~'® These composites are biodegradability and protection of the environment became
used in the construction and automotive industries. > critical to address while looking at novel materials. A theory

Several studies reported using a variety of thermoplastic increasingly used in most study sectors, sustainable develop-

polymers for reinforcing natural fiber using polypropylene, ment or eco-design, is often employed while creating new

santoprene, low-density polyethylene (LDPE), HDPE, and
polyvinyl chloride.">2%%1 Received: October 6, 2023

Automotive manufacturers are increasing demand for natural Revised:  November 23, 2023
polymer composites that can minimize pollution while still Accepted:  November 24, 2023
being lighter and more fuel efficient.” > Natural fibers are more Published: January 4, 2024
shatter resistant than glass fiber composites, have enhanced
energy management capabilities, and have higher sound
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Figure 1. Extraction procedure of PCR husk from pineapple crown. (Photograph courtesy of “Jitendra Kumar”. Copyright 2023.)
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Figure 2. Polymer composite and testing specimen made from PCRh. (Photograph courtesy of “Jitendra Kumar”. Copyright 2023.)

goods. The farming sector directly or indirectly relies on the
environment as a source of raw materials for its growth and
places to “dumpsites” for trash and byproducts produced
throughout the production cycles. Pineapple is one of the
sources of these raw materials, but it generates plenty of waste,
and its utilization may be done by finding its potential
applications. The high cellulose content of pineapple fibers
ensures that the fibers have high mechanical properties (tensile
and flexural).'*"> The annual harvest of pineapples is 28.18
million metric tonnes (MMT), with India producing 1.706
MMT of pineapples, ranking sixth in the world.'® These fibers
have been used in paper, textiles, polymer composites,
nitrocellulose,">'”~"***~** and polymer composites. In the
literature, pineapple crown fibers have previously been
documented to be used in polymeric composites. However,
PCRh remains after the extraction of the pineapple crow fiber.
The PCRh utilization, mainly as reinforcement, is still in its
formative stages. As can be observed from the previous
literature review, natural fibers like rice husk”>*® or
sawdust””*® have been successfully used as an additive material
for creating polymer matrix composites. The combination of
the PCRh and LDPE polymer and blend with ethylene
propylene rubber (EPR) was added as a compatibilizer to
develop a blend polymer composite material.

Similarly, PCRh/LDPE and PCRh/EPR/LDPE blend
systems, where EPR was mixed in 10 wt % quantities, were
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comparatively investigated in this study. This work is done in
continuation of our previous work25 and primarily studies the
interaction of PCRh with EPR/LDPE polymer blends. Apart
from this, the influence of the addition of PCRh on the
crystallization and thermal behavior of the different polymers
in the blends was also studied. Maleic anhydride (MAH)-
grafted EPR was introduced to compare the properties of
PCRh/LDPE polymer composites when one of the polymer
phases (LDPE) is replaced with its functionalized EPR/LDPE
blend. The morphologies, thermal stabilities, and mechanical
properties of the polymer composite and blend composites
were also investigated and found to be very reliable to apply in
real applications.

2. EXPERIMENTAL SECTION

2.1. Materials. LDPE, marketed as RELENE 24FS040, was
purchased from Reliance Industry Limited in India. It has a
density of 0.922 g cm™> and a melt flow index of 4.0 g/10 min.
ExxonMobil Chemical Asia Pacific received EPR from
Singapore as a marketed product. Exxelor VA 1803 is grafted
with 0.75% MAH (density —0.86 g cm™ and melt flow index
—3.3 g/10 min (230 °C/2.16 kg).

2.2. Extraction of PCRh. Pineapple fruit waste (crown)
was collected from a local juice vendor in Saharanpur, Uttar
Pradesh (India). The dust particles on the surfaces of the
crown were removed by washing the crown with distilled

https://doi.org/10.1021/acsomega.3c07697
ACS Omega 2024, 9, 2740—-2751
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Figure 3. Tensile strength (A), tensile modulus (B), flexural strength (C), flexural modulus (D), and elongation at break (E) of all polymer

composites of PCRh/EPR/LDPE.

water. After that, the crown was chopped into small pieces
(typically 8—10 mm lengths) to extract PCRh, which was
extracted using a blender at 12,000—15,000 rpm, as shown in
Figure 1. Thereafter, light green PCRh (size <450 pm) was
dried at 60 °C for 48 h.

2.2.1. LDPE/EPR Blend Mixing and Composite Making
with PCR Husk. The PCRh blend polymer composite was
produced by mixing with the different ratios of PCRh (10/90,
20/80, and 30/70 PCRh/LDPE and 10/10/80, 20/10/70, and
30/10/60 wt % PCRh/EPR/LDPE) blended in a Thermo
Scientific Haake Rheomix machine at S0 rpm at a temperature
of 160 °C for 10 min*’ The PCRh blend composite samples
were subsequently left to cool for 10 min at room temperature.

2.2.2. Sample Preparation. Lumps of the composites were
dried before further processing. The melting process was
reiterated, and the material was extruded into the HAAKE
Rheomex mini CTW twin screw mixer made by Thermo
Fisher SCIENTIFIC. The temperature of Thermo Scientific’s
HAAKE Minijet II machine was kept at 160 °C with 550 bar
injection pressure and then filled with these melts of the
composites. The samples were prepared following tensile ISO
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5272-2 and flexural ISO 178:2019 standards, and the
procedure is shown in Figure 2.

2.3. Characterization. 2.3.1. Universal Testing Machine.
The tensile strength and modulus of the samples were
determined using a universal testing machine (UTM, model
3365, INSTRON SKN). The tensile properties of different
composites with and without a compatibilizer were tested at
room temperature and a crosshead speed of 15 mm/min,
following ISO 527-2. Here, the results of an average of five
tests on each sample are provided. Additionally, all the
composite samples’ flexural strength was evaluated using the
same UTM following the ISO 178:2019 standard at room
temperature with a reduced crosshead speed of 2 mm/min.
The experiments were repeated five times for each sample, and
its average was reported.

2.3.2. Field Emission Scanning Electron Microscopy. The
original LDPE and all composite morphologies were examined
by a field emission scanning electron microscope (model
Mira3 Tescan). All of the composite samples were covered
with a thin coating of gold for field emission scanning electron
microscopy (FE-SEM) pictures. The polymer matrix covered

https://doi.org/10.1021/acsomega.3c07697
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Table 1. Sample Nomenclature and Various Properties of Different Composites Made from PCR with LDPE/EPR”

LDPE PCRh  EPR  sample naming  T.S. (MPa) +SD  T.M. (MPa) +SD % elongation +SD  FE.S. (MPa) +SD  E.M. (MPa) +SD
100 0 0 LDPE 14.74 + 0.37 12542 + 6.27 87.03 + 4.35 8.44 + 0.21 245.79 + 12.29
90 10 0 PCRh-1 17.32 + 043 207.45 + 10.37 42.50 + 2.12 11.94 + 0.30 396.05 + 19.80
80 20 0 PCRh-2 17.75 + 0.44 323.18 + 16.15 37.06 + 1.85 14.97 + 0.33 534.94 + 26.74
70 30 0 PCRh-3 18.64 + 0.46 381.10 + 19.05 20.55 + 1.02 16.44 + 0.41 664.81 + 33.24
90 0 10 EPR/LDPE 16.61 + 0.41 12620 + 6.31 18649 + 9.32 8.74 + 0.22 24949 + 12.47
80 10 10 PCRh-1,2 17.59 + 043 26543+ 13.27 46.11 + 2.30 13.17 + 0.32 416.28 + 20.81
70 20 10 PCRh-2,2 19.04 + 0.47 378.24 + 1891 29.72 + 1.49 15.17 + 0.37 612.42 + 30.62
60 30 10 PCRh-3,2 19.28 + 0.48 522.97 + 26.14 26.94 + 0.55 18.09 + 0.45 790.29 + 39.51

“T.M.—Tensile modulus, F.M.—flexural modulus, T.S.—Tensile strength, F.S.—flexural strength, S.D.—standard deviation. The variation of

different parameters is shown in Figure 3.

PCRh in every picture, obtained with the same resolution and
an accelerating scanning voltage of 10 kV.

2.3.3. Attenuated Total Reflection—Fourier Transform
Infrared. To investigate the change in the functional groups
due to chemical interactions between the polymer matrix and
PCRh, attenuated total reflection—Fourier transform infrared
(ATR—FTIR) data was collected by a PerkinElmer Spectrum 2
Instrument in accordance with ASTM DS5576-00(2013)
standards. The ATR—FTIR spectrometer range was employed
at 4000—400 cm ™.

2.3.4. Dynamic Mechanical Analysis. Testing all compo-
sites according to ASTM DS5023-15, a thermomechanical
analysis was conducted in a NETZSCH dynamic mechanical
analysis (DMA) setup at temperatures between —60 and 150
°C, with 4 °C/min heating rate at 1 Hz frequency. The
analysis’s storage modulus (E’) and tan & results have been
plotted as a function of temperature.

2.3.5. Wide-Angle X-ray Diffraction. In order to accurately
examine the crystalline structure, the samples of virgin LDPE,
EPR/LDPE blend matrix, and PCRh composites were dried at
60 °C for 24 h to reduce the moisture content. Wide-angle X-
ray diffraction (Rigaku Ultima IV) was employed for this
purpose using Cu K with nickel filtering as the radiation source
(4 = 0.15406 nm). The diffraction patterns were acquired in
the 20 range of 5—80° with a 4°/min scanning rate.

2.3.6. Thermogravimetric Analysis. Approximately 10 mg
of the composites, virgin LDPE, and EPR/LDPE blend matrix
was taken in an Extar TG/DTA apparatus. 200 mL/min of
nitrogen gas (N,) was supplied to generate the inert
environment. The heating rate was kept constant throughout
the experiment at 10 °C/min. In accordance with the ASTM
E1131-08 (2014) standard, the temperature range was put to
35—-800 °C.

2.3.7. Differential Scanning Calorimetry. Differential
scanning calorimetry (DSC) was performed using a DSC 25,
TA Instruments. The sample was heated between 60 and 150
°C with a heating rate of 5 °C/min under an environment of
nitrogen. The second cycle’s melting and crystallization data
were always taken into consideration. About 10 mg of the
substance was heated in an uncovered aluminum sample pan,
with the empty pan as a reference. Equation 1 was used to
determine the fractional crystallinity of all composites.

_ AH,_ X100

X~ =

¢ W,xAH) (1)
where AHY, = 285 J g™, the heat of fusion for 100% crystalline
LDPE, AH,, is the melting enthalpies, and W, is the weight
fraction of the polymeric matrix in the composite.
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2.3.8. Water Absorption Test. The investigations of water
absorption and thickness swelling were made for the composite
of PCRh with a polymeric matrix (EPR/LDPE) in accordance
with ASTM D 570-98. Samples were dried at 80 °C for 1 h
using a hot air vacuum oven to get them free of moisture.
Following this, the samples were cooled in a desiccator,
weighed to three decimal places, and then immediately placed
in distilled water. The thickness and weight of the submerged
samples were measured for 100 days. Samples submerged in
distilled water were cleaned using a clean towel or tissue paper
to assess their weight and thickness.'”*”*" eq 2 was used to
determine changes in weight gain percentage and swelling of
thickness percentage by eq 3.

Wwet - I/Vclry
Water uptake (%) = ——— X 100

wet

()

where W, is the weight of the soaked sample and Wy, is the
initial weight of the sample prior to its immersion in distilled
water.

. i twet - tdry
Thickness swelling (%) = — X 100

3)

where t,,, is the thickness of the soaked samples and t,, is the
initial thickness of the sample in the dry state.

wet

3. RESULTS AND DISCUSSION

The various mechanical properties such as tensile strength,
tensile modulus, % elongation, flexural modulus, and flexural
strength are investigated for composites having different ratios
of polymer matrix and PCRh. The values of these properties
are listed in Table 1. In the pristine LDPE case, the tensile
strength value was observed at 14.74 MPa. However, it
increased to 18.64 after the addition of 30% PCRh. Similarly,
the tensile strength of the EPR/LDPE composite was observed
at 16.61 MPa, which is higher than that of the PCRh/LDPE
composite. In view of this, various composites of EPR/LDPE
up to 30% PCRh were made, and their properties were
investigated. The PCRh ratio was limited to 30% due to no
proper mixing with the polymer matrix beyond this ratio. At
this ratio, a tremendous increase in the tensile strength can be
seen, as shown in Table 1 for PCRh-3,2. A similar trend was
observed for tensile modulus, flexural strength, and flexural
modulus in the case of all of the composites. However, the
value of % elongation was decreased from LDPE to PCRh-3
and increased for EPR/LDPE composite due to the addition of
EPR. In the case of PCRh-3,2 composite, a rapid decrease in %
elongation was observed. Hence, the proliferation of PCRh

https://doi.org/10.1021/acsomega.3c07697
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Figure 4. FE-SEM images of (A) virgin LDPE matrix, (B) EPR/LDPE blend matrix, (C) PCRh-1, (E) PCRh-2, (G) PCRh-3 and blend composite,

(D) PCRh-1,2, (F) PCRh-2,2, and (H) PCRh-3,2.

played a crucial role in the variation of the different mechanical
properties of the polymer matrix.

3.1. Characterization. In order to evaluate the compat-
ibility and characteristics of polymer PCRh composites, the
diffraction pattern was recorded using XRD, and FE-SEM
determined the morphological properties.

3.1.1. Field Emission Scanning Electron Microscopy. The
SEM images were obtained to observe the morphology and
structural changes in the composite. Figure 4A,CE,G
represents the surface morphology of pure LDPE, PCRh-1,
PCRh-2, and PCRh-3, whereas Figure 4B,D,F,H represents the
surface morphology of EPR/LDPE, PCRh-1,2, PCRh-2,2, and
PCRh-3,2. It can be observed from the SEM images that PCRh
was compatible with both EPR and LDPE, although some
stretching of LDPE was observed in the case of the PCRh/
LDPE binary composite (Figure 4C, E, and G—thread-like
structure). However, the thread-like structures were not
observed in a blended composite with 10% EPR with PCRh
and LDPE (Figure 4D, F, and H); hence, the strength
properties may also increase as a result of the addition of
PCRh. Another contributing factor may be the generation of
the voids, observed in the case of PCRh/LDPE composite but
not in the case of PCRh/EPR/LDPE composites because the
EPR filled these voids, and as a result, it reduced stress
concentration. In other words, it leads to a more uniform
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distribution of stress throughout the material, which results in
enhanced strength. Apart from that, EPR has a higher affinity
for both PCRh and LDPE than LDPE alone. As a result, it also
increases interfacial adhesion, which leads to better load
transfer between the different components of the composite
and hence the st1‘ength,32_34 corroborating with Figure
4B,FH.

3.1.2. Attenuated Total Reflection—Fourier Transform
Infrared. Figure SA—D demonstrates the ATR—FTIR spectra
of pristine LDPE, LDPE with compatibilizer EPR, virgin
PCRh, and the PCRh-3,2 composite. Because of the hydrogen
bonding in the biomaterial, PCRh, the FTIR—ATR peak at
around 3320 cm ™" is related to the O—H stretching. Similar to
this, peaks at 2850 and 2924 cm™' represent the C—H
symmetric and asymmetric stretching of the aliphatic CH;
group of cellulose, hemicellulose, and lignin.*> Moreover, the
existence of an aromatic lignin ring was confirmed by the peak
at 1733 cm™' corresponding to the C—O stretching vibration.
Other peaks, located at 1465, 1371, and 1037 cm™,
respectively, show the existence of the —HCH, C—H bending
vibration and the C—O—C asymmetric stretching.””

The distinctive peaks at 2925 and 2855 cm™" in Figure 5B of
the EPR/LDPE mix represent symmetric and asymmetric C—
H alkyl stretch, respectively. Additionally, it presents peaks at
1460, 1377, and 724 cm™}, which are associated with the

https://doi.org/10.1021/acsomega.3c07697
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Figure 6. Schematic of ester bond formation between —OH group on the surface of PCRh and MAH group of the EPR>* (Adapted with
permission from ref 25. Copyright 2022, John Wiley & Sons.)

bending and rocking vibrations of the aliphatic groups CH,
and CHj, respectively. The bands at 1790 and 1707 cm™" were

observed due to grafting of MAH on EPR of the EPR/LDPE
blend composites, which conform to the carbonyl (C—0O)
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asymmetric anhydride stretching band and the C-O
symmetric stretching of the carboxylate groups present in
maleic acid.”>™*’

Additionally, the existence of CH symmetric and asymmetric
vibrations of CH; is confirmed by peaks at around 2915 and
2847 cm™! in Figure SA. Likewise, peaks at 1464, 1376, and
718 cm™" are related to the bending vibrations of the aliphatic
groups CH, and CHj, as well as the rocking vibrations of CH,,
which indicate the existence of LDPE.

The PCRh-3,2 composite’s ATR-FTIR spectra display two
additional distinctive peaks at 1749 and 1631 cm™". The peak
at 1631 cm™" corresponds to the specific peaks of PCRh,
although the other peak at 1749 cm™ corresponds to the ester
bond formation.”> ™’ One small peak next to 2918 cm™ was
due to EPR, which confirms the compatibility of EPR in the
composite. The specific peak at 1037 cm™" corresponds to the
husk itself. The PCRh-3,2 composite showed a broader peak in
the region from 3000 to 3600 cm™!, formed due to the
hydrogen bond contribution from PCRh alone and the EPR/
LDPE composite, as shown by the deconvolution of the
peak.”® On the basis of the above facts, the ester bond
formation described in Figure 6 is consistent with the
mgghanism described by Malkapuram et al.>® and Kallakas et
al”

3.1.3. Dynamic Mechanical Analysis. 3.1.3.1. Storage
Modulus. Storage modulus (E’) is a measure of the stiffness
and rigidity of a material. It is a viscoelastic property, which is
significant in natural fiber polymer composites, as it is a key
indicator of their performance in applications where they are
subjected to dynamic loads. Figure 7A shows E’ of LDPE,
EPR/LDPE blend, and all composites as a function of the
temperature from —50 to 150 °C. Across the entire
temperature range, all of the composites exhibited greater E’
values than virgin LDPE. LDPE, EPR/LDPE, and all the
composites, PCRh-1, PCRh-2, PCRh-3, PCRh-1,2, PCRh-2,2,
and PCRh-3,2, reported E’ of 1985, 2052, 4285, 5321, 5949,
4700, 5495, and 6542 MPa, respectively, at a temperature of
—50 °C. Due to the inclusion of EPR, which already had a
lower storage modulus as compared to LDPE, the EPR/LDPE
blend exhibited a storage modulus lower than that of LDPE. It
is fascinating to observe that all the composites’ storage
modulus seemed to rise compared to LDPE and EPR. The
inclusion of PCRh in the LDPE and EPR/LDPE blends caused
an increase in the storage modulus of each of the composites.
Moreover, the interfacial interaction was crucial in improving
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the composites’ modulus characteristics. Likewise, all the
composite samples showed a storage modulus of 623, 517,
1643, 2261, 2997, 1687, 2356, and 2902 MPa, respectively, at
room temperature (25 °C) for samples LDPE, EPR/LDPE
PCRh-1, PCRh-2, PCRh-3, PCRh-1,2, PCRh-2,2, and PCRh-
3,2, respectively. Compared to pure LDPE, composites PCRh-
1, PCRh-2, PCRh-3, PCRh-1,2, PCRh-2,2, and PCRh-3,2
exhibited an increment of 163.72, 262.92, 381.06, 170.78,
278.17, and 365.81% in the E’ values. This apparent increase in
the E’ of the composites is likely the result of limitations placed
on the mobility of the polymeric chains by reinforcing PCRh.
Alkali-treated groundnut shell powder-reinforced ABS compo-
sites were made by Kumar et al.”> and Maurya et al,'> who
also found an increase in the storage moduli of the composites.
Similarly, Abdelmouleh et al.*® reinforced natural rubber and
LDPE with silane-treated cellulosic fiber and observed the
same impact of a rising trend in storage modulus as a result of
the short fiber loading.

3.1.3.2. Damping Factor (tan §). The tan J vs temperature
curve for LDPE, EPR/LDPE, and all composites is shown in
Figure 7B. Glass-transition temperature (Tg) for LDPE is
roughly —13.58 °C. T, values of about —9.33, —5.13, —3.17,
9.20, 11.63, and 17.19 °C were recorded for PCRh-1, PCRh-2,
PCRh-3, PCRh-1,2, PCRh-2,2, and PCRh-3,2 respectively. It is
interesting to note that every blend recorded a T, value higher
than the pure LDPE. This increase in T, resulted from the
PCRh limitation of the LDPE and EPR/LDPE matrices’ chain
mobility. The present assertion agreed with the information
provided by Kumar et al. and Maurya et al.">** Additionally,
the T, values of all the composites may have been increased
compared to pure LDPE owing to a significant interfacial
contact caused by the creation of ester and hydrogen bonds at
the interface of the PCRh and polymer matrix. PCRh has a
large surface area and contains polar hydroxyl groups. These
polar groups interact with the polymer chains and restrict their
mobilitgr. This restriction in mobility leads to an increase in
Tg.A'o_4 Apart from that, PCRh forms strong interfacial bonds
with the polymer matrix through chemical and physical
interactions. These strong bonds help to transfer stress
between the husk and the matrix, which further restricts
polymer chain mobility and increases T,.*"*>**

3.1.4. XRD. The XRD pattern was recorded for all of the
prepared samples to observe the changes in the crystallinity.
Five characteristic peaks labeled (a—e) were observed in the
XRD pattern of blend composites. The crystallinity was
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Figure 8. (A) XRD pattern of virgin LDPE. EPR/LDPE blend matrix and all various composites and (B) their 3D representation for intensity

comparison of the peaks.

maintained for PCRh-1,2, PCRh-2,2, and PCRh-3,2, as
depicted in Figure 8, but the reduction in the intensity of
the peaks d and e can be seen, probably due to a gradual
decrease in the addition of LDPE concentration. This
statement is corroborated with the DSC data provided in
Table 3.

Table 2. TGA Data Showing the Onset Temperatures with
Respective Weight Loss (%)

sample T, (°C) Ty, (°C) Ty (°C) Trnax (°C)
PCRh 213.54 327.84 617.28 794.69
LDPE 327.04 422.62 437.62 509.92
EPR/LDPE 325.88 406.79 426.36 511.84
PCRh-1 304.04 437.84 45591 523.29
PCRh-2 276.91 430.21 452.13 517.45
PCRh-3 254.28 412.12 447.19 510.53
PCRh-1,2 287.13 416.92 431.57 543.83
PCRh-2,2 273.63 412.47 428.68 535.32
PCRh-3,2 263.14 403.98 425.31 532.71

“T;: Initial degradation temperature at 5% wt % loss, T: temperature
at 50% wt % loss, T,5: temperature at 75% wt % loss, and T,,:
degradation temperature at maximum wt % loss.

3.1.5. Thermogravimetric Analysis. Thermogravimetric
analysis (TGA) was done for all of the samples to determine
their degradation rate or thermal stability. Figure 9 and Table 2
show the studies of the TGA of PCR husk, LDPE, EPR/LDPE,
and PCRh/EPR/LDPE composites. PCRh degrades in three
stages and releases volatile substances at 100 °C. Due to
Moisture loss, around 190 °C is when PCRh breakdown first
begins. The LDPE and LDPE/EPR matrix shows only one
deterioration phase. At about 368 and 336 °C, respectively,
they begin to deteriorate. The degradation temperature of the
EPR/LDPE blend was reduced due to the degradation of EPR
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at lower temperatures. Up to 100 °C, neither the PCRh/LDPE
nor the PCRh/EPR/LDPE composites produce any volatile
substances. Depending on the content of the composite, their
deterioration starts in the temperature range of 252—265 °C.
The temperature range between 511 and 523 °C, which is
between the degradation temperatures of PCRh and LDPE, is
where all composites degrade most significantly.

Due to the low quantity of degradable PCRh, the PCRh-1
composite with the lowest PCRh content exhibited the
maximum thermal stability at the start of deterioration.
Similarly, among all of the fabricated composites, composite
PCRh-1,2 showed the least amount of heat deterioration.
These studies concluded that as the fraction of husk loading
increased, the thermal stability of all composites decreased.

The temperatures for every specimen are listed in Table 2 at
different wt % reductions. Interestingly, considering the change
in mechanical characteristics caused by the inclusion of the
EPR coupling agent, all the composite specimen’s thermal
degradation temperatures continuously dropped. In PCRh-1,
the T, Ty, Tos, and T, temperatures are 304.04, 437.84,
455.91, and 523.29 °C, respectively. The composite’s
degradation temperature has lowered due to the inclusion of
EPR. Table 2 reports the degradation temperature at various
wt % for all composites. Composites PCRh-1, PCRh-2, PCRh-
3, PCRh-1,2, PCRh-2,2, and PCRh-3,2 provided a residual
mass of 0.19, 0.74, 1.55, 0.22, 0.48, and 1.157%, respectively,
after full deterioration at 800 °C, which was comparable to
PCRh and LDPE.

3.1.6. Differential Thermogravimetric Analysis. The differ-
ential thermogravimetric analysis (DTG) curves for LDPE,
EPR/LDPE, and all composites are shown in Figure 10. PCRh,
LDPE, and EPR/LDPE degradation showed maximum rates at
325, 403, and 408 °C, respectively. The husk DTG curves
often showed a two-stage degradation process, with the first
phase including the breakdown of hemicellulose and loss of
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Table 3. Calculation of Crystallinity for All the Composites

LDPE PCRh EPR sample Tc (°C) AH,, (J/g) T, (°C) % crystallinity X = % AHY, =285]/g
100 0 0 LDPE 109.38 81.421 126.41 28“.156 !

90 0 10 EPR/LDPE 116.85 69.360 124.86 27.04
90 10 0 PCRh-1 115.52 66.791 127.49 26.03
80 20 0 PCRh-2 118.75 55.440 126.25 24.31
70 30 0 PCRh-3 109.18 47.213 127.03 23.66
80 10 10 PCRh-1,2 116.42 63.500 127.82 27.85
70 20 10 PCRh-2,2 116.89 45.016 126.96 22.56
60 30 10 PCRh-3,2 114.26 33.510 125.08 19.59

——rcrn Similarly, the maximum rate of deterioration was shown at

EPRILDPE the II shoulder for the composites PCRh-1, PCRh-2, PCRh-3,

_ Pern2 PCRh-1,2, PCRh-2,2, and PCRh-3,2, which were recorded at

—rout 446.02, 439.42, 44028, 410.36, 44236, and 442.65 °C,

rerns respectively. It is interesting to note the greatest rate of

deterioration in all composites tested with EPR. The formation

of a strong interfacial contact between the PCRh and the

polymer matrix may cause this noticeable increase in the

composites’ greatest rate of degradation when compared to

— ] both the PCRh and LDPE matrix.

\ 3.1.7. Differential Scanning Calorimetry. DSC was used to

0] ETV—————— examine the thermal behaviors of LDPE, EPR/LDPE, and all

| rihefifeed” . . . . composite materials, including the crystallization temperature
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Figure 9. TGA graph of LDPE, the EPR/LDPE blend, and all various
composites.
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Figure 10. DTG graph of LDPE, EPR/LDPE blend, PCRh, and all of
the various composites.

moisture and the second involving the depolymerization and
breakdown of cellulose and lignin.”"**** The deterioration of
the husk continues at a significantly slower pace after the
maximum weight loss occurs at the specified temperature. Like
LDPE, EPR/LDPE degrades in a single step and at the fastest
rate at temperatures of about 403.53 and 406.68 °C. The
maximum rate of deterioration occurred at around 60% of the
weight loss, which is supported by Figure 10. However, the
deterioration of fibrous husk (I shoulder) and the breakdown
of the polymer matrix were once more evident in the case of
composites (II shoulders).
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percentage of crystallinity (X.). Thermograms and crystallinity
values for LDPE, EPR/LDPE, and all composites are shown in
Figure 11 and Table 3, respectively. Similarly, the melting
enthalpy is determined by the area under the melting
temperature curve. The estimated crystallization temperature
of LDPE was about 109.38 °C, while the T, of EPR/LDPE was
116 °C, slightly higher than that of virgin LDPE. The peak and
valley maxima of the thermogram indicate the temperature at
which crystals form when frozen and melt when heated.

Most likely, the heterogeneous nucleation brought on by
EPR particles caused the increase in the T, of the EPR/LDPE
blend. Additionally, all composites have observed T, values of
PCRh-1, PCRh-2, PCRh-3, PCRh-1,2, PCRh-2,2, and PCRh-
3,2. Due to the heterogeneous nucleation caused by the
presence of PCR husk, all of the composites once more
reported better T values than the virgin LDPE. The melting
points for PCRh-1, PCRh-2, PCRh-3, PCRh-1,2, PCRh-2,2,
and PCRh-3,2 were reported to be 127.49, 126.25, 127.03,
127.82, 126.96, and 125.08 °C, respectively. It is fascinating to
observe that the melting points of all the composites did not
deviate significantly from virgin LDPE. Because the presence of
reinforcements had a minimal effect on the T, it was assumed
that the polymeric chains must have caused the composites to
melt. The article was consistent with the findings of Maurya et
al.,, who found no significant variation in the melting points of
various composites.46

The enthalpy of melting (H,,) values for LDPE, EPR/LDPE,
and PCRh-1, PCRh-2, PCRh-3, PCRh-1,2, PCRh-2,2, and
PCRh-3,2 were observed as 81.421, 69.360, 66.791, 55.440,
47.213, 63.500, 45.016, and 33.510 J/g, respectively. Equation
1 was used to determine the percentage of crystallinity of
LDPE, EPR/LDPE, and all composites. The values of X_ for
LDPE, EPR/LDPE, and all composites are PCRh-1, PCRh-2,
PCRh-3, PCRh-1,2, PCRh-2,2, and PCRh-3,2 were 28.56,
27.04, 26.03, 24.31, 23.66, 27.85, 22.56, and 19.59,
respectively. It is interesting to observe that X was lower in
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Figure 12. Analysis of water absorption test (A) and thickness swelling (B) of virgin LDPE, EPR/LDPE, and all polymer composites.

all the composites than in the virgin LDPE. The reinforcement
of PCRh in the polymer matrix was responsible for the
decrease in X, of all the composites. It was hypothesized that
the incorporation of foreign substances into the polymer
matrix must have disrupted crystal development and
formation.”> Propylene reinforced with sunflower sanding
sawdust also shows the decrease in % crystallinity of the
composites.

3.1.8. Water Absorption Test. Water absorption tests of
pristine LDPE and all manufactured composites were
evaluated by storing all samples in closed containers filled
with distilled water for >90 days. The increase in sample
weight and sample thickness was recorded daily. LDPE and
composites’ weight change and thickness expansion were
plotted as a function of days (Figure 12). It was found that the
LDPE and LDPE/EPR blend samples absorbed the least
amount of water after 90 days of water absorption. However,
all composites reported greater water absorption characteristics
than the basic matrix. Specimens LDPE, EPR/LDPE, PCRh-1,
PCRh-2, PCRh-3, PCRh-1,2, PCRh-2,2, and PCRh-3,2 show a
water absorption percentage of 0.91, 1.40, 4.57, 6.63, 8.85,
3.02, 5.69, and 7.46%, respectively. Similar results were
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obtained for thickness swelling, which showed percentages of
swelling of 0.20, 0.29, 0.43, 0.65, 0.88, 0.33, 0.54, and 0.74%
for the materials specimens LDPE, EPR/LDPE, PCRh-1,
PCRh-2, PCRh-3, PCRh-1,2, PCRh-2,2, and PCRh-3,2,
respectively. It is significant to observe that composites made
by adding PCR husk reinforcement to an EPR/LDPE matrix
had less water absorption than their LDPE-only counterparts.
Potential interfacial development in the form of esters and
hydrogen bonds at the PCRh—matrix interface seems to have
reduced the water absorption properties of the EPR/LDPE
composites. The presence of MAH increased the water
absorption of the LDPE and EPR/LDPE blends. MAH caused
molecular self-hydroxylation by environmental moisture. The
results shown above were consistent with the information on
sisal fiber-reinforced polypropylene and crown fiber reinforced
with 1121351)}3 composites provided by Maurya et al. and Kumar
et al. 7>

4. CONCLUSIONS

PCRh was successfully extracted from the pineapple crown
waste and used to fabricate different composites containing
LDPE and EPR. The addition of PCRh to the LDPE/EPR
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composite significantly increased the tensile strength to 19.28
MPa as compared to pristine LDPE, EPR/LDPE composite
having the tensile strength of 14.74 and 16.61 MPa,
respectively. Substitution of virgin LDPE by PCRh/EPR/
LDPE blends is possible because it offers greater mechanical
strength and especially the flexural modulus compared with the
virgin LDPE, so PCRh may work as a suitable plasticizer. The
PCRh/EPR/LDPE blend can be applied in automotive
applications, building materials, the electrical industry, aero-
space sports, and office products. Since these composites have
low specific gravity, relatively high strength, improved surface
finish of molded composites, and moderately good mechanical
properties, as compared to the synthetic fibers, they can be
used in the automobile industry, particularly for interior vehicle
components, including seat backs, boot liners, cargo shelves,
front and rear door liners, truck liners, and door-trim panels.
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