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inforced polyvinyl alcohol-based
bio-nanocomposite films: improved mechanical,
UV-light barrier, and thermal properties
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This study reported the development and characterisation of bio-nanocomposite films based on the

polyvinyl alcohol (PVA) reinforced with cellulose nanofibres (CNFs) of different concentrations (1–5 wt%),

isolated from pineapple leaf fibre via high-shear homogenisation and ultrasonication. The PVA film and

bio-nanocomposite were prepared using a solution casting method. The PVA film and bio-

nanocomposite samples were characterized using FE-SEM, XRD, FTIR spectroscopy, UV-vis

spectroscopy in transmission mode, TGA, and DTG. Mechanical properties (tensile strength and strain at

break) were also determined and statistical analysis was applied as well. With the incorporation of CNFs,

the mechanical properties of the bio-nanocomposite were found to be significant (p # 0.05), particularly

the 4 wt% CNF bio-nanocomposite showed optimum properties. The tensile strength, CI, and thermal

stability of this film were 28.9 MPa (increased by 28.2%), 78.7% (increased by 5.2%), and 341.8 °C

(increased by 1.6%), respectively, compared to the pure PVA film. These characteristics imply that the

bio-nanocomposite film has prospects as a promising material for biopackaging.
1. Introduction

Nowadays, the most dominating pollution in the world comes
from plastic wastes, especially petroleum-based plastic wastes.1

Packaging plastics are generally made from non-renewable
petroleum products.2–5 They are non-biodegradable and take
a long time to decompose naturally in the environment.6 The
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presence and accumulation of plastic waste in the environment
are harmful to the ecosystem and humans.7

Polyvinyl alcohol (PVA)-based bioplastics are a promising
alternative to replace conventional plastics in everyday life. PVA
is a biodegradable polymer with many advantages, such as
being non-toxic, low-cost, and easy to process.8,9 In Indonesia,
biocomposite plastic companies have been operating since
2009. They are developing biopolymers as bioplastic matrices.
Among them, PT. Inter Aneka Lestari Kimia or better known as
Enviplast is developing biopolymers and even exporting them to
various countries globally. However, PVA-based biocomposites
tend to have poor mechanical properties.10,11 PVA lms at
certain temperatures and conditions can dissolve in water, so
the use of PVA as a composite is very limited and needs modi-
cations.12 The properties of PVA are determined by the
molecular weight and the degree of hydrolysis which is inu-
enced by the length of the vinyl acetate used when producing
PVA. The molecular weight of PVA generally ranges from 20
000–400 000 g mol−1.13 The addition of llers or reinforcement
to the PVA matrix using natural bre can solve the limitation of
the PVA application.

Natural bres are eco-friendly materials that can be derived
from plants, animals, andminerals, depending on the source of
extraction.14 Natural bres have been used as reinforcement for
biocomposites and are suitable for many industrial applica-
tions.15,16 Special treatment is needed to isolate cellulose from
the plant cell wall to obtain natural bre from a plant.17–19
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Natural bres contain cellulose, hemicellulose, lignin, and
extractive substances. The non-cellulose content of bre can be
removed by the chemical treatments such as alkalisation and
bleaching.20–23 The advantages of natural bres include
economic, abundant availability, low specic gravity, high
specic resistance, high rigidity, renewable resources, biode-
gradability, lower energy consumption for production, lower
CO2 emissions, and being environmentally friendly.24 Many
sources of bres have been used in biocomposites, including
date palms,25 elephant grass,26 sugarcane stem,27 cellulose from
jicama,28 and pineapple leaf.29 Noshirvani et al. (2018) extracted
cellulose nanocrystals from a cotton linter and used it as a bio-
nanocomposite ller.30 It improved the crystallinity, thermal
stability, and mechanical properties of biocomposite. Choo
et al. (2016) also found a similar result using cellulose nano-
bres as llers for biopolymer matrix.31 The addition of bagasse
nanobrils increased the lm's crystallinity, tensile stress, and
thermal stability.32

Previous research has not investigated the impact of varied
cellulose nanobres (CNFs) concentrations extracted from
pineapple (Ananas comosus) leaves on the characteristics of the
PVA lm. Whereas, pineapple leaves have a purity cellulose
amount 62.5% for raw bre.17 This result is higher when
compared to other natural bers such as the barks of Vachellia
farnesiana33, Kigelia africana,34 and Cyrtostachys renda35 with
cellulose content 38.8%, 55.1%, and 45.1%, respectively. The
high cellulose content in pineapple leaves make suitable
candidate for use in bio-nanocomposite matrices as a reinforc-
ing ller. Thus, this study was aimed to analyze the effect of
pineapple leaves extracted CNFs addition on the properties of
PVA lm, extracted from pineapple leaves, on the properties of
PVA lm. The bio-nanocomposite lm was observed for its
surface morphological, tensile strength, functional groups,
crystallinity, thermal stability, and transparency. The results of
the study are expected to provide a new perspective on the use of
CNFs ller incorporated PVA as a bio-packaging material with
superior characteristics.
2. Material and methods
2.1. Materials

Polyvinyl alcohol (PVA, 99% hydrolyzed, MW 89,000–98,000 g
mol−1) was obtained from Sigma-Aldrich Pte. Ltd, Singapore.
Extraction of cellulose nanobres (CNFs) from pineapple leaves
using high-shear homogenisation and ultrasonication was
described in previous work.17 The mean diameter of the CNFs
was 68 nm.
Table 1 The composition of bio-nanocomposite films

Samples PVA (g) CNFs (wt%)
Distilled water
(mL)

PVA lm 10 — 100
PVA–CNFs 1% 10 1 100
PVA–CNFs 2% 10 2 100
PVA–CNFs 3% 10 3 100
PVA–CNFs 4% 10 4 100
PVA–CNFs 5% 10 5 100
2.2. Preparation of PVA lm and bio-nanocomposite

PVA lm: in a glass beaker, 10 g of PVA granules and 100 mL of
distilled water were mixed. The mixture was heated using
a magnetic stirrer (Daihan Scientic MSH-200) for 2 h at 70 °C
and 500 rpm until gelatinised. An ultrasonic homogeniser
sonicated the gel for 5 min at 600 W. The treated gel was cast in
a Petri dish and dried in a vacuum drying oven (50 °C, 0.6 MPa,
20 h).
© 2024 The Author(s). Published by the Royal Society of Chemistry
Bio-nanocomposite lm: about 10 g PVA granules were dis-
solved in 100 mL distilled water. The CNFs of concentrations (1,
2, 3, 4, and 5 wt%) was added to the suspension. The suspen-
sion was homogenised (WiseTis Homogenizer HG-15D DAIHAN
Scientic Co., Ltd Korea) for 5 min (12 000 rpm, room temper-
ature). The mixture was heated by a hot plate magnetic stirrer
(Daihan Scientic MSH-200) for 2 h at 75–80 °C until completely
gelatinised.36 The resulting gel was treated using an ultrasonic
homogeniser (600 W) for 5 min. Aer that, the suspension was
poured into a glass mould (190 mm × 150 mm) and dried at
50 °C vacuum drying oven for 21 h at 0.6 Mpa.36 Table 1 dis-
played the ratios used and the labelling key for each sample.
Before sample characterisation, all lms were kept in a closed
desiccator at 25 °C and 50% relative humidity.

2.3. Characterization techniques

2.3.1. FE-SEM analysis. The PVA lm and bio-
nanocomposites were placed on the eld emission-scanning
electron microscope (FE-SEM Quattro S, Thermo Fisher Scien-
tic, Waltham, MA, USA) sample stub. The PVA lm and bio-
nanocomposite morphological fracture surfaces were observed
using FE-SEM at 15 kV. The FE-SEM image of the lm was
captured at 500 and 2000 magnications under a high vacuum
and working distance of 10 ± 0.5 mm.

2.3.2. XRD analysis. The X-ray diffraction (XRD) testing for
PVA lm and bio-nanocomposites was carried out using the
Shimadzu XRD-700 Maxima X series (Shimadzu Corp., Kyoto,
Japan). The sample was scanned at 2q from 5 to 50° at 40 kV and
30 mA with CuKa radiation (l = 1.54). Before XRD testing,
samples were oven-dried for 2 h at 60 °C. The crystallinity index
(CI) of the sample was calculated using (eqn (1)).37

CI = [(I002 − Iam)/I002] × 100 (1)

where I002 is the intensity of 2q–22.6°, which corresponds to the
crystalline fraction, and Iam is the intensity of 2q–18°, which
corresponds to the amorphous fraction.

2.3.3. UV-VIS analysis. The transparency of lms was eval-
uated by Shimadzu UV 1800 spectrophotometer according to
ASTM D 1003-00.23 An equal-weight rectangular sample (10 mm
× 25 mm) was placed in the spectrophotometer by a trans-
mittance spectrum of 400 to 800 nm. The transparency lm is
based on the area under the transmittance curve.

2.3.4. FTIR spectroscopy. The fourier transform infra-red
(FTIR) analysis was carried out by using an Attenuated Total
Reectance-Fourier Transform Infra-Red (ATR)-FTIR
RSC Adv., 2024, 14, 23232–23239 | 23233
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Fig. 1 FE-SEM images of fracture surface for PVA film (a), PVA–CNFs 1% (b), PVA–CNFs 2% (c), PVA–CNFs 3% (d), PVA–CNFs 4% (e) and PVA–
CNFs 5% (f).

Table 2 The CI, thermal properties, and transparency of bio-
nanocomposite

Samples CI (%) Tmax (°C)
The residue aer
550 °C (%)

Transparency
(%)

PVA lm 74.8 336.3 8.0 86.4
PVA–CNFs 1% 77.7 336.2 7.7 83.6
PVA–CNFs 2% 77.3 334.1 7.4 83.2
PVA–CNFs 3% 77.9 335.6 7.1 86.8
PVA–CNFs 4% 78.8 341.8 5.4 86.0
PVA–CNFs 5% 77.4 341.2 6.2 88.1
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spectroscopic equipped with a UATR unit cell from PerkinElmer
(Spectrum two) (PerkinElmer Corporation, Waltham, MA, USA).
The dried lm was scanned between 4000 and 400 cm−1 with
the sample set on the diamond crystal. The 32 scans per sample
were obtained at 4 cm−1 resolution. The spectrum at a wave-
number (400–4000 cm−1) was taken by pressing the torque knob
with the same pressure.

2.3.5. TGA and DTG analysis. A thermal analysis (ther-
mogravimetry analysis (TGA) and derivative thermogravimetry
23234 | RSC Adv., 2024, 14, 23232–23239
(DTG)) of samples was monitored on the instrument TGA 4000,
PerkinElmer, Hopkinton, MA, USA. About 10 mg of the lm was
placed on a microbalance inside the furnace. The nitrogen ow
rate was set at 20 mL min−1. The test was carried out from 30 to
600 °C. The weight loss and its rate as well as the residue were
measured by Pyris soware (Version 11, Pyris, Washington, MA,
USA).

2.3.6. Mechanical properties. The mechanical properties of
PVA lm and bio-nanocomposite were investigated following
theirs tensile strength and strain at break using the Universal
Testing Machine (UTM) (AGS-X series 5 kN, Shimadzu, Japan).
The width and thickness of the samples were measured with
0.1 mg accuracy with a precision balance (Kenko). The tensile
test speed was 30 mm min−1. The ASTM D638-type V standard
was used to prepare the samples. The testing was repeated 5
times for each sample.

2.3.7. Statistical analysis. The signicance of the differ-
ences in tensile and water absorption properties for loading of
different CNFs suspensions in the bio-nanocomposite lms was
veried using analysis of variance (ANOVA). A signicant
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The XRD patterns of PVA and bio-nanocomposite films.

Fig. 3 The UV-VIS of PVA and bio-nanocomposite films.

Fig. 4 The FTIR of PVA and bio-nanocomposite films.
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difference was found at p # 0.05 and further analysed using
Duncan's multiple distance test.

3. Results and discussion
3.1. FE-SEM analysis

The FE-SEM observations provide informations about the
presence of voids, the homogeneity of bio-nanocomposites,
© 2024 The Author(s). Published by the Royal Society of Chemistry
agglomerations, distribution, and possible orientation of
CNFs in the PVA matrix.31 FE-SEM photographs of fracture
surfaces of PVA lm and bio-nanocomposites before and aer
CNFs incorporation (1–5 wt%) are displayed in Fig. 1. The
results showed a change in the microstructure of the lms aer
the addition of CNFs. The delicate surface and a more compact
fracture surface were evident in the pure PVA lm in Fig. 1a (see
yellow arrow) indicates that the homogeneous dispersion of
PVA. Fig. 1b–f shows a rougher surface upon the addition of
CNFs 1 into PVA matrixes lm, suggesting strong adhesive
bonding between PVA and CNFs as well as preventing smooth
fractures.20,38 This result was due to the formation of hydrogen
bonds between cellulose hydroxyl and PVA hydroxyl groups.39–41

Observing the individual CNFs dispersions in the PVA matrix
was difficult due to the small nanoparticle size. Adding 1 wt% of
CNFs changed the microstructure of the fracture surface
(Fig. 1b) marked with a red arrow. Homogeneous dispersion
caused strong interaction and adhesion between matrix poly-
mer and CNFs surface. The addition of CNFs of different
concentrations leads to agglomeration for 1 wt% of CNFs
loading with a rougher surface and more clumps in the bio-
nanocomposite lms with 5 wt% of CNFs (marked with
a yellow arrow). In general, no distinctive gaps between the bre
and PVA matrix were visible at the CNFs content up to 4%,
indicating good compatibility and dispersion, enabling the
bre to create strong adhesive bonds and thus improving
mechanical properties as well as maintaining good trans-
parency, as noted by the following discussion.
3.2. XRD analysis

The crystallinity index (CI) of the bio-nanocomposite lm is
shown in the Table 2. All lms showed peaks at around 5.5 and
20°, which indicated a semi-crystalline structure. Table 2 shows
the CI of the bio-nanocomposite lm. The addition of CNFs
increased the CI for the PVA lm was 74.8% while in the case of
PVA–CNF 4 wt% it reached 78.8%. The increase in CI increased
the tensile strength of bio-nanocomposite (see Fig. 6). The
results of CI show that the addition of CNFs led to an increase in
RSC Adv., 2024, 14, 23232–23239 | 23235
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Fig. 5 (a) TGA, and (b) DTG graphs of PVA and bio-nanocomposite films.

Fig. 6 Tensile strength as a function of CNFs loading.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

0/
5/

20
24

 8
:2

2:
45

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
the crystallinity of the bio-nanocomposites. The high CI
phenomenon was also caused by the excellent cellulose nano-
bre dispersion in the matrix PVA. The increase in CI was due to
the nano dimension of CNFs.42,43 The nano-sized material has
large specic surface area.29 The high CI of nanocellulose also
indicated that the process of downsizing cellulose into nano-
cellulose through chemical and mechanical processes has suc-
ceeded in maintaining the original crystalline structure of
cellulose.44 During the treatment, XRD rays were passed
through the sample so that less intensity was captured. This
case was similar to that of a previous study.11 An increase in the
CI was explained by a decrease in amorphous phase chain
mobility and was supported by previous studies.45
23236 | RSC Adv., 2024, 14, 23232–23239
3.3. UV-vis analysis

UV-vis barrier properties were one of the key features in devel-
oping lms for biopackaging. It allows for avoiding or slowing
down the oxidation of proteins, lipids, vitamins, or pigments.
This characteristic is directly linked to the food shelf life by
avoiding unwanted colour, taste, loss of odour, and nutrients,
with the presence of organoleptic and nutritional packaged
foods.46,47 Table 2 shows UV-vis light transmittance values and
lm opacity based on PVA mixtures as control and inuence
with CNFs (1–5 wt%) in the wavelength range 400–800 nm. The
control lm had a transmittance of 86.4% and was entirely
transparent (Fig. 3). PVA lms were known for transparency,
and mixtures exhibited transparency due to the high homoge-
neity of the components. The same transparency was seen in
lms with up to 5% PVA/CNFs as well, showing excellent CNFs
dispersion at nanoscale into the PVA lm matrix.48,49 However,
a higher opacity value was detected for 5% PVA/CNFs (p < 0.05),
principally because of the light travel resistance due to
agglomerated CNFs particles as noted by morphology analysis
(Fig. 1f). Relatively, all lms are considered as highly clear
because the UV-vis analysis showed that all lms are trans-
parent with a transmission value above 75%. The different
transparency of the lm is related to the internal structure
developed during lm drying. This structure, in turn, is strongly
inuenced by the initial structure of polymer mixing including
dispersed and aggregated fractions.50 The difference in trans-
parency was also inuenced by the type of nanocellulose used.
The addition of 5 wt% cellulose nanocrystals (CNC) and
TEMPO-oxidised cellulose nanobers (TOCNs) from oil palm
empty fruit bunches on poly(methyl vinyl ether maleic acid)/
PMVEMA-poly(ethylene glycol)/PEG lm showed that the
transparency of the lm with CNC was higher than TOCNs.51

Packaging transparency was an essential preference for
consumers to see food items in the packaging.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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3.4. FTIR spectroscopy

Fig. 4 shows the FTIR analysis of the pure PVA and the bio-
nanocomposite. FTIR analysis was aimed to characterize the
structural changes due to the incorporation of different
amounts of CNFs into the PVA lm matrix in the wave number
range of 4000–400 cm−1 with a spectral resolution of 4 cm−1.
This interaction can result in peak shi and peak intensity
changes in the bio-nanocomposite lms.9,52 The FTIR spectrum
of the pure PVA lm revealed a characteristic peak at a broad
absorption band between 3000 and 3500 cm−1 centred at
3292 cm−1, which corresponded to strain vibration (OH).53

There are some shi on FTIR curve aer addition of CNFs.
Strain vibration (OH) shi from 3292 cm−1 to 3282 cm−1 for
PVA–CNFs 2%. This shi is a result of mainly due to the plenty
hydroxyl groups between PVA and CNFs, which can form
intramolecular and intermolecular hydrogen bonds.54 The peak
doublet at about 2918 cm−1 can be assigned to the CH2 strain
vibration. The small band around 1715 cm−1 belonged to the
(C]O) stretching vibration of the residual poly(vinyl acetate)
unit (#2%) due to the PVA preparation of the hydrolysis of
poly(vinyl acetate).55 The peak at 1424 cm−1 belonged to (CH2)
bending vibrations. The (CH2) vibration caused the peak at
1244 cm−1. The peak at 1088 cm−1 was dened (C–C) coupled to
the strain vibration (C–O). This peak was related to the crys-
tallinity of PVA.56 The characteristic peak of 843 cm−1 was
assigned for a CH2 vibration.57
3.5. TGA and DTG analysis

Fig. 5 shows the TGA and DTG graphs of the PVA lms and their
bio-nanocomposites at different CNFs contents (1–5 wt%).
There were three decomposition steps in the TGA curve.
Initially, the sample weight was slightly reduced due to the
evaporation of absorbed water (80–110 °C) (Fig. 5a).58 From 300
to 400 °C, a second sudden weight loss occurred due to the
decomposition of the cellulose and PVAmatrix.56 Themaximum
decomposition rate temperature (Tmax) of the lms during the
second weight-loss period is presented in Table 2. Aer the
addition of CNFs to the PVA matrix, the thermal resistance of
the lms increased. The maximum thermal resistance of PVA/
CNFs lm 4 wt% is 341.8 °C which is in line with the highest
CI of all bio-nanocomposite as shown in Fig. 2. Improved crystal
structure resulted in higher heat resistance and increased
maximum temperature for thermal decomposition11 and is in
good agreement with a previous study.18 The thermal stability
was affected by the good interfacial bond between the CNFs and
PVA matrix; thereby reducing the weight loss in the sample.59

The Tmax of PVA was 336.3 °C before the addition of CNFs. In
addition, the presence of the extended chain crystals of nano-
cellulose with hydrogen bonds that were inherently bonded and
arranged in an organised manner caused the thermal resistance
of PVA composites to be higher.60 These results corresponded
with a previous study by Yihun et al. (2021).49 Aer further
heating, a third weight loss was observed at over 420 °C,
resulting from the decomposition of ash.11 Tmax increased from
336.3 to 341.8 °C as the addition of CNFs increased by 4 wt%,
which conrmed the index crystallisation behaviour of the
© 2024 The Author(s). Published by the Royal Society of Chemistry
improved bio-nanocomposite, as shown by the previous XRD
results. The increased Tmax indicated a hydrogen interaction
between the matrix and CNFs, as the mobility of the polymer
chains was limited by the addition of CNFs. It is also conrmed
that CNFs promotes matrix crystallisation.

The use of plasticisers on the PVA matrix also determined
the thermal properties of the PVA lms. It is essential to use
plasticisers for PVA in order to control the relevant melting
temperature, uidity, and thermal stability, especially for screw
extrusion and injection moulding processes widely used for
packaging applications. However, the use of plasticisers must
also be controlled. Its exaggerated use is known to result in
phase separation due to increased hydrogen bonding between
the plasticiser and polymer molecules.13
3.6. Mechanical properties

Fig. 6 shows the tensile strength (TS) of pure PVA and bio-
nanocomposite lm. The pure PVA lm had the lowest TS
(22.5 MPa) and strain at break (178.4%). PVA–CNFs 4% dis-
played the highest average TS and SB, with an increment of
around 28.0 and 18.5% compared to pure PVA lm. This result
was attributed to the homogeneity of the CNFs dispersion
within the PVA matrix, resulting in good interface hydrogen
bonds between the PVA matrix and the cellulose chains
anchoring them against movement.20,45,61 This result is also
conrmed by the FE-SEM photographs (Fig. 1), which showed
beach marks homogeneously distributed across all the fracture
surfaces. It also is related to the increased CI of the bio-
nanocomposite lm (Table 2), which can improve mechanical
properties.18,38 However, the strength of the bio-nanocomposite
lm decreased by adding 5 wt% CNFs, attributed to the
agglomeration of CNFs in the PVA matrix (Fig. 1f). Furthermore,
bre length is a critical factor in determining lm properties,
particularly in tensile strength. During gelation, long bre
tended to entangle and increased the surface area of the lm.
Furthermore, a larger surface area caused the distribution of
force applied on the lm surface to be wider than short bre.
Longer bres showed higher tensile strength compared to short
bres.62

The SB in PVA and PVA/CNFs 4 wt% increased drastically due
to the addition and excellent distribution of CNFs into the PVA
matrix and caused the bio-nanocomposite to brittle. It is sup-
ported by FE-SEM observation in Fig. 1, showing a strong
bonding of matrix and reinforcement, causing the improved
tensile strength and CI of PVA–CNFs 1 wt% lm. The increase in
tensile properties of the bio-nanocomposite lms was due to the
denser structure. This phenomenon is similar to previous
researchers.11,29

The tensile strength of thus obtained PVA–CNFs 4 wt% is
three times stronger than another biopackaging based on PVA/
nanocellulose/Ag nanocomposite lms reinforced with 8wt%
nanocellulose.63 Furthermore, our lm is also 81% (28.8 MPa)
higher than a biocomposite made from polyvinyl alcohol-
modied bacterial nanocellulose (5.33 MPa).64 This result
highlighted that the addition of CNFs suspension to the PVA
matrix signicantly increased the TS (p # 0.05).
RSC Adv., 2024, 14, 23232–23239 | 23237
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4. Conclusions

The incorporation of CNFs from pineapple leaves enhanced the
tensile strength of PVA/CNFs lm. The tensile strength of this
bio-nanocomposite PVA/CNFs lm was considered excellent
and exible to meet the specications of biopackaging appli-
cation with some degree of rigidity. The morphological surfaces
of the bio-nanocomposite are rougher and clump with
increasing CNF concentration in the lm. The addition of CNFs
also contributed to the improvement of the CI and thermal
stability of the PVA lm. Therefore, this bio-nanocomposite
could be most practical in applications for short-term food
storage, for instance, as a novel container for takeaways.
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Carbohydr. Polym., 2020, 245, 116612.

40 J. Ou, S. Hu, L. Yao, Y. Chen, H. Qi and F. Yue, Chem. Eng. J.,
2023, 453, 139770.

41 Y. Xie, Y. Pan and P. Cai, Ind. Crops Prod., 2022, 176, 114381.
42 H.-J. Kim, S. Roy and J.-W. Rhim, J. Environ. Chem. Eng.,

2021, 9, 106043.
43 Z. Kassab, Y. Abdellaoui, M. H. Salim, R. Bouhd and M. El

Achaby, Carbohydr. Polym., 2020, 245, 116506.
44 N. Hastuti, K. Kanomata and T. Kitaoka, J. Polym. Environ.,

2018, 26, 3698–3709.
45 A. de Campos, A. R. de Sena Neto, V. B. Rodrigues,

B. R. Luchesi, F. K. V Moreira, A. C. Correa,
L. H. C. Mattoso and J. M. Marconcini, Carbohydr. Polym.,
2017, 175, 330–336.

46 A. M. Ribeiro, B. N. Estevinho and F. Rocha, Food Bioprocess
Technol., 2021, 14, 209–231.

47 A. T. Petkoska, D. Daniloski, N. M. D'Cunha, N. Naumovski
and A. T. Broach, Food Res. Int., 2021, 140, 109981.

48 X. Niu, Y. Liu, G. Fang, C. Huang, O. J. Rojas and H. Pan,
Biomacromolecules, 2018, 19, 4565–4575.
© 2024 The Author(s). Published by the Royal Society of Chemistry
49 F. A. Yihun, S. Ifuku, H. Saimoto and D. A. Yihun, Cellulose,
2021, 28, 2965–2980.

50 R. Villalobos, J. Chanona, P. Hernández, G. Gutiérrez and
A. Chiralt, Food Hydrocolloids, 2005, 19, 53–61.

51 N. Hastuti, K. Kanomata and T. Kitaoka, in IOP Conference
Series: Materials Science and Engineering, IOP Publishing,
2020, vol. 935, p. 12051.

52 R. Shahvalizadeh, R. Ahmadi, I. Davandeh, A. Pezeshki,
S. A. S. Moslemi, S. Karimi, M. Rahimi, H. Hamishehkar
and M. Mohammadi, Food Chem., 2021, 354, 129492.

53 T. Riaz, R. Zeeshan, F. Zarif, K. Ilyas, N. Muhammad,
S. Z. Sa, A. Rahim, S. A. A. Rizvi and I. U. Rehman, Appl.
Spectrosc. Rev., 2018, 53, 703–746.

54 M. A. Kashpour, N. Mehra, R. S. Dent and J. Zhu, Eng. Sci.,
2019, 8, 11–18.

55 Y. Hussein, E. M. El-Fakharany, E. A. Kamoun, S. A. Loutfy,
R. Amin, T. H. Taha, S. A. Salim and M. Amer, Int. J. Biol.
Macromol., 2020, 164, 667–676.
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