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ABSTRACT

ZnO nanoparticles were synthesized by the sol-gel method. The nanoparticles
were added to polyvinyl alcohol (PVA) biopolymer to compare the microstruc-
tural, mechanical, antibacterial and physical properties of bionanocomposite films
reinforced with various loading contents (1, 3 and 5 wt %) and thicknesses (70,
100 and 130 μm). Results showed that with increasing ZnO content to 3 wt %, the
tensile strength and Young’s modulus increased by 64 and 72%, respectively. The
least amount of water vapor permeability was also observed in the sample con-
taining 5 wt % ZnO nanoparticles. Moreover, the antibacterial properties of the
films improved with ZnO addition and increased by increasing nanoparticle
content up to 5 wt %. However, the transparency of the PVA-based films
decreased by ZnO addition.

PRACTICAL APPLICATIONS

A suitable food packaging can increase the shelf life of a food product in addition
to sustain its initial quality. The majority of materials used for food packaging are
made of undegradable fossil fuel products which have led to the serious environ-
mental problems. On the other hand, the biodegradable films that have been
developed suffer from several limitations such as frangibility due to low mechani-
cal strength and weak gas exchange inhibition. Because of very high “surface to
volume ratio” of nanostructured materials, their properties are drastically different
from common conventional materials. Zinc oxide (ZnO) nanostructured materi-
als have exhibited fascinating properties which have led to wide variety of applica-
tions including biomaterial applications. In this regard, the production of the
hydrogen peroxide at their surface results in outstanding antibacterial activity.
Furthermore, because of ZnO biocompatibility, it is a promising candidate for
substitution of silver-based nanoparticles in food packaging applications. Polyvi-
nyl alcohol (PVA), a degradable polymer, is easily dissolved in water, and combina-
tion of ZnO nanoparticles and PVA results in improved electrical, mechanical and
optical properties. This no poisoning biodegradable nanocomposite should be
used as a more effective and environmentally friendly material for food stuff
packaging.

INTRODUCTION

In order to protect the foods against microbes and oxida-
tion, the application of appropriate packaging techniques is
essential. A suitable packaging should increase the durabil-
ity of a food product, in addition to sustain its initial

quality. Nowadays, the majority of materials used for food
packaging are made of undegradable fossil fuel products
which have led to serious environmental problems
(Tharanathan 2003). In recent decades, the biodegradable
films have been developed and studied by numerous
research groups but their applications in food packing
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industry suffer from several limitations such as frangibility
due to low mechanical strength and weak gas exchange inhi-
bition (Vaidya and Bhattacharya 1994).

The development of nanostructured materials for appli-
cation in nanoscale devices has considerably been expand-
ing. Because of the “surface to volume ratio” enhancement
and quantum confinement, the properties of nanomaterials
are drastically different from their bulk counterparts
(Chaudhry et al. 2008). Moreover, the use of polymer
nanocomposites (polymer matrices reinforced by
nanomaterials) in food packaging has raised considerable
attention due to the unique properties of nanomaterials
(Arora and Padua 2010). The presence of nanoscaled addi-
tives in polymer matrix has been proved to enhance the
thermal and mechanical properties and reduce the humidity
and gas permeability (Sorrentino et al. 2007; Chandrakala
et al., 2012).

In this regard, zinc oxide (ZnO) nanostructured materials
have gained much of interest as it shows fascinating electri-
cal and optical properties which have led to wide variety of
applications from electronics and solar cells to biomedical
application (Nair et al. 2011). Moreover, the production of
the hydrogen peroxide at its surface results in outstanding
antibacterial activity (Sawai et al. 1998). Furthermore,
because of ZnO biocompatibility, it becomes a promising
candidate for substitution of silver-based nanoparticles in
food packaging applications (Dastjerdi and Montazer 2010).

Different methods can be applied to synthesis ZnO,
including: sol-gel (Lee et al. 2009), hydrothermal (Suchanek
2009) and laser evaporation technique (Shall et al. 1995).
Among them, the sol-gel process is a simple and cost-
effective method in which the high-purity product can be
obtained; this has made it a popular method for the synthe-
sis of nanomaterials (Livage et al. 1988).

Polyvinyl alcohol (PVA), a degradable polymer, is easily
dissolved in water, and combination of ZnO nanoparticles
and PVA results in improved electrical, mechanical and
optical properties (Roy et al. 2013). In a study, the effect of
ZnO nanoparticles on the physical, mechanical and antibac-
terial properties of pediocin nanofilm was examined, which
indicated that the addition of ZnO nanoparticles can
enhance the properties of the film (Espitia et al. 2013). In a
similar research, it was revealed that the insertion of ZnO
nanorods resulted in improvements of physical, chemical
and antibacterial properties of sago starch films (Nafchi
et al. 2012). In another study, the mechanical, thermal and
antibacterial properties of waterborne polyurethane with
addition of flower-like ZnO were recovered (Xue and Wei
2009).

Although several reports on ZnO-based nanocomposite
biopolymers have appeared in the literature, it seems that a
few of them focused on PVA, which is a degradable polymer
suitable for food packaging. Thus, in the present study,

ZnO nanoparticles were synthesized via sol-gel method.
Furthermore, the microstructure, mechanical, antibacterial,
physical and optical properties of PVA nanocomposites
were compared as a function of nanoreinforcements in
filler loading contents and under the same preparation
conditions.

MATERIALS AND METHODS

Materials

Zinc nitrate (Zn (NO3)·6 H2O), ethanol and sodium chlo-
ride (NaCl) were purchased from Scharlau, Barcelona,
Spain. Glycerol, PVA (V2000), yeast, agar and tryptone were
the procurement of Merck Company, Darmstadt, Germany.

Sample Preparation

Synthesis of Nanomaterials. The so-called sol-gel
method was employed for synthesis of ZnO nanoparticles
(Kompany et al. 2012). The sol was prepared by solving Zn
(NO3)·6 H2O (as Zn source) in ethanol and distilled water
(1:1) as solvent. Subsequently, the ethylene glycol (as
polymerization agent) and acetic acid (as complexing agent)
(1:1) were added. The homogenous mixture was main-
tained under reflex at 100–110C for 5 h. After the vaporiza-
tion of solvent, the gel was produced. The result of light
brown powder was calcinated at 500C for 1 h to remove all
organic compounds and other impurities to obtain purified
ZnO nanopowder.

Nanocomposite Film Fabrication. The solution casting
method was used for the fabrication of nanocomposite
films. PVA was dissolved in distilled water (3 wt %) at
70–80C. To enhance the film flexibility, glycerol (1 wt %)
was added to the solution. Then ZnO nanoparticles were
added with different concentrations as 1, 3 and 5 wt %. The
mixture was maintained under stirring for 24 h. Ball mill
(MM400, Hann., Retsch Lab Equipment, Münden,
Germany) was used with 10 Hz for 10 min to homogenize
the solution. Then for the effect thickness, the solution with
a certain amount was poured in Petri dishes and dried in
air. Nanocomposites were prepared and stored as previously
described.

Characterization

X-Ray Diffraction Characterization. The crystal struc-
tures of the ZnO nanoparticles and nanocomposite film
were studied by X-ray diffraction (XRD) (D8 Advance
Bruker, Bruker AXS Beijing Office, Beijing, China) tech-
nique. The patterns were taken using X-ray diffractometer
(Cu Kα line λ = 0.15406 nm). The intensity was determined
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in the range of 10° < 2θ < 70° with 0.04° step size. The
Scherrer equation was used to determine the average crys-
tallite size as (Azam et al. 2010)

D
K

=
λ

cos
(1)

where D, K, λ, β and θ are the average crystallite (nm), con-
stant factor, X-ray wavelength, full width at half height and
scattering angle, respectively.

Chemical Compound Study. The Fourier transmission
infrared (FTIR) spectrophotometer (FTIR AVATAR) in the
wavelength range of 400–4,000 cm−1 was used to study the
chemical bonding of samples.

Morphological Analysis. The morphology of ZnO
nanoparticles and film surface was examined by transmitted
electron microscopy (TEM) (Leo 912AB, Zeiss SMT,
Oberkochen, Germany) and scanning electron microscopy
(SEM) (Leo 1450VP, Zeiss, Wetzlar, Germany), respectively.
In addition, a particle size analyzer (Vasco3, Cordouan
Technologies, Pessac, France) was employed for the deter-
mination of particle size distribution.

Film Thickness Measurement. A manual digital
micrometer (0.01 mm, Qingdao Tide Machine Tool Supply
Co., Ltd., Shandong, China) was employed to measure
the thickness of the films. For thickness measurements, the
samples of the films have all equal size of 7.5 × 2.0 cm2. The
average thickness of the samples was calculated from five
measurements (replications) in different parts of the sample
and subsequently used for further calculation of mechanical
properties.

Mechanical Properties. The mechanical properties of
the samples including tensile strength (TS), elongation
(E%) and Young’s modulus (YM) at the break were evalu-
ated according to ASTM Standard Method D882-02
(ASTM, 2002) by employing an Instron material testing
machine (H5 KS, Manchester, U.K.). The distance between
the two jaws of the apparatus was chosen as 5 cm and the
strain rate was 50 mm/min (Abdollahi et al. 2013). All tests
were performed with five replications.

Water Vapor Permeability. The water vapor permeabil-
ity (WVP) of the samples was tested according to the ASTM
E96-92 as explained by Alboofetileh et al. (2013). The film
was sealed on the top of a glass permeation cell containing
distilled water (100% relative humidity (RH); 2.37 × 103 Pa
vapor pressure at 20C), placed in a desiccator, which was
maintained at 20C and 1.5% RH (28.044 Pa water vapor
pressure) with silica gel, and air was stirred in the desicca-
tors. In short, the weight loss due to the vapor transforma-
tion through the films was measured for 8 h with 1 h time

step. Then the slope of the weight loss versus time was
determined by linear regression. The following equation
was used to calculate the WVP:

WVP WVTR L P= × (2)

where WVTR, L and P are the water vapor transmission rate
(g m2/s) of the film, the average film thickness (m) and the
water vapor pressure difference (Pa) on both sides of the
film, respectively. WVP measurements were replicated three
times.

Antibacterial Assays. The bactericidal activity of the
films was evaluated by a typical agar diffusion test
(Tankhiwale and Bajpai 2012). The film’s antibacterial effect
was assessed by the inhibition zone against Escherichia coli.
The culture containing lysogeny broth (LB) with sodium
chloride for sterilization was autoclaved at 121C for 20 min
to reach this object. Then bacteria (108 cfu/mL) were cul-
tured with lawn method and incubated at 37C to initiate the
bacteria growth. Nanofilms added to the culture containing
the bacteria were incubated at 37C for 48 h to achieve bacte-
ria disintegration interval. The zone area surrounding the
nanofilm was determined by use of ARCGIS 9.3 (ESRI, Red-
lands, CA).

Color and Opacity of the Films. The color of the films
was determined by the method mentioned in the other
studies (Sedaghat and Zahedi 2012). In order to evaluate the
quality of film’s color, their images with JPEG format were
taken using a camera (Nikon Coolpix, Nikon Corporation,
Iran Branch, Tehran, Iran). Then the area of interest with
500 × 500 pixels of the images was isolated and imported to
MATLAB software (The MathWorks, Inc., Natick, MA). The
RGB color parameters of the images were then converted to
L*(lightness), a*(red/green) and b*(yellow/blue). The color
difference (ΔE) was calculated with respect to standard plate
parameters (L = 94.63, a = −0.88, b0 = 0.65) (Alboofetileh
et al. 2013) by using the following equation:

ΔE L L a a b b= −( ) + −( ) + −( )* * *2 2 2 (3)

The light absorption of the films (in the wavelength of
600 nm) was tested in order to evaluate their transparency.
The transparency can be quantified via opacity which is cal-
culated from Eq. (4) (Abdollahi et al. 2012):

Opacity AbS= 600 X (4)

where AbS600 is the value of absorbance at 600 nm and X is
the film thickness (mm). Samples were cut rectangular and
put in the spectrometer cell and the apparatus was cali-
brated. The light adsorption by film samples was measured
at 600 nm wavelength.
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Statistical Analysis. To compare the different factors and
determine the significant differences of variables, the
Duncan test (P < 0.05) was used. All the data were reported
in mean ± SD.

RESULTS AND DISCUSSION

Nanoparticle and Nanocomposite

Characterization Results

Figure 1a shows the XRD patterns of ZnO nanoparticles,
which confirms the formation of hexagonal wurtzite struc-
ture of ZnO. According to Scherrer equation (Eq. 1), the
nanoparticle size was around 36 nm obtained from the peak
of (101). The results are in good accordance with the results
obtained from the work of Azam et al. (2010).

Figure 1b depicts the XRD patterns of PVA/ZnO
nanocomposite films with different ZnO concentrations. A
wide peak in 2θ = 19.71° in all the samples is attributed to

the PVA crystalline structure (Fernandes et al. 2011). The
small peaks in the patterns of PVA/ZnO nanocomposites
verify the incorporation of ZnO nanoparticles in such a way
that the intensity increases with the increase of ZnO content
(Shivakumaraiah et al. 2012).

FTIR Analysis

The FTIR spectrum of ZnO nanoparticles is depicted in
Fig. 2a. As can be seen, absorption peak in the wave number
of 1,633 cm−1 could be attributed to the O–H bond of
absorbed water on the surface of the sample, while another
absorption peak at 1,450 cm−1 is related to C–H deforma-
tion mode. The peak at 470 cm−1 is also due to the Zn–O
bond oscillation (Gayan et al. 2008; Kumar and Sahare
2012).

Figure 2b depicts the infrared spectrum for PVA film and
nanofilms containing ZnO. The existing peaks for PVA and

FIG. 1. XRD PATTERN OF THE ZnO POWDER (A) AND THE PVA FILMS

(B) WITH ZnO CONCENTRATIONS OF 0, 1, 3 AND 5 WT %

FIG. 2. FTIR SPECTRUM OF THE ZnO POWDER (A) AND THE PVA

FILMS (B) WITH ZnO CONCENTRATIONS OF 0, 1, 3 AND 5 WT %
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the nanocomposite films at wave number of 3,300 cm−1 are
due to O–H groups. The peaks between 2,852 and
2,918 cm−1 are the symmetric and asymmetric C–H2 bond’s
osculation, respectively, while the peaks at 1,413 cm−1 is due
to C–C bond. Moreover, the peak at about 558 cm−1 for PVA
and ZnO nanocomposites is indicative of Zn–O bond which
verifies the presence of ZnO nanoparticles in the PVA
matrix. The switching of peak from 470 cm−1 in ZnO to
558 cm−1 in nanocomposite might be related to the interac-
tions between ZnO particles and PVA. It is seen that by
increase of ZnO nanoparticle concentration, these peaks
increased as reported by Roy et al. (2013). A band at
1,080 cm−1 corresponds to C–O–C stretching of acetyl
group present on PVA backbone (Xue and Wei 2009).

Morphology Analysis

Figure 3 illustrates the SEM image of nanoparticle samples.
It is clearly seen that the samples possess the flower-like
surface morphology with the average size of 70 nm. Because
of the high surface energy of the samples, they have the ten-
dency to agglomerate and form the larger particles. There-
fore, the average size of particles is larger than the results
obtained from Scherrer equation (Rajamanickam et al.
2013).

The TEM image of nanoparticles is also shown in
Fig. 4a.The size of particles ranged from 18 to 85 nm and
they showed a relatively spherical geometry. This shows a
good agreement with the results obtained from particle size
analyzer in which the average size of particles is approxi-
mately 40 nm (Fig. 4b).

SEM Images

The SEM images of the nanocomposite films with different
ZnO contents are shown in Fig. 5. As can be seen, the ZnO
nanoparticles are evenly distributed in the polymer matrices
and no cracks are observable in the films (polymer
matrices). Because of the high surface energy, excessive
nanoparticles were easily agglomerated. The results are in
good accordance with the results obtained from the work of
Lee et al. (2008).

Mechanical Properties

Figure 6 shows the effect of ZnO nanoparticle concentra-
tion and nanofilm thickness on E%, TS and YM at the weak
point of films. As shown in this figure, the pure PVA at dif-
ferent thicknesses had the least TS and YM, while its strain
percent at weak point was the highest. As expected for all
treatments with thickness increment, the TS and YM
increased. With the increase of ZnO nanoparticle concen-
tration up to 3% in the PVA, the increases in TS and YM
were significant (P < 0.05) about 64 and 72%, respectively,
while in the case of 5% ZnO concentration, these amounts
showed a reduction. It may be the result of an increase in
nanoparticle agglomeration, which is also confirmed with
nanocomposite surface view in Fig. 5. This can be con-
cluded that as long as the nanoparticle concentration is such
that the nanomaterials are sufficiently distributed within the
PVA with homogenous structure, the mechanical properties
can be modified by ZnO nanoparticle insertion as also
reported by Li et al. (2009a,b). The highest tensile strength

FIG. 3. THE SEM IMAGE OF THE ZnO

NANOPARTICLES (IN POWDER FORM)

SYNTHESIZED BY SOL-GEL METHOD. THE

FLOWERS LIKE OBJECTS ARE

AGGLOMERATED NANOPARTICLES.

HOWEVER, THE AVERAGE SIZE OF THE ZnO

NANOPARTICLES (70 NM) WAS

CALCULATED FROM NONAGGLOMERATED

PARTICLES WHICH ARE HIGHLIGHTED WITH

BLACK CIRCLES
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was achieved at around 130 μm of film thickness and 3%
nanoparticle concentration. The decrease of E% with the
increase of ZnO concentration may be due to the rough
nature of filler (Pereda et al. 2011). In other words, the com-
bination of ZnO limits the movement of PVA bed in terms
of the strong interactions between the fillers and polymer
matrix (Cao et al. 2008).

Water Vapor Penetration Properties (WVP)

WVP is one of the most important parameters for biode-
gradable films. Vapor penetration to the pure PVA and
nanocomposites with different concentrations of nano-ZnO
and with different thicknesses is shown in Fig. 7. By adding

the nanoparticles and increasing the film thickness, the
WVP of the film decreased (P < 0.05). Most of the reduc-
tion in gas penetration was observed in the case of thickness
of 130 μm and the ZnO concentration of 5%. In such treat-
ment, the WVP of the film decreased by 39%. The vapor
penetration reduction is due to incorporation of
nanoparticles because it would result in a more complicated
path for oxygen and other gases to penetrate (Yu et al.
2009). Nafchi et al. (2012) reported similar results for vapor
permeation after incorporation of nanoparticles.

Moreover, the results of this study confirmed the previ-
ous results obtained by Yu et al. (2009) and Nafchi et al.
(2012) which expressed that by increasing the film’s thick-
ness, the vapor penetration shows a reduction.

Antibacterial Properties of Nanocomposites

The antibacterial properties of nanocomposites are shown
as inhibition zone against E. coli in Table 1. By introduction
of ZnO nanoparticles to PVA, and with increase in the
nanofilm thickness, the bacteria natural growth was slowed
down sufficiently and the bacteria growth inhibition inten-
sified (P < 0.05). Bacteria growth inhibition in the pure PVA
at all concentrations was zero. Hence, it can be said that the
presence of ZnO nanoparticles in the PVA matrix enhances
the bacteria growth inhibition. Nafchi et al. (2012) observed
that the growth of Staphylococcus aureus was affected sig-
nificantly by ZnO-coated films compared to control films.
The antibacterial activity of WPU/f-ZnO composite films
against E. coli and S. aureus was also tested. The results
revealed that the antibacterial activity enhanced with the
increase of f-ZnO content, and the best antibacterial activity
was obtained (Xue and Wei 2009). Espitia et al. (2013) indi-
cated that ZnO nanoparticles incorporated in pediocin
films exhibited excellent antibacterial activity against
S. aureus and Listeria monocytogenes. Mechanisms of the
antibacterial behavior of ZnO have been detailed by Zhang
et al. (2010). They have categorized this behavior as chemi-
cal and/or physical interaction between ZnO particles and
the cell envelope of microorganism. The Zn2+ penetrated
into the microorganisms’ cell walls and reacted with inter-
nal materials. The antibacterial phenomena may also be due
to hydrogen peroxide production from the surface (Zhang
et al. 2010). They also reported that the nanosize of ZnO is
more effective than the microsize due to easy penetration
through cell walls of microorganisms. Sawai (2003) also
reported the same results and demonstrated that among
ZnO, CaO and MgO, the former was the most effective for
S. aureus compared to E. coli.

Color and Transparency

The color and transparency of films are important in the
food packaging appearance and customer acceptance and

FIG. 4. TEM IMAGE (A) AND HISTOGRAM OF ZnO NANOPARTICLE

SIZE DISTRIBUTION (B) SYNTHESIZED BY SOL-GEL METHOD
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satisfaction (Rao et al. 2010). The amounts of L*, a*, b* and
ΔE in the pure PVA and nanofilm with different nano-ZnO
concentrations and different thicknesses are shown in
Table 1. It can be seen that by addition of ZnO from 1 to

5%, L* increased (P < 0.05). Nafchi et al. (2012) showed that
the nanofilms containing starch had different results in
comparison with the ZnO containing films. The values of L*

and ΔE also increased by increasing the thickness (P < 0.05).
Opacity is used for film transparency determination.

With opacity increment, the transparency decreases (Pereda
et al. 2011). Based on Table 1, the opacity of pure PVA film
was the lowest so it had the highest transparency. The
increase in nanoparticle concentration and thickness of the
films led to increase in its opacity. Because PVA is a trans-
parent material, the reduction in PVA transparency could be
the result of nanoparticle agglomeration in the polymer
matrix, which was confirmed with SEM and the analysis of
mechanical and vapor penetration properties. The decrease
of film transparency by addition of nanoparticles was also
reported by Abdollahi et al. (2012).

CONCLUSIONS

Sol-gel-derived ZnO nanoparticles and PVA nano-
composites were successfully prepared by solution casting
method. The XRD tests TEM and SEM showed that ZnO
nanoparticles were synthesized with appropriate structure.
The infrared spectrometry confirmed the presence of ZnO
in PVA matrix. Furthermore, the nanofilm structural analy-
sis showed that ZnO nanoparticles were homogenously dis-
tributed in the polymer bed with good intercalation in
polymer strings. Moreover, it was seen that by adding ZnO
nanoparticles to the PVA, the mechanical properties of
nanocomposites were modified. By incorporation of
nanoparticles into PVA matrices, the vapor penetration was
decreased and barrier properties were promoted. Moreover,
PVA/ZnO nanocomposites showed a good antibacterial

FIG. 6. ELONGATION (A), TENSILE STRENGTH (B) AND YOUNG’S

MODULUS (C) OF PVA FILMS WITH DIFFERENT CONCENTRATIONS OF

ZnO (0, 1, 3 AND 5 WT %). ERROR BARS REPRESENT STANDARD

DEVIATION AND INDICATE SIGNIFICANT DIFFERENCE AT P < 0.0

FIG. 7. WVP OF PVA/ZnO NANOCOMPOSITE FILM
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property, thus these films can be used as antibacterial food
packaging materials.
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