
Research Article
High-Performance Biocomposite Polyvinyl Alcohol (PVA) Films
Modified with Cellulose Nanocrystals (CNCs), Tannic Acid (TA),
and Chitosan (CS) for Food Packaging

Ruowen Tan,1 Feng Li,2 You Zhang,1 Zihui Yuan,1 Xuefei Feng,3 Wansong Zhang,1

Ting Liang,1 Jiwen Cao,1 Cornelis F. De Hoop,4 Xiaopeng Peng ,5 and Xingyan Huang 1

1College of Forestry, Sichuan Agricultural University, Chengdu, Sichuan 611130, China
2Landscape Architecture School, Chengdu Agricultural College, Chengdu, Sichuan 611130, China
3Department of Stomatology, North Sichuan Medical University, Nanchong 637007, China
4School of Renewable Natural Resources, Louisiana State University Agricultural Center, Baton Rouge, LA 70803, USA
5State Key Laboratory of Tree Genetics and Breeding, Key Laboratory of Tree Breeding and Cultivation of the National Forestry and
Grassland Administration, Research Institute of Forestry, Chinese Academy of Forestry, Beijing 100091, China

Correspondence should be addressed to Xiaopeng Peng; xp@caf.ac.cn and Xingyan Huang; hxy@sicau.edu.cn

Received 27 July 2021; Revised 28 September 2021; Accepted 2 November 2021; Published 17 December 2021

Academic Editor: Leander Tapfer

Copyright © 2021 Ruowen Tan et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Polyvinyl alcohol (PVA) has been widely applied in industries for its low cost, nontoxicity, biodegradability, and renewable
advantages. However, its unstable structure may not meet some strong physical and mechanical needs. In order to enhance the
performances of the PVA film, cellulose nanocrystals (CNCs), tannic acid (TA), and chitosan (CS), working as a reinforcer, a
crosslinker, and an antimicrobial agent, respectively, were introduced into the PVA matrix. The results indicated that CNCs,
TA, and CS were evenly distributed and cohesively incorporated within the PVA matrix, which contributed to the good
mechanical properties and thermal stabilities of biocomposite PVA films. Besides, the addition of TA remarkably improved the
antiultraviolet and antioxidant capabilities of PVA films, although the light transmittance declined slightly. It was also observed
that the pure PVA film and PVA reinforced with CNCs were incapable of protecting against bacteria, while the ones with CS
had prominent antibacterial properties to Escherichia coli and Staphylococcus aureus. Overall, the resulting film presented a
high potential utilization as a food packaging material for its outstanding physical and mechanical performances.

1. Introduction

The traditional fossil fuel-based synthetics had caused seri-
ous problems to environment for their nondegradability
and the waste accumulationin nature [1]. In order to miti-
gate these environmental problems, adopting renewable
biomaterials in food packaging was regarded as an effective
protection technique due to their virtues in the biodegrad-
ability, antibacterial ability, nontoxicity, and low cost [2].

Polyvinyl alcohol (PVA) is a synthetic polymer with a
broad application in industrial areas, such as drug delivery,
recycling polymers, film formation, and food packaging
[3–7]. Due to the large amount of hydroxyl groups on the
PVA carbon chain, the formation of the polymer complex

could be enhanced through hydrogen bonding [8]. It also
has a high water vapor permeability because of its extreme
hydrophilicity [9]. However, the thin PVA film has poor
mechanical properties and antibacterial abilities. The excel-
lent mechanical, antibacterial, and antiultraviolet properties
are crucial to food packaging material. Therefore, it is essen-
tial to boost the physical and mechanical performances of
PVA. In this work, therefore, a reinforcer, a crosslinker,
and an antibacterial agent were introduced to build a
PVA-based complex.

Cellulose nanocrystals (CNCs) are an ideal reinforcer in
biopolymer industries [4, 10]. The main advantages of CNCs
include low density, positive ecological effect, and easy recy-
cling and processing ability [11]. It is easy to adjust
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properties and broaden applications of CNCs by modifying
its surface hydroxyl groups [12]. With the functionalization
of covalent and noncovalent frameworks, the modified
CNCs are beneficial to dispersion for improving the compat-
ibility with the polymer matrix [13, 14]. There has been a
growing interest in researches about PVA films reinforced
by CNCs in the last few years, such as CNC-modified biode-
gradable packaging materials [15, 16].

Tannic acid (TA) is a gallic ester of D-glucose with low
cost, biodegradability, and nontoxicity [17, 18]. TA was
found to be very useful as a surface coating material to form
TA polymeric layers on various substrates in polymerization
[19]. Due to its multiple phenolic groups that can interact
with biological macromolecules, it has excellent antioxidant
properties. As a crosslinker, it has a tendency to form more
stable structure owing to the reorganization toward an anhy-
drous conformation [20]. Besides, it has been used as a
crosslinker in gelatin films, enhancing the conjunction of
the hydrogen bonding between gelatin and TA molecules
[21]. In a word, TA is a good choice to produce a biocompo-
site for its natural product extracted from plants in a low
cost [22].

Chitosan (CS) is nontoxic and renewable. Thus, it has
various applications, such as pharmaceutical, medical, and
food fields [23]. It is composed of linear polysaccharide in
its molecular chain [24]. Its antibacterial activity was
mainly influenced by the number of NH2 groups [25].
The antimicrobial chitosan is a prominent agent on the
basis of the functional group conjugated to the polymer
backbone [26].

In order to enhance the physical and mechanical prop-
erties of PVA, i.e., antiultraviolet capability, antioxidant
property, thermal stability, tensile strength, and antibacte-
rial ability, CNCs, TA, and CS were used as a reinforcer,
a crosslinker, and an antibacterial agent in the present
work. The preparation process of resulting biocomposite
PVA films modified by CNCs, TA, and CS is illustrated
in Scheme 1.

2. Materials and Methods

2.1. Materials. Polyvinyl alcohol (PVA) was purchased from
Guangdong Fine Chemical Engineering Technology
Research and Development Center (Shantou City, China).
Cellulose nanocrystals (CNCs) were supplied as 8.0% w/w
aqueous suspension, from BGB Ultra, Canada. Tannic acid
(TA) was purchased from Tianjin Chemical Reagents Ltd.
(Tianjin City, China). Chitosan (CS) was obtained from
Sinopharm Chemical Reagent Co., Ltd. DPPH was provided
by Shanghai Yuanye Bio-Technology Co., Ltd. All chemicals
were used without further purification.

2.2. Preparation of Resulting Biocomposite PVA Films. As
shown in Scheme 1, PVA was dissolved in hot distilled water
(85°C) to make the 5%wt PVA solution. Then, CNCs (1%wt,
3%wt, 5%wt, 7%wt, and 9%wt) were dispersed to reinforce
the PVA matrix. TA (2%wt, 4%wt, 6%wt, 8%wt, and
10%wt), as a crosslinker, was added into the solution with
a constant stirring and heating. Thereafter, CS (5%wt,
10%wt, and 20%wt, dissolved in 1% acetic acid) was applied
to increase the antibacterial ability of PVA films. The pro-
portions of CNCs, TA, and CS were calculated referring to
the initial PVA weight. It was notable that the whole prepa-
ration process was required to guarantee no water loss or
evaporation. After completing the synthesis procedure, the
resulting solution finally was poured into plates to evaporate
redundant water at room temperature. The labels of result-
ing biocomposite films with different amounts of compo-
nents were marked by PVA/%CNCs/%TA/%CS.

2.3. Characterizations

2.3.1. Mechanical Properties. Tensile strength and elongation
at break of PVA films were performed to evaluate their
mechanical properties, using an Instron (electronic universal
tensile testing machine, FBS-1000N). Tensile strength was
defined as the maximum strength of breaking out, while
elongation at break was calculated by dividing the extension
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Scheme 1: The preparation process of biocomposite PVA films with CNCs, TA, and CS.
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length at fracture by the initial length of the films and
expressed as a percentage result. The samples were made
into strips, 10 × 50mm with thickness of 0:3 ± 0:1mm. The
initially separated distance and speed were set as 30mm
and 2mm/min, respectively. The results of tensile strength
and elongation at break were the averages of 6 tests.

2.3.2. Scanning Electron Microscope (SEM). The surface mor-
phologies of prepared samples were examined via SEM
(TESCAN MIRA4).

2.3.3. Fourier Transform Infrared Spectroscopy (FTIR). The
chemical structures of PVA films were investigated by FTIR
on a Nicolet IS 10 spectrometer (Thermo Fisher Scientific,
MA, USA). A small quantity of samples was covered flatwise
on the detection window. The measurement was achieved
from 400 cm-1 to 4000 cm-1 with a spectral resolution of
4 cm-1, and a total of 32 scans were collected.

2.3.4. X-Ray Diffraction (XRD). The degree of crystallinity
is very important, for it defines the physical and mechan-
ical properties of the composite system [27]. An X-ray
diffraction pattern was tested using a Bruker Siemens
D5000 X-ray automated powder X-ray diffractometer
(Siemens Co., Wittelsbacherplatz, Munich, Germany) at
ambient temperature. The detection was performed at a scan
speed of 2°/min over the 2θ from 3 to 50° with Cu-Ka radia-
tion (λ = 1:5406Å) at 45 kV and 40mA.

2.3.5. Thermal Activities. The thermogravimetric/differential
thermogravimetric (TG/DTG) analysis and differential scan-
ning calorimetry (DSC) were carried out by using a simulta-
neous thermal analysis TG-DSC (TA Instruments, New
Castle, DE). Approximately 3mg sample was heated from
25 to 800°C at the heating rate of 10°C/min. The measure-
ments were processed under a nitrogen atmosphere with

gas flow of 50mL/min. The differential scanning tempera-
ture was from 50 to 250°C with a heating rate of 10°C/min
under a nitrogen atmosphere.

2.3.6. UV-vis Spectroscopy. The antiultraviolet abilities of
PVA films were evaluated by using a HP UV-vis spectropho-
tometer (UNICO UV-4802H), working in the wavelength
between 190 and 800 nm.

2.3.7. Antioxidant Properties. The antioxidant activity of
PVA films was evaluated by the modified methods according
to Liu et al. [28]. Approximately 100mg of film pieces was
mixed with 95% ethanol. The films were added into the
DPPH (0.1mM DPPH radical in an aliquot of the 95% etha-
nolic solution), which also was set as the initial control at
wavelength 515nm performed on a HP UV-vis spectropho-
tometer (UNICO UV-4802H). Samples should be retained
in the dark at room temperature for 30 minutes. The tests
were in triplicate, and the antioxidant property of PVA bio-
composite films was expressed as percent inhibition of the
DPPH radical (DPPH inhibition %), calculated according to.

DPPH inhibition %ð Þ = A0 − A1
A0

� �
× 100, ð1Þ

where A0 is the absorbance of the DPPH radical and A1 is
the absorbance of the sample.

2.3.8. Antibacterial Properties. The antibacterial properties of
PVA films were evaluated by the agar diffusion method
against Gram-negative Escherichia coli and Staphylococcus
aureus. Film samples were prepared as 15mm in diameter.
The Escherichia coli and Staphylococcus aureus were inocu-
lated into the Lysogeny broth and cultivated at 37°C for
24 h. Then, the bacteria were diluted with sterile water into
108 CFU/mL, before placing them into a nutrient agar plate.
The incubation should be continued at 37°C for 24-48 h.
Finally, the discs of inhibitory districts surrounding films
were tested as indications of antibacterial activities against
Escherichia coli and Staphylococcus aureus.

3. Results and Discussion

3.1. Mechanical Properties. The mechanical properties of
biocomposite PVA films are shown in Table 1. It was worth
noting that all biocomposite PVA films had higher tensile
strengths than the pure one. The tensile strength and elonga-
tion at break of PVA were reinforced by CNCs, which were
partially ascribed to the high crystallinity of CNCs with the
enhancement of inherent chain stiffness and rigidity [29].
Furthermore, the hydrophilicity (functioning as a carrier of
water) of CNCs could slightly plasticize the PVA matrix,
resulting in a better ductility and elongation at break [30].
However, as the CNC dosage was over 5%, the tensile
strength and elongation at break decreased. It was mainly
due to the agglomeration of CNCs, which could reduce the
valid reinforcement [31]. Therefore, 5% CNCs were opti-
mized to reinforce the PVA matrix, where the maximum
tensile strength and elongation at break of the PVA film
reinforced by CNCs were 63.6MPa and 113.5%, respectively.

Table 1: The effect of different ratios (PVA/CNCs/TA/CS) on the
tensile strength and elongation at break of PVA films.

Films
Tensile strength

(MPa)
Elongation
at break (%)

PVA 34:6 ± 1:4a 37:6 ± 5:8a

PVA/1%CNC 47:3 ± 2:1ab 63:0 ± 8:3b

PVA/3%CNC 58:9 ± 2:3b 73:8 ± 10:5c

PVA/5%CNC 63:6 ± 5:7b 113:5 ± 10:2d

PVA/7%CNC 62:7 ± 7:4b 101:4 ± 13:6d

PVA/9%CNC 47:3 ± 3:5ab 71:0 ± 7:1c

PVA/5%CNC/2%TA 66:1 ± 5:8b 14:3 ± 3:2e

PVA/5%CNC/4%TA 68:3 ± 4:7bc 29:8 ± 3:8f

PVA/5%CNC/6%TA 70:6 ± 4:1c 26:4 ± 4:9f

PVA/5%CNC/8%TA 71:8 ± 5:2c 54:8 ± 9:6b

PVA/5%CNC/10%TA 75:5 ± 3:7c 5:4 ± 1:7g

PVA/5%CNC/8%TA/5%CS 55:9 ± 3:9b 33:9 ± 6:0a

PVA/5%CNC/8%TA/10%CS 58:5 ± 5:2b 28:8 ± 3:2f

PVA/5%CNC/8%TA/20%CS 63:0 ± 6:4b 2:0 ± 0:7g

Note: means with the same letter in the same column are not significantly
different at the 0.05 probability level.
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(a) (b)

(c) (d)

Figure 1: SEM images of PVA biocomposite films: (a) PVA film; (b) PVA/5%CNCs; (c) PVA/5%CNCs/8%TA; (d) PVA/5%CNCs/8%TA/
10%CS.
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Figure 2: FTIR spectra of pure PVA and CNC-, TA-, and CS-
modified biocomposite PVA films.
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Figure 3: X-ray diffraction patterns of PVA films with or without
CNCs, TA, and CS.
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PVA films with 5% CNCs were further crosslinked by
tannic acid. The tensile strength was improved remarkably
from 66.1MPa to 75.5MPa with increasing tannic acid from
2% to 10%. The elongation at break was similarly increased
first from 14.3% to 54.8% as tannic acid increased from 2%
to 8%. It was abruptly reduced to 5.4% when the tannic acid
content reached 10%. The tannic acid had a large amount of
oxygen functional groups, which could develop a strong
crosslink among PVA, CNCs, and tannic acid by forming
hydrogen bonds [32]. However, the excessive tannic acid
would undermine its distribution in the PVA matrix, result-
ing in the weakness of elongation at break [30]. Therefore,
8% of tannic acid was optimized as the crosslinker dosage
in this work.

Chitosan was selected as an antibacterial agent to
improve the antibacterial activity of the resulting PVA films.
As shown in Table 1, the addition of chitosan reduced the
tensile strength and elongation at break of PVA films as
compared with other PVA films without chitosan. With
increasing chitosan contents from 5% to 20%, the tensile

strength of biocomposite PVA films was improved from
55.9MPa to 63.0MPa, while the elongation at break was
reduced significantly from 33.9% to 2.0%. The decreasing
tensile strength was influenced by the high concentration
of gallic acid [33]. Excessive chitosan had changed the inner
film structure resulting in the cliff fall of elongation at break
[28]. With comprehensive consideration, 10% of CS was
optimized to obtain acceptable mechanical properties of
resulting PVA films.

3.2. SEM Images. SEM images in Figure 1 demonstrated the
morphology and cross section of the biocomposite PVA
films. The pure PVA film exhibited many layered channels
with a few pores and cracks, interrupting the inner structure
of film (Figure 1(a)), therefore reducing the tensile strength
and elongation at break [33]. CNCs brought a positive
change to structure, resulting in a stronger interaction and
adhesion between the polymer matrix and the surface of
CNCs [34]. Adding tannic acid to this system also brought
amelioration in the morphological surface. Figure 1(c) shows
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Figure 4: Thermal properties of PVA films with or without CNCs, TA, and CS: TG (a), DTG, (b) and DSC.
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the biocomposite films containing tannic acid with a rela-
tively homogeneous surface. It was worth noting the flat
and smooth appearance of the PVA/CNC/TA/CS film in
Figure 1(d), which was the mixture of these components.
However, for those irregularity in films, we could expect
them as indicators of the crosslinking points, and conse-
quently better mechanical properties could be explained [20].

3.3. FTIR Spectra. The chemical structures of PVA films
were examined through FTIR, as shown in Figure 2. The
peak at 3251 cm-1 was observed in all spectra, which was
assigned to the free vibration of the hydroxyl groups, includ-
ing intramolecular hydrogen bonds from PVA and intermo-
lecular hydrogen bonding in hydroxyl groups of PVA [30].
The peaks at 1321 cm-1 and 1231 cm-1 were attributed to
-CO groups in PVA [35]. The relative weaknesses in these
peaks for films containing CNCs were ascribed to the strong
hydrogen bond between PVA and CNCs [34]. Additionally,

the peak at 830 cm-1 was assigned to the out-of-plane bend-
ing vibration of -OH groups in PVA, which decreased as
nanocellulose, tannic acid, and chitosan gradually added. It
evidenced the intermolecular interactions among CNCs,
tannic acid, chitosan, and PVA [36]. The intensities of these
peaks (3251 cm-1, 1321 cm-1, 1231 cm-1, and 830 cm-1) men-
tioned above weakened with the addition of CNCs, tannic
acid, and chitosan, which elaborated the potential interac-
tion among them [34, 37]. However, the spectrum of chito-
san films exhibited a distinctive absorption peak at 1550 cm-

1 (-NH2 bending in primary amine), suggesting that the
hydrogen bonding was formed between tannic acid and chi-
tosan [38].

3.4. X-Ray Diffraction. As observed in Figure 3, all these
films had a peak at around 2θ = 19:7°, which was the charac-
teristic peak of PVA [39]. It was known that the peak at 19.7°

resulted from the strong intermolecular interaction in PVA
chains through the intermolecular hydrogen bonding [40].
It was also observed that the addition of CNCs to PVA
resulted in the highest peak at 19.7°, probably due to the
interaction caused by strongly intermolecular hydrogen
bonding between PVA and CNCs. The characteristic peaks
of nanocellulose were predicted at 2θ = 12:58° (for the 110
plane) and 2θ = 22:58° (for the 200 plane) [30]. Tannic acid
should display a broad peak at around 2θ = 25° with some
shoulders, and chitosan should have sharp peaks at 2θ =
11:4° and 22.6° [41, 42]. However, all of them were absent
in Figure 3 except for the peak at 22.58°, which belongs to
CNCs. That was probably ascribed to the interaction among
PVA, CNCs, tannic acid, and chitosan. Moreover, it also evi-
denced their even dispersions in the PVA matrix.

3.5. Thermal Activities. The TG, DTG, and DSC curves of
PVA films are shown in Figure 4. The degradations of
PVA films were divided into three main weight loss regions.
The initial weight loss was 7% from 63°C to 144°C, which
was ascribed to the loss of weak bound moisture and the
absorbed water [30, 41, 43]. The main decomposition of all
biocomposite PVA films occurred in the second region from
235°C to 360°C. This region involved the splitting of mono-
mers and bond scission in the polymeric backbone [44].
According to Figure 4(b), the pure PVA film started to
decompose earlier than other films, clearly proving that
CNCs restricted the mobility of the polymer chain [45].
The biocomposite PVA films had lower weight loss rates
than the pure PVA film (Figure 4(b)), which resulted from
the enhancement of the crosslink between PVA and CNCs
that influenced the mobility of polymer chains. As a result,
the biocomposite PVA films presented obviously better ther-
mal stabilities than the pure PVA film. The third weight loss
stage started at around 390°C, predominating for the small
quantities of hydrocarbon, which were the cleavage and
decomposition of carbonaceous materials [46]. The pure
PVA film had less residues than other biocomposite PVA
films due to its less carbonaceous materials.

The DSC thermograms are presented in Figure 4(c). The
analysis was performed by a heating-cooling-heating cycle.
The broad endothermic peaks at about 50°C to 125°C were
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ascribed 5to the water evaporation and residual acetic acid
solvents used in the preparation of films [47]. The melting
temperature of pure PVA (221°C) was higher than those of
other three biocomposite PVA films at 218°C, 212°C, and
211°C, respectively. The results indicated that the addition
of CNCs, tannic acid, and chitosan slightly lowered the melt-
ing temperature of the biocomposite PVA films.

3.6. UV/Visible Spectra. The results from UV-vis measure-
ments of antiultraviolet properties and light transmittance
are shown in Figure 5. The best transmittance was observed
from the pure PVA film (93%). After introducing CNCs,
tannic acid, and chitosan into the PVA matrix, lower trans-
mittances were observed at 88%, 90%, and 86%, respectively.
These decreases in transmittance indicated the uniform dis-
persion of additions in the PVA matrix [48].

The introduction of tannic acid led to powerfully antiul-
traviolet properties below 400nm, especially in the short-
wave ranging from 400nm to 320nm, while the pure PVA
and PVA/CNCs films had poor abilities in ultraviolet
absorbing. In a visible light wavelength region (>400nm),
all these films displayed a good light transmittance and there
was no agglomeration revealed by the visual observation.
The fantastic light transmittance was attributed to the highly
uniformed CNC dispersion [49].

3.7. Antioxidant Properties. In Figure 6, the pure PVA film
presented the DPPH inhibition of 1.1%, indicating that there
was no antioxidant property in pure PVA. The PVA/
5%CNC film also had similar result, with 1.8% in DPPH
inhibition. As expected, biocomposite PVA films containing
tannic acid dramatically increased DPPH inhibition, reach-
ing at 99.8%. The absorbance decreased because DPPH
was scavenged by tannic acid through donation of hydrogen
from DPPH to form a stable one, also resulting in color
changing from purple to yellow [50]. Similar result of the
PVA/5%CNC/8%TA/10%CS film at 98.8% could be
observed, which further evidenced the antioxidant proper-
ties of tannic acid for chitosan films [28]. As a result, the

releasing of antioxidant ability from biocomposite PVA
films to wrapping food can be realized.

3.8. Antibacterial Activities. Figure 7 presents the antibacte-
rial activities of PVA films against Escherichia coli and
Staphylococcus aureus. PVA films with tannic acid (b) and
chitosan (d) had prominent distinction in inhibition zones
from others. The PVA film within chitosan had the best
antibacterial properties, with the diameters of the inhibition
zone about 24.4mm and 22.1mm, respectively. Similarly,
the PVA film with 8% tannic acid also had good antibacterial
activities with the diameter of the inhibition zone around
19.0mm. Chitosan had antibacterial activity due to its cat-
ionic property [51]. The antimicrobial abilities of chitosan
and tannic acid could be attributed to the interaction
between molecules and cell membranes of bacteria, which
resulted in the leakage of the inner organelles or the inter-
ruption of the metabolism of the bacteria [52]. The result
also indicated that pure PVA (a) and PVA/5%CNC (c) films
did not have antibacterial properties against Escherichia coli
and Staphylococcus aureus.

4. Conclusion

The ecofriendly biocomposite PVA films reinforced by
CNCs within an additional crosslinker (tannic acid) and
antibacterial reagent (chitosan) were prepared, and their
properties were evaluated and discussed in this work. Obser-
vation from the surface morphology of biocomposite PVA
films showed that the PVA/CNC/TA/CS films were homo-
geneously dispersed structures. The results of FTIR and
XRD evidenced the intense interactions and uniform disper-
sions of CNCs, tannic acid, and chitosan within the PVA
matrix. The mechanical properties and thermal stabilities
were remarkably improved after introducing CNCs and tan-
nic acid into PVA. Besides, the biocomposite PVA films with
tannic acid performed better antiultraviolet abilities than
others, and all these biocomposite PVA films displayed a
favorable light transmittance. Prominent antioxidant prop-
erty of tannic acid made it possible for modified PVA films

(a) (b)

(c) (d)

(a)

(a) (b)
(c) (d)

(b)

Figure 7: The antibacterial properties of biocomposite PVA films against (a) Escherichia coli and (b) Staphylococcus aureus (a: PVA; b:
PVA/5%CNC/8%TA; c: PVA/5%CNC; and d: PVA/5%CNC/8%TA/10%CS).
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to be used as active packaging materials. As an antibacterial
agent, the addition of chitosan in PVA films presented the
best antibacterial properties. Consequently, the enhanced
physical and mechanical properties of biocomposite PVA
films demonstrated their potential application in future food
packaging markets.
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