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ABSTRACT: To solve the problems that poly(vinyl alcohol) (PVA) easily breeds bacteria and swells in a humid environment, PVA
and ZnO nanopillar (ZnO NP) components were composed to generate PVA/ZnO NP composite films via a simple combination
process of blending and heat treatment in this study. Here, ZnO NPs endowed composite films with good antibacterial properties,
and the etherification and dehydration of hydroxyl groups between PVA molecular chains induced by heat treatment resulted in the
composite films having excellent water-swelling resistance. Most importantly, PVA/ZnO NP composite films revealed excellent
tensile strength in both humid (52.85 MPa) and dry (74.63 MPa) environments. In addition, PVA/ZnO NP composite films
showed good antibacterial and antisepsis abilities as well as preservation functions in the packaging test of half-cut apples. The
current work disclosed an easy strategy for producing a PVA-based antibacterial film for packaging materials that are water-resistant
and highly strong, making them suitable for applications in humid environments.

1. INTRODUCTION chance of contamination of food by bacteria, particularly on
the exterior of the packaging material. Thus, to mitigate and

The versatile use of a petroleum-derived plastic film spans ) ) ]
resolve the environmental issues brought on by conventional

multiple industries, notably the packaging sector, delivering

immense convenience to people’s lives owing to its excellent petroleum-derived plastic films and the presence of bacteria
physical and chemical attributes alongside its cost-effective that contaminate food and to promote the sustainable growth
production. The packaging industry is still dominated by of the packaging industry, the development of novel
conventional petroleum-derived plastic films, such as poly- antibacterial packaging film materials that are cost-effective,
styrene and polyethylene."” On the other hand, these films are practical, sustainable, and environmentally benign is imperative
not biodegradable and are produced and used excessively by to supplant the conventional petroleum-based packaging
people; a significant amount of plastic trash is causing films.”’®

significant damage to the ecological environment of the Poly(vinyl alcohol) (PVA), which can be obtained by

Earth, like the marine environment.”* In addition, the fact that
a conventional petroleum-derived plastic film is produced
using non-renewable petroleum resources raises an issue with
its raw material restraints that cannot be disregarded. The
packaging sector will be significantly impacted if a conventional
petroleum-derived plastic film is no longer available due to
either depletion of oil resources or disruptions in the supply
chain or exploitation. Besides, bacterial contamination has
been a concern during food packaging and storage.5’6 Food
packaging film materials having antibacterial properties not
only package and preserve food but also significantly lower the

petroleum or non-petroleum routes, is a vinyl biodegradable
polymer. PVA is a widely employed raw material for the
production of ecologically acceptable packaging materials
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Figure 1. (a) 1 wt % aqueous dispersion, (b) XRD pattern, and (c) SEM image of the ZnO NPs and (d) FTIR spectra, () XRD patterns, (f) TGA

curves, and (g) DTG curves of the PVA/ZnO NP composite films.

owing to its certain properties, such as flexibility, water
solubility, biocompatibility, film-forming ability, resistance to
chemical corrosion, and non-toxicity.”~"® In comparison to
traditional petroleum-based packaging materials, PVA films
have certain limitations in packaging applications, such as poor
water resistance. Poor water resistance will not only reduce the
mechanical properties of PVA films but also easily breed
bacteria, which significantly affects its packaging potential.'*">
Therefore, boosting PVA films’ ability to resist water and
giving them antibacterial qualities is crucial for expanding their
use in moist, humid conditions. For the enhancement of water

50404

resistance, heat treatment is a simple and effective way; heat
treatment causes PVA to undergo hydroxy-dehydrating
etherification (thermal cross-linking) and lose solubility, thus
obtaining water-resistant PVA films.'*~"*

Nanofillers are ideal reinforcement materials that can
achieve the combination of strength and toughness. To
endow PVA films with antibacterial properties, adding a
nano-antibacterial agent is a simple and effective way. Nano-
ZnO is an inorganic antibacterial agent that is widely used in
antibacterial packaging.” It is non-toxic and safe, having been
identified by the U.S. Food and Drug Administration (FDA) as

https://doi.org/10.1021/acsomega.4c07173
ACS Omega 2024, 9, 50403—-50413


https://pubs.acs.org/doi/10.1021/acsomega.4c07173?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07173?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07173?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07173?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c07173?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

a generally recognized as safe (GRAS) nanomaterial.”**' ZnO
nanopillars (ZnO NPs) are a kind of ZnO nanomaterial that
not only possesses the enhancements of nanomaterials but also
has excellent antibacterial activity. ZnO NPs with a large
length-to-diameter ratio can form bridge connections in the
polymer matrix, thus achieving a better strengthening effect.””
Furthermore, ZnO NPs can improve the strength of hydroxy-
containing polymers (PVA, cellulose, and chitosan) by forming
hydrogen bonds with them due to the available surface oxygen
vacancies.”>~>° Therefore, adding ZnO NPs to the PVA film
matrix can not only endow the film material a certain
antibacterial property but also enhance the effect of the film
material.

Among the preparation methods of nanocomposite materi-
als, the blending method is commonly used at present, because
of its simplicity and easy o eration and the good properties of
the prepared materials.”*™*’ Therefore, PVA was used as the
matrix, and ZnO NPs were used as the reinforcement material
and the antibacterial agent; films of the PVA/ZnO NP
composite were fabricated while employing the approach of
blending, and the PVA/ZnO NPs-H films were fabricated by
heat treatment. In addition, the ZnO addition amounts and
heat treatment were systematically studied to better define
their effects on the water resistance and mechanical properties
of the composite films. The novelties of the present study lie in
the following: (1) thanks to ZnO NPs, the prepared PVA-
based composite films possess antibacterial properties, and
their physicochemical properties are also enhanced, especially
the mechanical properties; (2) the heat treatment not only
confers on the films good water resistance but also further
enhances the mechanical properties. Therefore, the current
investigation revealed a straightforward method for producing
PVA-based antibacterial packaging film materials with
resistance to water, environmental friendliness, and high
strength for applications in wet environments. These materials
have a great deal of potential for use in green packaging.

2. EXPERIMENTAL SECTION

2.1. Materials and Reagents. All chemicals were of
analytical grade and used as received. Zinc acetate dihydrate
[Zn(CH;C00),-2H,0] and PVA powder (with an average
degree of polymerization of 2400—2500 and degree of
alcoholysis of 98.0—99.8%) were procured from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). Guanghua Sci-
Tech Co., Ltd. (China) provided hexamethylenetetramine
(C¢H,N,). Nanometer ZnO was supplied by Shanghai
Aladdin Bio-Chem Technology Co., Ltd. (China). Shanghai
Luwei Technology Co., Ltd. (China) provided Escherichia coli
(ATCC 25922) and Staphylococcus aureus [CMCC(B)26003]
for the study. Fresh apples and polyethylene (PE) plastic wrap
were obtained from Walmart (Guangxi, China). All of the
aqueous solutions were prepared using deionized water.

2.2. Fabrication of ZnO NPs. Briefly, 20 mmol/L
Zn(CH,;CO0), solution and 20 mmol/L C4H,,N, solution
were prepared with deionized water, respectively. A 0.1 wt %
nano-ZnO aqueous dispersion solution was prepared with
deionized water. As per procedure, ZnO NPs were fabricated
by mixing 100 mL of Zn(CH;COO), solution (20 mmol/L),
100 mL of C¢H,N, solution (20 mmol/L), and 1 mL of nano-
ZnO aqueous dispersion (0.1 wt %) in the hydrothermal
reactor, and the temperature was kept at 90 °C for 3 h. ZnO
NP powder was obtained by drying the particles after they
were washed with deionized water.

2.3. Fabrication of PVA/ZnO NP Composite Films. The
ZnO NP powder prepared in section 2.2 was ultrasonically
dispersed into deionized water to obtain 1 wt % ZnO NP
aqueous dispersion solution. A 4 wt % PVA aqueous solution
was prepared with deionized water at 85 °C. Under ambient
conditions, the dispersion of ZnO NPs was mixed with PVA
aqueous solution via droplets while subject to continuous
stirring, facilitating the formation of a homogenized mixed
solution [m(ZnO NPs)/m(PVA) = 0 (pure PVA), 0.2, 0.5, 0.8,
1.0, and 1.5 wt %]. After the two solutions were fully mixed,
the bubbles were eliminated using ultrasonication for 30 min.
Subsequently, the mixture was introduced into a mold (depth
of 3 mm) and horizontally positioned within a vacaum drying
oven set at 60 °C, enabling the fabrication of PVA/ZnO NP
composite films before undergoing any heat treatment
processes. The final PVA/ZnO NP composite films were
then obtained by heat treatment for 1 h at 165 °C in the oven.
Figure S1 of the Supporting Information illustrates the steps
involved in fabricating PVA/ZnO NP composite films both
before and after heat treatment. The films of the PVA/ZnO
NP composite were designated as PVA/ZnO NPs-1.5, PVA/
ZnO NPs-1.0, PVA/ZnO NPs-0.8, PVA/ZnO NPs-0.5, PVA/
ZnO NPs-0.2, and PVA/ZnO NPs-0 (pure PVA film) before
heat treatment based on the ZnO NP content ranging from
high to low. Similarly, following heat treatment, the films of the
PVA/ZnO NP composite were designated as PVA/ZnO NPs-
1.5-H, PVA/ZnO NPs-1.0-H, PVA/ZnO NPs-0.8-H, PVA/
ZnO NPs-0.5-H, PVA/ZnO NPs-0.2-H, and PVA/ZnO NPs-
0-H. For the next experiments, the produced film samples were
kept at a constant temperature of 25 = 1 °C and 50 + 2%
relative humidity (RH).

The characterization methods of materials are listed in the
Supporting Information.

3. RESULTS AND DISCUSSION

3.1. X-ray Diffraction (XRD) Analyses and Morpho-
logical Characteristics of ZnO NPs. ZnO NPs were
dispersed into deionized water to obtain an aqueous dispersion
of 1 wt %, which was milky white (Figure 1a). The XRD results
of ZnO NPs are displayed in Figure 1b. The characteristic
diffraction peaks of ZnO NPs observed at 26 values of 69.0°,
67.9° 66.3° 62.8°, 56.5°, 47.5° 36.2°, 34.4°, and 31.7° were
ascribed to the planes of typical hexagonal wurtzite of (201),
(112), (200), (103), (110), (102), (101), (002), and (100),
respectively.’’ The scanning electron microscopy (SEM)
image of ZnO NPs’ surface topography is depicted in Figure
Ic. It is evident from the figure that ZnO NPs have a
prolonged columnar shape with a diameter of around 100 nm
and a length of 5—8 um.

3.2. Results of Fourier Transform Infrared (FTIR),
XRD, and Thermogravimetric Analyses of Composite
Films. Figure 1d displays the composite films’ FTIR spectra.
The —OH stretching vibration absorption was identified as the
cause of the broad peak bands near 3450 cm™" of PVA/ZnO
NPs-0, PVA/ZnO NPs-0-H, PVA/ZnO NPs-0.8, PVA/ZnO
NPs-0.8-H, PVA/ZnO NPs-1.5, and PVA/ZnO NPs-1.5-H.
This finding suggested that the samples contained a lot of
—OH. The stretching vibration of ether bonds (C—O-C)
resulting from dehydration etherification of —OH on PVA
following thermal induction was identified as the cause of the
distinctive absorption peak of PVA/ZnO NPs-0-H, PVA/ZnO
NPs-0.8-H, and PVA/ZnO NPs-1.5-H at ~1136 cm™".'® Heat
treatment modifies the structure of the films, as evidenced by
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PVA/ZnO NPs-0-H

PVA/ZnO NPs-0.8-H

Figure 2. (a;, by, and c,) Surface and (a,, b,, and c,) cross-sectional SEM images of PVA/ZnO NPs-0-H, PVA/ZnO NPs-0.8-H, and PVA/ZnO

NPs-1.5-H films.

the absence of typical peaks of PVA/ZnO NPs-0, PVA/ZnO
NPs-0.8, and PVA/ZnO NPs-1.5 at ~1136 cm™'. Heat
treatment caused —OH on adjacent PVA molecular chains to
dehydrate, etherify, and form a cross-linked network."”

The XRD results of the composite films of PVA/ZnO NPs
are shown in Figure le. The films showed broad diffraction
peaks at 26 values of 19.6° both before and after heat
treatment, which was attributed to PVA’s semi-crystalline
(110) plane.*" In comparison to the films (PVA/ZnO NPs-0,
PVA/ZnO NPs-0.8, and PVA/ZnO NPs-1.5) before heat
treatment, the new diffraction peaks of the films (PVA/ZnO
NPs-0-H, PVA/ZnO NPs-0.8-H, and PVA/ZnO NPs-1.5-H)
after heat treatment appeared at 26 = 11.4° and 22.6°,
respectively; these peaks could be attributed to the formation
of a new quasi-crystalline phase by dehydrating etherification
(C—=0-C) of PVA after heat treatment.'® In addition, in
comparison to pure PVA films (PVA/ZnO NPs-0 and PVA/
ZnO NPs-0-H) before and after heat treatment, the new
diffraction peaks of composite films (PVA/ZnO NPs-0.8,
PVA/ZnO NPs-0.8-H, PVA/ZnO NPs-1.5, and PVA/ZnO
NPs-1.5-H) appeared at 20 = 31.7°, 56.5°, and 66.3°,
respectively, which can exactly correspond to the (100),
(110), and (200) diffraction peaks of typical hexagonal
wurtzite, confirming that ZnO NPs were effectively distributed
throughout the matrix of PVA to form composite films.

The thermogravimetric analysis (TGA) and derivative
thermogravimetric (DTG) curves of PVA/ZnO NP composite
films are displayed in panels f and g of Figure 1. Table S1 of the
Supporting Information provides the associated maximum
weight loss rate temperature (T,,,) and the initial decom-
position temperature (T,..)- All film samples had two stages
of weightlessness between 150 and 450 °C, which showed the
thermal characteristics of PVA. As illustrated in Figure 1f,
weight loss due to volatilization of water was detected in all
films in the first stage between 50 and 150 °C. The inclusion of
ZnO NPs increased T, of the films, as indicated in Table S1
of the Supporting Information. This result was ascribed to
ZnO NPs’ strong thermal stability. Nonetheless, the inclusion
of ZnO NPs appeared to lower Ty, of the composite films,
which may be attributed to their high thermal conductivity.””
Figure 1g and Table S1 of the Supporting Information show
that, while heat treatment had no discernible influence on film
samples’ T ., it clearly had an impact on T, After heat

treatment, T, of the film samples containing ZnO NPs was
improved, which was due to the enhancement of the ZnO NPs.
However, heat treatment slightly reduced T.,,, of the pure PVA
film due to the dehydrating etherification of the hydroxyl
group on PVA. Conclusively, ZnO NPs raised the thermal
stability of the composite films.

3.3. Morphological Determination of Composite
Films. SEM images of PVA/ZnO NPs-0-H, PVA/ZnO NPs-
0.8-H, and PVA/ZnO NPs-1.5-H films’ cross-section and
surface topography are depicted in Figure 2. The PVA/ZnO
NPs-0-H film’s surfaces appeared to be comparatively smooth
and flat, as seen by the SEM image (Figure 2a;). ZnO NPs
were added, and as a result, ZnO NPs were apparent on the
PVA/ZnO NP composite film surface, and as the quantity of
ZnO NPs increased, so did their density (panels b, and c, of
Figure 2). From the inside, the flat and dense sectional
structure of the PVA/ZnO NPs-0-H film can be clearly
observed (Figure 2a,). However, the dense section of the
PVA/ZnO NPs-0.8-H film with ZnO NPs added became
rough, and many microscale bright spots were observed in the
section (Figure 2b,), which were ZnO NP sections, dispersed
in PVA. The cross-section of the PVA/ZnO NPs-1.5-H film
(Figure 2c,) shows clear flaws and aggregation of ZnO NPs
following a surge in ZnO NP addition. This was due to phase
separation brought on by an excessive amount of ZnO NP
addition.” Consequently, it can be argued that adding the
right amount of ZnO NPs will assist in enhancing the
performance of PVA/ZnO NP films; however, adding too
much ZnO NPs will cause some internal deterioration to the
films.

3.4. Mechanical Properties of Composite Films. The
thickness of the PVA/ZnO NP composite films is displayed in
Figure S2 of the Supporting Information. The thickness of
PVA/ZnO NP composite films ranged from 60 to 63 ym, and
the presence of ZnO NPs resulted in a small rise in thickness.
Additionally, the heat treatment induced a modest rise in the
thickness of the composite films compared to their preheat
treatment; this occurrence was brought on by the films’
thermal shrinkage. The testing process for the mechanical
properties of PVA/ZnO NP composite films can be referred to
in Figure S3 of the Supporting Information. The PVA/ZnO
NP composite films’ elongation at break (EB) and tensile
strength (TS) values are displayed in Figure 3a prior to heat
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Figure 3. (a) Mechanical properties and (b) stretching resistance mechanism of the PVA/ZnO NP composite films (before heat treatment), (c)
mechanical properties of the PVA films (both before and after heat treatment), (d) PVA film’s stretching resistance mechanism (after heat
treatment), and (e) dry and (f) humid mechanical properties of the PVA/ZnO NP composite films (after heat treatment).

treatment in the dry condition. The EB and TS values of PVA/ agglomeration due to the excessive addition of ZnO NPs. Prior
ZnO NP composite films increased initially and then declined to heat treatment, the PVA/ZnO NPs-0.8 film had the best EB
as the ZnO NP content increased, most likely as a result of and TS values (285.77% and 57.33 MPa, respectively) among
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the PVA/ZnO NP composite films. Correspondingly, the
PVA/ZnO NPs-0.8 film’s EB and TS values were 44.81 and
51.82% higher than those of the PVA/ZnO NPs-0 film, which
was caused by the ZnO NPs’ enhancement. Figure 3b shows
the stretching resistance mechanism of the PVA/ZnO NP
composite films under stress. The mechanical properties of
PVA/ZnO NP composite films were significantly enhanced
over the stretching process due to the huge length-to-diameter
ratio of ZnO NPs, which formed numerous bridge connection
effects in the film matrix*>** Subsequently, the relationship
between heat treatment and mechanical properties of the PVA
film was studied (Figure 3c). As demonstrated in the figure,
the TS values of the PVA film were enhanced by heat
treatment. Figure 3d exhibits the stretching resistance
mechanism of the PVA film after heat treatment under stress.
In detail, the PVA molecular chain is connected by ether bonds
(C—0-C) that form following the dehydration and ether-
ification of the hydroxyl group (—OH). This network structure
helps to distribute the stress of the PVA film while stretching,
increasing its mechanical properties.18

50408

The heat-treated PVA/ZnO NP composite films” EB and TS
values are depicted in Figure 3e in the state of dryness. It is
evident that the PVA/ZnO NP composite films’ TS values
have improved significantly following heat treatment. The
PVA/ZnO NPs-0.8-H film revealed the best TS values (74.63
MPa), which were 30.18 and 88.51% higher than those of
PVA/ZnO NPs-0.8 and PVA/ZnO NPs-0 films correspond-
ingly; this phenomenon was due to the synergistic enhance-
ment of the bridge connection effect formed by ZnO NPs and
the network structure formed by dehydration etherification of
the hydroxyl group. The heat treatment of the PVA/ZnO NP
composite films resulted in a predictable modest drop in their
EB values. This decrease was primarily caused by the heat
treatment’s enhanced crystallinity, which, in turn, increased the
composite films’ brittleness.”> Furthermore, the heat-treated
PVA/ZnO NP composite films can still maintain excellent
mechanical properties under the condition of complete
immersion in water and wetting, such as the PVA/ZnO NPs-
0.8-H film (TS, 52.85 MPa; EB, 308.88%) (Figure 3f). The
PVA/ZnO NP composite films before heat treatment,
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Table 1. Comparison of the Mechanical Properties of the PVA/ZnO NP Composite Films, in Both Dry and Humid

Conditions, to the Published PVA-Based Packaging Films®

sample film additives

CMC/PVA caroxymethyl cellulose

CNC/PVA/AgNP cellulose nanocrystals and silver
nanoparticles

lignin/PVA lignin sphere

PVA/PEDOT:PSS/Ag NWs silver nanowires

PVA/a-CMF aldehyde rice straw cellulose microfiber

PVA/CNC rod-shaped cellulose nanocrystals

PVA/BA boric acid

PVA/ECNC quaternized cellulose nanocrystals

PVA/ZnO NPs-0.8-H ZnO nanopillars

“Experimental conditions in the reported studies were not identical.

dry tensile strength (MPa)/ enhancement

humid tensile strength

ratio (%) (MPa) reference
68.5/79.1 - 36
73/55 - 37
112/47 - 38
62.39/33.45 - 39
37.54/45.05 - 40
44.84/42.51 - 41
82.1/69.3 - 42
45.4/372 - 43

74.63/88.51 52.85 this work

dicates that no relevant data are found in the reference.

however, absorbed water and inflated considerably after being
soaked in water (Figure 4d), which rendered it difficult to
investigate their mechanical properties. The results illustrated
that the PVA/ZnO NP composite films after heat treatment
possessed excellent water resistance because of the network
structure formed by thermal cross-linking of PVA." In
particular, the stepwise enhancement effect of ZnO NPs and
thermal cross-linking on the PVA film are clearly shown in
Figure S4 of the Supporting Information.

The mechanical properties of the PVA-based composite
films fabricated in this work are contrasted with those of their
predecessors, and Table 1 lists the tensile strength values of
film materials in both dry and humid situations. Outstanding
tensile strength values were shown by the PVA/ZnO NPs-0.8-
H film produced in this work in both dry and humid
environments. Among the PVA-based films listed in this table,
the PVA/ZnO NPs-0.8-H film differentiated out for its
excellent humid tensile strength. These characteristics were
attributed to the combining impact of ZnO NPs and
mechanical attributes of the PVA film. The present approach
is favored over others because of its facile method for the
fabrication of PVA-based films with improved water resistance
and excellent strength.

3.5. Wettability of the Composite Films. The water
contact angle (WCA) of the PVA/ZnO NP composite films is
depicted in Figure S5 of the Supporting Information. It can be
observed from the figure that, with increasing content of ZnO
NPs, the WCA of the PVA/ZnO NP composite films also
improved. Excellent hydrophilicity was exhibited by the WCA
(~57.55°) of the PVA/ZnO NPs-0 film without ZnO NPs.
The introduction of ZnO NPs into PVA/ZnO NP composite
films induces surface roughness, which enhances the hydro-
phobic nature of the film. This is evident in the increase of the
WCA to approximately 69.66° in the PVA/ZnO NPs-0.8 film
at a ZnO NP content of 0.8 wt %. This demonstrates that the
inclusion of ZnO NPs reduces the hydrophilic properties of the
PVA film.** Moreover, the reduction of hydrophilic hydroxyl
groups on the PVA molecular chain by dehydration ether-
ification resulted in a further enhancement of the WCA of the
heat-treated PVA/ZnO NP composite films.*

Figure 4a displays the water uptake (WU) and water
solubility (WS) of the PVA/ZnO NP composite films prior to
heat treatment. The WU and WS of the PVA/ZnO NP
composite films first reduced as the ZnO NP content grew, but
later, they increased again. This suggests that adding the right
amount of ZnO NPs can improve the composite film’s

compactness, which will help WU and WS decrease. Among
them, the PVA/ZnO NPs-0.8 film showed the lowest WU and
WS but still up to 399.27 and 34.85%, respectively. The results
revealed that the PVA/ZnO NP composite films without heat
treatment had a high hydrophilicity. On the other hand,
following heat treatment, the WU and WS of the PVA/ZnO
NP composite films were significantly decreased (Figure 4b).
The PVA/ZnO NPs-0.8-H film exhibited the optimal WU
(39.77%) and WS (2.54%), which corresponded to 92.71 and
90.04% lower than the PVA/ZnO NPs-0.8 film. The reason for
this was that the PVA/ZnO NP composite films’ water
absorption and swelling degree were decreased and the cross-
linked network structure created by the dehydration and
etherification of PVA following heat treatment hindered the
films from dissolving in water.” The films of PVA/ZnO NPs-
0, PVA/ZnO NPs-0-H, PVA/ZnO NPs-0.8, and PVA/ZnO
NPs-0.8-H are shown in panels ¢ and d of Figure 4, both
before and after the WU test. It was evident that the PVA/ZnO
NPs-0 and PVA/ZnO NPs-0.8 films had swelled into a mass,
while the PVA/ZnO NPs-0-H and PVA/ZnO NPs-0.8-H films
had not inflated. Furthermore, the water-filling test findings
revealed that, after 2 h, there was significant swelling in the
PVA/ZnO NPs-0.8 and PVA/ZnO NPs-0 films and water
droplets infiltrated the films (panels e and f of Figure 4). It is
also evident from panels e and f of Figure 4 that, after 2 h of
the water filling test, practically little change was seen in the
PVA/ZnO NPs-0.8-H film. The findings further revealed that
the heat-treated PVA/ZnO NP composite films exhibited
excellent resistance to water swelling and could be employed
for packaging applications in humid environments.

3.6. Transparency and Barrier Properties of Compo-
site Films. The ultraviolet/visible (UV/vis) transmittance
spectrum of the PVA/ZnO NP composite films at 200—800
nm wavelength is depicted in Figure S6a of the Supporting
Information. The film of PVA/ZnO NPs-0 demonstrated
excellent optical transparency at 250—800 nm wavelength, with
an average transparency greater than 90%. ZnO NPs have a
detrimental influence on PVA film transparency, as evidenced
by the transmittance of the PVA/ZnO NP composite films,
which rapidly decreased as the content of ZnO NPs increased.
The transmittance of the composite films following heat
treatment was basically the same at wavelengths larger than
550 nm compared to the films before heat treatment. However,
the transmittance of the heat-treated composite films
decreased seriously at wavelengths less than S50 nm, which
was brought about by heat treatment’s tendency to cause
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composite films’ color to turn yellow (Figure S6b of the by the ZnO NPs and heat treatment. In general, the films of
Supporting Information). These results revealed that the light the PVA/ZnO NP composite in the present study possessed
transmittance of the composite films was negatively impacted good light transmittance.
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The water vapor permeability (WVP) and oxygen
permeability (OP) of the PVA/ZnO NP composite films are
depicted in panels a and b of Figure 5. Before heat treatment,
the WVP of the PVA/ZnO NP composite films first declined
and then increased as the ZnO NP content increased (Figure
5a). The WVP of the PVA/ZnO NPs-0.8 film was the lowest
among them at 1.46 X 10710 g Pa~' s™' m™!, while the WVP of
the PVA/ZnO NPs-1.5 film was the highest at 2.13 X 10710 g
Pa~! s7! m™% This result showed that, while adding a large
amount of ZnO NPs can lead to flaws in the composite films,
which lowers the barrier of the composite films to water vapor,
adding too few ZnO NPs can increase the density of the
composite films while enhancing its barrier to water vapor.*®
After heat treatment, the barrier of the PVA/ZnO NP
composite films to water vapor was further enhanced (Figure
5a). The optimal WVP was observed at 1.33 X 107 g Pa™" 57"
m™! in the PVA/ZnO NPs-0.8-H film, and it was 8.91% lower
than that in the PVA/ZnO NPs-0.8 film. This was primarily
because heat treatment dehydration etherified the hydroxyl
group on PVA, decreasing the hydrophilicity of the PVA/ZnO
NP composite films. Furthermore, the PVA/ZnO NP
composite films” OP fluctuation pattern paralleled WVP’s
(Figure Sb). The PVA/ZnO NPs-0.8-H film demonstrated the
best OP at 0.79 X 10™° cm® mm™" day™" atm™ among all, and
it was 50.93% less than the film of PVA/ZnO NPs-0. This
resulted from the appropriate loading of ZnO NPs and heat
treatment to improve the composite films’ compactness.

3.7. Antibacterial Activity of Composite Films. The
antibacterial activity of the PVA/ZnO NP composite films
against S. aureus and E. coli following heat treatment is
depicted in panels ¢ and d of Figure 5. The PVA/ZnO NPs-0-
H film without ZnO NPs inhibited E. coli and S. aureus bacteria
at rates of 3.95 and 2.66%, respectively (Figure Sc). This
inhibition may have been caused by an electrostatic interaction
between the film’s surface and the surface of the microbial cell
membrane.”” The PVA/ZnO NP composite films’ bacterio-
static activity against S. aureus and E. coli considerably
increased with an increase in the content of ZnO NPs.
When the content of ZnO NPs was 0.8 wt %, the PVA/ZnO
NPs-0.8-H film inhibited E. coli and S. aureus up to 91.59 and
90.93%, respectively (Figure Sc). The digital photos of the
PVA/ZnO NPs-0.8-H film’s antibacterial test against E. coli
and S. aureus are displayed in Figure Sd to further illustrate the
bacteriostatic activity. The findings of the study revealed that
ZnO NPs gave the antibacterial activity of the PVA-based
composite film. The antibacterial mechanism of ZnO nano-
particles is currently the subject of numerous theories.
However, the prevalent ideas link the release of Zn** and the
production of reactive oxygen species [ROS, such as
superoxide anion (O,”), hydroxyl radicals (OH®), and
H,0,] to bacterial inactivation."*" In this study, ZnO NPs
are mainly used as a strengthening material to improve the
mechanical properties of the composite films, and the addition
amount is very small. Correspondingly, the amount of ZnO
NPs on the surface of the composite films is less. In addition,
in the previous study, we prepared a cellulose-based
antimicrobial film incroporated with ZnO NPs on the surface,
and the maximum mobility of zinc ions in water of the ZnO
NPs was 4.3 mg L™, which was lower than the minimum
inhibitory concentration of zinc ions.”> Therefore, even if ZnO
migrates, it is very small and does not pose a potential risk to
human health.

3.8. Packaging Application of Composite Films. The
preservation effect of the PVA/ZnO NP composite films after
heat treatment in food packaging was investigated using half-
cut apples as models for packaging testing. The results are
displayed in panels e and f of Figure 5. The half-cut apples
without film packing showed an atrophic and wrinkled surface
with the beginning of fruit rotting after being stored for 7 days
at 25 °C and 60% RH (Figure Se). Similarly, the cut surface of
the apple packaged with PE plastic wrap also experienced
serious rot and mildew (Figure Se), which was mainly caused
by the lack of antibacterial function of PE plastic wrap.
However, the apples packaged with PVA/ZnO NTP-0.8-H and
PVA/ZnO NTP-1.5-H films remained full in appearance with
only slight browning appearing on the cut surface (Figure Se),
which was mainly due to the good barrier and antibacterial
properties of PVA/ZnO NP composite films.”’ The weight loss
rate curve for half-cut apples throughout the 7 day packing test
is depicted in Figure Sf. It can be observed from the figure that
the weight loss rate of the half-cut apples without film
wrapping expanded daily, reaching as high as 9.85% on the first
day due to water evaporation. As a result, the sixth day had the
highest stage weight loss rate, which might be caused by the
decay of the apple. The half-cut apples packaged with the films
(PVA/ZnO NPs-0.8-H, PVA/ZnO NPs-1.5-H, and PE plastic
wrap) displayed a constant daily weight loss rate (Figure 5f),
which was due to the existence of films preventing the
evaporation of water in the apples. After 7 days, the weight loss
rates of the half-cut apples packaged without film and with
PVA/ZnO NPs-0.8-H film, PVA/ZnO NPs-1.5-H film, or PE
plastic wrap were 23.13, 7.35, 8.69, and 7.03%, respectively.
Despite having the lowest rate of weight loss, the half-cut
apples covered in PE plastic wrap had significant deterioration
after 7 days. This was because the PE plastic wrap lacked
antibacterial activity. The research findings indicated that the
heat-treated PVA/ZnO NP composite films demonstrated a
certain level of application value in the antibacterial packaging
film industry and successfully packed and preserved fruits.

4. CONCLUSION

In summary, PVA/ZnO NP composite films were successfully
fabricated while employing the approaches of blending and
heat treatment. The PVA/ZnO NP composite films were
evaluated for a variety of attributes, such as wettability,
mechanical properties, in humid and dry environments, barrier
properties, antibacterial activity, and the package preservation
effect. The films of the PVA/ZnO NP composite revealed
excellent water resistance following heat treatment. Further-
more, the films showed excellent tensile strength under both
dry (74.63 MPa) and humid (52.85 MPa) environments at 0.8
wt % ZnO NPs content following heat treatment. The
synergistic effect of the ZnO NPs’ bridge connection
enhancement and the heat-induced cross-linked network
structure between PVA molecular chains were primarily
responsible for the increased wet strength of the films. The
PVA/ZnO NP composite films with ZnO NP content above
0.8 wt % demonstrated outstanding bactericidal activities
against E. coli and S. aureus. In addition, it was observed that
PVA/ZnO NP composite films significantly inhibited microbial
growth in the process of packaging and preservation of half-cut
apples. The current study revealed significant potential
applications in green packaging and offered a straightforward
method for producing PVA-based antibacterial packaging films
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with excellent water resistance and strength for applications in
wet and humid environments.
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