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ABSTRACT: A series of polypropylene carbonate (PPC)/
ZnO nanocomposite films with different ZnO contents
were prepared via a solution blending method. The mor-
phological structures, thermal properties, oxygen perme-
ability, water sorption, and antibacterial properties of the
films were investigated as a function of ZnO concentration.
While all of the composite films with less than 5 wt % ZnO
exhibited good dispersion of ZnO in the PPC matrix, FTIR
and SEM results revealed that solution blending did not
lead to a strong interaction between PPC and unmodified
ZnO. As such, poor dispersion was induced in the compos-
ite films with a high ZnO content. By incorporating inor-
ganic ZnO filler nanoparticles, the diffusion coefficient,
water uptake in equilibrium, and oxygen permeability
decreased as the content of ZnO increased. The PPC/ZnO
nanocomposite films also displayed a good inhibitory effect

on the growth of bacteria in the antimicrobial analysis. The
enhancement in the physical properties achieved by incorpo-
rating ZnO is advantageous in packaging applications, where
antimicrobial and environmental-friendly properties, as well
as good water and oxygen barrier characteristics are required.
Furthermore, UV light below � 350 nm can be efficiently
absorbed by incorporating ZnO nanoparticles into a PPC ma-
trix. ZnO nanoparticles can also improve the weatherability of
a PPC film. In future research, the compatibility and disper-
sion of the PPC matrix polymer and the inorganic ZnO filler
nanoparticles should be increased. VC 2011 Wiley Periodicals, Inc.
J Appl Polym Sci 122: 1101–1108, 2011
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INTRODUCTION

The utilization of carbon dioxide has attracted scien-
tific and practical interest in recent years because of
environmental pollution and energy shortages.1–3

Global warming, also known as the greenhouse effect,
is primarily caused by the massive release of carbon
dioxide into the atmosphere. The contribution of car-
bon dioxide to global warming is estimated to be
about 66%. Thus, the incorporation of carbon dioxide
into materials has attracted a great deal of interest as
a means to reduce greenhouse gas pollution and is

viewed as an alternative to overcome shortages in
conventional petroleum fuel supplies.
Among the polymeric materials that use carbon

dioxide, polypropylene carbonate (PPC) was first syn-
thesized by Inoue and Tsuruta via the copolymeriza-
tion of carbon dioxide and propylene oxide.4 PPC is a
biodegradable aliphatic polycarbonate that can be
degraded to H2O and carbon dioxide. The synthesis
of PPC allows for carbon dioxide to be recycled in the
environment. PPC has interesting chemical and physi-
cal properties, such as compatibility, impact resist-
ance, translucence, and innocuousness. Such proper-
ties are advantageous in adhesives, solid electrolytes,
barrier materials, plasticizers, and new materials for
packaging applications. Much research has been
devoted to improve the thermal and mechanical prop-
erties of PPC by blending it with other polymers5–7 or
inorganic fillers.8–11

Because of the nanoscale sizes and large specific
surface areas of nanosized fillers, the interfacial
interaction between the filler and the polymer is
strong, resulting in a large improvement in the
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physical properties of the polymer. Xu et al.9 and
Shi and Gan11 prepared intercalated-exfoliated PPC/
montmorillonite nanocomposites by direct melt
blending in an internal mixer and by solution inter-
calation, respectively. The thermal decomposition
temperature and storage modulus of the structures
with even a low concentration of montmorillonite
were much higher than those attained with PPC. Li
et al.8 showed that composites of PPC reinforced
with microscale and nanoscale calcium carbonate
particles exhibited a decrease in tensile strength
because of the agglomeration of calcium carbonate
nanoparticles during blending. However, nanosized
zinc oxide (ZnO), as a functional inorganic filler, has
been widely used in functional devices, catalysts,
pigments, optical materials, cosmetics, UV-absorbers,
and additives in many industrial products.12–17

Recently, there have been several published reports
regarding the antimicrobial activity of ZnO
nanoparticles.12,13,18

To the best of our knowledge, there have been no
reports on PPC/ZnO nanocomposite films and their
properties for use as packaging materials. In this ar-
ticle, five different PPC/ZnO nanocomposite films
were prepared via solution blending, and the effects
of the ZnO content on the morphological structure,
thermal properties, oxygen permeability, water sorp-
tion, and antibacterial properties of the films were
investigated.

EXPERIMENTAL

Materials

PPC resin with a number-average molecular weight
(Mn) of 240,000 g/mol was provided by SK Energy
Co. (Chunan, Korea). Inorganic ZnO nanoparticles
with an average size of 40 nm were supplied by
Sukgyung AT Co. (Ansan, Korea). Acetone was pur-
chased from Aldrich Chemical Co. (Yongin, Korea)
and used as-received.

Preparation of PPC/ZnO nanocomposite films

Five different compositions of PPC/ZnO nanocom-
posite films with PPC/ZnO weight ratios of 100/0,
99/1, 97/3, 95/5, and 90/10 were prepared by the
solution blending method.16 A solution containing
the proper amount of ZnO was first dispersed in ac-
etone, sonicated for 30 min, and mechanically stirred
for another 10 min. PPC was then added to the solu-
tion and continuous stirring was performed for 3 h
at room temperature. The mixed solution was cast
onto a glass plate and dried in a drying oven at
60�C for 10 h so as to remove any solvent. After the
solvent was completely removed, the composite
films were extracted from the oven, dipped in deion-

ized water, and then stored in a desiccator at room
temperature for further study.

Measurements

The Fourier transform infrared (FTIR) spectra of the
PPC/ZnO nanocomposite films were collected with
an Excalibur Series FT-IR (Digilab, Model Varian
4100, MA) instrument in transmission mode; the
wavenumber range was set from 4000 to 400 cm�1.
The UV–visible spectra of the PPC/ZnO nanocom-
posite films were recorded with a single-beam UV
spectrometer (Mecasys, Model OPTIZEN 2120UV,
Daejeon, Korea) in the range of 200–800 nm, and a
blank glass plate was employed as a reference.
The thermal decomposition profiles of the PPC/

ZnO nanocomposite films were thermogravimetri-
cally analyzed with a TA Instruments Q50 TGA
(DE). Film samples ranging from 4 to 6 mg were
placed on a platinum pan and heated from 30 to
500�C in an N2 atmosphere at a heating rate of
10�C/min. The weight loss in the samples was then
recorded as a function of temperature.
To analyze the morphology of the PPC/ZnO

nanocomposite films, wide-angle X-ray diffraction
(WAXD) patterns were obtained using a wide-angle
goniometer (Rigaku, Model RINT 2500H, Tokyo, Ja-
pan) with a monochromator (flat crystal type). The
Cu Ka (a ¼ 1.54 Å) radiation source was operated at
40 kV and 40 mA; all measurements were carried
out in y/2y mode. Data were collected in the range
of 5–60� at 0.02� intervals with a scan speed of 1.0�/
min. To investigate the dispersion of ZnO nanopar-
ticles in the PPC matrix, the fractured surfaces of the
PPC/ZnO nanocomposite films were observed with
a scanning electron microscope (SEM, Hitachi,
Model S-4200, Tokyo, Japan). For the fractured sur-
face measurements, the films were frozen in liquid
nitrogen and broken to produce a cross section. Prior
to the examination, the samples were coated with a
thin layer of gold. The morphology of the PPC/ZnO
nanocomposite films was also examined via trans-
mission electron microscopy (TEM) with a Hitachi
electron microscope. The samples for the TEM anal-
ysis were sectioned with an ultramicrotome.
The water sorption behaviors of the PPC/ZnO

nanocomposite films were gravimetrically investi-
gated with a thin film diffusion analyzer (Cahn
Instruments, Model D-200, CA).19–21 The water sorp-
tion isotherms were measured at 25�C and 100% rel-
ative humidity. The details of the isotherm measure-
ment procedure are described in our previous
studies.20,21 The oxygen transmission rates (OTRs) of
the PPC/ZnO nanocomposite films were measured
with an oxygen permeation analyzer (Illinois Instru-
ments Inc., Model 8001, IL) following ASTM Stand-
ard D 3985.
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Antibacterial tests of the PPC/ZnO nanocomposite
films were carried out according to the JIS Z 2801
standard22; E. coli and Lactobacillus were employed
as the target organisms for the Gram-negative and
Gram-positive bacteria, respectively. The bacteria
were individually grown on Luria-Bertani (LB) agar
plates at 30�C for 24 h and resuspended in sterile
physiological saline (PS) to an optical density of 1.2
at 600 nm. The prepared composite films were then
placed on a sterile plate, and the suspension (20 lL)
was dropped on the films. These carrier films were
maintained at temperatures below 37 6 1�C and at a
relative humidity >90%. After 24 h, the bacteria
were washed off with PS, and 100 lL of a serial
dilution of the suspension was plated onto the LB
agar. The colony forming units (CFUs) of the bacte-
ria were counted, and the antibacterial rate (R) was
calculated via the following equation:

%R ¼ ½ðB� CÞ=B� � 100% (1)

where B and C are the CFU of viable cells of the bac-
teria on the control sample and the PPC/ZnO com-
posite samples after 24 h, respectively.

RESULTS AND DISCUSSION

Preparation of PPC/ZnO nanocomposite films

Interfacial interactions between polymer and inor-
ganic components in composites can be identified
through an analysis of FTIR spectra. If a good chem-
ical interaction between the polymer matrix and the

inorganic exists, an appreciable change in the FTIR
spectra of the composite films are observed by add-
ing each component.16,17 The FTIR spectra of a pure
PPC film and four different PPC/ZnO nanocompo-
site films are shown in Figure 1. In the FTIR spec-
trum of pure PPC, a characteristic vibration band of
C¼¼O stretching is observed at 1750 cm�1, those of
CAO stretching are found at 1223 and 775 cm�1,
and that of CAH stretching is observed at 2985
cm�1. The spectra of the PPC/ZnO nanocomposite
films clearly exhibit characteristic absorption peaks
corresponding to only polymeric groups of pure
PPC. That is, the FTIR spectra of the nanocomposite
films show no apparent change or shift in the char-
acteristic peaks of pure PPC with the addition of
ZnO particles. The pure PPC and PPC/ZnO nano-
composite films yielded the same FTIR spectra,
which means a poor chemical interaction between
the PPC and ZnO occurred, or the ZnO characteristic
peak was overlapped by the PPC characteristic peak.
ZnO nanoparticles are generally polar, and thus,
strong self-interaction is induced between the nano-
particles. Such a scenario results in hard agglomer-
ates.13,23 The high polarity of ZnO nanoparticles
impedes the chemical interaction between ZnO and
the PPC matrix. This in turn causes no change or
shift in the characteristic peak found in the FTIR
analysis. Further research is needed to improve the
chemical interaction between the PPC and ZnO by
modifying the surface of the ZnO, as described in
previous studies.12,14–17

Optical properties

The optical properties of the PPC/ZnO nanocompo-
site films were measured with a UV spectrometer;
the results are presented in Figure 2. In the absorp-
tion curves of the PPC/ZnO nanocomposite films,
an absorption peak appeared at 200–370 nm in all of
the samples containing ZnO nanoparticles. The UV
absorption of the PPC/ZnO nanocomposite films
was much higher than that of the pure PPC film. In
addition, the UV absorption intensity in the region
of the flanks increased with increasing ZnO nano-
particle content. As such, UV light below � 350 nm
can be efficiently absorbed by incorporating ZnO
nanoparticles into a PPC matrix. ZnO nanoparticles
can thus improve the weatherability of a PPC film,
and the composite structure can potentially be
applied to UV-protecting and optical materials such
as coatings, cosmetics, and plastics.14,16

Thermal properties

The thermal degradation curves for a pure PPC film
and four PPC/ZnO nanocomposite films with differ-
ent compositions are shown in Figure 3. Regardless

Figure 1 FTIR spectra of a pure PPC film and the PPC/
ZnO nanocomposite films.
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of the amount of ZnO, all of the PPC/ZnO nano-
composite films exhibit a steep decrease in weight in
the range of 240–300�C. Such a trend was also
observed with a pure PPC film. The TGA and deriv-
ative thermogravimetry (DTG) curves reveal that
PPC decomposes in two steps [see Fig. 3(b)] when
no ZnO is present, which is consistent with the
results of previous studies.2 The thermal degradation
of PPC generally occurs by random main chain scis-
sion and then unzipping.1–3 In contrast, the thermal
decomposition of PPC/ZnO composites occurs in
one step. Therefore, it can be deduced that the intro-
duction of ZnO into a PPC matrix may change the
mechanism of thermal degradation in PPC. In addi-
tion, bare ZnO nanoparticles have a higher thermal
stability than the polymer matrix; so it is anticipated
that the incorporation of ZnO particles will improve
the thermal stability of pure PPC. However, the ther-
mal stability of the composite films was found to
decrease with an increase in the ZnO content, as
shown in Figure 3(a). Such a result may be due to
the inherent nature of ZnO and/or the existence of
morphological imperfections as the content of ZnO
is increased.

From the results of a pyrolysis gas chromato-
graphic analysis, Inoue and Tsuruta4 suggested that
the thermal degradation of PPC occurs in two steps:
a scission reaction of the backbone, followed by an
unzipping reaction. Carbon dioxide and propylene
oxide are ultimately produced. According to the lit-
erature,2,24 catalysts do not affect the decomposition
mechanism but slightly reduce the activation
energy and accelerate the depolymerization reaction.
Among the catalysts employed in previous studies,
catalyst precursors containing zinc or other metals

have been found to improve the catalytic efficiency
and copolymerization processes. Therefore, it is
anticipated that the incorporation of zinc oxide into
a PPC matrix may affect the degradation of PPC by
reducing the activation energy and increasing the
scission reaction rate of the backbone. As demon-
strated with the FTIR results presented earlier, a
strong interfacial interaction does not exist between
the PPC and ZnO nanoparticles. Therefore, an
increase in the thermal stability of the PPC may not
occur. However, further insight into the increased
degradation of PPC by the incorporation of ZnO is
needed.

Morphological structure

The morphological structure of organic/inorganic
composites is a very important characteristic,
because it ultimately affects the thermal stability,
mechanical properties, and water and gas permeabil-
ity of the structures. The effects of ZnO nanopar-
ticles on the morphological structure of the PPC/
ZnO nanocomposite films were investigated via
WAXD and SEM.
The WAXD patterns of the PPC/ZnO nanocompo-

site films are shown in Figure 4. A broad noncrystal-
line peak of PPC is observed in the range of 10–30�,
and several sharp diffraction peaks of ZnO are also
present. The incorporation of ZnO nanoparticles did
not produce new peaks with respect to pure PPC,
indicating that ZnO-filled PPC nanocomposites con-
sist of two phase structures: polymer and nanopar-
ticles. As the ZnO content was increased from 0 to
10 wt %, the 2y value of the peak increased from
19.1� to 19.8�. The Bragg equation was used to

Figure 3 TGA/DTG thermograms of the PPC/ZnO nano-
composite films.

Figure 2 UV absorption spectra of the PPC/ZnO nano-
composite films.
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calculate the mean intermolecular distance; the dis-
tance decreased from 4.71 to 4.54 Å as the ZnO con-
tent was increased. While the incorporation of ZnO
did not have a significant effect on the morphological
structure of the PPC, the WAXD results indicate that
the introduction of ZnO enhanced molecular ordering
in the amorphous and structureless polymer. Such a
scenario may induce a decrease in the water diffusion
and gas barrier properties in pure PPC films.

Shown in Figure 5(a–e) are SEM images of the
fractured surfaces of the PPC/ZnO nanocomposite
films, respectively. The white spots in the images
indicate ZnO nanoparticles. When the ZnO content
was less than 5%, no aggregation of the ZnO par-
ticles in the PPC matrices was observed in both the
surface and fractured surface micrographs. As such,
ZnO nanoparticles were well-dispersed in the matri-
ces of the composite films with a ZnO content of
less than 5%. In contrast, agglomeration of ZnO was
apparent in both the top surface and the fractured
surface for the composite films containing 10% ZnO
nanoparticles. This can be confirmed by the TEM
investigations as shown in Figure 6. Whereas no
large ZnO agglomerations were observed in 3%
PPC/ZnO nanocomposite films, the composite film
with 10% ZnO showed apparent agglomeration of
ZnO in the PPC matrix. This inhomogeneous disper-
sion of fillers and imperfect morphology can yield
adverse effects on the thermal properties, water
sorption, and gas permeabilities of the PPC/ZnO
nanocomposite films. In general, the formation of
ZnAOAZn bonds among the nanoparticles due to
the existence of water molecules results in hard
agglomerates, which impede the applicability of the
ZnO nanoparticles.23

Water sorption and oxygen permeability

In packaging applications, a higher moisture content
and fast moisture/gas transmission considerably
restrict its use as potential packaging materials.

Figure 4 WAXD patterns of the PPC/ZnO nanocompo-
site films.

Figure 5 SEM images of the fractured surfaces of the PPC/ZnO nanocomposite films.
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Thus, the water sorption behaviors of the PPC/ZnO
nanocomposite films were gravimetrically investi-
gated at 25�C and 100% relative humidity20,21; the
results are shown in Figure 7. The water sorption
isotherms are nearly Fickian, as is observed for vari-

ous polymers in films.19 Therefore, all of the meas-
ured sorption isotherms were analyzed with the fol-
lowing equation, which is the mathematical solution
for water diffusion in an infinite slab with a constant
surface concentration19–21:

MðtÞ
Mð1Þ ¼ 1� 8

p2
X1

m¼0

1

ð2mþ 1Þ2 expð
�Dð2mþ 1Þ2p2t

L2
Þ

(2)

where M (t) is the water uptake at time t, M (1) is
the water uptake at t ¼ 1, D (cm2/sec) is the diffu-
sion coefficient of water, and L is the thickness of
the PPC/ZnO composite film. The experimental data
for the entire range were fitted with Eq. (2), leading
to an estimation of the diffusion coefficient and
water uptake. The results are summarized in Table I.
The pure PPC film yielded a diffusion coefficient

of 12.0 � 10�10 cm2/sec and a water uptake of 2.01
wt %; the composite films with ZnO exhibited a rel-
atively lower diffusion coefficient and water uptake.
Both the diffusion coefficient and the water uptake
decreased as the content of ZnO in the PPC was
increased. This indicates that the water resistance
capacity of PPC is greatly enhanced with the incor-
poration of ZnO. However, when compared with
the PPC/ZnO composite film with 5% ZnO, the 10%
ZnO sample did not exhibit a noticeable decrease in
the diffusion coefficient and water uptake. Such a
result may be due to imperfections in the morphol-
ogy.20,21 The OTRs of the PPC/ZnO nanocomposite
films were also investigated with an oxygen permea-
tion analyzer. As shown in Table I, a neat PPC film
exhibited an OTR of 554 mL/m2 day, while the sam-
ples with ZnO particles yielded relatively lower
OTRs. As displayed in Figure 8, the OTR decreased
as the content of ZnO in the PPC was increased.
Such a trend was also observed in the diffusion coef-
ficient and water uptake data obtained from the
water sorption experiments.
The water sorption and oxygen permeability anal-

yses revealed that the incorporation of ZnO particles
leads to a reduction in the transmission rate and the
amount of penetrant. Such findings indicate a
decrease in both the potential capacity of the PPC
matrix to sorb permeant molecules and the ability of
those molecules to diffuse through the polymeric
material. However, the composite film with 10%
ZnO exhibited a relatively high diffusion coefficient,
water uptake, and OTR.
In general, the diffusion and barrier performance

of a polymer film is strongly dependent on the mor-
phological structure of the films, which includes the
crystallinity, orientation, chain stiffness, free volume,
and cohesive energy density of the polymer. The
addition of inorganic fillers typically increases the

Figure 6 TEM patterns of the PPC/ZnO nanocomposite
films: (a) ZnO 3% and (b) ZnO 10%.

Figure 7 Water sorption isotherms of the PPC/ZnO
nanocomposite films measured at 25�C and 100% relative
humidity.
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barrier property of the penetrant if the inorganic fil-
ler has a high degree of adhesion and good compati-
bility with the matrix polymer. From analyses of the
SEM images, the ZnO and the polymer in the com-
posite film with 10% ZnO appeared to be incompati-
ble and lacked adhesion. A poor interaction between
the ZnO and PPC at the PPC/ZnO interface

and imperfections in morphology may lead to an
increase in the free volume of the system and, conse-
quently, less of a decrease in the water sorption and
OTR of the 10% PPC/ZnO nanocomposite film.

Antibacterial properties

The antibacterial properties of plastics have attracted
an increasing amount of attention.12,13,18,25,26 In this
study, the antibacterial testing of the PPC/ZnO
nanocomposite films was performed according to
the JIS Z 2801 standard22; E. coli and Lactobacillus
were employed as the target organisms. The antibac-
terial test results and representative photographic
images are given in Table II. Each sample was com-
pared with a control sample that contained no ZnO.
As shown in Table II, the percentage reductions

(%R value) for both E. coli and Lactobacillus are
strongly dependent on the content of ZnO. The %R
value for E. coli is 0.0% for the pure PPC film and
100% for the 10% ZnO composite film, while for
Lactobacillus, the %R values are 0.0% and 87.5% for
the pure PPC and 10% ZnO composite films, respec-
tively. Such results indicate that a pure PPC film has
no antibacterial activity against both E. coli and
Lactobacillus. The antibacterial activity apparently
increased with an increase in the content of
ZnO.12,13,18 Furthermore, the PPC/ZnO nanocompo-
site films exhibited stronger inhibitory effects against
E. coli than toward Lactobacillus. It can be concluded

Figure 8 Oxygen transmission rate (OTR) of the PPC/
ZnO nanocomposite films measured at 25�C.

TABLE II
Results of the Antibacterial Test of the PPC/ZnO Composite Films toward E. coli and Lactobacillus

PPC/ZnO 0% PPC/ZnO 1% PPC/ZnO 3% PPC/ZnO 5% PPC/ZnO 10%

E. Coli Photo-image

%Ra 0.0% 28.6% 66.7% 76.2% 100%

Lactobacillus Photo-image

%Ra 0.0% 22.5% 45.3% 60.2% 87.5%

a % Reduction of viable bacterial cell (¼ (B�C)/B � 100%), where B and C are the average number of viable cells of
bacteria on the control sample and the PPC/ZnO composite samples after 24 h, respectively.

TABLE I
Diffusion Coefficient, Water Uptake, and Oxygen Transmission Rate of the PPC/ZnO Nanocomposite Films

Sample Thickness (lm)
Diffusion coefficient
(�10�10 cm2/sec)

Water uptake
(wt %)

Oxygen transmission
rate (mL/m2 day)

PPC/ZnO 0% 18 12.0 2.01 554
PPC/ZnO 1% 18 8.3 1.34 272
PPC/ZnO 3% 20 6.7 0.94 296
PPC/ZnO 5% 19 5.1 0.62 145
PPC/ZnO 10% 22 6.4 0.65 140
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that the antibacterial properties of the nanosized
PPC/ZnO nanocomposite films are due to the ZnO
nanoparticles. The antibacterial activity of ZnO is
believed to be caused by the generation of hydrogen
peroxide (H2O2) from the ZnO surface.18 As such,
more ZnO in the polymer matrix should result in
more antibacterial activity in polymer/ZnO compos-
ite films. In previous studies, the incorporation of
ZnO into polymer films led to an inhibitory effect
on the growth of Gram-negative bacteria such as
E. coli and Gram-positive bacteria such as
Lactobacillus.12,13,18

CONCLUSIONS

Five PPC/ZnO nanocomposite films with different
compositions were prepared, and their physical and
antibacterial properties were investigated in terms of
the ZnO content as required for packaging applica-
tions. While the PPC/ZnO nanocomposite films
exhibited good dispersion in the range of 1–5 wt %
ZnO, solution blending did not yield a strong inter-
action between the PPC and unmodified ZnO. By
incorporating inorganic ZnO filler nanoparticles, the
diffusion coefficient, water uptake, and oxygen
permeability of the composite structures decreased
as the content of ZnO was increased. In addition,
the PPC/ZnO nanocomposite films displayed a
good inhibitory effect on the growth of bacteria. The
enhanced water/oxygen barrier properties and good
antibacterial properties of PPC/ZnO nanocomposite
films make them potential candidates for versatile
packaging applications. However, further research is
needed to increase the compatibility and dispersion
of the PPC matrix polymer and inorganic ZnO filler
nanoparticles.
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