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Fabrication and Testing of Crop Waste Ceiba pentandra Shell
Powder Reinforced Biodegradable Composite Films
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ABSTRACT: Ceiba pentandra shell powder (CPSP) biowaste is chosen as a biofiller combined with
poly(vinyl alcohol) (PVA) as a matrix to make biofilms to increase the exploitation of biowaste
materials and reduce the use of plastic materials. FTIR plots indicated no significant chemical reaction
or formation of new functional groups during interaction between PVA and CPSP. XRD diffractograms
showed that the crystallinity index (35.3, 38.6, 42.3, 46.4, and 48.5%) and crystalline size (18.14, 20.89,
23.23, 24.87, and 26.34 nm) of biofilms increased with CPSP loading (5—25 wt %). The PVA/CPSP
films are thermally stable up to 322 °C. The peak highs of AFM images showed that the films’ surface
roughness gradually increased from 94.75 nm (S wt % CPSP) to 320.17 nm (25 wt % CPSP). The
FESEM micrographs clarify the homogeneous distribution of CPSP in the PVA matrix. Tensile
strength and tensile modulus are noticeably increased by 26.32 and 37.92%, respectively, as a result of
the loading of CPSP from S to 20 wt % in the PVA matrix. The PVA/CPSP films outperform pure
PVA films in UV shielding (350—450 nm). The 59% weight loss of films was estimated during 60 days
of burial. The fabricated biofilms maintained their suitable structural, thermal, morphological, and
mechanical properties. Additionally, they exhibited consistent performance in ultraviolet (UV) barrier,
opacity, water absorption, water vapor permeability, soil burial, and antimicrobial characteristics over time. Overall, PVA/CPSP (5—
25 wt %) films are biodegradable and have promising applications as good packaging materials.
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H INTRODUCTION

Plastics are now becoming a core component for many
applications such as automobiles, packaging, furniture, house
appliances, etc. Because we produce and discard so many
plastics, our necessity for plastic has another grave drawback.'
In the 9 billion tonnes of plastic produced around the world as
of 2010, 6.9 billion metric tons have been wasted, and just 9%
have been recycled. The remaining plastic garbage is disposed
of in landfills and waterways around the globe, where it causes
pollution that harms species.”” Ineffective packaging plastics
comprise about 40% of the garbage. The development of
environmentally friendly products has received a lot of

nontoxicity, hydrophilicity, film-forming, and higher tensile
strength.”” Specifically, PVA is acknowledged as one of the
most promising biodegradable polymers in mulch films.'® PVA
has some downsides, including a high degree of hydrophilicity
due to PVA originating with more hydroxyl groups in its
carbon chains and a sluggish decomposition rate in an
anaerobic environment.'' To improve the mechanical proper-
ties, biodegradation rate, and hydrophilic nature of PVA-based
composites, combining them with organic fillers extracted from
plant wastes may be viable."? Crop scum, farming rubbish, and
byproducts are suitable biological reinforcement fillers for
biocomposites.'” Combining plant leftovers with polymeric
materials results in a composite material with enhanced

attention recently, with ecofriendly materials being used as a )
properties.

probable replacement in lieu of plastic (derived from

petroleum hydrocarbons) packaging materials." The various
benefits of biocomposite materials include their relative
affordability, increased environmental friendliness, and inher-
ent biodegradability.”

The production of biofilms with synthetic polymers that can
provide high mechanical properties and are nonvenomous as
an alternative to packaging plastics will be suitable for food
packaging, biomedical, and enclosing applications.”” In various
fields, poly(vinyl alcohol) (PVA) is overtaking other non-
biological polymers like polyethylene, polypropylene, HDPE,
etc, because it has the properties of biodegradability,
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The Malvaceae tree family includes the genus Ceiba
indigenous to tropical and subtropical regions of the Americas
and tropical West Africa. The Ceiba pentandra (kapok) plant
yields a strong and lightweight fiber used to stuff dolls, pillows,
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Figure 1. Particle size of Ceiba pentandra shell powder.
[ Preparation of Celba Pentandra Shell pawder ] I Fabrication of FVA/Ceiba Pentandra Shell powder biofilns ]
l Cellsa Pentandra Shell powder 1
= Kapek plant and ripped celba
peatandra frubt shell
Catten remeved from ripped
== === kapok frults and shells dried at e I —
roamm (emperature “
IH'.M'W“IN]- '.Apdr-!ruhln*
2 hours of stirrimg at W'C 525wt % of CPSF)
o e et ool FVA polymeer solution 3 hours of stirring
pentandra shell im ball mill 1o
eltaln namoskred powder
Farticle !i;! of ceiba pnhilirar

shell powder bs 13054 am

Figure 2. Preparation of Ceiba pentandra shell powder and PVA/CPSP biofilms.

mattresses, and tapestries.'* The most prominent textile fiber is from the torn Ceiba pentandra fruits.'> Lint is the most
lint, produced from cotton, the king of natural fiber, collected comfortable and environmentally friendly textile fiber. Oils
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used to prepare fertilizers and soap are extracted from the
seeds of the Ceiba tree.'® Because of their high fiber and tannin
content, Ceiba pentandra seeds reportedly had a low feeding
value. The outer shells of ripped Ceiba pentandra fruits are
leathery, pendulous capsules 10—25 c¢m long and 3—6 c¢m in
diameter. The mature fruit shells of Ceiba pentandra are
underused and are more fibrous and biodegradable.'” The bulk
of the stalk is burned off in the fields after the cotton crop
harvest.

In this particular context, a multitude of crops are identified
and subsequently transformed into applications that are
oriented toward industrial products. Currently, Ceiba pentan-
dra fruit shells are predominantly burned off in the fields after
cotton removal. The fruits ripen 80—100 days after flowering,
and the shells of Ceiba pentandra fruit are highly fibrous,
cellulosic, and porous in nature.'® The primary aim of this
research endeavor is to ascertain a novel economic biofiller
material that can be utilized in the production of environ-
mentally sustainable biocomposite films. A thorough analysis
of the scientific literature indicated that the ripped fruit shell
powder from Ceiba pentandra has not yet been documented as
a reinforcement filler for PVA-based biofilms. This practice
serves the purpose of reducing production costs and enhancing
the overall properties of the biocomposite films.

In the framework, the objective of this work is to explore the
effects of Ceiba pentandra shell powder content (S, 10, 15, 20,
and 25 wt %) in PVA matrix on structural, mechanical,
thermal, water resistance, UV-barrier, optical, biodegradable,
and antimicrobial properties of the resultant biocomposite
films. The biodegradation rate (% weight loss in soil) of PVA
with NCSP, GBPF, and ZMCP fillers are 37.5, 42.5, and
57.5%, respectively, based on previous research articles. In this
article, the fabricated PVA/CPSP biofilms exhibited 60.7%
weight loss in soil. The information gained from this study will
provide an excellent foundation for the practical uses of Ceiba
pentandra ripped fruit shell powder, which may be appropriate
for biobased packaging and enfolding materials.

Materials. Poly(vinyl alcohol) (PVA), 97% hydrolyzed
(molecular weight of 120,000 and 1% ash max), and deionized
water were obtained from Nice Chemicals (P) Ltd., Kochi,
Kerala, India. PVA granules were white and kept in a sealed
container. The ripped fruit shells were collected from a local
cotton farm in Rajapalayam, Tamil Nadu, India. The cotton
inside the ripped fruits of kapok was removed, and the outer
shells were dried and crushed into nanosized reinforcement
fillers. The average particle size of the Ceiba pentandra shell
powder was 130.34 nm, measured by using microtrap optical
particle size analyzers (Figure 1).

Fabrication of PVA/CPSP Biofilms

The preparation of Ceiba pentandra shell powder and PVA/
CPSP biofilms is shown in Figure 2. The PVA/CPSP biofilms
were made via the solution casting method. Twenty milliliters
of deionized water was measured and poured into a beaker
containing 2 g of hot water-soluble poly(vinyl alcohol) (PVA).
Nearly 2 h of continuous magnetic stirring at 90 °C was
employed to prepare the homogeneous PVA solution. The
different proportions (S, 10, 15, 20, and 25 wt %) of CPSP
were mixed with PVA solution and stirred for 2 h to get a
consistent PVA/CPSP polymer solution. The mixture was then
poured over the Petri dishes and allowed to dry for 12 h at
room temperature. After that, films were demoisturized for 2 h
at 50 °C in an oven. For each combination of PVA and the
powdered Ceiba pentandra shell, five film samples were

generated. The film, with an average thickness of 0.141 mm,
was peeled off and desiccated for further characterization.

B EXPERIMENTAL METHODS

Fourier-Transform Infrared Spectroscopy Analysis
(FTIR). The functional group of samples (PVA matrix, Ceiba
pentandra shell powder, and the PVA/CPSP bio composite
films) was analyzed using Fourier transform infrared spectros-
copy (RXI PerkinElmer). The film samples were reshaped into
10 X 10 mm for testing. The sample was placed on the base
optic assembly, and the spectra were recorded. The character-
ization ranged from 4000 to SO0 cm™' in 4S-time scanning to
reduce noise and prevent spectrum overlapping at a resolution
of 4 cm™.

X-ray Diffraction (XRD). An X-ray powder diffractometer
analyzed the crystallinity and crystalline size of PVA, Ceiba
pentandra shell powder, and fabricated PVA/CPSP biofilms.
The intensity in the 20 range from 6 to 40° at 4°/min obtained
in the XRD (XPERT-PRO) was used to calculate the
crystallinity index (CI) according to the following equation:"”

1200 - 1100

Cl= X 100

1200

(1)

where L, indicates the crystalline phase (20 = 21—34°) and
I, indicates the amorphous phase (26 = 17—20°)

The crystalline size of samples was calculated according to
Scherrer’s equation:*

Crystallite size = k2
P cos O (2)

where k = Scherrer’s constant (0.89), 4 = wavelength of the
radiation (0.1541 nm), and S = full width half-maximum
(fwhm).

Atomic Force Microscopy (AFM). The surface roughness
and structure observation of PVA/CPSP films was carried out
by AFM model Park XE-70. The PVA/CPSP film samples
were resized to 45 X 45 mm to measure their surface
roughness. The test was conducted in a closed loop with a
large area scanner XY > 90 ym, Z > 7.5 pm, and XY noise < 1.2
nm RMS, the typical imaging bandwidth. For PVA/CSPS film
samples, the surface roughness parameters Ra, Rq, Rsk, and
Rku were evaluated. Ra stands for average roughness, Rq for
root-mean-square roughness, Rsk for skewness, and Rku for
kurtosis.

TGA and DTG. Thermogravimetry analysis (TGA) and
differential thermogravimetry (DTG) of PVA, Ceiba pentandra
shell powder, and PVA/CPSP biofilms were executed using a
thermogravimetric analyzer (TGA, NETZSCH STA 449F3-
1100-M). Samples of about 2.5 mg kept in an alumina chamber
were heated at 50—550 °C at a heating range of 10 °C/min
under a nitrogen atmosphere.

Tensile Testing. Tensile strength, tensile modulus, and %
elongation at break of the pure PVA and PVA/CPSP (525 wt
%) biofilms were measured by a Universal Testing Machine
(Instron 3369, ASTM D3039).”' Five samples in each
proportion of 100 X 10 mm were used. The machine
specifications were as follows: machine speed, 100 mm/min;
gauze length, 8 cm; and load, 500 N.

FESEM. The FESEM images of PVA, CPSP, and PVA/
CPSP biofilms were obtained on a field emission scanning
electron microscope (FESEM, Sigma HV, Carl Zeiss). The
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Figure 3. FTIR spectra of (a) pure PVA and Ceiba pentandra shell powder and (b) PVA/CPSP (5—25 wt %) biofilms.

experimental constraints were a resolution of 1000X
magnification and an acceleration voltage of 20 kV. All film
samples were cut into small pieces, which were then sputtered
with gold to make the film samples conductive.

Ultraviolet—Visible (UV—Vis) Spectrograph. The trans-
mittance of pure PVA and PVA/CPSP (5—25 wt %) biofilms
was measured using an ultraviolet—visible spectrophotometer
(Model 8451A, Hewlett-Packard Co., Santa Clara, CA, USA).
The film samples were (30 X 30 mm) square shaped and
measured in a series of wavelengths from 200 to 800 nm at a
scanning rate of 200 nm/min.

The following equation calculated the opacity of the films:*

(©)

Water Intake. The % of water inhaled by the pure PVA
and PVA/CPSP (5—25 wt %) biofilms was measured
according to ASTM D570.>** The 50 X 50 mm cross section
of films was demoisturized in a vacuum oven at 50 °C for 24 h,
chilled in a desiccator, and then promptly weighed (wg,,). The
films were then completely soaked in distilled water at ambient
temperature for the equilibrium test (24 h). The water on the
film surface was detached after being removed from the
container using a filter paper. Afterward, each film was weighed
(Wyer). The % of water intake of the PVA/CPSP biofilm was
calculated by using the following equation:

2

Opacity = [absorbance at 600 nm] X [film thickness]

wwet

w

d;
Water intake = | ————
Wdry

X 100%

(4)

Water Vapor Permeability (WVP). The WVP of the
PVA/CPSP biofilm was measured using the equipment and
procedures outlined in ASTM E96 (ASTM, 1995). Before
analysis, film samples were processed for 48 h in a chamber at
25 °C and 52% relative humidity. On cups with distilled water,
films were placed and secured. In a desiccator cabinet that was
kept at a controlled temperature and relative humidity, test
cups were positioned.

The WVP was calculated from the slope (G) of a linear
regression of weight loss versus time.

_ Gx
AAp

(s)

42765

where «x is the film thickness, A is the area of the exposed film,
and Ap is the differential water vapor partial pressure across
the film.

Soil Burial Test. The indoor soil burial test explored the
biodegradability of pure PVA and PVA/CPSP (5—25 wt %)
biofilms using the methodology of Balavairavan et al. (2020).*’
Initially, the vacuum-dried sample weighed 0.62 g (Wi).
Further, the film samples that had been vacuum-dried were
buried separately in mud pots containing moist soil. The mud
pots carrying the film samples (PVA and PVA/CPSP) were
brooded at 23 °C for 2 months. Water was sprayed on the mud
pots regularly to keep them damp. The film samples were
taken from the mud pots once every 10 days to estimate the
weight loss. The film samples were meticulously cleaned with
water to remove the dust and then dried under a dryer until a
constant weight (Wr) was achieved. The total % weight loss of
film samples was calculated using the following equation:

Whnitial — Whinal

%Weight loss of film = [ X 100%

Winitial

(6)

where wy, is the initial weight and wg,, is the final weight
after 10 days.

Antimicrobial Activity. Antibacterial activity testing of
pure PVA and PVA/CPSP films took place according to
ASTM G 21-09 and prior investigations. Gram-negative
Escherichia coli and Gram-positive Salmonella sp. micro-
organism were selected for bactericidal testing.

Statistical Analysis. Each property of the film was
measured in five different places in individually prepared film
samples, and the values were presented as mean + standard
deviation (SD).

B RESULTS AND DELIBERATION

Fourier Transform Interferometry (FTIR). The spectra
of PVA (Figure 3a) showed a broader peak at 3290.36 cm™
owing to the stretching vibration of the hydroxyl group. The
ranges of PVA showed a C—H stretching of aldehyde at
2792.72 and 2724.14 cm™'. The stretching band found at
1625.78 cm™! shows the C =C group of alkenes. The peak at
1521.63 cm™" is due to C—O carbonyl stretching, the peak at
1133.93 cm™' is due of C—H bending vibration of CH,, and
the peak at 1133.937" is due to C—H deformation vibration.”

https://doi.org/10.1021/acsomega.3c05577
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Figure 4. X-ray diffractograms of (a) pure PVA and Ceiba pentandra shell powder and (b) PVA/CPSP (5—25 wt %) biofilms.

The FTIR spectra of (Figure 3a) Ceiba pentandra shell
powder showed the presence of —OH stretching (3400—3650
ecm™'), —CH stretching (2148.48 cm™'), intermolecular
hydrogen bonding (1629.63 cm™"), and C=C stretching of
cyclic alkene (819.56, 906.33, and 1546.69 cm™"). As shown in
Figure 3b, with increasing Ceiba pentandra shell powder, the
peak at 3290.36 cm™' (PVA) shifted to a higher wavenumber
in the region of 3330 to 3560 cm™" for all proportions of films.
The lengthy flat peak of —OH bonds assimilated in all
combinations of films is similar to the peaks of CPSP. This
may be because CPSP and PVA form robust hydrogen bonds
with one another. The characteristic peak of the C—H
vibration from cellulose and hemicellulose was noticed in the
infrared spectra at 2991.59 cm™'. The peaks at 1652.99 and
1564.33 cm ™" reflected the aromatic C=C band, which merely
occurs in lignin, showing that the lignin has been preserved in
the shell particles of Ceiba pentandra. The 1178.50 cm™" peak
represented the bending of C—O stretching, a common peak
for films containing CPSP up to 20 wt %. The peak at 1178.50
cm™' vanished at the maximum filler material loading (25 wt
%), and smooth IR spectra were seen. In PVA/CPSP films, the
peak at 875.68 cm™' is visible due to the C=C bending of
alkane up to 20 wt % of filler; however, this peak also became
extinct upon further CPSP loading. Overall, the good
compatibility between PVA and CPSP is due to strong —OH
bonding. In contrast to the peak patterns of PVA and CPSP,
the PVA/CPSP biofilm did not show any significant band
shifts or new peak patterns. This might result from the little
chemical interaction between the constituent parts.

X-ray Diffraction (XRD). The X-ray diffraction test
provides valuable data related to base materials' and film
samples' degree of crystallinity and crystalline size. The X-ray
outlines of PVA, CPSP, and PVA/CPSP films containing
CPSP are shown in Figure 4a,b. X-ray diffraction patterns of
the PVA displayed the scattering peak in the region from 20 =
10 to 47.2° by the counts at 26 = 19.17°. The Ceiba pentandra
shell powder shows sharp peaks at 260 = 19.95, 29.88, 32.60,
and 48.04°, demonstrating that CPSP is I crystalline.

The PVA/CPSP film containing S, 10, 15, 20, and 25%
CPSP showed peaks with the counts at 26 = 19.40, 19.83,
19.93, 20.01, and 19.81°, respectively. The XRD patterns of
PVA/CPSP films revealed that all of the film samples are partly

crystalline with a distinctive peak at 260 = 20°. According to
Aziz et al. (2020)*° and Mori et al. (2020),”” the XRD peak of
PVA showed that the wide signal characteristic for the
amorphous phase occurs at about 26 = 19°. The XRD pattern
of Ceiba pentandra shell powder indicated a high crystalline
peak at 20 = 19.95°. The crystallinity index and crystalline size
of PVA, CPSP, and PVA/CPSP biofilms are shown in Table 1.

Table 1. Crystallinity Index and Crystalline Size of PVA,
CPSP, and PVA/CPSP Biofilms

crystallinity crystalline

samples index (%) size (nm) physical nature
pure PVA 33.2% 17.34 semicrystalline
Ceiba pentandra shell 53.5% 32.34 crystalline

powder

PVA/S wt % CPSP 35.3% 18.14 semicrystalline
PVA/10 wt % CPSP 38.6% 20.89 semicrystalline
PVA/1S5 wt % CPSP 42.3% 23.23 semicrystalline
PVA/20 wt % CPSP 46.4% 24.87 semicrystalline
PVA/2S wt % CPSP 48.5% 26.34 semicrystalline

The crystallinity index of pure PVA has the lowest value
compared to all of the film combinations. With the addition of
CPSP filler (5—25 wt %), the crystallinity index of PVA/CPSP
biofilms accelerated up to 27.12%; the increase in crystallinity
index indicates that the physical structure of the biofilm has
been enhanced and also that appropriate stress transfer
occurred between the matrix to filler orientations. The increase
in crystalline size corresponding to the addition of CPSP to the
PVA matrix indicates that the surface roughness of biofilms
increased and the resistance to deformation under external
loads was also enhanced.

Atomic Force Microscopy (AFM). Atomic force micros-
copy can quantify the surface coarseness of samples down to
the angstrom scale (0.1 nm).”* To evaluate the topological
features of the produced PVA/CPSP films, atomic force
microscopy (AFM) was used. Phase contrast, histograms,
roughness parameters, and 2D and 3D images were recorded.
As seen in Figure Sa—e, the films exhibited both a smooth
surface and some surface agglomerations at increasing wt % of
CPSP, with a root mean square roughness (RMS) of a few
nanometers. The agglomerated designs resemble separate

https://doi.org/10.1021/acsomega.3c05577
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Figure S. AFM micrographs of (a) PVA/S wt % CPSP film, (b) PVA/10 wt % CPSP film, (c) PVA/15 wt % CPSP film, (d) PVA/20 wt % CPSP

film, and (e) PVA/2S wt % CPSP film.

Table 2. AFM Parameters of PVA/CPSP (5—25 wt %) Biofilms

film sample min (nm) max (nm) mid (am) mean (nm)
PVA/S wt % CPSP —25.75 68.99 21.61 0.00
PVA/10 wt % CPSP —29.08 78.46 24.68 0.00
PVA/1S wt % CPSP —-61.23 138.14 3845 0.00
PVA/20 wt % CPSP —76.59 161.06 42.23 0.00
PVA/2S wt % CPSP —86.82 233.35 73.26 0.00

Rpv (nm) Rq (nm) Ra(nm) RMS (nm) Rsk Rku
94.75 16.98 11.04 83.75 —2.352 8.25
107.58 18.37 12.11 93.71 -2.067 8.67
199.38 29.48 30.62 141.8 —1.118 4.08
237.65 38.94 21.02 161.4 —1.113 6.53
320.17 72.50 5291 252.5 —-1.891 5.46

peaks, each measuring 1 ym in width and 80—260 nm in
height. Particles in these structures range in size from 10 to 50
nm. The value of the phase contrast for all samples is about 5—
10°, indicating good homogeneity and no phase separations up
to 20% of CPSP in the PVA matrix. AFM parameters of PVA/
CPSP (5—25 wt %) biofilms are listed in Table 2.

A low surface roughness, at about 20—25 nm, can be
observed in the PVA film. Adding CPSP evidenced increased
RMS to 82—84, 91—-95, 138—142, 157—163, and 250—253 nm

42767

with increased CPSP contents of 5, 10, 15, 20, and 25 wt %,
respectively, in the PVA matrix. This might be caused by
CPSP’s partial water insolubility; however, it can change the
surface roughness at high concentrations in the PVA matrix.
TGA and DTG. To analyze the thermal stability and
decomposition properties of films containing various concen-
trations (5—25 wt %) of Ceiba pentandra shell powder in a
PVA matrix, thermogravimetric analysis was performed. TGA
is a significant analysis used to examine the biofilm’s thermal
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Figure 6. (a) Primary thermograms of PVA, CPSP, and PVA/CPSP biofilms. (b) Secondary thermograms of PVA, CPSP, and PVA/CPSP biofilms.

behavior and degradation. Figure 6a,bshows the thermogravi-
metric (TGA) and derivative thermogravimetric (DTG) curves
of PVA, Ceiba pentandra shell powder, and PVA/CPSP (5-25
wt %) film samples. All curves followed a similar pattern,
demonstrating that, for the PVA-based films, thermal
degradation and mass loss ensued in three unique stages,
each accompanied by a peak in the DTG curve that correlated
to a distinct heating region. The initial thermal response
induced the initial mass loss, which occurred below 100 °C.
This was primarily because moisture and water vapor were
eliminated.”” Accordingly, PVA and PVA/CPSP films showed
considerable weight loss compared to Ceiba pentandra shell
powder. This observation is most likely explained by the high
moisture content found across all combinations of test
samples. Thus, the higher the moisture content is, the higher
is the mass loss that arises in this phase. The second weight
loss happened at temperatures between 150 and 290 °C after
additional heating. The degradation of polymeric chains
(cellulose and hemicellulose) and water residues was primarily
responsible for this mass loss. Similar findings were previously
reported by Yaradoddi et al.*’

The film sample’s final mass loss occurred at temperatures
greater than 270 °C. The depolymerization and breakdown of
the carbon chains in the PVA structure were responsible for
the weight loss during this stage. From the data in Table 3, all
films exhibited close decomposition temperatures that varied
between 290 and 322 °C, higher than the controlled PVA’s
degradation temperature, which recorded its maximum
decomposition at 288 °C, and less than the CPSP, which
recorded its decomposition temperature at 341 °C. This

Table 3. Maximum Degradation Temperature and %
Residue for PVA, CPSP, and PVA/CPSP Biofilms

degradation temperature % residue at
o

samples 545.75 °C
PVA 288.78 —1.03
Ceiba pentandra shell 341.01 30.05
powder
PVA/S wt % CPSP 308.04 9.57
PVA/10 wt % CPSP 309.22 9.61
PVA/15 wt % CPSP 312.39 13.07
PVA/20 wt % CPSP 317.61 15.23
PVA/25 wt % CPSP 322.61 15.49

evidence suggests that the incorporation of Ceiba pentandra
shell powder enhanced the thermal stability of PVA/CPSP
biofilm. Such results are consistent with the data obtained by
Loganathan and Saravanakumar (2022),*° who also studied
the effect of orange peel powder on poly(vinyl alcohol) films
and declared that the rate of degradation of films ranged from
290.9 to 295.4 °C.

Moreover, the thermal degradation of films was radically
influenced by the addition of CPSP at various concentrations
(5—25 wt %), representing the percentage of residue left after
the final degradation, as shown in Table 4. Upon adding (5, 10,
15, 20, and 25 wt %) CPSP in PVA, the % residue increased by
9.23, 10.45, 12.43, 13.98, and 15.49%, respectively. This
phenomenon demonstrated that, at temperatures above 320
°C, films with high concentrations of CPSP are more heat
resistant than PVA films. These annotations aligned with
previous studies by researchers investigating the effect of
various cassava starch on PVA-based films and indicated that
PVl?l/ cassava starch films achieved thermal stability up to 300
OC';

FESEM. FESEM micrographs of PVA, Ceiba pentandra shell
powder, and PVA/CPSP biofilms are shown in Figure 7.
FESEM plots (Figure 7a,b) of PVA and CPSP exhibited
smooth and rough surfaces, respectively. The cross section of
PVA films thickened after CPSP was added, as shown in Figure
7c—f, although all combinations of CPSP (5, 10, 15, and 20 wt
%) in the film matrix seemed to be highly compatible. The
incorporation of CPSP increased the coarser texture of PVA
films, which is also confirmed by AFM analysis. The loadings
of CPSP up to 20 wt % in the PVA matrix showed a smooth
surface with no surface agglomerations. These results
suggested that loadings of CPSP up to 20 wt % are well
assimilated in the PVA film. Some agglomeration particles
resulting from the inexorable phase separation were evident on
the film surface. The agglomeration and voids observed at 25
wt % of CPSP may affect the tensile test parameters of PVA-
based films (Figure 7g). Without significantly compromising
the film homogeneity, blocking visible and UV light will be
possible by incorporating Ceiba pentandra shell powder in PVA
films.

Mechanical Properties. In particular, this study evaluates
the tensile stress, Young’s modulus, and % of elongation at
break for pure PVA films and PVA/CPSP biofilms (5—25 wt
%). Figure 8a shows that the tensile strength of the films
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Table 4. Mechanical Properties and Thickness of Film Samples®

film samples thickness of films in mm

tensile strength in MPa

Young’s modulus in MPa % of elongation at break

pure PVA 0.143 + 0.03 13.72 £ 1.2§ 21.34 £ 095 50.3 = 1.15
PVA/S wt % CPSP 0.153 + 0.0023 19.84 + 2.01 35.58 + 1.22 12.77 £ 0.95
PVA/10 wt % CPSP 0.158 + 0.0012 2495 + 2.12 48.5 + 1.56 9.39 + 0.78
PVA/1S wt % CPSP 0.162 + 0.034 28.81 + 1.56 63.22 + 1.05 6.14 + 0.96
PVA/20 wt % CPSP 0.167 + 0.024 2993 + 1.54 6543 + 1.34 5.15 £ 0.79
PVA/2S5 wt % CPSP 0.171 + 0.045 2695 + 1.34 61.08 + 1.44 6.32 + 0.93

“Values are expressed as mean + SD (n = S).

Smooth Surface

50 pm

PVA/15wt.% CPSP

PVA/Swt.% CPSP | PVA/10wWt.%CPSP .||

CPSP

Rough Surface

50 pm

PVA/20wt.% CPSP

Figure 7. FESEM images of (a) PVA, (b) CPSP, (c) PVA/S wt % CPSP, (d) PVA/10 wt % CPSP, (e) PVA/15 wt % CPSP, (f) PVA/20 wt %

CPSP, and (g) PVA/2S wt % CPSP biofilms.

increased when the CPSP concentration was raised from S to
20 wt %. If the filler loading increased beyond 20 wt %, the
transition stage was initiated, and the elongation of films
increased because of poor compatibility between the matrix
and filler. This result is consistent with a prior investigation
made by Guimardes et al.>> The PVA-based film with 20 wt %
of CPSP showed the highest tensile stress (29.93 MPa), higher
than that of films with 25 wt % CSPS (26.95 MPa) in the PVA
matrix. The hydrogen bonds that formed between the
molecules of PVA and CPSP are thought to be the cause of
the high tensile stress at 20 wt % of CPSP content.”” These
bonds are primarily governed up to 20 wt % of CPSP and
weaken when the concentration increases above 20 wt %. The
maximum tensile strength (29.93 MPa) for PVA/20 wt %
CPSP films in the current study was higher than that of PVA-
based films with a mixing of 20 wt % of nano rice hull fillers

(16.86 MPa). Similarly, that of PVA with 20 wt % of palm
kernel shell powder obtained at 11 MPa is lower than the
current study findings.

In essence, the stiffness of materials can be expressed by
their Young’s modulus (also known as their elastic modulus).
It simply refers to how easily it can be stretched or bent. Figure
8a) shows that the effect of incorporation of Ceiba pentandra
shell powder content (5—25 wt %) on the Young’s modulus of
PVA/CSPS films is the same compared with their correspond-
ing tensile stress. The Young’s modulus of PVA/CSPS films
increased from 21.34 to 65.43 MPa for pure PVA film and
PVA/20 wt % CPSP film, respectively. The stiffness of the
films faintly diminished from 65.43 to 61.08 MPa as the
concentration of Ceiba pentandra shell powder increased from
20 to 25 wt %. The better dispersion of CPSP up to 20 wt %
improves their interaction with PVA matrices, thus leading to
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Figure 8. (a) Tensile properties of PVA and PVA/CPSP (5—25 wt %) biofilms. (b) Stress—strain curves of biofilms.
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Figure 9. Transmissibility of pure PVA and PVA/ (5—25 wt % CPSP) biofilms.

the higher tensile strength and Young’s modulus of PVA/
CPSP biofilms. CPSP agglomeration appears to negatively
impact tensile strength and Young’s modulus, as evidenced by
the higher surface roughness and lower tensile strengths of
biofilms produced when the amount of CPSP is increased
beyond 20 wt %.>* Thus, Young’s modulus of 25 wt % of
CPSP-loaded films is reduced and then becomes less rigid. The
elongation at break (EB) was found to be decreased to 50.3
(pure PVA film), 12.77, 9.39, 6.14, and S5.15% with the
addition of 5—20 wt % of CPSP in the PVA matrix. The trend
observed in the elongation at break in the study was similar to
the loading of LASP*® and green banana peel powder®® with
PVA described in previous studies. The mechanical properties
and thicknesses of film samples are listed in Table 4. The type
of fillers and polymer matrices, the concentration of fillers, the
interfacial region, and the shape of the fillers can all impact the
mechanical properties of polymers.’”

UV-Light Barrier Properties. Effects of various concen-
trations of Ceiba pentandra shell powder (CPSP) content on
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the UV-light barrier property of PVA films are shown in Figure
9, and with the addition of CPSP, the transmittance of PVA
films notably decreased at 200—800 nm wavelength. For the
PVA films that were filled with 25 wt % of CPSP, film
transmittance diminished from 70 to 35%. Moreover, the
incorporation of 5—25 wt % of CPSP significantly increased
the opacity (O) value, and transparency decreased. The PVA
film with the highest content (25 wt %) of CPSP displayed the
most significant O value, shown in Figure 10. The results
proved that the light barrier capability of PVA films might be
significantly increased by adding various amounts of CPSP
particulate filler; when more CPSP is loaded, the PVA film can
reveal a more vital light-blocking ability.

Various agrowaste particulate fillers were earlier used to
improve the light barrier properties of packaging materials.
Film transmittance in the UV and visible ranges decreased in
PVA films strengthened with green banana peel powder.”” A
better film barrier quality was the principal outcome of the
stuffing action of agrowaste particle fillers. Another inves-
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Figure 10. Transparency and opacity of pure PVA and PVA/CPSP biofilms.

tigation showed that incorporating the alkali-treated LASP**
improved the opacity of a biopolymer-based film. The
agglomeration of CPSP at higher loading proportions in the
PVA matrix was primarily responsible for the decrease in
transmittance at 800 nm and the increase in crystallinity
generated by increasing the CPSP concentration in the film.
Water Absorption Test. The limitations of polymeric
materials prohibit their widespread usage in numerous
applications due to their high water absorption and solubility.””
The water absorption properties of various PVA/CPSP film
ratios were examined, and Figure 11 shows the % of water

Film samples immersed in water

160 —
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Figure 11. Percent water absorption of PVA and PVA/CPSP biofilms.

absorption over time. Figure 11 shows that adding Ceiba
pentandra shell powder increases the PVA/CPSP film’s water
absorption %. This is because the hydrophilic Ceiba pentandra
shell powder has a high fiber content and is easily influenced
by water absorption. The water absorption capacity of the
PVA/CPSP films with 5, 10, 15, 20, and 25 wt % of CPSP
demonstrated an identical trend; however, the percentage of
water absorption improves with the addition of CPSP content.
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All of the PVA/CPSP films tend to absorb water after being
immersed in water for 5 h. The film lost its ability to absorb
water after 300 min because it was saturated with water
molecules.

Additionally, the PVA/CPSP films have the lowest
percentage of water absorptivity among all combinations of
films despite having the least amount of CPSP (S wt %). This
is because the Ceiba pentandra shell powder is not entirely
enclosed by the PVA matrix, which makes the hydroxyl groups
of PVA more readily available to water-binding sites. The
absorption of water particles inside the films will be impeded
by the zigzag path caused by an increase in the amount of
CPSP in PVA. As equilibrium conditions were reached, the
CPSP particles served as a stiff filler to lock the hydroxyl
component interaction, causing the absorption of water by the
films to reach saturation.*®

Water Vapor Permeability (WVP). The WVP of
poly(vinyl alcohol) films as a function of different concen-
trations (5—25 wt %) of CPSP is presented in Figure 12. As
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Figure 12. Percent water vapor permeability of PVA and PVA/CPSP
biofilms.
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can be seen, WVP increased linearly as the concentration of
CPSP increased. These results could be related to structural
modifications of the PVA network due to the incorporation of
a highly fibrous filler and the hydrophilic character of Ceiba
pentandra shell powder (CPSP), which favor the absorption
and desorption of water molecules.”” The highly fibrous plant
waste filler CPSP causes greater flexibility in the polymeric
structure, which increases the water sorbed mobility within the
structure. As a result, WVP increases with the CPSP content.

Soil Burial Test. Biodegradability is a noteworthy property
of packaging plastic materials. The seasonal conditions of the
soil will provide a realistic environment for film degradation.
The degradation occurs under the action of natural micro-
organisms (bacteria, fungj, etc.).*” Figure 13 shows the indoor
soil burial test chamber arrangement.

Figure 13. Indoor soil burial test setup.

The effect of Ceiba pentandra shell powder on the
biodegradability of poly(vinyl alcohol) films was studied by
evaluating the weight loss of the films under the soil burial
condition. Figure 14 depicts the weight loss of controlled PVA
films and films with various concentrations of CPSP after 2
months of burial in the soil. With an increase in the CPSP
amount, the weight loss of all combination films increased
significantly, which may imply that CPSP has a considerable
impact on the biodegradability of the films. Additionally, tiny
voids in films that absorb soil moisture are formed because of

the high concentration of CPSP in PVA and reduced film
density."" As stated in the results of the water intake study, the
incorporation of CPSP from 5 to 25 wt % increased the
hydrophilicity of the films with the hydroxyl groups bonded
together. As a result, the water absorption of the PVA/CPSP
films increased, which accelerated the decay of PVA/CPSP
films.

According to the prior investigation, weight loss was
similarly associated with the microbial deterioration of the
films. The visually reviewed film samples reflected the weight
reduction of all films perfectly (Figure 14).** In the soil burial
test, the control PVA film lost roughly 30.2% of its original
weight by the 60th day, but the PVA/S wt % blend film lost
12.51% of its weight in only 20 days. By the 60th day, a
significant weight reduction (44.5, 49.3, 52.4, 56.9, and 60.7%)
was seen for PVA/CPSP films with §, 10, 15, 20, and 25 wt %
of CPSP.

Antimicrobial Test. To decrease the level of microbial
growth in food, food packaging materials with antimicrobial
characteristics are widely preferred. Hence, the antibacterial
activities of the PVA and PVA/(5—25 wt %) of CPSP films
against the microorganism Salmonella sp. and Escherichia coli
were analyzed by measuring the diameter of the zone of
inhibition. (Figure 1Sab, respectively). The antibacterial
activity of different pathogens in film samples is shown in
Table S, which gives a clear indication of the antibacterial
properties of PVA/CPSP biofilms.*’

The neat PVA film was not found to have any antibacterial
activity against the test organisms. However, CPSP-incorpo-
rated PVA films exhibited significant activity against both
Salmonella sp. and Escherichia coli, thereby proving their
applicability in protecting food from established pathogens.
Consequently, Ceiba pentandra shell powder (CPSP), a high-
fiber plant waste material, includes flavonoids and lipids that
have the ability to suppress the growth of bacteria on PVA/
CPSP biofilms, thereby providing a potential material for
packaging.***
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Figure 14. Percent weight loss of PVA and PVA/CPSP (5—25wt %) biofilms.
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Figure 15. Antimicrobial activity of PVA and PVA/CSPS films against (a) E. coli and (b) Salmonella sp.

Table S. Antibacterial Activity of Different Pathogens of PVA and PVA/CPSP Biofilms

zone of inhibition in mm

s. no. organism PVA
Salmonella sp. 8 mm
2 Escherichia coli 8 mm

15% 20% 25%
14 mm 12 mm 13 mm 11 mm
9 mm 9 mm 10 mm 10 mm

B CONCLUSIONS

Poly(vinyl alcohol) (PVA)—Ceiba pentandra shell powder (S,
10, 15, 20, and 25 wt %) biofilms were prepared using the
solution casting method, and various tests characterized the
films. The functional groups of PVA and CPSP interacted well
according to FTIR spectra. The PVA/CPSP biofilms are
semicrystalline, and the crystallinity of the biofilms at 25 wt %
CPSP (48.5%) is comparatively higher than that of neat PVA
(33.2%). Their thermal and mechanical properties influenced
the high crystallinity of biofilms. At maximum loading of CPSP
(25 wt %), the minor voids were only visible in the FESEM
micrographs, indicating that the particles were evenly
distributed and incorporated in the PVA matrix. The PVA/
CPSP films were also observed to have increased light
absorption against UV radiation. Consequently, the PVA/
CPSP biofilms unveiled a substantial enhancement in tensile
properties at appropriate loadings of CPSP (20 wt %). The
PVA/CPSP films are suitable for applications with temper-
atures up to 320 °C. In addition, water absorption and WVP of
films increased with increasing CPSP loading. The fact that
both PVA and CPSP are water-sensitive and have hydroxyl
groups in their chemical structures is considered to be the
reason. Based on the soil burial test, the weight losses increased
(up to 59% weight loss in 60 days) with increasing CPSP
loading, indicating that the films can degrade faster. The
antimicrobial activity of PVA/CPSP biofilms also increased
with filler content against Salmonella spp. and Escherichia coli
bacterial organisms. Hence, the experimental results suggest
the potential of the PVA/CPSP biofilm to be used as a
promising packaging film to ensure food safety.
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