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ABSTRACT: In this work, the effect of zinc oxide (ZnO)
concentration and shape on processing and properties of
new biaxially oriented polypropylene (BOPP)-ZnO nano-
composites was studied. The use of spherical nanoparticles
and nanorods was expected to differently influence the
properties of the final material. Films of isotactic polypro-
pylene prepared with different ZnO incorporation were
biaxially oriented under conditions of temperature and
strain rate that were similar to those encountered in a
commercial film process. Scanning electron microscopy
analysis was performed to visualize the dispersion degree
of the ZnO nanoparticles in the polymer matrix and to

observe the surface and the orientation of the elongated
nanoparticles. Furthermore, the prepared ZnO-BOPP nano-
composites were evaluated for both mechanical and oxy-
gen barrier property enhancement. A good combination of
mechanical and oxygen barrier properties was obtained
for the ZnO-BOPP films. This result makes the ZnO-BOPP
nanocomposite a proper material for applications such as
food packaging. VC 2010 Wiley Periodicals, Inc. J Appl Polym Sci
120: 1616–1623, 2011
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INTRODUCTION

The very large commercial importance of polymers
has been driving an intense investigation in poly-
mers combined with particles, fibers, etc.1–4 The in-
terest in nanocomposites is due to their remarkable
properties compared with conventional composites.
Polymer nanocomposites are a class of materials that
are particle-filled, with at least one dimension in the
nanometer range. These nanoparticles are dispersed
in the polymer matrix at a relatively low wt % (often
less than 10% by weight). In general, nanoparticles
can significantly improve mechanical properties,
thermal stability, gas barrier properties, and/or
flame retardancy of the polymer matrix.3,5–8

Among the polymer nanocomposites, those based
on isotactic polypropylene (iPP) have attracted con-
siderable interest because iPP is one of the most im-
portant commercial polymers because of its low

price and attractive combination of good processabil-
ity, mechanical properties, and chemical resist-
ance.9,10 Furthermore, PP films are used in packag-
ing applications because of their good barrier
properties, strength, and transparency.3,11,12 The
biaxial stretching of the material either in one single
step or sequentially is a fundamental step in the pro-
duction of polypropylene films for packaging appli-
cations. Orientation of polypropylene involves a
morphological transformation of spherulites into a
network of microfibrils and reduces the gas perme-
ability of polypropylene.13–15

Compounding iPP with inorganic particles is an
effective method to improve the properties of iPP. In
the past decade, one of the most intensively studied
composite systems was that based on organic poly-
mers and inorganic clay minerals consisting of sili-
cate layers.16,17 Because of the difference in polarity
between the polypropylene (nonpolar) and the filler
(polar), different methods can be followed to
improve the miscibility between the clay and the
polymer, i.e., the fillers can be modified by organic
compounds, and functional compounds can be used
as compatibilizer.18,19 Besides nanoclay, zinc oxide
(ZnO),20 silica,21 and calcium carbonate22 nanopar-
ticles are used in iPP. Melt compounding,23,24
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solution blending, and in situ polymerization6 are
well-established methods for preparing polypropyl-
ene nanocomposites. Among these various strategies,
melt mixing is probably the most versatile technique
used for the preparation of iPP nanocomposites.

In this article, the preparation of new biaxially ori-
ented polypropylene (BOPP)-ZnO nanocomposites
by melt compounding is described. From recent
reports it is obvious that the dispersion of an inor-
ganic filler in a thermoplastic material is not easy
through a melt mixing process. The problem is even
more severe when using nanoparticles because of
their strong tendency to agglomerate. A good dis-
persion can be achieved by appropriate processing
conditions and the use of either coupling agents or
compatibilizers.6,25–27 The effort in this work was
focused on obtaining well-dispersed nanoparticles
without the use of compatibilizers. The effect of the
ZnO concentration and shape on the processing, the
morphology, and the mechanical and barrier proper-
ties of the ZnO-BOPP nanocomposites is studied.
The use of either spherical or elongated nanopar-
ticles is expected to differently influence the proper-
ties of the final material.

Recently, some authors reported on the use of
ZnO nanoparticles in polypropylene. Tang et al.20

reported on the use of ZnO as good nucleating agent
and studied how ZnO nanoparticles coated with or-
ganic nucleating agents affect the morphology and
crystallization of iPP. Zhao and Li28 did research on
the use of ZnO as ultraviolet absorber in polypropyl-
ene. To obtain a uniform dispersion in the polymer
matrix, surface treatment of the ZnO nanoparticles
with a silane coupling agent was necessary. Huang
et al.26 added ZnO nanopowder through microinjec-
tion molding to investigate the mechanical proper-
ties of polypropylene. However, the use of disper-
sants was necessary to obtain a good dispersion of
the nanoparticles in the polymer matrix.

To our knowledge, no results were reported on
the effect of the dispersion of ZnO nanoparticles
without compatibilizer or coupling agent in a poly-
propylene matrix and its effect on mechanical and
barrier properties after biaxial stretching of iPP.

EXPERIMENTAL

Materials

Isotactic polypropylene with melt flow index of 3 g/
10 min and density 905 kg/m3 as the polymer ma-
trix, the antioxidant Irganox 1010, and the acid scav-
enger calcium stearate were supplied by Borealis
Polymers NV (Beringen, Belgium).

Spherical ZnO nanoparticles were purchased from
Aldrich Chemicals (St. Louis, MO) with average pri-
mary particle size 50–70 nm and specific surface

area 15–25 m2/g as specified by the supplier. Nano-
rods of ZnO with diameters of 50–200 nm and
lengths up to 5 lm were synthesized using the pro-
cedure earlier described.29 The hydrothermal tech-
nique described in this study has proved to be a suc-
cessful method for the preparation of crystalline
one-dimensional (1D) ZnO nanopowder by using
water as the only solvent at a temperature of 80�C
and zinc acetate dihydrate as the zinc source.

Nanocomposite preparation

In this study 0, 2, 5, and 7.5 wt % ZnO nanoparticles
were incorporated in the polymer matrix. Because
nanoparticles (such as nanoclays, nanofibers, etc.) are
small and their aspect ratios (largest dimension/
smallest dimension) can be high, even at such low
loadings (<10 wt %) certain polymer properties can be
greatly improved without a detrimental impact on
density, transparency, and processability associated
with conventional reinforcements like talc or glass.6,8

ZnO-polypropylene nanocomposites were pre-
pared by melt mixing in a Haake Polydrive two-
blade counter-rotating system. The mixing tempera-
ture was kept at 200�C to ensure the right viscosity
for the mixing while minimizing degradation. The
rotation speed was set at 75 rpm. After all ingre-
dients were introduced into the mixing chamber,
melt mixing was continued for a period of 5 min.
The total weight of the material per batch was 35 g,
which gives a suitable volume for the Haake Poly-
drive mixer. In all nanocomposites, both 0.1 wt %
Irganox 1010 and 0.1 wt % calcium stearate were
added as stabilizers for the polypropylene matrix.
Unoriented sheets of approximately 0.8 mm thick-

ness were compression molded between brass plates
and mylar foil. The temperature for both upper and
lower plates was kept at 200�C during molding. The
polymer wasmelted under atmospheric pressure, and,
subsequently, the pressure was increased to a maxi-
mum of 300 bar. Finally, the sheets were cooled in the
compressionmolder with a flow of cooling water.
Square specimens of 85 mm � 85 mm were cut

from the compression-molded sheets and were
sequentially biaxially stretched in a Karo IV labora-
tory stretching machine (Brückner) at a temperature
of 160�C and an engineering strain rate of 100%
sec�1 based on the original specimen dimensions.
The preheat time before drawing was fixed at 1.5
min. Films were drawn to target stretching ratio of
5 � 5. After stretching, films of approximately
30-lm thickness were obtained.

Oxygen permeability measurements

The oxygen permeability of the film was measured
according to the procedure and instrument
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described in ASTM D 398530 using an OX-TRAN
model 702 of the Mocon Corp. (Minneapolis, MN).
Each film was placed on a stainless steel mask with
an open testing area of 5 cm2. One side of the film
was exposed to flowing nitrogen gas, and the other
side was exposed to 100% flowing oxygen gas under
the desired conditions. The system was programmed
to have a 4 hr waiting period to allow the films to
achieve equilibrium with the controlled temperature
of 23�C and 0% relative humidity. Oxygen perme-
ability was calculated by dividing the oxygen trans-
mission rate by oxygen partial pressure and multi-
plying by the film thickness. Gas permeation
experiments were performed more than three times,
and the reported values are the mean of the meas-
urements with standard deviations.

Mechanical properties

Measurements of the mechanical properties, Young’s
modulus and tensile strength at break, were per-
formed on a MTS/10 tensile tester using a crosshead
speed of 50 mm/min with a 100-N load cell and a
gauge length of 50 mm. Tensile tests were carried
out at 23�C and 50% relative humidity. Tensile test
specimens were prepared as strips with 15 mm in
width according to ISO 1184.31 Five specimens were
tested for each ZnO-BOPP nanocomposite, and the
mean values and standard deviations were reported.

Scanning electron microscopy

A FEI Quanta 200 FEG-SEM scanning electron
microscope equipped with secondary electron and
back scattered electron detectors was used for mor-
phological observation of ZnO-BOPP films and to
evaluate the dispersion quality of the ZnO nanopar-
ticles inside the polymeric material. For scanning

electron microscopy (SEM) measurements, sections
were cut parallel and transverse to the machine
stretching direction.

Transmission electron microscopy

The morphology of the nanostructured ZnO material
was investigated with a Philips CM12 transmission
electron microscopy using an accelerating voltage of
120 kV. For this analysis, the powder is dispersed in
methanol, dropped onto a Formvar/carbon 200 Mesh
Cu-coated grid and dried at room temperature.

Differential scanning calorimetry

Differential scanning calorimetry (DSC) analyses
were carried out to obtain the crystallization and
melting curves (DSC measurements performed 1
week after sample preparation) and were carried out
with a Perkin–Elmer DSC thermal analyzer under
flowing nitrogen atmosphere. The samples were
heated to 225�C at 10�C/min and kept at this tem-
perature for 5 min before cooling down to assure
that the materials melted uniformly and to eliminate
the thermal history. The sample was cooled down to
room temperature at a cooling rate of 10�C/min.
From the crystallization curves that were recorded,
crystallization temperature (Tc) and crystallinity
degree can be obtained. Melting temperature (Tm)
was detected under the same conditions at a heating
rate of 10�C/min.
To estimate the % of crystallinity (v), the following

equation was used:

v ¼ DH
DH100

100%

where DH is the heat of crystallization of the sample
analyzed (J/g) and DH100 is a reference value that

Figure 1 Transmission electron microscopy analysis of elongated (a) and spherical (b) ZnO nanoparticles.
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Figure 2 SEM analysis: (a) Surface of ZnO-BOPP nanocomposite with spherical ZnO (5 wt%). (b) Cross-section of ZnO-
BOPP nanocomposite, parallel to the orientation in machine direction (i.e., perpendicular to machine direction).

Figure 3 SEM analysis: (a) Surface of ZnO-BOPP nanocomposite with elongated ZnO (5 wt%). (b) Cross-section of ZnO-
BOPP nanocomposite, parallel to the orientation in machine direction. (c) Cross-section of ZnO-BOPP nanocomposite, per-
pendicular to the orientation in machine direction.
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represents the heat of crystallization for a 100% crys-
talline polymer. For PP, DH100 is 209 J/g.21

RESULTS AND DISCUSSION

Crystallization and morphological characteristics

The oriented films remained clear with no stress
whitening, indicating the absence of microvoiding.
To confirm this observation, SEM micrographs of
surfaces and cross-sections (parallel and transverse
to the machine direction [MD]) of ZnO-BOPP nano-
composites containing 5 wt % ZnO spherical or elon-
gated nanoparticles are presented in Figures 2 and 3,
respectively. Moreover, transmission electron mi-
croscopy images of the spherical ZnO nanoparticles
and the ZnO nanorods are shown in Figure 1(a,b),
respectively, to reveal the state of the agglomeration
of the nanoparticles.

From SEM images it can be concluded that the 1D
ZnO nanorods are homogeneously dispersed in the

polymer matrix as individual particles. Biaxial orien-
tation of the sheets results in an orientation of the
ZnO nanorods in the MD, and no pores or cracks
can be observed in the polymer matrix. SEM images
of nanocomposites containing spherical ZnO nano-
particles show also good dispersion of the nanopar-
ticles, with only a few areas of agglomerates of a
few micrometer; however, these agglomerates did
not cause voids or cracks after orientation. Spherical
ZnO nanoparticles have a higher tendency to create
agglomerates because of their higher surface area
compared with 1D ZnO nanorods with the same di-
ameter. Different ZnO-BOPP nanocomposite films
with varying ZnO concentrations up to 7.5 wt %
have been analyzed with SEM; all of them show
similar results (Fig. 4).
To investigate the effect of the ZnO nanoparticles

on the melting and the crystallization behavior of
biaxially oriented iPP, DSC experiments were per-
formed. Melting point temperatures and crystallinity
are presented in Table I. Although the melting

Figure 4 SEM surface analysis of ZnO-BOPP nanocomposites with elongated [(a), 2 wt %; (b), 7.5 wt %] and spherical
[(c), 2 wt %; (d), 7.5 wt %] ZnO nanoparticles.
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temperature of the neat iPP film was observed at
about 161�C, it changes to 168�C in the neat BOPP
film after drawing at 160�C. According to Lüpke
et al.15 it is assumed that the increased melting tem-
perature for neat BOPP results from an increased
size of the crystallites after deformation at elevated
temperatures.

The melting temperatures show a decrease after
addition of ZnO nanoparticles because of a decrease
in lamellar thickness of the polymer crystals in com-
parison with neat BOPP.16,32 From Figure 5 it can
concluded that the values of crystallinity increased
for the ZnO-iPP nanocomposites after biaxial draw-
ing; both spherical and elongated ZnO nanoparticles
show the same trend.

However, after addition of ZnO nanoparticles,
crystallinity shows a decreasing trend with increas-
ing wt % of ZnO. According to Li et al.,33 the
changes in the crystallization behavior can be
explained by the fact that, because of the good inter-
action between the ZnO nanoparticles and polypro-
pylene, the mobility of the iPP chains is restricted.

Effect of ZnO nanoparticles and orientation on
mechanical and oxygen barrier properties of
polypropylene

Tensile tests of ZnO-iPP and ZnO-BOPP films were
conducted to determine how mechanical properties
were influenced through the incorporation of ZnO
nanoparticles and the deformation process. There-
fore, Young’s modulus and tensile strength at break
were investigated as a function of the ZnO incorpo-
ration in a iPP and BOPP matrix; results are
reported in Figures 6 and 7, respectively.

In general, it can be concluded that the Young’s
modulus (Fig. 6) of the nanocomposites gradually
increases by increasing the ZnO content. The
increase in Young’s modulus of the ZnO-filled nano-
composites indicates an increase in the rigidity of
the polypropylene related to the restriction of the
mobility of the polypropylene matrix because of the
presence of the fillers.34 The prepared ZnO-BOPP
nanocomposites present significant improvement of
Young’s modulus with respect to pure BOPP and

ZnO-iPP nanocomposites. However, difference can
be observed in machine direction (MD) and in trans-
verse direction (TD), depending on the shape of the
ZnO nanoparticles. The BOPP nanocomposites with
spherical ZnO nanoparticles reach maximum values
for Young’s modulus in TD, whereas a decrease in
Young’s modulus in TD is observed for ZnO nano-
rods [Fig. 6(a)] because of the high orientation of the
ZnO nanorods during biaxial orientation and, thus,
a maximum strength only in the MD.
Figure 7 illustrates the tensile strength at break

values for the nanocomposites with different wt %
ZnO. As seen in Figure 7, maximum tensile strength
values in MD were obtained at ZnO concentrations
of 5 wt %, for both spherical [Fig. 7(b)] and elon-
gated [Fig. 7(a)] ZnO nanoparticles. The tensile
strength at break values show a decreasing trend in
MD as the wt % ZnO further increases. This behav-
ior is due to the interactions between the nanopar-
ticles as more agglomerates are formed, which act as
stress concentrators9 and to the reduction in effective
polymer matrix cross-section.35 Similar to the results
obtained for the Young’s modulus of ZnO-BOPP
nanocomposites in TD, Figure 7 shows that the ten-
sile strength in case of spherical ZnO in TD is higher
than MD; the opposite is true in case of ZnO
nanorods.
Oxygen permeability results for pure iPP, ZnO-iPP

nanocomposites, and ZnO-BOPP nanocomposites are

Figure 5 Influence of elongated (a) and spherical (b) ZnO
nanoparticles on the crystallinity of the nanocomposites.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

TABLE I
DSC Characteristics of ZnO-BOPP Nanocomposites

Nanocomposite vc (%) Tm (�C)

Neat iPP 50 6 0.9 161 6 0.2
Neat BOPP 56 6 0.2 168 6 0.8
BOPP þ 2 wt % spherical ZnO 53 6 0.5 165 6 0.3
BOPP þ 5 wt % spherical ZnO 47 6 0.5 163 6 0.1
BOPP þ 7,5 wt % spherical ZnO 46 6 0.4 163 6 0.3
BOPP þ 2 wt % ZnO nanorods 51 6 0.7 166 6 0.3
BOPP þ 5 wt % ZnO nanorods 50 6 0.9 164 6 0.2
BOPP þ 7,5 wt % ZnO nanorods 49 6 0.6 164 6 0.6
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presented in Figure 8. Values, corresponding to the
pure iPP, fit well with those given in the literature
for poorly oriented iPP.36 Adding inorganic nano-
particles, such as ZnO, to an oriented polymer film,
could improve barrier properties because of the
combination of two phenomena:

1. The decrease in area available for diffusion, a
result of two effects namely impermeable nano-
particles replacing permeable polymer and the
biaxial orientation of the polymer chains.

2. The increase in distance a permeant must
travel to cross the film because it follows a
tortuous path around the impermeable
nanoparticles.

In summary, the oxygen permeability ranges from
51 to 55 mL/(m2 day) for ZnO-iPP nanocomposites
and from 30 to 35 mL/(m2 day) for ZnO-BOPP, with
virtually no correlation with the ZnO concentration.
Moreover, elongated and spherical ZnO nanoparticles
in iPP and BOPP nanocomposites show the same
trend in oxygen permeability; no influence of the
nanoparticle shape could be observed. The higher the
aspect ratio of the filler, the more tortuous the path;
hence, the greater the decrease in permeability. The
elongated and spherical ZnO nanoparticles used in
this study are not considered the most effective bar-
rier as in the case of sheet-like nanoparticles.6 By com-
paring the oxygen permeability of ZnO-iPP with
ZnO-BOPP nanocomposites it becomes obvious that

Figure 6 Young’s modulus (MPa) versus wt % ZnO. (a)
Orientation machine direction. (b) Orientation transverse
direction. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Figure 7 Tensile strength (MPa) versus wt % ZnO. (a)
Orientation machine direction. (b) Orientation transverse
direction. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Figure 8 Permeability of O2 gas of ZnO-PP and ZnO-
BOPP nanocomposites as a function of the filler content.
(a) ZnO nanorods. (b) Spherical ZnO. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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the biaxially oriented samples show a decrease in oxy-
gen permeability. It is well known that biaxial draw-
ing of the iPP films decreases the gas permeability;
the reduction in oxygen permeability is caused by a
reduction in gas diffusion.37

CONCLUSIONS

Polypropylene nanocomposites filled with 0, 2, 5,
and 7.5 wt % ZnO nanoparticles (spherical and elon-
gated) were compounded by a melt mixing process.
After melt compounding, ZnO-PP nanocomposite
films were compression molded and biaxially
stretched.

The effects of the ZnO addition on the morpholog-
ical, thermal, mechanical, and barrier properties of
ZnO-BOPP nanocomposites have been studied. The
following conclusions can be drawn:

1. ZnO-BOPP nanocomposites were successfully
prepared with a uniform dispersion of the ZnO
nanoparticles; no microvoids were observed.

2. The obtained nanocomposites showed enhanced
mechanical properties: the oriented ZnO nano-
composite films have markedly improved me-
chanical properties in both machine and
transverse directions for spherical ZnO nanopar-
ticles and specifically in MD for the ZnO nano-
rods, comparedwith unfilled BOPP.

In combination with the oxygen barrier properties
and with the retention of thermal stability, this is a
good development in the field of toughened BOPP
materials. This will provide new ideas for further
nanocomposite development, and ongoing research
in combination with industrial processing methods
for food packaging is essential.

The authors are grateful to Borealis Polymers NV (Beringen,
Belgium) for providing them with iPP samples and for the
assistance in use of their facilities.
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2. Weidenfeller, B.; Höfer, M.; Schilling, F. R. Compos Part A
2004, 35, 423.

3. Galgali, G.; Agarwal, S.; Lele, A. Polymer 2004, 45, 6059.
4. Ingram, J.; Zhou, Y.; Jeelani, S.; Lacy, T. Mater Sci Eng A 2008,

489, 99.
5. Perrin-Sarazin, F.; Dorval-Douville, G.; Cole, K. C. Polym

Mater Sci Eng 2005, 92, 75.
6. Alexandre, M.; Dubois, P. Mater Sci Eng R 2000, 28, 1.
7. Motha, K.; Hippi, U.; Hakkala, K.; Peltonen, M.; Ojanpera, V.

J Appl Polym Sci 2004, 94, 1094.
8. Vaia, R. A.; Giannelis, E. P. MRS Bull 2001, 26, 394.
9. Vassiliou, A. Compos Sci Technol 2008, 68, 933.
10. Ellis, T. S.; D’Angelo, J. S. J Appl Polym Sci 2003, 90, 1639.
11. Chu, F.; Kimura, Y. Polymer 1996, 37, 573.
12. Lee, J.; Son, S.; Hong, S. J Food Eng 2008, 86, 484.
13. Dias, P.; Lin, Y.; Hiltner, A.; Baer, E.; Chen, H.; Chum, S.

J Appl Polym Sci 2008, 107, 1730.
14. Somlai, L.; Liu, R.; Lardell, L.; Hiltner, A.; Baer, E. J Polym Sci

Part B: Polym Phys 2005, 43, 1230.
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