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Abstract

In the present work, we report the effect of low-temperature plasma treatment

on thermal, mechanical, and biodegradable properties of polymer composite

blown films prepared from carp fish scale powder (CFSP) and linear low-density

polyethylene (LLDPE). The CFSP was melt compounded with LLDPE using a fil-

ament extruder to prepare 1, 2, and 3 wt.% of CFSP in LLDPE polymer composite

filaments. These filaments were further pelletized and extruded into blown films.

The blown films extruded with 1, 2, and 3 wt.% of CFSP in LLDPE were tested

for thermal and mechanical properties. It was observed that the tensile strength

decreased with the increased loading content of CFSP, and 1% CFSP/LLDPE

exhibited the highest tensile strength. To study the effect of low-temperature

plasma treatment, 1% CFSP/LLDP polymer composite with high tensile strength

was plasma treated with O2 and SF6 gas before blow film extrusion. The 1%

CFSP/LLDPE/SF6-extruded blown films showed increased thermal decomposi-

tion, crystallinity, tensile strength, and modulus. This may be due to the effect of

crosslinking by the plasma treatment. The maximum thermal decomposition

rate, crystallinity %, tensile strength, and modulus obtained for 1% CFSP/

LLDPE/SF6 film were 500.02�C, 35.79, 6.32 MPa, and 0.023 GPa, respectively.

Furthermore, the biodegradability study on CFSP/LLDPE films buried in natural

soil for 90 days was analyzed using x-ray fluorescence. The study showed an

increase in phosphorus and calcium mass percent in the soil. This is due to the

decomposition of the hydroxyapatite present in the CFSP/LLDPE biocomposite.
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1 | INTRODUCTION

Fish scales are one of animal-based bio fillers, which are
usually generated by fish processing industries. Fish
industries create a lot of fish waste during processing,
with about 75 million tons of fish waste generated annu-
ally.1 Disposing of fish waste commonly involves

dumping it in seas or landfills or incineration in the open
air. The accumulation of fish waste gives off offensive
odors and germinates bacterium, which can cause severe
environmental and health issues.2 Effectively utilizing
fish waste will not only reduce the negative impact it has
on the environment but also add commercial value. The
main composition of the fish scale is the organic
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component, encompassing collagen, fat, vitamins, and so
forth, and the inorganic components consist of hydroxy-
apatite (HA) and other trace elements like calcium, zinc,
and iron.3 HA, with a chemical composition of
(Ca10(PO4)6(OH)2), is embedded in the organic matrix
of collagen in fish scales and is a promising reinforcing
material for polymers due to its high stiffness and
strength.

Fish scales' low cost, abundance, and availability have
increased interest in utilizing fish scale powder (FSP) as a
bio filler.4 FSP can be incorporated into polymer matrices
to create biocomposites with improved properties.5 Incor-
porating FSP into polymer matrices to create biocompo-
sites has potential applications in various industries such
as packaging, construction, and biomedical engineering.6

Biocomposites from FSP can be biodegradable, mitigating
negative environmental impact.7 To investigate the effect
of FSP as bio filler in an epoxy matrix composite, Babu
et al8 fabricated the composites using the hand lay-up
method. They evaluated mechanical properties such as
tensile, flexural, and impact strength and attained maxi-
mum tensile strength at a 30% volume fraction of fish
scales and reported that further addition of fish scale
filler resulted in reduced mechanical properties. The
hardness of the composites, flexural strength, and density
increased with increasing loading content of the catla fish
scale. HA, a calcium phosphate mineral embedded in
fish scale's collagen matrix provides hardness to the
scales. Wang et al.9 synthesized a HA/polyethylene com-
posite and concluded that the composites had sufficient
mechanical strength to find utility in bone regeneration.
Majhooll et al.10 studied adding fish scales HA powder to
epoxy resin to create a composite and reported that
10 wt.% filler content had the highest flexural strength.

Plasma treatment serves to modify the surface of
materials to achieve effective surface modification tech-
niques to alter the surface properties of various materials
without damaging the bulk material. It involves subject-
ing the material to a low-temperature plasma source to
modify its surface at a temperature below the melting
point.11 Plasma treatment can properly introduce func-
tional groups, graft polymerization, and enhance the
crosslink formation of polymeric materials.12 The func-
tional groups introduced to the surfaces of materials by
plasma treatment can activate the material's surface.
Choi et al.13 used oxygen plasma treatment to reveal reac-
tive groups on a material surface for additional grafting
of bioactive moieties. The oxygen plasma species gener-
ated on polyurethane films were subsequently employed
for acrylic grafting. Similarly, Lee et al.14 and Sartori
et al.15 used plasma treatment to introduce carboxylic
and COOH functional groups to the surface of polymeric
and poly(ester urethane) films.

Many research works have been conducted and reported
on biocomposites using FSP as a bio filler, however, no
research work has been reported on the influence of plasma
treatment on the properties of FSP-based biocomposites.
The present work focuses on the preparation of different
wt.% of (1,2, 3 wt.%) carp fish scale powder (CFSP) in linear
low-density polyethylene (LLDPE) biocomposite using fila-
ment and blown film extrusion techniques. The optimized
wt.% of CFSP/LLDPE biocomposite with improved thermal
and mechanical properties was further subjected to low-
temperature plasma treatment with O2 and SF6 gases. The
manuscript discusses the effect of plasma treatment on the
mechanical, thermal, and biodegradable properties of CFSP/
LLDPE biocomposite films. It was understood that the effect
of plasma in the biocomposite significantly improved the
thermal, mechanical, and biodegradable properties of
the CFSP/LLDPE biocomposite films.

2 | MATERIALS AND METHODS

2.1 | Materials

The materials used in this study, CFS were purchased from
Nizona Inc., Mumbai, India. The fish scales were washed
with distilled water and dried at in the oven. LLDPE, a
product of ExxonMobil, was supplied by Premier Polymers
LLC, Texas, USA. The density of the polymer resin was
0.917 g/cm3, and the melt flow was 2.0 g/10 min.

2.2 | Experimental

2.2.1 | FSP preparation

The CFS were crushed into powder using a cryo-milling
machine (SpexSamplePrep, Freezer/Mill). The cryo-
milling machine utilized liquid nitrogen, which froze and
embrittled the fish scale, making it easier to grind into
fine powder. The fish scales were precooled for 20 min
and had a run time of 15 min for five cycles with a cool-
ing time of 5 min. The total time taken was 2 h.

2.2.2 | Preparation of CFSP/LLDPE
biocomposite filaments

The LLDPE and the CFSP were dry mixed in a plastic
bag. Polyethylene glycol was utilized as a plasticizer and
mixing agent. The selection of the dry mixing method
aimed to save time and avoid using toxic reagents during
biocomposite preparation. Three different compositions
(1, 2, and 3 wt.%) of the CFSP in LLDPE were prepared.
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A lower concentration of the CFSP was used because the
higher concentration increased the viscosity of
the LLDPE/CFSP during the extrusion process, making it
difficult to extrude the film. Filabot ex2 filament extruder
of dimensions 46 cm � 18 cm � 24 cm was used to fila-
ment extrude the dry mixed CFSP and LLDPE mixture.
The extrusion of the CFSP/LLDPE biocomposite fila-
ments was carried out at a temperature of 160�C, through
a standard nozzle size of 1.75 mm. The extruded filament
was pelletized and extruded again for the second time to
ensure uniform dispersion of the blend.

2.2.3 | Plasma treatment of filament polymer
biocomposite

The extruded filaments were chopped into pellet form
and low-temperature plasma treated using custom-
designed rotating drum PLASMA ETCH (Progress
Through Innovation, Carson City, NV, USA), a machine
with 150 Hz radio frequency-generated power. The opti-
mized concentration of 1% CFSP/LLDP biocomposite
that exhibited high mechanical strength was further
exposed to low-temperature plasma treatments for
10 min in the presence of O2 and SF6 separately at 30 and
5 sccm, respectively.

2.2.4 | Preparation of CFSP/LLDPE
biocomposite blown films

The pellets of polymer biocomposite were fabricated
into blown films using an ultra-film micro-blowing
line machine (LabTech) shown in Figure 1a. The
extruder has a conical screw with a diameter of
18 mm at the feed and 8 mm at the end with a screw
L/D ratio of 30. The pellets of different wt. % of CFSP
in LLDPE were fed into the hopper, where the screw
rotates and forces the material to flow through a die
that makes a hollow blown film. The outside of the
tube is an external air ring that cools the film down,
and inside the tube is an air valve that introduces air
into the bubble and helps control the diameter of the
bubble while blowing the film. The bubble goes up
through the guide rails and to the nip rolls, which
ensures that a thin film is formed. The thin films go
through a series of idle rollers before they are collected
on the winding rollers to ensure continuous operation.
The material was run at a screw and die temperature
of 170�C. The screw speed was 65 rpm, and the exter-
nal ring, which helps with the cooling of the film, was
at 1300 rpm. The nip roll speed was set at

15.24 cm/min. The fabricated films had an average
thickness of 0.18 mm, shown in Figure 1b. The sample
names and weight percentages of the CFSP and
LLDPE are given in Table 1.

2.2.5 | Biodegradability test

A natural soil burial test was used to examine the biode-
gradability of the biocomposite films. 1% CFSP/LLDPE,
1% CFSP/LLDPE/O2, and 1% CFSP/LLDPE/SF6 films
were buried in a soil.

The samples were replicated three times. A total of
9 pots with soil were set up as shown in Figure 2 and the
pots were watered regularly to keep moisture. The sam-
ples were buried for 90 days before being them out for
further x-ray fluorescence (XRF) analysis. Figure 2b
shows the 1% CFSP/LLDPE/SF6 films collected after
90 days of soil burial test for XRF analysis.

2.3 | Characterization

2.3.1 | Scanning electron microscopy

The morphology of the synthesized CFSP and the frac-
tured surface of the LLDPE/CFSP biocomposite films
after tensile strength were analyzed using JEOL JSM-
7200F field emission scanning electron microscope
(FESEM, JEOL USA, Peabody, MA). The samples were
sputter coated with gold/palladium (Au/Pd) under Argon
atmosphere for 5 min at 10 mA using a Hummer sputter
coater before SEM analysis.

FIGURE 1 (a) Blow film machine used for biocomposite film

extrusion and (b) 1 wt.% carp fish scale powder/SF6 blown film

prepared. [Color figure can be viewed at wileyonlinelibrary.com]
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2.3.2 | High-resolution transmission electron
microscopy

Transmission electron microscopy (TEM) analysis was
performed on the synthesized CFSP using the JOEL JSM-
7200F FESEM transmission electron machine (FESEM,
JEOL USA, Peabody, MA). The samples, prepared by dis-
persing the particles in ethanol, were placed on a copper
grid and analyzed under the TEM.

2.3.3 | Fourier transform infrared
spectroscopy

Fourier transform infrared (FTIR) spectrometer
(IRTracer-100) with high resolution at 0.25 cm�1 and
high-speed scanning capable of 20 spectra/s was used to
identify the compounds and functional groups in the

synthesized CFSP and fabricated LLDPE/CFSP biocom-
posite films.

2.3.4 | X-ray diffraction

The CFSP was analyzed using x-ray diffraction (XRD)
studies using a Rigaku Smartlab x-ray diffractometer
equipped with monochromatic radiation. The XRD was
performed at a scan rate of 1�/min.

2.3.5 | Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed on the
synthesized CFSP and LLDPE/CFSP biocomposite films
using a TA Q500 thermogravimetric analyzer. The
decomposition temperatures, weight change, and the

TABLE 1 Sample prepared for the present study.

Sample LLDPE (wt.%) CFSP (wt.%)

Plasma treatment with O2 Plasma treatment with SF6

Time (min) Flow rate (sccm) Time (min) Flow rate (sccm)

Neat LLDPE 100 0 - -

1% CFSP 99 1 - -

2% CFSP 98 2 - -

3% CFSP 97 3 - -

1% CFSP/O2 99 1 10 30 10 5

1% CFSP/SF6 99 1 10 30 10 5

Abbreviations: CFSP, carp fish scale powder; LLDPE, linear low-density polyethylene.

FIGURE 2 (a) Image of the pots with the samples buried for biodegradability test and (b) 1% CFSP/LLDPE/SF6 after burial test. CFSP,

carp fish scale powder; LLDPE, linear low-density polyethylene. [Color figure can be viewed at wileyonlinelibrary.com]
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residue left were evaluated. The sample was placed on a
platinum pan and heated at 10�C/min from 30 to 800�C
under a nitrogen atmosphere.

2.3.6 | Differential scanning calorimetry

Thermal analysis of the LLDPE/CFSP biocomposite
films was performed using differential scanning calo-
rimetry (DSC) TA-Q series 2000 under a nitrogen
atmosphere at a 10�C/min heating rate. The samples
were heated from 30 to 300�C followed by cooling
to 30�C.

2.3.7 | Tensile test

The uniaxial tensile tests were performed to analyze the
mechanical properties of fabricated LLDPE/CFSP bio-
composite films using a Zwick/Roell Z2.5 universal
mechanical testing machine. A load cell of 2.5 kN was
used, and the test was run at a crosshead speed of
50 mm/min with a preload of 0.1 MPa. The Zwick/Roell
software associated with the machine calculated and pro-
vided results for Young's modulus, elongation at break,
tensile strength, and force at break.

2.3.8 | Biodegradability test

Rigaku NEX QC+ QUANTEZ advanced XRF with a
50 kV x-ray tube for elemental coverage was used to ana-
lyze the changes in the chemical composition of the soil
before and after the natural soil burial test.

3 | RESULTS AND DISCUSSIONS

3.1 | Characterization of CFSP

The composition of the CFSP was analyzed using XRD,
and Figure 3a shows the XRD pattern of CFSP exhibiting
diffracted peaks at 2θ values of 24� and 32� corresponding
to collagen biopolymer and HA, respectively.15 Figure 3b
illustrates the FTIR spectra of CFSP in the range of 4000–
600 cm�1. The characteristic peak at 1639 was attributed
to C O stretching vibrations due to the presence of colla-
gen in the fish scale.16

Furthermore, the various absorption peaks around
1018, 1024, and 1030 cm�1 reveal the presence of HA and
are attributed to PO4

3� groups of HA.17,18 The peaks
observed at 1242 were attributed to amide III N H bend-
ing.19 The peaks at 1445 and 1389 cm�1 were also attrib-
uted to the amide III C N stretching vibrations, and the

FIGURE 3 Powder

characterizations of the carp fish

scale powder: (a) x-ray

diffraction, (b) Fourier

transform infrared, and

(c) thermogravimetric analysis.

[Color figure can be viewed at

wileyonlinelibrary.com]
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peaks at 1532 cm�1 are attributed to carbonate ions.20

Figure 3c shows the TGA of the CFSP carried out at
800�C. The initial loss of 10% from the sample might be
the presence of moisture, and from 290�C, considerable
mass loss (�65%) was observed in the sample up to 800�C.

The SEM images of CFSP, obtained after cryo-milling,
are shown in Figure 4a,b. The powder consists of irregu-
lar shapes and sizes of particles and includes elongated
fibrous fragments inheriting the collagen fiber struc-
ture.21 The powders appear agglomerated and have fibril-
lary and granular structures on the surface. The collagen
presence was confirmed by fibrils on the surface.22

The morphological appearance and size were also
examined by TEM, shown in Figure 5a,b. TEM image also
showed agglomerated and irregularly shaped rod-like flake
structures in micrometer size. These results match very
well with TGA percentage of organic mass decomposition.
The inorganic particle of HA was not clearly visible because
of the large amount of organic content in the CFSP.

3.2 | Characterization of LLDPE/
CFSP films

3.2.1 | FTIR spectroscopy of
biocomposite films

The FTIR spectrum of neat LLPDE, CFSP, 1 wt.%
LLDPE/CFSP biocomposite films, as well as the SF6 and
O2 plasma-treated fiber polymer biocomposite films in
the range of 500–4000 cm�1, are depicted in Figure 6.
The characteristics of the absorbance band at 2914, 2848,
1462, and 715 cm�1 were used to identify polyethylene's
presence in all the films.23,24

The peaks at 2916, 2848, and 1463 cm�1 were attrib-
uted to C H stretching, and the peak at 715 cm�1 was
attributed to the benzene derivative compound class. The
characteristic peaks found in the CFSP at 1639 and
1242 cm�1 were observed in biocomposite films, which
shifted slightly to 1644 and 1237 cm�1, respectively in

FIGURE 4 (a, b) Morphology analysis of the carp fish scale powder using scanning electron microscopy.

FIGURE 5 (a, b)

Transmission electron

microscopy image of carp fish

scale powder at different

magnifications.
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1 wt.% CFSPO2 and 1 wt.% CFSPSF6. It was observed that
the plasma-treated films with O2 and SF6 were almost
similar to the untreated films but the differences in the
increasing intensities of the functional groups O H,
N H, C C, C H, and C O. It has been reported that
the plasma treatment can increase the intensity of the
carboxylic groups, amides, aromatic, and methyl groups
resulting in the property enhancement in the plasma
treated films.17,25

3.2.2 | Thermal analysis of LLDPE/CFSP
biocomposite films

Figure 7a,b shows the TGA and the first derivative curve
(DTG) curves obtained for the neat LLDPE, 1, 2, and
3 wt.% LLDPE/CFSP biocomposite films, and the SF6
and O2 plasma-treated 1% LLDPE/CFSP films.

The thermal properties of these biocomposite films
analyzed using TGA are summarized in Table 2.

FIGURE 7 Thermograms

obtained for LLDPE/CFSP films

(a) thermogravimetric analysis

(TGA) weight loss curves,

(b) TGA derivative weight

change, (c) differential scanning

calorimetry (DSC) first heating

cycle, and (d) DSC cooling cycle.

[Color figure can be viewed at

wileyonlinelibrary.com]

TABLE 2 Summary of different parameters obtained from the

TGA curve of samples.

Samples

Initial
decomposition
temperature (�C)

Max. rate of
decomposition
temperature (�C)

Neat
LLDPE

444.81 472.23

1% CFSP 467.55 490.75

2% CFSP 457.94 484.58

3% CFSP 459.90 485.20

1% CFSP/O2 475.78 498.16

1% CFSP/
SF6

476.89 500.02

Abbreviations: CFSP, carp fish scale powder; LLDPE, linear low-density

polyethylene; TGA, thermogravimetric analysis.

FIGURE 6 Fourier transform infrared spectrum obtained for

the neat linear low-density polyethylene (LLDPE) films, neat carp

fish scale powder (CFSP), and CFSP biocomposite films. [Color

figure can be viewed at wileyonlinelibrary.com]
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The initial decomposition temperature of the LLDPE/
CFSP biocomposite films was high compared with pure
LLDPE polymer films. The maximum decomposition rate
decreased with the increasing weight of FSP. 1 wt.%
CFSP/LLDPE plasma-treated biocomposite films had a
maximum initial decomposition temperature than those
without plasma treatment. The increase in the thermal
stability of the LLDPE/CFSP biocomposite films is attrib-
uted to the better reinforcement of the filler material in
the polymer matrix. It was observed that 2 and 3 wt.% of
CFSP in LLDPE films showed a reduction in the thermal
stability compared to 1% CFSP biocomposite film proba-
bly because of aggregation of CFSP in polymer matrix at
higher concentrations. The thermal stability of 1% CFSP/
LLDPE biocomposite with O2 and SF6 plasma treated
showed significant improvement in thermal stability of
475.7 and 476.8�C, respectively. The maximum rate
of thermal degradation was also significantly improved in
O2 and SF6 plasma-treated 1% CFSP/LLDP with 498.16
and 500.02�C, respectively. The significant enhancement
in the thermal properties of the plasma-treated biocom-
posite films with 1% CFSP is attributed to the surface
modification of the polymer with functional groups in
agreement with the FTIR spectrum of the biocomposite
films shown in Figure 6

DSC thermograms are analyzed to study the polymer
crystallinity properties of the blown films extruded.
Figure 7c,d gives the thermograms obtained from DSC
for the heating and cooling cycles at a heating rate of
10�C/min. The crystallinity of the films analyzed using
the DSC curves showed the same trend as the maximum
decomposition rate. The improved thermal stability of
the films observed from TGA analysis can contribute to
the improved crystallinity. Table 3 summarizes the data
obtained for the biocomposite blown films using DSC
analysis. The addition of the CFSP increased the

crystallinity % from 17.85 in the neat film to 29.75 in the
1 wt.% biocomposite films. The increase in crystallinity
was attributed to the nucleation effect. The CFSP acts as
a nucleating agent that provides sites for initiating crys-
tallization, thereby enhancing the crystalline region's
nucleation process and formation. The nucleation effect
facilitates crystalline structure growth and improves the
biocomposite film's overall crystallinity. The crystallinity
slightly decreased with increasing loading content of
CFSP. However, the crystallinity % increased significantly
with 1 wt.% SF6 plasma-treated biocomposite film has the
highest crystallinity % of 35.79. The plasma treatment ini-
tiated a crosslinking reaction, which increased the overall
crystallinity of the films. The crystallinity was calculated
from the following Equation (1)

χc ¼
ΔHm�ΔHc

ΔHf
, ð1Þ

where Xc is crystallinity, ΔHm and ΔHc are the enthalpy
of melting and cold crystallization, respectively. ΔHf is
the enthalpy of fusion of 100% crystalline sample (293 J/g
for LLDPE). Table 2 summarizes the data obtained for
the thermal properties of the biocomposite films using
TGA and DSC analysis.

3.2.3 | Tensile test analysis

The tensile properties of the prepared films are shown in
Figure 8 and results are summarized in Table 4. The
addition of CFSP slightly decreased the tensile strength
of the biocomposite films from 5.30 to 4.95 MPa for one
wt.% loading content. The tensile strength decreased with
increasing wt.% of CFSP, similar to the result Danjaji
et al.23 and Reesha et al.26 obtained when they used

TABLE 3 Summary of different parameters obtained from DSC curves of samples.

Samples
Glass transition
temperature (�C)

Melting
temperature (�C)

Recrystallization
temperature (�C)

Crystallinity
%

Neat
LLDPE

65.4 115.57 106.34 17.85

1% CFSP 69.6 124.38 107.96 29.75

2% CFSP 65.7 115.06 106.21 28.94

3% CFSP 64.9 113.32 102.41 23.83

1% CFSP/
O2

64.09 115.62 99.37 33.55

1% CFSP/
SF6

65.8 114.95 102.20 35.79

Abbreviations: CFSP, carp fish scale powder; DSC, differential scanning calorimetry; LLDPE, linear low-density polyethylene.
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starch and chitosan as a bio filler in LLDPE. The decrease
in the tensile strength is due to aggregation and organic
content (collagen) uneven dispersion of CFSP in the
LLDPE matrix. The hydrophilic nature of CFSP increases
its tendency to agglomerate. The accumulation causes
uneven dispersion and acts as stress concentration sites.
Cracks initiate and propagate from the stress-
concentrated site, reducing the tensile strength.

However, the modulus of the biocomposite films
increased with the increasing loading content of CFSP
and showed good agreement with literature on LLDPE
using biomaterial as filler contents.27,28 The increase in
modulus is due to the stiffness of CFSP being higher than
the LLDPE polymer matrix. Aradhyula et al.29 used a
twin-screw extrusion technique to fabricate a biocompo-
site of catla fish scale as a reinforcing agent in polypro-
pylene. They reported that the tensile strength and
elongation-at-break decreased with increasing catla fish
scale content. However, Young's modulus improved sig-
nificantly. CFSP has a fibril nature with high stiffness.

Rigid fillers are generally known to increase the modulus
of the matrix in which they are dispersed.30 Furthermore,
the strength and modulus of the plasma-modified fiber
polymer biocomposite films showed an increment.
Table 4 summarizes the tensile properties of the blown
film samples prepared for this study. SF6 plasma-treated
biocomposite had the highest tensile strength and modu-
lus of 6.32 MPa and 0.23 GPa. The increase in the tensile
strength and modulus is attributed to the plasma treat-
ment inducing crosslinking reaction, creating a molecu-
lar network structure that strengthens the biocomposite
films and further improves its strength and modulus.31,32

Table 4 lists the tensile properties of the blown film sam-
ples prepared for this study.

3.2.4 | SEM fracture of surfaces

SEM micrographs of the fracture surfaces of the films are
shown in Figure 9. Figure 9a shows the fracture surface
of the neat LLDPE films with a smooth surface due to the
rapid propagation of cracks. The SEM micrographs in
Figure 9b revealed agglomerated CFSP creating voids at
the surface fracture of the 1 wt.% LLDPE/CFSP biocom-
posite films because of slow crack propagation. The drop
in the tensile strength of the biocomposite films results
from the aggregation that has created voids at the surface
of the fractured films, as revealed by the SEM.
Figure 9c,d shows that the voids were not observed in
SF6 and O2 plasma-treated fiber polymer biocomposite
films. The plasma treatment increased the crystallinity by
causing a crosslinking reaction, improving the adhesion
between CFSP and LLDPE and ultimately improving the
tensile strength of the plasma-modified fiber polymer bio-
composite films.

3.2.5 | Biodegradability test

XRF analysis showed increased phosphorus and calcium
mass percent in the soil after the natural soil

TABLE 4 Tensile test results of

various biocomposite films prepared.
Samples Fmax (MPa) Emod (GPa) Elongation at break (%)

Neat LLDPE 5.30 0.012 635

1% CFSP 4.95 0.014 580

2% CFSP 4.56 0.017 433

3% CFSP 4.31 0.019 418

1% CFSP/O2 5.54 0.020 441

1% CFSP/SF6 6.32 0.023 481

Abbreviations: CFSP, carp fish scale powder; LLDPE, linear low-density polyethylene.

FIGURE 8 Showing the stress–strain graph of CFSP/LLDPE

films. CFSP, carp fish scale powder; LLDPE, linear low-density

polyethylene. [Color figure can be viewed at

wileyonlinelibrary.com]
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biodegradability test, indicating that the biocomposite
disintegrates into the soil. The film collected after the
90-day burial test is given in Figure 2b. It was observed
that no visible changes were observed on the films after
90 days. However, the XRF analysis showed an increase
in phosphorous and calcium mass percentage in the soil.

Table 5 shows the mass percentage of phosphorous and
calcium analyzed in the soil before and after the biocom-
posite film burial test. Before the burial test, the mass
percentages of phosphorus and calcium were 0.166 and
0.112, respectively. The change in elemental mass percent
in the soil after the burial test is attributed to the disinte-
gration of calcium and phosphate ions in HA
(Ca10(PO4)6(OH)2).

4 | CONCLUSIONS

The successful preparation of CFSP from raw CFS yielded
irregularly shaped particles with an average size of
0.5 μm, as confirmed by TEM and SEM analysis. Charac-
terization via FTIR identified the presence of collagen
and HA within the powder. The incorporation of CFSP
into biocomposite thin films notably enhanced their ther-
mal properties by acting as a nucleating agent, facilitating

FIGURE 9 Showing scanning electron microscope surface fracture of (a) neat LLDPE, (b) 1% CFSP, (c) 1% CFSP/O2, and (d) 1% CFSP/

SF6. CFSP, carp fish scale powder; LLDPE, linear low-density polyethylene.

TABLE 5 Showing elemental mass percentages of the samples

used for the biodegradability test.

Sample
Phosphorus
(mass%)

Calcium
(mass%)

Soil before burial 0.166 0.112

Soil after burial of 1% CFSP 0.182 0.233

Soil after the burial of 1%
CFSP/O2 film

0.180 0.243

Soil after the burial of 1%
CFSP/SF6 film

0.179 0.233
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the initiation of crystallization and augmenting the for-
mation of crystalline regions. However, an increase in
CFSP loading led to reduced tensile strength due to parti-
cle agglomeration, resulting in stress concentration sites
that initiated cracks, impacting the overall strength.
Notably, SF6 plasma-treated biocomposite-fabricated thin
films exhibited superior characteristics, boasting a maxi-
mum decomposition rate of 500.02�C, a crystallinity
index of 35.79, and tensile strength and modulus of
6.32 MPa and 0.023 GPa, respectively. These enhance-
ments stemmed from the crosslinking reactions induced
by plasma treatment, improving the mechanical proper-
ties. Moreover, soil analysis via XRF before and after
exposure to biocomposite films revealed an increase in
phosphorus and calcium mass percent, indicative of the
biocomposite's degradation within the soil. The HA(-
Ca10(PO4)6(OH)2) present in the CFSP that is used for the
fabrication of the biocomposite influenced the disintegra-
tion of phosphorus and calcium into the soil. This finding
suggests degradation of the biocomposite compared with
neat LLDPE film, which does not degrade. In summa-
tion, the utilization of CFSP as a sustainable natural bio
filler in the production of green materials, when inte-
grated into LLDPE matrices offers promising potential
for developing environmentally friendly materials with
improved structural integrity.
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