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ABSTRACT: The feasibility of chitosan or/and clay coat-
ings as an alternative oxygen barrier material to poly(lactic
acid) (PLA) film was investigated. The coated films were
composed of natural materials based on biodegradable
and biocompatible polymers, which exhibit excellent oxy-
gen-barrier properties compared with neat PLA films.
Thus, these films can contribute toward effectively reduc-
ing environmental pollution. The chitosan/clay nanocom-
posite solutions were effectively dispersed through the
clay using an ultrasonic bath and homogenizer. The bar-
rier and morphology properties of the PLA films were
tested by measuring selected film properties such as oxy-

gen transmission rate (OTR), water vapor transmission
rate (WVTR), field emission scanning electron microscopy,
X-ray diffraction and transmission electron microscope.
OTR values measured using the chitosan and chitosan/
clay nanocomposite coatings were significantly lower than
those measured for neat PLA film. WVTR values meas-
ured using chitosan/clay nanocomposite coatings were
also lower than those measured for neat PLA film and
PLA film coated with chitosan. VC 2012 Wiley Periodicals, Inc.
J Appl Polym Sci 125: E675–E680, 2012
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INTRODUCTION

The growth of environmental concerns over syn-
thetic polymers has raised interest in the use of bio-
degradable alternatives originating from renewable
sources. Although biodegradable films are more
expensive than petrochemical materials, they will
biodegrade into CO2, water, and biomass under
aerobic conditions, or methane and biomass under
anaerobic conditions.1–3 Based on these characteris-
tics, biodegradable films can contribute toward effec-
tively reducing environmental pollution.

Among the renewable source-based biodegradable
plastics, poly(lactic acid) (PLA) is one of the most
promising materials since it is thermoplastic, biode-
gradable, biocompatible and has high-strength, high-
modulus, and good processability.4 PLA can also be
synthesized by condensation polymerization of lactic
acid monomers or by the ring opening polymeriza-
tion of lactide monomers, and these monomers are
obtained from the fermentation of renewable sugar

feedstock such as corn or sugar beets.5 Because of
high-production costs, in the early stages of its de-
velopment PLA was used in limited areas, such as
in the preparation of medical devices (bone surgery,
suture, and chemotherapy, etc.). Since production
costs have been lowered by new technologies and
large-scale production, the application of PLA has
now been extended to other commodity areas such
as packaging, textiles, and composite materials.6

Recently, antimicrobial PLA films were developed
by solvent casting methods.7 In addition, PLA film
can also be made by conventional film extrusion
methodology. For these reasons, PLA is an excellent
candidate for producing commercial, compostable
packaging material. One limitation of PLA is that it
is fairly stiff at room temperature. Therefore, a plas-
ticizer is commonly added to promote flexibility.8–10

Another major limitation of PLA relative to polyole-
fin is that it has poor gas barrier properties.11

In this article, a new method was taken where
PLA films with poor gas barrier properties were
coated with chitosan or chitosan/clay nanocompo-
site. The coated films were composed of natural
materials based on biodegradable and biocompatible
polymers, which exhibit excellent oxygen-barrier
properties compared with neat PLA films. Thus,
these films can contribute toward effectively reduc-
ing environmental pollution.
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Recently, nanoscale composites of polymers with
unmodified clay or modified clay have been studied
extensively.12–17 The potential improvements include
enhanced mechanical strength, weight reduction,
increased heat resistance, and improved barrier
properties.18 Montmorillonite (MMT) is the most
widely used cationic clay of the smectite group in
the generation of polymer nanocomposites. MMT is
hydrated alumina-silicate layered clay made up of
two silica tetrahedral sheets fused to an edge-shared
octahedral sheet of aluminum hydroxide.

Chitosan is a polysaccharide derived from chitin
and is mainly composed of 2-amino-2-deoxy-b-D-glu-
copyranose repeating units and is a polymer based
on a renewable material, which exhibits excellent ox-
ygen-barrier properties due to its high crystallinity
and hydrogen bonds between the molecular
chains.19–21 Chitosan and chitin, next to cellulose, are
also the second most plentiful natural biopolymers,
and are examples of highly basic polysaccharides.
Because of this unique property, many potential
products using chitosan have been developed,
including flocculating agent, chelating agent, addi-
tives, adhesives, and coatings.22

The main objective of this study was to improve
the O2 barrier properties of PLA films coated with
chitosan/clay nanocomposite, and to determine
some selected properties including oxygen perme-
ability (OP) and water vapor transmission rate
(WVTR), as well as assessments by field emission
scanning electron microscopy (FESEM), and X-ray
diffraction (XRD).

MATERIALS AND METHODS

Materials

The chitosan was purchased from Samsung Chitopia
Co. (Siheung, South Korea) and had a degree of
deacetylation of 88.8% and a viscosity of 150 cps. The
clay, i.e., the organically modified MMT (Cloisite 30B),
with a cationic exchange capacity of 90 mequiv/100 g,
was supplied by Southern Clay Products (Gonzales,
TX). PLA films of 20-lm thickness were supplied by
SKC Co., Ltd. (Suwon, South Korea).

Preparation of PLA films coated with
chitosan/clay nanocomposites

A chitosan aqueous solution was prepared by dis-
solving 2 g of chitosan powder into 100 mL of dis-
tilled water containing 1% (v/v) acetic acid. This
chitosan solution was mixed with a mechanical stir-
rer until fully dissolved. Next 40% (by weight) of
glycerol was added to the chitosan solution and
then glycerol was homogeneously dispersed by vig-
orous stirring. All samples included glycerol as a

plasticizer because the chitosan coating without glyc-
erol was very brittle (in the case of the chitosan coat-
ing only these solutions were used). Then, 1 wt % of
clay (vs. chitosan) was added to the chitosan solu-
tion with vigorous stirring overnight. These clay sus-
pensions were then treated in an ultrasonic bath for
1 h to expand the gap of clay layers, and clay sus-
pensions were mixed using a magnetic stirrer for 1
h. The mixture was homogenized for 25 min with
optimal shear rates (16,000 rpm)
After stirring, PLA films were individually coated

with each chitosan or chitosan/clay solution using
an automatic film applicator (Yasuda, Japan). The
coating speed was 300 mm/s at 60 Hz. The chitosan
or chitosan/clay-coated PLA films were dried at am-
bient conditions for 24 h.

Water vapor transmission rate (WVTR)

The WVTR values of films were measured using a
PERMATRAN-WVR Model 3/61 apparatus
(MOCON). Test films were first placed into the six
test cells. As the water vapor diffused through the
test film, it was carried by carrier gas (N2) to the de-
tector, and WVTR was continuously recorded. Per-
matran response was calibrated using a reference
film provided by the manufacturer. The tests were
performed in triplicate and average mean values
were used. Testing was carried out at 38�C under a
relative humidity of 100%. WVTR was obtained in
g/m2 day. All specimens were conditioned at ambi-
ent conditions.

Oxygen transmission rate (OTR)

The OTR values of films were measured using an
OX-TRANVR Model 2/61 apparatus (MOCON, USA).
OTR represents the ease with which O2 traverses
films when submitted to a gradient in the partial
pressure of O2 across the films. It is expressed as the
quantity (Q) of O2 molecules passing through a film
surface area (A) during time (t) at steady state,
under a partial pressure difference (Dp) in O2

between the two surfaces of the sample:

OTR ¼ Q=A � t � Dp (1)

Testing was performed at 23�C under an RH of
0%. OTR was measured as cc/m2 day transmission
rate (WVTR). Measurements were taken three times
and the average value was calculated. All specimens
were conditioned at ambient conditions.

Haze

Haze is the scattering of light as it passes through a
transparent material, resulting in poor visibility
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and/or glare. Transmittance measures the amount of
light that passes through a sample. Haze and trans-
mission measurements can be useful in product de-
velopment, process development, and end-use per-
formance testing. Film haze was measured using a
Model NDH5000 haze meter (Nippon Denshoku
Industries, Japan). The double-beam measurement
system utilized a 150-mm integrating sphere with a
compensating aperture, applied barium sulfate, and
a hatch type trap. The light source was a white
light-emitting diode. Triplicate measurements were
performed with individually prepared film samples
and the average value was calculated.

Field emission scanning electron microscopy

Film surface morphology was measured by FESEM
using a MIRA II LM apparatus (Tescan, Czech
Republic) operating at 5.0 kV. Images at 3000� and
500� magnification were acquired.

X-ray diffraction

Wide-angle XRD patterns of the film specimens
were recorded using small-angle X-ray scattering.
The apparatus was equipped with a General Area
Detector Diffraction System (GADDS; Bruker AXS,
Germany). The area detector operated at a voltage of
40 kV and a current of 45 mA with CuKa radiation
(k ¼ 0.15406 nm). The basal spacing of the silicate
layer (d001) was calculated using Bragg’s Equation
(2), allowing calculation of the gap between nano-
clay layers:

2d sin h ¼ nk; (2)

where n ¼ 1 and k ¼ 1.5406 Å.
Equation (2) can be applied when the XRD angle

is small. The parameter definitions are as follows: d
is the spacing between the diffracting lattice planes,
y is the measured diffraction angle, n is an integer,
and k is the wavelength of the X-ray radiation used.

Transmission electron microscopy

For transmission electron microscope (TEM) obser-
vation, 70-nm sections of the samples were prepared
by cutting the sample at room temperature using
ultramicrotome at a cutting speed of 0.6 mm/s. The
sections were collected in a water-filled trough and
placed on 200-mesh copper grids and were cut per-
pendicular to the surface of the film. The TEM
images were taken with a Philips Tecnai 12 TEM at
an accelerating voltage of 120.0 kV and the HRTEM
images and SAED patterns were taken with a FEI
Tecnai 20 TEM equipped with a TVIPS CCD camera
at an accelerating voltage of 200.0 kV.

Statistical analysis

The OTR, WVTR, and Haze measurements were per-
formed using individually coated films in triplicate,
as the replicated experimental units. The significance
of each mean property value was determined (P <
0.05) by Duncan’s multiple range test with SAS soft-
ware. Each value in a figure is the mean of three
replicates with the standard deviation. Any two
means in the same figure followed by the same letter
are not significantly (P > 0.05) different by Duncan’s
multiple range test.

RESULTS AND DISCUSSION

Water vapor transmission rate (WVTR)

Figure 1 shows the WVTR values of neat PLA films,
PLA films coated with chitosan, and PLA films
coated with chitosan/clay nanocomposite. The
WVTR of the neat PLA films was 556 g/m2 day
(PLA film thickness : 20 lm), and the WVTR values
of the PLA films coated with chitosan and with chi-
tosan/clay nanocomposite were 515 and 431 g/m2

day, respectively (PLA film thickness : 20 lm, chito-
san coating thickness : 2 lm). Particularly, the
WVTR values of PLA films coated with chitosan/
clay nanocomposite decreased by 14% compared
with the neat PLA films and PLA films coated with
chitosan. The decrease in WVTR of the PLA films
coated with chitosan/clay nanocomposite is believed
to be due to the presence of ordered dispersed nano-
particle layers with large aspect ratios in the poly-
mer matrix.23 In accordance with this result, the
WVTR of polymer/clay nanocomposites can be sig-
nificantly improved by the incorporation of micro/
nanoclay in the film matrix.14 Furthermore, most
hydrophilic natural biopolymers are more compati-
ble with unmodified MMT (Na-MMT), which is
hydrophilic. However, organically modified MMT
(Cloisite 30B) was used in this research based on
previous investigations. Cloisite 30B is a natural

Figure 1 WVP of neat PLA films, PLA films coated with
chitosan, and PLA films coated with chitosan/clay
nanocomposite.
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MMT modified with a quaternary ammonium salt. It
was showed that Cloisite 30B, which is less hydro-
phobic than other organically modified MMTs, there
is also layer distance increase in interlayer d-spacing
compared with that of Na-MMT. It was also demon-
strated that chitosan/Cloisite 30B nanocomposite
exhibited an additional antimicrobial activity due to
the quaternary ammonium structure of Cloisite 30B.24

Oxygen transmission rate (OTR)

The OTRs of neat PLA films, PLA films coated with
chitosan, and PLA films coated with chitosan/clay
nanocomposite are shown in Figure 2. The OP value
of the neat PLA films was 736 cc/m2 day (PLA film
thickness : 20 lm), and the OTR values of the PLA
films coated with chitosan and those coated with
chitosan/clay nanocomposite were 8 and 4 cc nm/
m2 day, respectively (PLA film thickness : 20 lm,
chitosan coating thickness : 2 lm). In particular, the
OTR values of PLA films coated with the chitosan/
clay nanocomposite decreased by 99.5% compared
with the neat PLA films. This observed decrease in
OTR is of great importance in evaluating films for
use in food packaging, coatings, and other applica-
tions where an efficient polymer barrier is needed.
This result also indicates that chitosan and chitosan/

clay nanocomposite coatings on PLA film are eco-
friendly materials that can be used as a powerful ox-
ygen barrier. Between the chitosan and the chito-
san/clay nanocomposite coatings, OTR values were
not significantly different. In the case of polymer/
clay nanocomposites, the addition of nanoclay to a
pure polymer film improves barrier properties,25,26

due to the combination of two phenomena:
decreased area available for diffusion due to the
replacement of preamble polymer by the imperme-
able nanoclays, and the increased distance a solute
must travel to cross the film as it follows a tortuous
path around the impermeable nanoclays.27

Field emission scanning electron microscopy

FESEM images of the PLA films coated with chito-
san and those coated with chitosan/clay nanocom-
posites are shown in Figure 3. In Figure 3(a), the
cross-section image of PLA films coated with chito-
san shows approximately 2 lm coating thickness.
The surface image of PLA films coated with chito-
san/clay nanocomposites in Figure 3(b) indicates well
dispersed and small size clay particles, which is evi-
dence of the enhanced dispersion of chitosan/clay
nanocomposite as achieved by the homogenizer and
the sonicator. In this research, the haze properties in
Figure 4, and the XRD pattern in Figure 5 indicated
that clay particles were intercalated.14 In the case of
polymer/clay nanocomposites, the dispersed phase
in nanocomposite membranes becomes more spheri-
cal in shape and the size of the domains decrease.28

As the addition of modified clay, the aggregates are
small, also confirming that better dispersion of the
modified clay and polymer matrix was achieved.29

Haze properties

The haze values of PLA films coated with chitosan
were similar to those of the neat PLA films (Fig. 4).
However, the haze values of the PLA films coated
with chitosan/clay nanocomposite were higher than

Figure 2 OP of neat PLA films, PLA films coated with
chitosan, and PLA films coated with chitosan/clay
nanocomposite.

Figure 3 FESEM micrograph of (a) cross-section of PLA films coated with chitosan and (b) surface of PLA films coated
with chitosan/clay nanocomposite.

E678 PARK ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



those of the PLA films coated with chitosan, which
is consistent with observations of hindered light pas-
sage by impermeable nanoclays. Nevertheless, the
degree of increase in haze was not markedly
changed. In general, the optical properties of well-
developed nanocomposite film in polymer/clay
nanocomposites are generally not markedly changed
when clay platelets with a thickness of about 1 nm
are well dispersed through the polymer matrix, since
a particle’s diameter is less than the wavelength of
visible light, and so the passage of light is unhin-
dered.30 However, the large decrease in the transmit-
tance of the composite films indirectly indicates an
incomplete dispersion of the clays in the polymer
matrix. Also, the transmittance of composite films
decreases linearly with increases in clay content.31

X-ray diffraction

Clay dispersion within the chitosan was character-
ized by XRD. Figure 5 shows the XRD patterns of
Cloisite 30B powder and PLA films coated with chi-
tosan/clay nanocomposite. The XRD patterns of
Cloisite 30B revealed a diffraction peak at 2y ¼
4.89�, suggesting a layer distance of 1.81 nm. This
indicates that there is a 0.62 nm increase in inter-
layer d-spacing compared with that of Na-MMT (2y:
7.41�, layer distance: 1.19 nm) due to the replace-
ment of sodium ions with quaternary ammonium
cations.30 The peak of the PLA films coated with chi-
tosan/clay nanocomposite was shifted to a lower
angle, corresponding to an increase in d-spacing to
6.09 nm (2y: 1.45�). The higher basal spacing of these
PLA films, as compared to clays (tiny shoulder, 2y:
1.49�, layer distance: 5.92 nm), is attributable to
effective dispersion through the use of the homoge-
nizer and sonicator.31 The XRD patterns of the PLA
films using chitosan-containing clays indicate that
the clays can form an intercalated nanostructure. A
far more effect way of visualizing nanocomposite
morphology is via TEM. In chitosan/clay nanocom-
posite with a small amount of clay, the reflection
peak of the pristine clay disappeared and a tiny

shoulder appeared at a low angle. This indicates the
formation of an exfoliated structure, which is disor-
dered. Because of the hydrophilic and polycationic na-
ture of chitosan in acidic media, chitosan is highly mis-
cible with MMT and can easily intercalate into the
interlayers by means of cationic exchange. In addition,
the higher basal spacing of clays in polymer/clay com-
posites is due to the intercalation of polymer chains
inside the clay layers. The mixed state of intercalated
or exfoliated structures can be observed in various
weight compositions with modified nanoclay.32

Transmission electron microscopy

TEM is one of the main tools used for determining
the dispersion formation of clay layers.33 TEM
images of the dispersion of clay (Cloisite 30B) within
CS/clay nanocomposites are presented in Figure 6.

Figure 4 Haze properties of neat PLA films, PLA films
coated with chitosan, and PLA films coated with chito-
san/clay nanocomposite.

Figure 5 XRD patterns of clay (Cloisite 30B) and PLA
films coated with chitosan/clay nanocomposite. [Color fig-
ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

Figure 6 TEM image of PLA film coated with chitosan/
clay nanocomposite.
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They were well-ordered and dispersed in the chito-
san matrix. It was indicated that the interlayer d-
spacing between nanoclay layers were expanded
and that the chitosan/clay nanocomposites were
intercalated into the layers of clay. However,
although CS/clay nanocomposite was generated
with these appropriate processing conditions, perfect
exfoliation was not produced and three dispersion
types of clay layers such as tactoids, exfoliation, and
intercalation were investigated as results of TEM.

CONCLUSION

The use of chitosan/clay nanocomposite coatings
improved the water vapor barrier properties of PLA
films. This result indicates that the clay particles
were effectively dispersed using the homogenizer
and sonicator. In particular, the use of chitosan or
chitosan/clay nanocomposite coatings significantly
improved oxygen barrier properties of the PLA
films. This result indicates that chitosan or chitosan/
clay nanocomposite coatings on PLA film are eco-
friendly materials that can be used as powerful oxy-
gen barriers. Therefore, these increased oxygen and
water vapor barrier properties suggest the great
potential of PLA films coated with chitosan and chi-
tosan/clay nanocomposite in the application of phar-
maceutical and food packaging films.
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