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Abstract

Poly(vinyl alcohol) (PVA) is a synthetic and promising film-forming polymer that is
usually used in packaging applications. In this study, PVA nanocomposite films with
varying amounts of zinc oxide-doped multiwalled carbon nanotubes (MWCNTs-
ZnO) were prepared. The tensile strength of the nanocomposite films was 116%
higher than that of the PVA film. The thermal stability, water vapor transmission
rate, hydrophobicity, and antibacterial activity of the nanocomposite films were bet-
ter than those of pure PVA. Tests on water loss in vegetables at room temperature
revealed that the vegetable wrapped in packaging films could keep more water for
more than 4 days. Tests on the shelf life of chicken meat packed in films suggested
that the growth of natural microorganisms in raw chicken kept in the preservation
storage of the refrigerator could be inhibited for at least 36 h. The findings of this
study indicated that nanocomposite MWCNTs-ZnO/PVA films with good transpar-
ency had great potential applications in food packaging.
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Introduction

In 2016, the European plastics reported that 39.9% of packaging materials are
designed to be made of plastics [1]. Generally, a lot of food packaging waste is
generated as a result of food consumption [2]. Food packaging waste accounts for
almost two-thirds of all packaging waste by volume [3]. Because plastic is easy to
form and low in cost, most food packaging materials are plastic products, which
cause serious environmental pollution [4]. Therefore, “green” food packaging mate-
rials will definitely become a new trend.

Poly(vinyl alcohol) (PVA) is a synthetic and water-soluble polymer [5]. Owing to
its features of being non-toxic, biodegradable, non-polluting, and excellent for film
formation, PVA is used in food and pharmaceutical packaging, cling film, and oth-
ers, and it can replace petroleum-based plastics used in food packaging [6]. Food
packaging materials are important because they extend food shelf life and ensure
food safety. However, pure PVA films no longer meet the demands of food quality
assurance.

It was demonstrated that nanoparticles can improve the mechanical properties
and barrier capacity of packaging materials used to extend the shelf life of food
[7]. Multiwalled carbon nanotubes (MWCNTS) are carbon nanomaterials with
unique properties and can enhance the thermal, mechanical, and barrier proper-
ties and functionality of food packaging materials [8, 9]. There are researches
[10, 11] about nanocomposite MWCNTs/PVA films, and they all found that
the mechanical properties of PVA significantly increased owing to the addition
of MWCNTs. Huang et al. [12] prepared nanocomposite MWCNTs/CS/PVA
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films, which they thought could be used in food packaging. Clearly, MWCNTs
have promise in food packaging applications. Apart from increased mechanical
strength, good antibacterial properties of food packaging films are also especially
important for ensuring food safety and extending food shelf life.

As food packaging materials, PVA has been blended with a number of bio-
fillers such as corn starch powder [13], chitosan solution [14], bacterial cellulose
suspension [15], and solid gelatin [16]. However, bio-fillers could not provide
antibacterial properties to nanocomposite films. For long-term protection of foods
against exposure to microbial environments, antibacterial properties are par-
ticularly important. Food packaging systems contain metallic nanoparticles that
exhibit antimicrobial activity; for example, silver nanoparticles [17], zinc oxide
nanoparticles (ZnO) [18], and copper nanoparticles [19]. Azizi-Lalabadi et al.
[20] detected the microbial qualities of white shrimp packaged with PVA/gelatin
nanocomposite containing ZnO nanoparticles doped on 4A zeolite during refrig-
eration. Amin et al. [21] introduced a nanocomposite pluronic/ZnO/PVA film as
an active packaging material with enhanced antimicrobial activity. Because of
diffusion, dissolution, and abrasion of packaging surfaces, nanomaterials may
contaminate food [22]. However, there are many researches that showed only low
concentrations of Zn migrated to food, and the European Food Safety Author-
ity had concluded that ZnO nanoparticles did not migrate from polyolefins and
unplasticized polymers [23-27]. So, nanoparticles show great promise in food
packaging materials. Due to the different structures, shapes, sizes, and properties
of MWCNTs and ZnO, it is easy to cause uneven distribution or agglomeration if
the two nanomaterials are added to PVA.

The purpose of this study was to combine the properties of MWCNTs and
ZnO and prepare a new nanomaterial in the form of zinc oxide-doped multi-
walled carbon nanotubes (MWCNTs-ZnO), which not only had the advantages of
both MWCNTs and ZnO, but it could also be dispersed easily and uniformly in
polymers. There are many researches about PVA, ZnO, and MWCNTSs in wound
dressing, tissue engineering, food packaging, etc. For example, Abedi et al. [28]
fabricated chitosan/MWCNTs/PVA nanofibers, which can be used in cardiac tis-
sue engineering, by blending dissolved chitosan and PVA solution with MWC-
NTs. Khorasani et al. [29] prepared PVA hydrogels containing dissolved chitosan
and ZnO for wound dressing applications. Hence, MWCNTs-ZnO may have great
promise in food packaging. MWCNTs-ZnO was mixed with PVA by solution
blending to prepare nanocomposite MWCNTs-ZnO/PVA films, which could be
used as an antibacterial packaging that had excellent food preservation ability.
The water retention and antibacterial properties of these nanocomposite films
were tested and evaluated on Chinese cabbage and chicken meat. The physical
properties of the films were also characterized: mechanical and thermal proper-
ties, water vapor permeability, microstructure, light transmission, and opacity.
The magnitude of zinc migration from packaging films to chicken meat was also
tested. After additional safety verifications in the future, it is expected that this
new nanocomposite process could be used as a reference for preparing food pack-
aging materials.
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Experimental section
Materials

PVA (1788, degree of alcoholysis=87-89%, Mw =74,800) was purchased from
Shanghai Titan Corporation (Shanghai, China). The preparation of MWCNTs-ZnO,
a new nanomaterial, was similar to that in our previous research [30]; it was custom-
ized by Apex Nanotek Corporation (New Taipei City, Taiwan), a cooperative manu-
facturer; the weight ratio of MWCNTs to ZnO was 1.2:100. XRD spectra of MWC-
NTs, ZnO, and MWCNTs-ZnO are shown in Figure S1, and Figure S2 illustrates the
morphology of ZnO and MWCNTs-ZnO.

Preparation of nanocomposite MWCNTs-ZnO/PVA films

PVA was stirred and dissolved in distilled water at 80 °C on a DF-101S digital hot-
plate—magnetic stirrer (Gongyi Yuhua Instrument Co. Ltd., China). MWCNTSs-ZnO
was ultrasonically dispersed in distilled water. Afterward, the suspension of MWC-
NTs-ZnO was added to the aqueous PVA solution. The concentration of PVA was
19%. The content of MWCNTs-ZnO in PVA was 0, 0.3, 0.6, and 0.9%. To achieve
a completely homogenized MWCNTs-ZnO/PVA solution, it was ultrasonically dis-
persed for 15 min. Finally, the film was made using a specially tailored tool with a
thickness of 20 um on a glass plate (25X 25 cm?). The film was dried, first at 85 °C
for 2 h, then at 105 °C for 1 h to remove all moisture. Ultimately, nanocomposite
MWCNTs-ZnO/PVA films were produced. Scheme 1 shows the flow for preparing a
nanocomposite MWCNTs-ZnO/PVA film.

Characterization

Mechanical tests were conducted using a microcomputer-controlled electronic
universal testing machine (Furbs Xiamen Furbusi Testing Equipment Co. Ltd.,

Magnetic
stirring

:
Drying
stoc G
l 105°C 1h

MWCNTs-ZnO/PVA Film

Scheme 1 Preparation of nanocomposite MWCNTs-ZnO/PVA film
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Xiamen, China), according to the standard method of ASTM D882-02. Mechani-
cal properties, including tensile strength and elongation at break, were evaluated.
The test speed was 10 min/mm. Data obtained from five samples were averaged,
and the average value was used for subsequent analyses.

Differential scanning calorimetry (DSC) on samples was carried out on a
DSC-200 F3 calorimeter (Netzsch, Germany) under nitrogen atmosphere. Sam-
ples were sealed hermetically in DSC pans and heated from room temperature
to 250 °C at a rate of 10 °C/min to examine their melting temperature (7,,) and
melting enthalpy (AH,,). Fan [31] showed that a rapid heating could increase the
sensitivity of DSC. So, the glass transition temperature (Tg) was determined as a
result of rapid heating from room temperature to 250 °C. The faster the heating
rate, the lower the resolution and the higher the sensitivity. To have both good
sensitivity and high resolution, the heating rate of 20 °C/min has been performed.

Thermogravimetric analysis (TGA) was performed using TGA instruments
(HTG-1, HENVEN, China). The heating of samples was done in air to simulate
the natural degradation of food packaging materials. The test condition was from
room temperature to 650 °C at a scan rate of 10 °C/min. The thermal decomposi-
tion temperature (7,) and DTG (derivative of TGA) were obtained.

Water contact angles were measured using a contact angle meter (JC2000D,
Shanghai, China). Samples were mounted on a platform, onto which 2 pL of dis-
tilled water was dropped from a syringe. The computer software recorded the
contact angle data, which were used to evaluate the hydrophobicity of PVA and
nanocomposite MWCNTs-ZnO/PVA films.

Water vapor transmission rate (WVTR) was determined by gravimetry, accord-
ing to ASTM E96. The water vapor through the film was measured at 23 °C and
70% RH by using a test instrument W3/060 (Labthink, Jinan, China). WVTR (g/
m?h) was calculated using the following Eq. (1):

WVTR = W, /1A (1)

where Wg was the weight measured at different periods of time, t was the test time,
and A was the permeation area of samples.

Scanning electron microscopy (SEM, TESCAN, Czech) was used to observe
the surface morphology of PVA and nanocomposite MWCNTs-ZnO/PVA films;
the morphology included the flaw, clusters of nano-fillers, phase separations, and
other phenomena. The film was sputtered with a thin layer of gold, which was
necessary to obtain distinct surface SEM images. The scanning or accelerating
voltage was 20 kV. The dispersion of nano-fillers in nanocomposites was obtained
using an energy-dispersive spectrometer (EDS, BRUKER, German) operated at
500 X magnification.

The light transmission and opacity of films were determined using a UV-Vis
spectrophotometer (P4, MAPADA, Shanghai), according to the method reported
by Syahida et al. [32]. The light transmission was measured at a visible light
range, with air used as blank. The test was repeated five times. The opacity of the
sample was calculated using the following relationship (2):
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Opacity = Absorbance at 600 nm/Film’sthickness(mm) )

The antibacterial activity of PVA and nanocomposite MWCNTs-ZnO/PVA films
was determined against Escherichia coli (quantitative test), according to the method
described by Tsou et al. [33, 34]. Each sample was cultured with an E. coli suspen-
sion in a serum bottle, and it was shaken at a speed of 120 rpm/min at 37 °C for
24 h. The antibacterial activity of the film was gauged from the counted number of
bacteria. The bacterial suspension with no film was set as the control. The antibacte-
rial rate was calculated using the following formula:

Antibacterial rate(%) = CFUcqpp01 = CFUgympte/ CFUcongor X 100% 3)

Tests on the rate of water loss (RWL) in vegetables were conducted on the basis
of gravimetry. The water on the surface of fresh vegetable was wiped with a filter
paper, and the vegetables were weighed (W,)). They were then packaged using a film
and left at room temperature (25 °C and 70% RH). The vegetable not packaged with
a film served as the control group. After four days, they were weighed again (Wy;,).
RWL was calculated from the following Eq. (3):

RWL = (W, — Wy, )/ W, @)

Tests on the shelf life of chicken meat were performed by observing the antibi-
otic activity of sample films against the growth of natural germs in the raw chicken,
according to the method reported by Wang et al. [35]. The raw chicken was cut into
small cubes; some were packaged with pure PVA and nanocomposite films, and
some were left without packaging. Then, they were all kept in the preservation stor-
age of the refrigerator, and the bacterial concentration was measured at different
periods of time: 0, 12, 36, and 48 h. Those without film packaging served as the
blank group.

Evaluation of the possible migration of nanomaterials from packaging films
to food wrapped in them was based on a method called contact tests described by
Avella [7]. The shape of raw chicken was the same as that in tests for the shelf life
of chicken meat, and it was packaged similarly. The samples were all refrigerated at
4 °C for 4 days. Then, the packaging film was removed, and the sample was placed
in a porcelain cup and heated in a furnace at 500 °C for 1 h. After the sample was
cooled, the obtained ash was analyzed using EDS at 100 X magnification to deter-
mine the amount of Zn released.

Results and discussion

Mechanical properties

Figure la presents data on tensile strength and elongation at break of PVA and
nanocomposite MWCNTSs-ZnO/PVA films. MWCNTs are inorganic nanomaterials,

which can improve the polymer matrix mechanical properties [36]. Hence, the addi-
tion of 0.3% MWCNTs-ZnO significantly increased the nanocomposite film tensile
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Fig. 1 a Mechanical properties of PVA and its nanocomposite films and, b structure of nanocomposite
MWCNTs-ZnO/PVA film

strength by 116%, in comparison with the PVA film tensile strength. Li et al. [37]
and Wang et al. [38] found that Zn* may combine with functional groups (such as
hydroxyl) and form coordination bonds. So, in addition to the reinforcing effect of
nanomaterials on PVA, a strong bonding might also exist between the hydroxyl on
the ZnO surface and that in PVA. However, agglomeration formed when the filler
content continued to increase, which caused the tensile strength to decrease [39], but
it was still higher than that of the PVA film.

The elongation at break of nanocomposite MWCNTSs-ZnO/PVA films continued
to improve significantly, and it was about 81% higher than that of pure PVA film
when the MWCNTs-ZnO content was 0.9%. MWCNTSs-ZnO could help stretch the
chains or improve the degree of polymer orientation [40—42]. At the same time, the
interaction between the many hydrogen bonds in MWCNTSs-ZnO and PVA might
form inter-chain bonds that reinforced cohesion of the PVA network, and this
strengthened the nanocomposite, so a greater stretching force would be needed to
break it. Therefore, the strength and flexibility could be boosted by MWCNTSs-ZnO.
This result is similar to another report, which dealt with a high content of MWCNTs
[43], but it is different from most reports. However, PVA blended with MWCNTs-
ZnO has not yet been reported. The combination of MWCNTs and ZnO led to the
aforementioned new mechanism.

Thermogravimetric analysis

DTG curves and data for PVA and its nanocomposite films are represented
in Fig. 2 and Table 1, respectively. The thermal degradation of PVA and its
nanocomposite films showed four weight-loss regions. The first region (I) at a
temperature of about 90 °C was due to the evaporation of water [44]. The sec-
ond region (II) was the degradation of the PVA side chain, which occurred at
around 200-400 °C [45]. However, the first weight-loss region for MWCNTs-
ZnO and ZnO was at a temperature range of 50-260 °C (Figure S3), indicat-
ing that the second weight-loss peak for all MWCNTs-ZnO/PVA nanocompos-
ites was at a temperature lower than that for pure PVA. The third region (III)
occurred at 400-500 °C, pertaining to the C—C backbone cleavage in PVA [46].
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Fig.2 Thermal analysis of PVA 0.2
and its nanocomposite films
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Table 1 DTG djdta for PVA and Sample T, from DTG
its nanocomposite films
Ty (O Ty (°O) Ty (C) Ty (°C)
PVA 88.9 328.5 445.1 534.8

0.3(MWCNTs-ZnO)/PVA  88.7 323.8 433.5 535.0
0.6(MWCNTs-ZnO)/PVA  92.5 311.8 446.6 532.0
0.9(MWCNTs-ZnO)/PVA 88.4 303.8 441.7 526.5

Calorimetny o for PA ana 15 ST (O Ta(0) AH,Ulg) X.(%)
nanocomposite films PVA 743 1888  32.14 19.96
03(MWCNTs-ZnO)PVA 743 1882  26.39 16.44
0.6(MWCNTs-ZnO)PVA 769 1887  30.09 18.80
0.9(MWCNTs-ZnO)PVA 769 1887  30.47 19.10

The fourth peak (IV) was attributed to the transformation of C into CO,, as the
test was done under atmospheric conditions. As shown in Table 1 that 0.3 and
0.6% MWCNTs-ZnO had little effect on PVA for the fourth peak (IV), but when
MWCNTs ZnO content was 0.9, the pyrolysis temperature of PVA was signifi-
cantly reduced. This may be due to the agglomeration of MWCNTs-ZnO and
the thermal decomposition of ZnO. The thermal decomposition temperature for
PVA nanocomposite films in the second region (II) decreased with increase in
the MWCNTs-ZnO content, which was because the first decomposition temper-
ature of ZnO in the new nanomaterial was about 180 °C. It can be observed
in Figure S3 that the fastest degradation rate for ZnO occurred at 170 °C and
500 °C. Therefore, it confirmed that the thermal stability changed with the intro-
duction of MWCNTs-ZnO.
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Differential scanning calorimetry

Figure 3 shows the DSC curves for PVA and its nanocomposite films. Thermal
parameters (Tg, T,. and AH,), for both nanocomposite films and PVA, are listed
in Table 2. The addition of MWCNTs-ZnO significantly increased 7, from 74.3 to
76.9 °C, owing to the nano-filler impeding the motion of polymer chains [30]. This
indicated that MWCNTs-ZnO could improve the Tg of PVA, which allowed the film
to become more temperature-resistant. The crystallinity (X,) was evaluated from the
following relationship (4):

X.(%) = AH,, /(1 — ®)AH" X 100% 5)

where a was the content of MWCNTs-ZnO; AH,, was the measured melting
enthalpy; AHmO was the enthalpy of 100% PVA crystals (161 J/g) [47]. X, of the
nanocomposites was lower than that of PVA because the nano-fillers increased the
steric hindrance of polymer chains [30]. 7,, and X, of 0.3(MWCNTs-ZnO)/PVA
were lower than those of pure PVA. This may also because the nano-fillers could
destroy the crystals [48], so the size of PVA spherulites became smaller. However,
when the MWCNTs-ZnO content increased to 0.6-0.9%, PVA may be promoted to
produce more nucleus, and then improve the crystallinity and melting point of PVA.

Water contact angle

Water contact angle is an important parameter for evaluating the wettability of food
packaging films, particularly in the case of PVA, as it is water-soluble [32]. Figure 4
and Table 3 show the results of water contact angle. PVA is water-soluble; thus,
it was expected that its water contact angle was lower than 90°. All nanocompos-
ite films had higher water contact angles than pure PVA, and they showed nearly
hydrophobic values, which indicated that MWCNTs-ZnO could increase the water

(a) (b)
— PVA Endo} =,
E"d°l Mo — = 0.3(MWCNTs-ZnO)/PVA ndof S i — PVA
N *s_ '~ 0.6(MWCNTs-ZnO)/PVA - SiN. — — 0.3(MWCNTs-ZnO)/PVA
TU) F'U) X v\‘\ ~=:= 0.6(MWCNTs-ZnO)/PVA
E £ *. "o+ — 0.9(MWCNTSs-ZnO)/PVA
= 2 :
E £
g g
: - R
& gl N\ e
160 165 170 175 180 185 190 195 200 205 210 65 70 75 80 85 90
Temperature (°C) Temperature (°C)

Fig.3 Differential scanning calorimetry curves for PVA and its nanocomposite films: a heating rate
curves (10 °C/min); b rapid heating curves
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Fig.4 Water contact angle data 110
for PVA and its nanocomposite
films 100 {
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Table 3 Water contact angle data and water vapor transmission rate for PVA and its nanocomposite films

Sample Water contact angle (°) Thickness (pm) WVTR (g/mz. h)
PVA 56.1+1.6 17.10+0.71 13.77+0.01
0.3(MWCNTs-ZnO)/PVA 89.1+0.8 18.90+0.14 11.98+0.64
0.6(MWCNTs-ZnO)/PVA 91.0+0.6 16.20+0.84 10.20+0.01
0.9(MWCNTs-ZnO)/PVA 101.9+2.7 16.60+0.57 11.55+0.01

contact angle of PVA. MWCNTs-ZnO was exposed at the surface, so the water con-
tact angle was greater than 90°.

Water vapor transmission rate

A low WVTR signifies that films maintain the quality of food [35]. Table 3 shows
WVTR results for PVA and its nanocomposites. WVTR was significantly reduced
with the addition of MWCNTSs-ZnO, and the value was minimum when the nano-
filler content was 0.6%, which indicated that MWCNTs-ZnO could improve the
barrier property of the film against water vapor. That is because nano-fillers caused
increased tortuous pathways for the water vapor through the film [49]. However,
defects appeared when there was filler agglomeration with increased content, which
led WVTR to increase slightly. It was clear that at different periods of time, WVTR
for MWCNTs-ZnO/PVA was lower than that for PVA (Fig. 5). So, the water barrier
properties of PVA were improved by the addition of MWCNTs-ZnO.

Scanning electron microscopy
SEM images of films, at the same magnification (2.00 kx), are shown in Fig. 6. The

PVA film was smooth, but the others had some particles on the surface. MWCNTs-
ZnO was dispersed well in PVA when the nanomaterial content was 0.3 and 0.6%.
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Fig.5 Water vapor transmission
rate for PVA and its nanocom-
posite films at different periods
of time
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Fig.6 SEM images of PVA and its nanocomposite films: a PVA; b 0.3(MWCNTs-ZnO)/PVA; ¢

0.6(MWCNTs-ZnO)/PVA; d 0.9(MWCNTs-ZnO)/PVA
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However, when the content was increased to 0.9%, MWCNTs-ZnO was clearly
agglomerated into large particles that were exposed on the surface.

EDS results on the distribution of Zn in PVA and its nanocomposites are shown
in Fig. 7a’—d’. In pure PVA film, there was no Zn. However, it was obvious that

MAG: 500x_HV: 20kV_WD: 15mm

MAG: 500x HV: 20kV_WD: 15mm MAG: 500x_HV: 20kV._WD: 15mm

MAG: 500x HV: 20kV WD: 15mm

MAG: 500x_HV: 20kV_WD: 15mm MAG: 500x HV: 20kV_WD: 15mm

Fig.7 a—d Surface SEM images and a’-d’ surface EDS images illustrating the distribution of Zn: a, a’
PVA; b, b’ 0.3(MWCNTs-ZnO)/PVA; ¢, ¢’ 0.6(MWCNTs-ZnO)/PVA; d, d’ 0.9(MWCNTs-ZnO)/PVA
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Fig.8 Light transmission in 90
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films g 80 4
§ 71
®
= 60 -
£
@ 5l ——PVA
o —— 0.3(MWCNTs-ZnO)/PVA
: 40 4 0.6(MWCNTs-ZnO)/PVA
5 —— 0.9(MWCNTs-ZnO)/PVA
=5 304
20 1

200 300 400 500 600 700 800
Wavelength (nm)

Table 4 Opacity of PVA and its nanocomposite films

Sample Thickness (pm) Absorbance at 600 nm Opacity
(x107%)

PVA 24.0+0.0 5.4 22+0.0

0.3(MWCNTs-ZnO)/PVA 23.5+0.7 10.8 43+0.2

0.6(MWCNTs-ZnO)/PVA 21.3+0.6 4.7 22+0.1

0.9(MWCNTs-ZnO)/PVA 22.3+0.6 8.1 3.6+0.1

Zn was present in MWCNTSs-ZnO/PVA nanocomposite films, and it was dispersed
uniformly when the MWCNTs-ZnO content was 0.1%. There was little agglomera-
tion in 0.6(MWCNTs-ZnO)/PVA and 0.9(MWCNTs-ZnO)/PVA. It also confirmed
the decrease in tensile strength and the increase in water contact angle and WVTR.

Light transmission and opacity

The opacity of food packaging directly influences the preference of consumers
and plays an important role in packaging materials. Figure 8 displays the light
transmittance in PVA and nanocomposite MWCNTSs-ZnO/PVA films at selected
wavelengths of ultraviolet light (200-320 nm) and visible light (400-800 nm).
Table 4 provides the result of opacity tests. It indicates that the transmission
in 0.3(MWCNTs-ZnO)/PVA film was lower than that in neat PVA. The lesser
the opacity, the greater the transparency. MWCNTs could cause a significant
increase in light absorbance and opacity of films due to light scattering effects
[50]. The decrease in the number of defects, increase in crystal size, decrease in
film thickness, and improvement in surface morphology of films would improve
optical transmission [51]. Data on X, (Table 2) and EDS (Fig. 7) indicated that
0.6(MWCNTs-ZnO)/PVA and 0.9(MWCNTs-ZnO)/PVA films exhibited better
properties. Hmar et al. [52] also prepared nanocomposites with good transpar-
ency, which contained ZnO nanosheet-multiwalled carbon nanotubes. But the
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agglomeration of nano-fillers in the polymer matrix also reduced the transpar-
ency of PVA [53]. Hence, the transmission and transparency for 0.9(MWCNTs-
ZnO)/PVA film decreased. In conclusion, according to opacity tests, the transpar-
ency of all samples was in the following descending order: 0.6(MWCNTs-ZnO)/
PVA >PVA > 0.9(MWCNTs-ZnO)/PVA > 0.3(MWCNTs-ZnO)/PVA.

Antibacterial property

ZnO plays a key role as an antibacterial agent. Sirelkhatim et al. [54] reported
that ZnO could weaken mitochondria, and it could lead to intracellular outflow
and release of gene expression associated with oxidative stress, inhibit the growth
of microbial cells, and eventually lead to death. Table 5 lists data on the anti-
bacterial ability of PVA and nanocomposite MWCNTs-ZnO/PVA films against
E. coli for a period of 24 h. The antibacterial activity became apparent with the
addition of MWCNTs-ZnO. The bacteriostatic rate was as high as 98.63% even
when only 0.3% MWCNTSs-ZnO was added. It showed that nanocomposite MWC-
NTs-ZnO/PVA films had a very good antibacterial ability, and they could ensure
well that food was not attacked by E. coli within 24 h.

Vegetable water loss

The film with better performance (i.e., nanocomposite 0.6(MWCNTs-ZnO)/
PVA film) was selected for tests on the vegetable water loss. Figure 9 presents
data on RWL in vegetables with and without film wrapping at room tempera-
ture for 4 days. After 4 days, the total RWL for the control group and the veg-
etable wrapped with pure PVA was 53.7 and 37.9%, respectively. Because the
vegetable without a packaging film was in direct contact with air, RWL was fast;
signs of water loss were clearly visible (Fig. 9). However, the vegetable packed
in 0.6(MWCNTs-ZnO)/PVA film did not show much water loss or dehydration,
and it was fresher than the other vegetables. Therefore, it was demonstrated that
0.6(MWCNTs-ZnO)/PVA film could prevent the vegetable from losing a great
amount of water at room temperature for 4 days. This material may have great
promise for preserving fresh vegetables.

Table 5 Inhibition of E. coli

. . Sample 10° CFU Antibacte-
by PVA and its nanocomposite rial rate
films (%)

Control 73.000 0
PVA 73.000 0
0.3(MWCNTs-ZnO)/PVA 1.000 98.630
0.6(MWCNTs-ZnO)/PVA 0.500 99.315
0.9(MWCNTs-ZnO)/PVA 0.003 99.996
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Fig.9 Vegetable rate of water loss: a control; b PVA; ¢ 0.6(MWCNTs-ZnO)/PVA

Shelf life of chicken meat

According to the research by Bolton et al. [55], the shelf life of chicken meat
chilled at 4 °C under aerobic conditions was less than 5 days. The shelf life of
fresh chicken stored in the refrigerator at 4 °C was about 3 days. Thus, the meat is
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Fig. 10 a Proposed antibacterial activity in raw chicken; b Inhibitory effect of PVA and its nanocompos-
ite films on the growth of natural microorganisms
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generally spoilt when bacterial counts reach 10’ CFU/g [55]. Bacteria from the
surrounding must pass through a packaging film to reach the chicken. However,
nanomaterials in nanocomposite PVA films would disrupt the bacterial cell wall,
causing the bacteria to die (Fig. 10a). Thus, the film could protect the chicken
from the bacteria in the environment. To verify the resistance of nanocomposite
films against bacteria, the amount of bacteria in raw chicken was measured for
48 h. A comparison of control and PVA films revealed that all nanocomposite
films were capable of inhibiting bacterial growth, demonstrating their excellent
ability to preserve the chicken. Overall, the growth of bacteria in raw chicken
wrapped with PVA films containing MWCNTSs-ZnO was not apparent for a period
of time between 12 and 36 h. But after 36 h, microbial growth was obvious, and it
increased from 36 to 48 h (Fig. 10b). So, it was demonstrated that nanocomposite
MWCNTs-ZnO/PVA films could preserve the quality of fresh chicken.

Test on the migration of zinc from packaging films to food

Chicken meat protein also contains abundant nutrients and elements such as
sodium (Na), magnesium (Mg), potassium (K), and phosphorus (P) [56]. Gold
(Au) was also indicated in Table 6 because all samples had been sputtered with
a thin layer of gold, which was necessary prior to the EDS test. For the chicken
meat packaged with MWCNTSs-ZnO/PVA nanocomposite films for 4 days, only a
trace amount of zinc (Zn) was detected in the chicken wrapped with a film con-
taining more than 0.6 phr MWCNTs-ZnO (Table 6). However, there was much
water, as well as many other organic ingredients in the chicken. Samples were
tested after a high-temperature calcination, so the actual amount of Zn may be
much smaller. In addition, if 0.3(MWCNTS-ZnO)/PVA nanocomposite film was
used for food packaging, no Zn transfer occurred within 4 days, and the chicken
preservation experiment proved that when the film was used for more than 36 h,
the chicken would be corroded by bacteria and become unsafe. Zn is an essential
element in the human diet; however, too much Zn is harmful to human health
[57]. Therefore, MWCNTS-ZnO/PVA nanocomposite film may be used for food
packaging, but further research is also needed.

Table 6 Zn content of chicken meat contacted with nanocomposite films

Sample wt%

C (6] Na Mg P K Zn Au
PVA 67.78 19.85 0.74 0.44 341 1.52 0 0.25
0.3(MWCNTs-ZnO)/PVA 60.47 23.14 1.05 0.63 4.97 6.84 0 291

0.6(MWCNTs-ZnO)/PVA 57.48 23.49 1.58 0.63 5.64 2.90 0.29 3.24
0.9MWCNTs-ZnO)/PVA 48.51 26.56 2.12 0.91 7.81 10.02 0.4 3.68
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Conclusion

In this study, we prepared nanocomposite MWCNTs-ZnO/PVA films and tested the
possibility of applying them for food packaging. The results showed that when the
MWCNTs-ZnO content was 0.6%, the water vapor barrier and transmittance were
the best. This was attributed to the fact that more nanomaterials were distributed in
the substrate but less agglomerated. The optimal MWCNTs-ZnO content in PVA
increased the tortuous path for water molecules through the nanocomposite film.
Hence, 0.6(MWCNTs-ZnO)/PVA was selected for tests on rates of water loss in veg-
etables; it was found that the film could effectively retain more water in the veg-
etables than without the use of a packaging film or than the neat PVA film within
4 days. The results from tests on the shelf life of chicken meat showed that nano-
composite MWCNTs-ZnO/PVA films could be used effectively to slow down the
growth of natural bacteria in raw chicken within 36 h. In addition, the test on the
migration of zinc from packaging films to chicken meat indicated that there was no
7Zn released into the meat, when the MWCNTs-ZnO content was 0.3%. Therefore,
the films may also be used for the preservation of fruits, vegetables, meat, and pack-
aging frozen foods. In summary, MWCNTs-ZnO could enhance certain properties
of PVA and impart antibacterial properties to nanocomposite MWCNTs-ZnO films.
After further standard tests on safety were conducted, these films may have potential
application in the field of food packaging.
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