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a  b  s  t  r  a  c  t

Agar/clay  (Cloisite  Na+)  nanocomposite  films  with  different  amount  of  the  nanoclay  (0,  2.5,  5,  10,  15,  and
20  g  clay/100  g agar)  were  prepared  using  a solution  intercalation  method.  Results  on X-ray  diffraction
(XRD)  and  scanning  electron  microscopy  (SEM)  revealed  well  developed  intercalated  nanocomposite
films  especially  at low  level  of nanoclay  addition,  and  their  properties  were  greatly  influenced  with  the
clay  content.  Tensile  strength  (TS)  increased  with  increase  in  the  clay  content  up  to  10%,  and  decreased
eywords:
gar
anocomposite films
lay content
echanical properties

with  more  than  10%  of clay  incorporation.  Water  vapor  permeability  (WVP),  water  vapor  uptake  ratio
(WVUR5), and  water  solubility  (WS)  decreased  with  increase  in  the  nanoclay  content  due  to  the  tortuous
path  for  water  vapor  diffusion  and  strong  structure  formed  between  the  intercalated  silicate  layers  and
the polymer  matrix.  Hydrophilicity  of the  nanocomposite  films  increased  with  increase  in the  hydrophilic
nanoclay,  resulted  in  decreased  water  contact  angle  (CA)  and  increased  swelling  ratio  (SR).
ater vapor barrier properties

. Introduction

Concerns on environmental impact and exhausting natu-
al resources caused by non-biodegradable petrochemical-based
lastic packaging materials have led to a renewed interest on
iopolymer-based packaging materials (Siracusa, Rocculi, Romani,

 Rossa, 2008; Weber, Haugaard, Festersen, & Bertelsen, 2002).
he use of biopolymer-based packaging materials is expected to
olve these problems to a certain extent. Such biopolymers are
sually derived from annually renewable natural resources includ-

ng carbohydrates and proteins of plant or animal origin (Boredes,
ollet, & Avérous, 2009). As one of such renewable source-based
iodegradable packaging materials, agar has been tested as an
lternative source for the non-biodegradable and nonrenewable
lastic packaging materials since it is thermoplastic, biodegradable,
iocompatible and has high mechanical strength with moderate
ater resistance (Freile-Pelegrín et al., 2007; Phan, Debeaufort,

uu, & Voilley, 2005; Phan, Debaufort, Voilley, & Luu, 2009; Wu,
eng, Chang, Yu, & Ma,  2009). Agar is a fibrous carbohydrate
xtracted from a number of marine algae of the class Rhodophyceae,
alled ‘red seaweeds’, such as Gelidium sp.  and Gracilaria sp.  It is
omposed of �-d-galactopyranosyl linked (1 → 4) to a 3,6-anhydro-

-l-galactopyranosyl unit with partially sulfated, and it produces
erceptible gels at concentrations as low as 0.04% (Labropoulos,
iesz, Danforth, & Kevrekidis, 2002). Agar has been tested to pre-
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pare environmentally friendly packaging materials such as foams,
films and coatings (Freile-Pelegrín et al., 2007; Lee, Lee, & Song,
1997; Phan et al., 2005, 2009), and added to other biopolymers such
as milk protein (Letendre, D’Aprano, Lacroix, & Salmieri, 2002) and
starch (Wu et al., 2009) to improve mechanical and water vapor
barrier properties. However, brittleness and other properties such
as low thermal stability, medium gas barrier properties and low
water resistance of the pure biopolymer are often insufficient for
food packaging applications (Cabedo, Feijoo, Villanueva, Lagarón, &
Giménez, 2006; Sorrentiono, Gorrasi, & Vittoria, 2007).

Recently, a new class of materials represented by bionanocom-
posites has been suggested as a promising option in improving
mechanical and barrier properties of biopolymer-based packaging
materials (Pandey et al., 2005; Pavlidou and Papaspyrides, 2008;
Rhim and Ng, 2007; Sinha Ray and Bousmina, 2005). Nanocompos-
ite is a hybrid material consisting of polymer matrix reinforced with
nano-scale fillers having at least one dimension in the nanome-
ter range. Generally, 2:1 layered silicate (or 2:1 phyllosilicates)
clays such as montmorillonite, saponite or hectorite are used as
nanofiller for the preparation of nanocomposite in the packag-
ing sector since they are environmentally friendly, non-toxic and
abundant in nature (Alexandre and Dubois, 2000). A well devel-
oped nanocomposite, in which nanoclays are evenly dispersed
in the state of intercalated or exfoliated in the polymer matrix,
exhibits significant improvements to the polymer matrix in terms

of mechanical, gas barrier, solvent resistance, and optical prop-
erties at low filler content (less than 5% by weight) (Alexandre
and Dubois, 2000; Brody, 2003; Pandey et al., 2005; Pavlidou and
Papaspyrides, 2008; Rhim and Ng, 2007; Sinha Ray and Bousmina,

dx.doi.org/10.1016/j.carbpol.2011.05.010
http://www.sciencedirect.com/science/journal/01448617
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005). Formation of nanocomposites and the resulting property
nhancements are known to depend not only on the compatibil-
ty between nanofillers and polymer matrix, but also on the clay
ypes and their concentration and on their preparation methods
Arora and Padua, 2009; Pavlidou and Papaspyrides, 2008; Rhim
t al., 2006).

Various natural biopolymers, including carbohydrates such as
ellulose (Park et al., 2004; Petersson and Oksman, 2006), starch
Avella et al., 2005; Cyras et al., 2008; Park et al., 2002), and chi-
osan (De Mesquita et al., 2010; Rhim et al., 2006), and proteins
uch as soy protein (Kumar et al., 2010a,b), gelatin (Bae et al., 2009;
ao, 2007), wheat gluten (Mauricio-Iglesias et al., 2010; Tunc et al.,
007), and whey protein (Hedenqvist et al., 2006; Sothornvit et al.,
010; Zhou et al., 2009) have been tested to exploit the property
nhancement through the formation of nanocomposites. However,
nly a few studies on the preparation of agar-based nanocom-
osite films have been performed (Jang et al., 2010; Rhim, Lee,

 Hong, 2011). Jang et al. (2010) prepared nanocomposite films
sing freeze-dried powder of hot water extracted red algae (Gelid-

um corneum) and nanoclay (Cloisite Na+) to improve the physical
roperties of the film. Rhim et al. (2011) prepared agar-based
anocomposite films using food grade agar and three different
ypes of nanoclays, i.e., a natural montmorillonite (Cloisite Na+) and
wo organoclays (Cloisite 30B and Cloisite 20A), and reported that
he clay types played a crucial role to the formation of nanocompos-
te and properties of the polymer/clay nanocomposite. They found
hat the hydrophilic Cloisite Na+ was the most compatible with agar
olymer matrix as evidenced by the XRD results and the physical
roperties such as transparency, mechanical, water vapor barrier,
nd other water resistance properties.

By the way, the performance properties of the biopolymer/clay
anocomposites are dependent on various factors such as compat-

bility between polymer matrix and type of nanoclays (Rhim et al.,
011), nanocomposite preparation methods (Müller et al., 2011)
nd nanoclay content (Sothornvit et al., 2010). Therefore, it is very
mportant to test the effect of clay content to determine the opti-

um  concentration of nanoclay in order to prepare nanocomposite
lms with desired film properties for the packaging application.

The main objective of this study was therefore to investigate the
ffect of content of nanoclays on the packaging film properties such
s the mechanical, water vapor barrier, water resistance properties
f the prepared agar-based nanocomposite films.

. Materials and methods

.1. Materials

Food grade agar was obtained from Fine Agar Agar Co., Ltd.
Damyang, Jeonnam, Korea). An unmodified natural montmoril-
onite (Cloisite Na+: cation exchange capacity of 92 meq/100 g) was
urchased from Southern Clay (Gonzales, TX, USA). Glycerin was
urchased from Daejung Chemicals & Metals Co., Ltd. (Siheung,
yonggido, Korea).

.2. Preparation of films

Agar and agar-based nanocomposite films were prepared using
 solvent casting method proposed by Rhim et al. (2011).  Film solu-
ions were prepared by dissolving 4 g of agar in 150 mL  of distilled
ater with 2 g of glycerin as plasticizer while mixing vigorously

or 30 min  at 95 ◦C using a magnetic stirrer. The film solution was

ast evenly onto a leveled Teflon film (Cole-Parmer Instrument Co.,
hicago, IL, USA) coated glass plate (24 cm × 30 cm), then dried for
bout 24 h at room temperature and the resultant film was peeled
rom the casting surface. In addition, agar nanocomposite films
mers 86 (2011) 691– 699

with various clay contents, 2.5, 5, 10, 15, and 20% (part clay per 100
part agar), were prepared using a solution intercalation method
(Rhim et al., 2011). First, precisely weighed nanoclay (Cloisite Na+)
was dispersed into distilled water (150 mL)  and stirred using a mag-
netic stirrer for 24 h to reach complete swelling of the clay. The fully
hydrated nanoclay solution was  homogenized using a high shear
mixer (T25 basic, Ika Labotechnik, Janke & Kunkel Gmbh & Co., KG
Staufen, Germany) at 20,500 rpm for 10 min  followed by sonication
for 10 min  using a High Intensity Ultrasonic Processor (Model VCX
750, Sonics & Materials Inc., Newtown, CT, USA) with medium size
tip (2 cm diameter). Four grams of agar and 2 g of glycerin were
then dissolved into the nanoclay solutions and heated for 30 min
at 95 ◦C with vigorous mixing using a magnetic stirrer, cast onto
the glass plate and followed by the same procedures, as described
above.

2.3. Film thickness and conditioning

Test films were cut into 7 cm × 7 cm and 2.54 cm × 15 cm-sized
pieces for the measurement of water vapor permeability (WVP)
and transmittance, and tensile properties, respectively. Film thick-
ness was measured using a micrometer (Dial Thickness gauge 7301,
Mitutoyo, Japan) at an accuracy of 0.01 mm.  All the film samples
were preconditioned in a constant temperature humidity chamber
set at 25 ◦C and 50% RH for at least 48 h.

2.4. Transparency

Film transparency was determined by measuring the percent
transmittance at 660 nm using a UV/VIS spectrophotometer (Model
8451A, Hewlett–Packard Co., Santa Alara, CA, USA) (Rhim et al.,
2006).

2.5. Surface morphology

Surface morphology of the agar and agar/Cloisite Na+ nanocom-
posite films were observed using a FE-SEM (Field Effect Scanning
Electron Microscope; S-4800, Hitachi Co., Ltd., Matsuda, Japan)
operated at Vacc = 1 kV and Ie = 10 �A.

2.6. XRD pattern

XRD patterns of the nanoclay and agar/clay nanocomposite films
were taken with a PANalytical Xpert pro MRD  diffractometer (Ams-
terdam, Netherland), operated at 40 kV and 30 mA,  equipped with
Cu K� radiation at a wavelength of 0.1546 nm and a curved graphite
crystal monochromator. Samples were scanned over the range of
diffraction angle of 2� = 1 − 10◦ with a scanning rate of 0.4◦/min at
room temperature. The basal spacing of the silicate layer (d0 0 1) was
calculated using the Bragg’s diffraction equation, � = 2d sin �, where
� is the wavelength of the X-ray radiation used (0.1546 nm), d is the
spacing between diffraction lattice planes and � is the measured
diffraction angle.

2.7. Surface roughness

Three dimensional images of the films were observed using an
AFM (Atomic Force Microscope; also called SPM: Scanning Probe
Microscope; XE-100, Park AFM Co, Ltd., Suwon, Korea) in non-
contact mode with scan size of 20 �m.
2.8. Tensile properties

Tensile properties such as tensile strength (TS) and elonga-
tion at break (E) of each film were evaluated with a Model 5565
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nstron Universal Testing Machine (Instron Engineering Corpora-
ion, Canton, MA,  USA) using an ASTM Method D 882-88. Initial grip
eparation was set at 50 mm and cross-head speed at 50 mm/min.

.9. Water vapor permeability (WVP)

WVP  (g m/m2 s Pa) of agar and agar/clay nanocomposite films
as calculated as:

VP  = WVTR ×  L

�p
(1)

here WVTR was the measured water vapor transmission rate
g/m2 s) through a film, L was the mean film thickness (m)  and

p was the partial water vapor pressure difference (Pa) across the
wo sides of the film. WVTR was determined gravimetrically using

 modified ASTM Method E 96-95. Film specimens were mounted
orizontally on poly(methylmethacrylate) cups filled with distilled
ater up to 1 cm underneath the film. The cups were placed in

n environmental chamber at 25 ◦C and 50% RH with air current
ovement at 198 m/min. The cups were weighed every hour for

 period of 8 h. The slopes of the steady state (linear) portion of
eight loss versus time curves were used to calculate WVTR. In

alculating WVP, effect of the resistance of the stagnant air layer
etween the film undersides and the surface of the water in the
ups was corrected using the method of Gennadios et al. (1994).

.10. Water contact angle (CA)

The CA of water in air on the film surface was  measured with
 CA analyzer (model Phenix 150, Surface Electro Optics Co., Ltd.,
unpo, Korea) after a water drop of ca. 10 �L was placed on the sur-

ace of film using a microsyringe. All film samples (3 cm × 10 cm)
ere glued on the movable sample plate (black Teflon coated steel,

 cm × 11 cm)  leveled horizontally before measurement. The CA on
oth sides of the drop was measured to assume symmetry and
orizontal level.

.11. Water resistance

Water solubility (WS) of films was determined as the percent-
ge of soluble matter to the initial dry matter of film sample
Gontard et al., 1992). Three randomly selected specimens from
ach type of film were first dried at 105 ◦C for 24 h to determine
nitial dry matter. Separate films were immersed in 30 mL  of dis-
illed water in a 50 mL  beaker. Beakers were covered with Parafilm
M”  wrap (American National Can, Greenwich, CT) and stored in
n environmental chamber at 25 ◦C for 24 h with occasional stir-
ing. Undissolved dry matter was determined by removing the film
ieces from the beakers, gently rinsing them with distilled water,
nd then oven drying them (105 ◦C, 24 h). The weight of solubilized
atter was calculated by subtracting the weight of unsolubilized

ry matter from the weight of initial dry matter and expressed as
 percentage of the initial dry matter content.

Swelling ratio (SR) of films was determined gravimetrically. Pre-
eighed squared specimens (25.4 mm × 50 mm)  were immersed in
istilled water. Samples were then removed at specified intervals
nd weighed after removing the surface water with blotting paper.
he SR was calculated as follows:

R(%) = mt − mo

mo
× 100 (2)

here mo and mt are the weight of the samples before and after
mmersion, respectively. The SR of the film samples were deter-
ined after immersion them in distilled water for 30 min  and 24 h.
Water vapor uptake ratio (WVUR) was determined following the

ethod of Tunc et al. (2007).  Squared samples (25.4 mm × 50 mm)
ere first dried in a vacuum drier at 60 ◦C for 1 day. After being
Fig. 1. Effect of clay content on transmittance of agar/Cloisite Na+ nanocomposite
films.

weighed using a four-digit electronic balance, the samples were
stored over K2SO4 saturated salt (98% RH) for 5 days (WVUR5). The
WVUR was  calculated as:

WVUR(%) = mt − mo

mo
× 100 (3)

where mo and mt are the weight of the samples before and after
water vapor absorption, respectively.

2.12. Data analysis

The measurements of all the film properties (TS, E, transmit-
tance, WVP, WS,  SR, and WVUR) were measured with individually
prepared films in triplicate, as the replicated experimental units,
and the mean and standard deviation of the property values were
presented.

3. Results and discussion

3.1. Apparent film property

Flexible free-standing agar and agar/clay nanocomposite films
were prepared by the solvent casting method. Transparency of
the agar-based films determined by transmittance at 660 nm was
affected greatly by formation of nanocomposite as shown in Fig. 1.
The transmittance decreased significantly after incorporation of
the nanoclay and the degree of decrease in the transmittance was
dependent on the amount of the clay incorporated. The transmit-
tance of the agar film decreased from 70.3% to 65.0% when 2.5% of
the clay was added then decreased slowly with increase in clay con-
tent up to 15% of clay concentration followed by decreasing down
to 51.9% with 20% of clay incorporation. In general, it is known that
the transparency of a well-developed nanocomposite film is not
significantly changed when the clay platelets with about one nm
thick are well dispersed through the polymer matrix, since such
clay platelets are less than the wavelength of visible light and do
not hinder light’s passage (Ogata et al., 1997). However, the large
decrease in the transmittance of the agar nanocomposite films sug-
gests that the nanoclay was not completely dispersed probably

forming partial agglomeration in the polymer matrix especially at
high concentration of clay incorporation and hindered light passage
through the film.
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Fig. 2. Scanning electron micrographs of agar and agar/Cloisite N

.2. Scanning electron microscopy

Microstructure of agar films was tested with scanning electron
icroscopy as shown in Fig. 2. SEM images indicate that high degree

f dispersion of clay in the polymeric matrix was obtained at low
evel of clay content less than 5 wt% and noticeable clay agglomer-

tes were observed with higher level of clay content above 10 wt%.
his explains the previous result of distinctive decrease in trans-
ittance of the nanocomposite films with high level of clay content

more than 10 wt%).
nocomposite films prepared with different content of nanoclay.

3.3. X-ray diffraction

The extent of dispersion and the intercalation of the nanoclay
layers for the nanocomposite films were tested by XRD, which
indicates a direct evidence of polymer chain confinement into the
clay gallery. X-ray diffraction measurement results of the nanoclay

(Cloisite Na+) and its agar nanocomposite films with different clay
concentration are shown in Fig. 3. The XRD pattern of Cloisite Na+

revealed the diffraction peak at 2� was 7.15◦, and it was shifted to
lower angle around 4.65–4.87◦ after formation of nanocomposite
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Fig. 3. X-ray diffraction patterns of clay (Clois

ith agar polymer matrix. Cyras et al. (2008) also reported that the
iffraction peak of Cloisite Na+ was shifted to lower angles regard-

ess of the clay content of starch/clay nanocomposite films. The
ngle of diffraction peak was not noticeably influenced by the clay
oncentration, but only intensity of the diffraction peak increased
ith increase in the clay concentration. Since the major portion

f the nanocomposite films consists of the biopolymer matrix, the
imilar pattern of XRD was observed in all the nanocomposite films
ith different clay concentration, whereas only the intensity of the
iffraction peaks varied. Similar trend of increase in peak inten-
ity with increase in clay content was observed with ultrasonically
reated solvent cast starch/CMC/Cloisite Na+ nanocomposite films
Alamsi et al., 2010), and melt-intercalated starch-montmorillonite
nd starch-hectorite nanocomposite films (Chen and Evans, 2005).

The interlayer spacing (d-spacing) of the pristine nanoclay and
hose of nanocomposite films were determined using the Bragg’s
iffraction equation and the results are shown in Table 1. The inter-

ayer spacing of the nanoclay powder was 1.24 nm, which is close
o the claimed value of the manufacturer (1.17 nm) and is in good
greement with the result (1.21 nm)  of Cyras et al. (2008).  The d-
pacing of the clay increased from 1.24 nm to 1.81–1.90 nm after
ormation of agar/clay nanocomposite. This result indicates that
he agar polymer chains entered into the silicate layers forming
ntercalated agar/clay nanocomposite without reaching complete
xfoliation. This is probably due to the strong polar interaction
etween the agar polymer matrix and the silicate layers (Cyras
t al., 2008; Park et al., 2002). Alamsi et al. (2010) reported that the
-spacing of the silicate layers were 1.18 and 1.46 nm for the pris-
ine and ultrasonically treated MMT,  respectively, and it increased
o 1.69 nm after formation of starch-CMC-clay nanocomposite with
ifferent amount of clay concentration from 1 to 7%. The degree of
ntercalation of their result is considerably lower than the present
esult, 1.69 nm vs. 1.81–1.90 nm.  This indicates our nanocomposite
reparation method of a series of hydration, high shear mixing, and

able 1
ffect of clay content on gallery height of agar/Cloisite Na+ nanocomposite films.

Clay content (%, w/w) 2� (deg.) d-spacing (nm)

Cloisite Na+ 7.15 1.24
0  No peak –
2.5  4.65 1.90
5 4.87 1.81
10 4.83 1.83
15  4.81 1.84
20 4.85 1.82
2   (degree)

+) and agar/Cloisite Na+ nanocomposite films.

ultrasonication of clay solution is more favorable to develop higher
degree of intercalation than the single ultrasonication method of
Alamsi et al. (2010).

3.4. Surface roughness

Three dimensional AFM images are used to study detailed struc-
ture of the surface of film samples. Deflection of the cantilever
in AFM observation measurement over x and y coordinate of the
surface can be used to determine the average (Ra) and root mean
square roughness (Rq) (Rhim et al., 2011). As shown in Fig. 4, sur-
face roughness of agar films was changed depending on the clay
content. Surface roughness of agar films increased with increase in
clay content up to 10% of clay incorporation then leveled off, which
is probably attributed to the agglomeration of clay and embedded
in the polymer matrix above the certain level of clay addition, i.e.,
10%. Evidently the increase in surface roughness of the nanocom-
posite films with high content of clay indicates that the clay was
Clay conten t (%,  w/w)
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Fig. 4. Effect of clay content on surface roughness of agar/Cloisite Na+ nanocompos-
ite films.
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Fig. 5. Effect of clay content on tensile prop

.5. Mechanical properties

Mechanical properties of agar and agar/clay naocomposite films
ith various clay content resulted from the tensile test are shown

n Fig. 5. The mechanical properties were also greatly influenced
ith the amount of clay addition. The TS of agar film increased

rom 28.04 ± 0.68 MPa  of the pure agar film (0% clay) up to
6.87 ± 0.76 MPa  with 10% addition then decreased with more
ddition of clay. A similar behavior of increase in TS with increase in
he clay content have been observed in a various biopolymer-based
anocomposite films such as starch (Alamsi et al., 2010; Avella et al.,
005; Cyras et al., 2008; De Carvalho et al., 2001; Huang et al.,
006), chitosan (Casariego et al., 2009), and soy protein (Kumar
t al., 2010a,b). This behavior may  be attributed to the resistance
xerted not only by the clay itself with high surface area (about
50 m2/g), high aspect ratio (50–1000), and very high elastic mod-
lus (178 GPa) (Alexandre and Dubois, 2000; Pandey et al., 2005;
avlidou and Papaspyrides, 2008; Sinha Ray and Bousmina, 2005),
ut also by the stronger interfacial interaction through hydrogen
r ionic bonds between polymer matrix and intercalated layered
ilicate with vast interfacial area (Alamsi et al., 2010). However,
uch reinforcing effect of clay was reduced above certain level
f clay addition (10%), probably due to the formation of stacked
lays without complete dispersion through polymer matrix at such
igh level of clay concentration. TS values of agar and agar/clay
anocomposite films are comparable to those commodity plas-
ic films such as high density polyethylene (HDPE), polypropylene
PP), and polystyrene (PS), of which the TS values are in the range
f 22–31, 31–38, and 45–83 MPa, respectively (Hernandez, Selke, &
ulter, 2000).

On the contrary, ductility of the agar film, as determined in the E,
xhibited reversed pattern of the TS. The E decreased with increase
n clay content up to 5%, and increased above 5% of clay incorpo-
ation. However, the change in the E was not so distinctive; they
ere changed in a small range of 45.1–53.7%.

.6. Water vapor permeability (WVP)

The water vapor barrier property of agar-based films deter-
ined by the WVP  was also greatly influenced by the clay

ontent used (Fig. 6A). The WVP  of neat agar film was

.22 ± 0.19 g m/m2 s Pa. It decreased significantly with increase in
he clay concentration down to 1.07 ± 0.05 g m/m2 s Pa with the 20%
f clay incorporation. Such phenomena of decrease in WVP  with
ncorporation of nanoclays have frequently observed with various
Cla y co ntent ( %, w/w)

 of agar/Cloisite Na+ nanocomposite films.

biopolymers such as starch (Park, Lee, Park, Cho, & Ha, 2003), chi-
tosan (Casariego et al., 2009; Rhim et al., 2006), soy protein (Kumar
et al., 2010a,b), and whey protein (Sothornvit et al., 2010). It is gen-
erally known that the WVP  of polymer/clay nanocomposite films
decreases exponentially with increase in clay content or increase
in aspect ratio of the clay (Yano, Usuki, & Okai, 1997). The decrease
in WVP  of polymer/clay composite films is mainly attributed to the
tortuous path for water vapor diffusion due to the impermeable
clay layers distributed in the polymer matrix with increasing the
effective diffusion path length (Cussler, Highes, Ward, & Aris, 1998;
Sun, Boo, Clearfield, Sue, & Pham, 2008; Yano et al., 1997).

3.7. Contact angle (CA) of water

As one of the basic wetting properties, the CA of water droplet
is measures the degree of hydrophilicity or hydrophobicity of sur-
face of film, which is generally used to estimate the resistances of
the film against liquid water (Phan et al., 2009; Rhim et al., 2006).
Results on CA determination for the agar and agar/clay nanocom-
posite films are shown in Fig. 6B. The CA of neat agar film was
47.05 ± 0.05◦, and it decreased with increase in clay concentra-
tion in agar/Cloisite Na+ nanocomposite films. Usually, the more
hydrophilic a material is, the lower the CA value it has (Rhim et al.,
2006). The decrease in the CA with increase in the clay concen-
tration of agar/clay nanocomposite films was  mainly due to the
hydrophilic nature of the natural montmorillonite clay (Cloisite
Na+). The CA of agar films is comparable to that of chitosan films
(45.6 ± 0.2◦) (Rhim et al., 2006).

3.8. Water vapor absorption

Water vapor sensitivity of a film sample is evaluated by measur-
ing water vapor absorption characteristics of the film. A water vapor
absorption property of agar and agar/clay nanocomposite films
was tested by measuring the water vapor uptake ratio (WVUR)
under high water activity condition for 5 days using K2SO4 satu-
rated salt solution. Fig. 7A shows the results of the WVUR5 of the
agar and agar/clay nanocomposite films as a function of the clay
content. The WVUR5 of agar films decreased from 227.3 ± 12.5%
for the neat agar film as clay content increased. This result indi-
cates that water vapor sensitivity property of the agar film is

improved through nancomposite formation with the nanoclay.
Similar trend has been observed by the other researchers worked
with starch/CMC/clay nanocomposite films (Alamsi et al., 2010)
and starch/MMT nanocomposite films (Cyras et al., 2008). Cyras
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Fig. 6. Effect of clay content on (A) water vapor permeability (WVP) 

t al. (2008) tested water vapor uptake rate of starch films and
heir nanocomposite films with varying amount of MMT  (2–5%) and

etermined the water vapor diffusion coefficient (Deff) to find that
he water vapor absorption rate was slower for the nanocomposite
lms compared with the neat starch films. It is worthwhile to note
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that the trend of decreasing the WVUR of the agar film with increas-
ing the clay content is coincided with that of the WVP. Presumably,

the decrease in WVUR of the nanocomposite films is partly due to
the tortuous structure formed by the nanoclay dispersed through
the polymer matrix.
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.9. Water solubility (WS)

The WS  is a measure of water soluble matter of a film sample,
hich is used as an indicator for the resistance of the film sample

o water. Results on the WS  of agar and agar/clay nanocompos-
te films as a function of clay content are shown in Fig. 7B. The

S of neat agar film was  17.9 ± 0.5%. It decreased slightly with
ncrease in the clay content down to 16.9 ± 2.1% when the clay
ontent was 15%, then it decreased substantially to 13.8 ± 2.16%
hen the clay content was 20%. Such phenomena of decrease in
S with increase in clay content have been observed with different

ionanocomposite such as starch/CMC/Cloisite Na+ nanocomposite
lms (Alamsi et al., 2010) and chitosan/caly nanocomposite films
Casariego et al., 2009). This result indicates that water resistance of
iopolymer films increased with incorporation of nanoclays. This is
ainly due to the formation of strong interaction through hydrogen

onds between hydroxyl groups of the biopolymer matrix and nan-
clays with high surface area, thus improving the cohesiveness of
iopolymer matrix and decreasing the water sensitivity (Casariego
t al., 2009).

.10. Swelling ratio (SR)

The SR measures water holding capacity of a film sample. The
R measurements of the agar and agar/clay nanocomposite films
fter immersion in water for 30 min  and 24 h as a function of clay
ontents are shown in Fig. 7C. The SR of agar films depends on
oth the immersion time and clay contents, i.e., the SR increased
y more than 1.7 times with increase in the immersion time from
0 min  to 24 h, and it also increased by about 1.8 times with increase

n the clay content from 0 to 20% in both immersion times. The
ncrease in SR with increase in the clay contents is probably due
o the hydrophilic nature of the natural MMT  clay. The high water
olding capacity of the agar/Cloisite Na+ nanocomposite film with

ncreased mechanical strength and moderate flexibility can be used
s a hydrogel (Farris, Schaich, Liu, Piergiovanni, & Yam, 2009).

. Conclusions

Well developed bionanocomposite films were prepared with
gar and different amounts of natural montmorillonite clay
Cloisite Na+) using a solvent intercalation method. Film proper-
ies of the nanocomposite films were greatly influenced by the clay
ontent. XRD and SEM results revealed a higher degree of inter-
alation and dispersion of the clay in the polymer matrix with
ower clay content (less than 5 wt%), while a clustering of agglomer-
tes of clays at higher clay concentration above 10%. However, the
echanical strength (TS) of the agar film was the highest at 10%

lay incorporated. Generally, the water vapor permeability (WVP),
he water vapor uptake ratio (WVUR5), and the water solubility
WS) decreased with increase in the clay content due to forma-
ion of tortuous path for water vapor and development of strong
nteraction between the intercalated clay layers and the polymer

atrix. The agar film became more hydrophilic with incorpora-
ion of the hydrophilic nanoclay, resulted in decrease in the water
ontact angle (CA) and increase in the swelling ratio (SW) with
ncrease in clay content. These results indicate that film proper-
ies can be fine tuned for a specific application by choosing proper
oncentration of nanoclay. The agar/clay nanocomposite films with
mproved water vapor barrier and mechanical properties as well as

ontrolled water resistance properties could be potentially used as
nvironmentally friendly food packaging materials for extending
he shelf-life, or as hydrogels using high water holding capacity
ith enhanced gel strength of the nanocomposite film.
mers 86 (2011) 691– 699
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