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Abstract Concerns on environmental waste problems caused by non-biodegradable petrochemical-based plastic packaging
materials as well as consumer’s demand for high quality food products has caused an increasing interest in developing
biodegradable packaging materials using annually renewable natural biopolymers such as polysaccharides and proteins.
However, inherent shortcomings of natural polymer-based packaging materials such as low mechanical properties and low
waler resistance are causing a major limitation for their industrial use. By the way, recent advent of nanocomposite technology
rekindled interests on the use of natural biopolymers in the food packaging application. Polymer nanocomposites, especially
natural biopolymer-layered silicate nanocomposites, exhibit markedly improved packaging properties due to their nanometer
size dispersion. These improvements include increased mechanical strength, decreased gas permeability, and increased water
resistance. Additionally, biologically active ingredients can be added to impart the desired functional properties to the resulting
packaging materials. Consequently, natural biopolymer-based nanocomposite packaging materials with bio-functional pro-
perties have huge potential for application in the active food packaging industry. In this review, recent advances in the
preparation and characterization of natural biopolymer-based nanocomposite films, and their potential use in food packaging
applications are addressed.
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Introduction

Packaging materials provide physical protection and create
proper physicochemical conditions for products that are
essential for obtaining a satisfactory shelf life. The packaging
system, based on a proper choice of the packaging
materials endowed with appropriate gas and water vapor
barrier and mechanical properties, prevents product
deterioration due to physicochemical or biological factors
and maintains the overall quality during storage and
handling. After their useful life, it is desirable for the
packaging materials to biodegrade in a reasonable time
period without causing environmental waste problems. In
this sense, biopolymer-based packaging materials have
some beneficial properties as packaging materials in
improving food quality and extending the shelf-life
through minimizing microbial growth in the product (1-5).
Biopolymer films may also serve as gas and solute barriers
and complement other types of packaging by improving
the quality and extending the shelf-life of foods (6).
Furthermore, biopolymer films are excellent vehicles for
incorporating a wide variety of additives, such as
antioxidants, antifungal agents, antimicrobials, colors, and
other nutrients (6-8).

Natural biopolymers have the advantage over synthetic
polymers in that they are biodegradable and renewable as
well as edible. However, relatively poor mechanical and
water vapor barrier properties of those films are causing a
major limitation for their industrial use. Protein and
polysaccharide films are generally good barriers against
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oxygen at low to intermediate relative humidity and have
good mechanical properties; however, their barrier against
water vapor is poor due to their hydrophilic nature (9, 10).
Many research efforts have focused on improving the film
properties of biopolymer-based films by the modification
of biopolymer-based films to improve their mechanical
and water vapor barrier properties (11-20). Though such
efforts indicated a significant improvement in film properties,
their physical, thermal, and mechanical properties are still
not satisfactory and find difficulties in many applications.
On the other hand, polymer nanocomposite materials,
having constituents with dimensions on the nanometer
scale (10° m), are currently topics of intense research in
the areas of polymer and material science, electronics, and
biomedical science (21-23). A polymer nanocomposite is
the hybrid material consisting of a polymer matrix reinforced
with a fiber, platelet, or particle having one dimension on
the nanometer scale (24). Owing to the nanometer-size
particles dispersed in the polymer matrix, these nano-
composites exhibit markedly improved mechanical,
thermal, optical, and physicochemical properties when
compared with the pure polymer or conventional
(microscopic) composites. Improvements can include, for
example, increased moduli, strength and heat resistance,
decreased gas permeability and flammability with very
low filler loading, typically 5 wt% or lower (25).
Accordingly, biopolymers have been filled with layered
silicates in order to enhance their desirable properties
while maintaining their biodegradability. The impressive
enhancements of the material properties of the nano-
composite films compared to the pure polymers can be
achieved without the need for additional and cost-increasing
processing or post-treatment procedures. Moreover, bio-
degradability is still retained, i.e., after final degradation,
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only inorganic, natural minerals (clay) will be left over
(21, 26, 27).

Recent advances in the preparation, characterization,
properties of biopolymer-based nanocomposite films, and
their potential application in food packaging will be
addressed in this review.

What is Nanocomposite Film?

Traditionally, mineral fillers such as clay, silica, and talc,
are incorporated in film preparation in the range of 10 to 50
% by weight to reduce its cost or to improve its
performance in some way. However, mechanical strength of
the films, in general, decreases when fillers are present (28).

Recently, polymer-clay nanocomposites have received
significant attention as an alternative to conventional filled
polymers. Because of their nanometer-size dispersion, the
polymer-clay nanocomposites exhibit the large-scale improve-
ment in the mechanical and physical properties compared
with pure polymer or conventional composites. These
include increased modulus and strength, decreased gas
permeability, increased solvent and heat resistance and
decreased flammability (29). Since Toyota researchers in
the late 1980°s demonstrated that mechanical and flame
retardant properties of nylon-clay composite material
increased dramatically by reinforcing with less than 5% of
clay (30), extensive research works have been performed
in this area and several extensive review articles regarding
recent advances in the production of nanocomposites with
various polymers, their performance and application are
available (21, 24, 25, 29, 31-37). Especially, Sinha Ray
and Bousmina (31) and Pandey et al. (24) have
comprehensively reviewed focusing on bidegradable
nanocomposite materials.

Polymer-clay nanocomposites are a class of hybrid
materials composed of organic polymer materials and
nano-scale clay fillers (23, 38). Montmorillonite (MMT),
hectorite, and saponite are frequently used pristine layered
silicates, which are combined with polymeric materials to
form nanocomposites (21). Among the nano-scale clays,
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MMT is of particular interest and has been studied widely.
MMT is a clay mineral consisting of stacked silicate sheets
with a high aspect ratio (ratio of length to thickness) and a
plate-like morphology. This high aspect ratio (100-1,500)
with high surface area (700-800 m%g) and platelet thickness
of 1 nm plays an important role for the enhancement of
mechanical and physical properties of composite materials
(39). Chemically, MMT consists of 2 fused silicate
tetrahedral sheets sandwiching an edge-shared octahedral
sheet of either magnesium or aluminum hydroxide (21, 23,
25) as shown schematically in Fig. 1. Stacking of these
layers form a van der Waals gap between the layers, which
is called the ‘interlayer’ or the ‘gallery’.

These clays usually contain hydrated sodium or
potassium ions (29) and in this state these silicates are
miscible only with hydrophilic polymers such as poly
(ethylene oxide) (PEO), poly(vinyl alcohol) (PVOH), and
natural biopolymers such as starches and proteins (21, 24).
However, the hydrophilic nature of the MMT surface
impedes its homogeneous dispersion in an organic polymer
phase (21, 25). Therefore, it is very crucial to induce the
organophilicity of MMT to be compatible with the organic
polymer.

In the interlayer region of MMT there exists Na* and
Ca®*, which can be replaced by the alkylammonium and
alkylphosphonium ions, rendering the clay into organophilic
nature. Such modified clays are commonly referred to as
organoclays. The organoclays play an important role for
producing the nanocomposite. Surface modification may
either enhance the interaction between the clay and the
polymer, making it more suitably mixed, or it may favor
the intercalation of the polymer chain by dictating the
gallery spacing (40, 41). Schematic representation of
surface modification of MMT is shown in Fig. 2. Surface
modification of MMT causes to swell the interlayer space
up to a certain extent (normally over 2 nm) and hence
reduces the attraction between layers, which allows a
favorable diffusion and accommodation of polymer into
the interlayer space.

Fig. 1. Structure of 2:1 phyllosilicates. (ref. 31; http://www.wwnorton.com/college/chemistry/chemconnections/Rain/moviepages/

montmorillonite_layers.htm)
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Fig. 2. Schematic representation of organic modification of layered silicate. (http://www.nanocor.com; http://www.nanoclay.com/

data/30B.htm)

Preparation and Characterization

Preparation of nanocomposites Various methods have
been used to synthesize polymer-clay nanocomposites, and
their properties have been found to be dependent on the
preparation procedure (42-45). In situ polymerization, solvent
intercalation/exfoliation and melt intercalation/exfoliation
are the 3 major methods for the formation of nanocom-
posites. In situ polymerization involves the combination of
clay and monomer, followed by the polymerization of the
monomer, which ideally locks the exfoliated clay particles
in the resulting polymer matrix. In solution intercalation,
the clay is first swollen in a solvent and the polymer
(intercalant) is dissolved in the solvent. Both solutions are
then combined, and the polymer chains intercalate and
displace the solvent within the interlayer of the clay (42).
In melt intercalation, the clay and polymer are added
together above the melting temperature of the polymer;
they may be held at this temperature for a period of time,
put under shear, or other conditions to encourage
intercalation and exfoliation of the clay. Of these, melt
intercalation is the most appealing approach because of its
versatility, its compatibility with current polymer
processing equipment such as extrusion and injection
molding, and its environmentally benign character due to
the absence of solvents (42). In addition, the melt
intercalation method allows the use of polymers which
were previously not suitable for in situ polymerization or
solution intercalation.

The solution intercalation method is good for the
intercalation of polymers with little or no polarity into
layered structure, and facilitates production of thin films
with polymer-oriented clay intercalated layers. This
technique has been widely used with water-soluble
polymers to produce intercalated nanocomposites such as
PEO (46-48) and PVOH (47, 49, 50). This method has
been also applied for the preparation of nanocomposites
with non-aqueous solvent-soluble polymers including
polycaprolactone (PCL)/clay (51) and polylactide (PLA)Y
clay (52) in chloroform as a co-solvent, and high-density
polyethylene (HDPE) with xylene and benzonitrile (53).

Basically, the solvent intercalation technique is similar to
the solvent casting method for the preparation of
biopolymer films (2-5). Therefore, this technique can be
easily adopted for the preparation of nanocomposite films
with various natural biopolymers.

Characterization of nanocomposites When the layered
silicate clays are mixed with a polymer, 3 types of
composites are commonly obtained: 1) immiscible tactoid,
ii) intercalated, and iii) exfoliated structures (Fig. 3). In
immiscible tactoids, complete clay particles are dispersed
within the clay matrix and the layers do not separate. The
mixture of polymer and the silicate clays are microscale
composites, and the clay only serves as conventional filler.
Intercalation and exfoliation produce 2 ideal nanoscale
composites. In an intercalated nanocomposite often a
single polymer chain will be driven between the clay
silicate layers, but the system still remains quite well
ordered in a stacked type of arrangement. In an exfoliated
nanocomposite the silicate layers are completely delaminated
from each other and are well dispersed. It is this second
type - the exfoliated nanocomposite, which has been shown

Layered silicate Polymer

Exfoliated
{nanocomposite)

intercalated
(nanocomposite)

Phase separated
{microcomposite)

Fig. 3. Types of composite structure of polymer-layered
silicate clay materials. (ref. 85)
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Table 1. Properties of nylon-6 and nylon-6/clay nanocomposite®

Nylon-6/clay

Property Nylon-6

nanocomposite
Tensile modulus (GPa) 1.1 2.1
Tensile strength (MPa) 69 107
Heat distortion temp. (°C) 65 145
Impact strength (kJ/m?) 2.3 2.8
Water adsorption (%) 0.87 0.51
Coeff. of thermal expansion 13x10°7 6.3x1073

Structure Initial XRD spectra Final XRD spectra
Immiscible
(toctoid)
4 k i
16 16
Intecalated
e e
Exfoliated
' 1
16 - ‘ H &)

Fig. 4. Schematic representation of the X-ray diffraction
patterns for various types of nanocomposite structures. (ref. 22)

to exhibit the most significant improvements in physical
properties (54). The formation of intercalation or exfoliation
depends on the type of clays and upon the processing
conditions (55).

The structure of polymer nanocomposites is generally
characterized by X-ray diffraction (XRD) and transmission
electron microscopy (TEM). The composite structures
such as tactoid, intercalated, or exfoliated structures of
polymer/clay hybrid can be determined using XRD
measurements by monitoring the position, shape, and
intensity of the basal reflections of XRD patterns of the
materials as shown schematically in Fig. 4. For immiscible
polymer/clay hybrids, the structure of the silicate is not
affected, and thus, the characteristics of the clay basal
reflection do not change. On the other hand, the finite
layer expansion associated with intercalated structures
results in a new basal reflection that corresponds to the
large gallery height of the intercalated hybrid. In contrast,
the extensive layer separation associated with exfoliated
structures disrupts the coherent layer stacking and results
in no coherent X-ray diffraction pattern. Generally, the
intercalated layered silicate has a defined interlayer
spacing basal reflection corresponding to the dy, spacing
in a XRD diffractogram. The basal (dyo;) spacing between
the layers of intercalated nanocomposite structures can be
determined by the diffraction peak in the XRD patterns
using the Bragg diffraction equation:

2 do()]Sine =A

where dy is the interplanar distance of (001) diffraction
face, @is the diffraction position, and A is the wavelength.
Although XRD offers a convenient method to determine
the interlayer spacing of the silicate layers in the
intercalated nanocomposites (within 1-4 nm), little can be
said about the spatial distribution of the silicate layers or
any structural non-homogeneities in nanocomposites (31).
Therefore, conclusions concerning the mechanism of nano-
composites formation and their structure based solely on

DRef. 29.

XRD patterns are only tentative. As a complementary
technique to XRD, TEM allows a qualitative understanding of
the internal structure, spatial distribution and dispersion of the
silicate layers within the polymer matrix, and views of the
nanocomposite structure through direct visualization (21, 36).

Properties of Nanocomposites

Mechanical properties Formation of nanocomposite
with organoclays has shown pronounced improvement in
the mechanical properties of various polymers substantially
even with a low level of filler loading. Such advantage of
nanocomposite was first demonstrated by a group at the
Toyota Research Center in Japan with nylon/silicate
nanocomposite (29, 54). Properties of nylon and nylon/
clay nanocomposites containing 4% silicate are summarized
in Table 1. This result shows profound enhancement in
mechanical properties e.g., an increase in tensile modulus
of 91%, and in tensile strength of 55%. Note the signifi-
cant reduction in water adsorption for the nanocomposite.
It has been frequently observed that mechanical properties
of polymer/clay nanocomposites are strongly dependent
on filler content. Huang and Yu (56) determined tensile
properties of starch/MMT nanocomposites prepared with
various filler concentrations of 0 to 11 wt% to the starch.
Tensile test results are presented in Fig. 5. Tensile strength
increased monotonously with increase in filler content up
to 8%, then leveled off. Tensile strain decreased with

120 25

I 20

Tensile strain (%)
Tensile strength (MPa)

Filler content (wt%)

Fig. 5. Effect of filler content on tensile strength and tensile
strain of starch/montmorillonite nanocomposites. (ref, 56)
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Fig. 6. Effect of clay length on relative permeability coefficient
of nanocomposite films. (ref. 57)

increase in filler loading since clay usually leads to a
brittle matrix. In their study, the optimum filler content
was determined to be 8% based on the tensile properties. It
is noteworthy that exfoliation of starch with 8% of clay
loading increased tensile strength and tensile strain by 270
and 25%, respectively. Interestingly, the substantial increase
in strength is not accompanied by a decrease in strain as is
usually the case with filled polymers.

The enhancement in mechanical properties of polymer
nanocomposites can be attributed to the high rigidity and
aspect ratio together with the good affinity between
polymer and organoclay.

Barrier properties Polymer nanocomposites have excellent
barrier properties against gases (e.g., oxygen and carbon
dioxide) and water vapor. Studies have shown that such
reduction in permeability strongly depends on the aspect
ratio of clay platelets, with high ratios dramatically
enhancing gaseous barrier properties. Yano et al. (57)
prepared polyimide/clay nanocomposite films with 4
different sizes of clay minerals such as hectorite, saponite,
MMT, and synthetic mica in order to investigate the effect
of the aspect ratio on the barrier properties of the hybrids.
They found that, at constant clay content (2 wt%), the
relative permeability coefficient decreased exponentially
on increasing the length of the clay (Fig. 6). Yano et al.
(58) also showed that gas permeability including water
vapor permeability and oxygen gas permeability of

|
O
DDQD
v v

(A) Conventional filler reinforced composites

O
]
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polyimids/clay nanocomopsite films decrease exponentially
with increase in clay content from O to 8 wt%. Generally
the best gas barrier properties would be obtained in
polymer nanocomposites with fully exfoliated clay
minerals with large aspect ratio.

The increase in gas barrier properties of nanocomposite
films is believed to be due to the presence of ordered
dispersed silicate layers with large aspect ratios in the
polymer matrix which are impermeable to water
molecules (57, 59). This forces gas traveling through the
film to follow a tortuous path through the polymer matrix
surrounding the silicate particles (Fig. 7), thereby increasing
the effective path length for diffusion.

The enhanced gas barrier properties of nanocomposites
make them attractive and useful in food packaging
applications, both flexible and rigid. Specific examples
include packaging for processed meats, cheese, confectionery,
cereals, and boil-in-bag foods, also extrusion-coating
applications in association with paperboard for fruit juice
and dairy products, together with co-extrusion processes
for the manufacture of beer and carbonated drinks bottles.
The use of nanocomposite formulations is expected to
considerably enhance the shelf-life of many types of food.
It provides gas barriers to carbon dioxide and oxygen
resulting in a shelf-life up to 3-6 months for beers and fruit
juices and up to one year for carbonated soft drink (60).

Degradation properties Another interesting property is
the significantly improved biodegradability of nano-
composites made from organoclay and biodegradable
polymers. Study on the biodegradability of nanocomposites
based on poly(e-caprolactone) (PCL) showed on improved
biodegradability over pure PCL (61). Such an improved
biodegradability of PCL in clay-based nanocomposites
may be attributed to catalytic role of the organoclay in the
biodegradation mechanism. Sinha Ray et al. (62-64)
reported that the biodegradability of PLA nanocomposite
made from organoclay is significantly enhanced. They
attributed such a behavior to the presence of terminal
hydroxylated edge groups in the clay layers. An interesting
result regarding the biodegradability of aliphatic polyester
(APES)/organoclay (Cloisite 30B) nanocomposites has
been reported by Lee et al. (65). As shown in Fig. 8, they
found rate of biodegradability of the nanocomposite
decreased compared to the pristine polymer (APES), and
the more loading of nanoclay incorporated, the lower the
biodegradability of the naocomposite was observed. They

v v

(B) Polymer/ layered silicate nanocomposite

Fig. 7. Schematic illustration of formation of ‘tortuous path’ in nanocomposite. (A) conventional filler reinforced composites, (B)

polymer/layered silicate nanocomposites.
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Fig. 8. Biodegradability of APES/Cloisite 30B nanocomposites
with different clay content. (ref. 65)

attributed such seemingly contradictory result from the
previously reported ones to the improved barrier properties
of the nanocomposites developed by the intercalated clays
with high aspect ratio, which hinder microorganism to
diffuse in the bulk of the film through more tortuous paths.
However, their explanation may not be probable since the
molecular size of microorganisms is much greater than
those of polymer and silicates used. Later, Rhim ez al. (66)
showed that a nanocomposite film made of the same
organoclay (Cloisite 30B) has an antimicrobial activity due
to the quarternary ammonium group in the organoclay.
Consequently, the retarded biodegradability of APES/
Cloisite 30B nanocomposite was attributed to the anti-
microbial action of the organoclay originated from the
quarternary ammonium group. Such properties of anti-
microbial action of the organoclay can be properly
exploited for the development of nanocomposite food
packaging materials with antimicrobial function.

Other properties Polymer nanocomposites also show
significant improvement in other polymer properties useful
for packaging application. For example, they have the
transparency similar to pristine polymer materials because
the clay platelets with about one nanometer thickness are
well distributed through the polymer matrix. Thus, such
clay platelets with size less than the wavelength of visible
light do not hinder light’s passage. Interestingly, the evenly
distributed clay platelets well intercalated or exfoliated
through the polymer matrix have a function of preventing
transmission of UV light. Nanocomposite packaging materials
with such optical properties (i.e., transparency and UV-
barrier properties) can be utilized for transparent packaging
materials or transparent barrier packaging films or
coatings. Some examples include wrapping films and
beverage containers, such as processed meats, cheese,
confectionery, cereals, fruit juice, and dairy products, high
barrier beer and carbonated drinks bottles, multi-layer
films and containers, and barrier films and paper coatings.

Natural Biopolymer-based Nanocomposites

Numerous research works on polymer/clay nanocomposites
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have been performed. However, the matrices of polymer/
clay nanocomposites are mainly synthetic polymers includ-
ing thermosets such as epoxy (67-69), thermoplastics such
as poly(methyl methacrylate) (70, 71), non-polar polymers
such as polyethylene (72-74) and polypropylene (75, 76),
polar polymers such as nylon (77, 78), and conductive
polymers such as polyaniline (79, 80). In addition, bio-
degradable plastics such as PLA (52, 62-64, 81, 82) and
PCL (51, 83, 84) have been also tested for the processing
of nanocomposites with layered silicate.

The literature available for natural biopolymer nano-
composite materials is quite limited and the materials
prepared from natural polymers has poor performance
compared with those prepared from synthetic polymers.
However, recent research (85) has indicated that
organoclays show much promise for starch-based polymer
nanocomposites in terms of improvements in their
mechanical properties and stability over those of the
unfilled formulations.

Starch-based nanocomposites Starch is one of the natural
biopolymers most widely used to develop environmentally-
friendly packaging materials to substitute for petrochemical-
based non-biodegradable plastic materials. Being an
inherently biodegradable, renewable, and low-cost material,
starch has high potential in food or non-food packaging
applications. However, wide applications have been
limited due to the lack of water barrier property and poor
mechanical properties, such as film brittleness caused by
high intermolecular forces.

Native starch is not a true thermoplastic but it can be
converted into a plastic-like material called ‘thermoplastic
starch’ (86). In the presence of plasticizers at high
temperature (90-180°C) and under shear, starch readily
melts and flows, allowing for its use as an injection,
extrusion or blow molding material, similar to most
conventional synthetic thermoplastic polymers. However,
the pure thermoplastic starch still has the same limitations
as native starch: it is mostly water-sensitive and has poor
mechanical properties. In order to improve the properties,
including the resistance to water and mechanical properties
of starch plastics, reinforcement of starch with nano-scale
minerals has been considered without interfering in the
biodegradability of the composites (56, 63, 64).

De Carvalho et al. (87) prepared composites of thermo-
plastic starch and kaolin clay and tested their properties.
They used comn starch (28% amylose) plasticized with
glycerin (30 wt% of starch) and various amount of clay,
ie., 0, 10, 20, 30, 40, 50, and 60 phr (parts of kaolin per
hundred parts of thermoplastic starch). Plate type
composites (10x10 cm with 2.5 mm thickness) were
formed through hot pressing the premixed sample at
160°C. Since scanning electron microscopy (SEM) images
indicated that there were no smooth areas or large
agglomerates, they concluded there was good kaolin
dispersion throughout the composites. Both modulus (E)
and tensile strength (TS) of the composites increased as
the kaolin concentration increased up to 50 phr, then
decreased, while the elongation (E;) decreased almost
monotonically. They found that the 50 phr composite
seemed to represent the best composition for the materials,
where E and TS showed increases of about 50 and 135%,
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respectively, relative to the pristine starch matrix. They
also found reinforcing starch with kaolin increased water
resistance, which was pronounced until 20 phr. The glass
transition temperatures (7,) of the composites were
slightly lower than that of unfilled starch matrix and the
decrease was proportional to the amount of kaolin present
in the composites. TG (thermogravimetry) analysis showed
that all samples exhibited the same behavior of decompo-
sition, i.e., the decomposition loss occurred at the same
temperature and the residual weight was proportional to
the kaolin content in the sample. This result is not
consistent with the previously reported fact that thermal
stability of polymer-clay composites usually increased (21,
25).

Park et al. (88) obtained well-ordered nanocomposites
by the melt intercalation method with plasticized starch.
They used potato starch plasticized with water and
glycerol (starch/water/glycerol=5/2/3 by wt ratio) to make
thermoplastic starch (TPS). TPS/clay hybrid with clay
content of 5 wt% was formed through an injection
molding at 110°C using a Mini-Max molder to get dog
bone-shaped specimens. In their first study, they tested the
effect of 4 kinds of MMT clays, i.e., one natural Na-MMT
(Cloisite Na*) and three organically modified MMT clays
(Cloisite 30B, Cloisite 10A, and Cloisite 6A). XRD
patterns of the hybrids with clay showed that the
dispersion states of clays in the TPS matrix depended on
the type of the clay used. It indicated the intercalation of
TPS in the gallery of the silicate layer of the Cloisite Na®,
the minimum degree of intercalation with Cloisite 30B,
and little or no intercalation of TPS with either Cloisite
10A or Cloisite 6A, which were also confirmed through
TEM analysis. These results were attributed to the higher
polymer clay compatibility and stronger polar-polar
interactions in TPS/Na-MMT than the hybrids with other
organoclays, where a modifier decreases the compatibility
by making the clays hydrophobic to some extent. Among
the clays tested by Park et al. (88), Cloisite 6A was most
hydrophobic followed by Cloisite 10A, Cloisite 30B, and
Cloisite Na*. The hybrids of TPS/Cloisite Na* and TPS/
Cloisite 30B exhibited higher tensile strength (TS) and
elongation at break (E,) due to the partial nanocomposite
formation compared to 2 other hybrids. The TS and E, of
the TPS/Cloisite Na® hybrid increased by 30 and 20%,
respectively, as compared to the pristine TPS. All the
hybrid films showed lower water vapor permeability
(WVP) than that of the pristine TPS. The water vapor
barrier property was also affected by the degree of
dispersion of clay. The WVP of TPS/Cloisite Na* was the
lowest and that of TPS/Cloisite 10A was the highest. A
significant increase in thermal stability was observed
through TGA (thermogravimeric analysis) study when
nanocomposites were formed by the melt intercalation
method even at 5% filler content.

Park et al. (89) also tested the effect of filler
concentration of TPS/clay hybrid with Cloisite Na* and
Cloisite 30B with 2.5, 5, and 10% filler concentration.
They confirmed their previous results that strong
interaction between TPS and Cloisite Na* leads to the
production of nanocomposites with better tensile and
water vapor barrier properties than those of Cloisite 30B
or the pristine TPS. They found both tensile and water
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vapor barrier properties are generally increased with
increasing clay content. The effect on increase in such
properties was remarkable up to 5% filler concentration,
but the increases were not as significant above 5% filler
concentration. In particular, they noticed the relative water
vapor transmission rate of both hybrid films decreased
exponentially with clay concentration, which is well
agreed with the previously reported result of a polyimide-
clay hybrid (58).

Wilhelm et al. (90) prepared nanocomposite films with
glycerol-plasticized Cara starch (20% plasticizer to dry
weight of starch) reinforced with Ca**-hectorite clay by
the solution casting method. Clay mineral was filled with
5, 10, 15, 20, and 30% concentration of the plasticized
starch. Degree of intercalation was found to be dependent
on clay content in the starch/clay hybrid. XRD spectra
revealed the decrease in interplanar distance with increase
in clay content and the increase in d-space was inversely
proportional to the amount of clay added. Dynamic
mechanical analysis (DMA) results showed that storage
modulus with the starch/clay hybrid films increased
considerably at temperatures greater than 25°C, which is
further evidence for the reinforcing effect of clay particles.
Tensile test results showed that Young’s modulus for the
starch/clay hybrids increased with clay content, while
maximum strain at break decreased. However, significant
reinforcing effect was not observed below 20% clay
content in the starch matrix. When clay content was
increased to 30%, Young’s modulus for the films increased
significantly, being 72% higher than for non-filled films,
but the maximum strain at break decreased to 5%. Though
resilience of the starch/clay hybrid with 30% clay increased,
it seemed to be too brittle for packaging applications. The
content of plasticizer (20 wt% to starch) may not have
been enough to make flexible films (87). TGA results
indicated that the presence of clay did not generally affect
the thermal stability of the hybrid films.

McGlashan and Halley (85) tested the use of nanoscale
MMT in thermoplastic starch/polyester blends and found
excellent improvements in film blowability and tensile
properties. They also found an improvement in the clarity
of the nanocomposite film, which was mainly attributed to
disruption of large crystals.

Xu et al. (91) prepared starch acetate nanocomposite foam
with four organoclays (Cloisite 30B, 10A, 25A, and 20A)
by a melt intercalation method. Starch acetate (DS=1.78)
was mixed with 5 wt% organoclays and 12 wt% cthanol in
a mixer and the mixture was extruded in a twin screw
extruder. XRD patterns of their composites clearly
indicated that intercala-tion of starch acetate into the
nanoclay layers occurred with all 4 clays. However, the
degree of intercalation varied according to the nanoclay.
For example, the degree of enlargement of the dyy; spacing
was the highest with Cloisite 30B (20.76 A), followed by
Cloisite 10A (18.21 _A), Cloisite 25A (15.97 A), and
Cloisite 20A (13.45 A). As indicated by Park et al. (88),
the intercalations between polymer and nanoclays were
dependent on the compatibility and the surface polarities of
polymer and organoclays. Hydrophobicities of the organic
clays determined by the chemical structure were in the
order of Cloisite 30B<10A <25A<20A. The addition of
organoclays into a starch acetate matrix increased glass
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transition temperature (7,) by 6-14°C, depending on the
type of clay. The increase in T, with the addition of
organoclay could be attributed to the formation of the
intercalation structure. Intercalation of polymer into the
clay galleries restricted the segmental movement of starch
acetate and thus increased the T,. The nanodispersion of
starch acetate molecules in silicate layers also restricted
their thermal motion, thus increased their thermal stability.
The increase in thermal stability of the hybrid was
reflected by the increase in the onset temperature of
thermal degradation by 15-25°C with the incorporation of
nanoclay into starch acetate. The intercalation also
influenced the mechanical properties of the hybrid. The
compressibility of starch acetate nano-composite
significantly decreased relative to the unfilled starch
acetate foam, while spring index was minimally
influenced by the addition of nanoclays.

Recently, Huang and Yu (56) reported on preparation
and properties of starch/MMT nanocomposites prepared
with thermoplastic comstarch and activated MMT by the
melt intercalation method using an extruder with 8 wt%
nanofiller loading. The thermoplastic comstarch was
obtained through plasticization of the starch with urea and
ethanolamine, and the activated MMT was obtained using
ethanolamine as the activating solvent. The XRD results
indicated that the diffraction peak at 26 of MMT was
shifted from 8.75 to 7.06° through the activation of MMT
with ethanolamine and that there was absence of a
diffraction peak for the nanocomposite. The shift in peak
angle for MMT implies that the activation of MMT with
ethanolamine caused intercalation of the ethanolamine into
the layers of MMT and enlarged the interlayer distance
from 1.01 to 1.25 nm. The disappearance of the diffraction
peaks for composites means that the crystal lattice
structure of MMT was totally dispersed, and exfoliated
nanocomposites were formed. TEM results also indicated
that MMT layers were exfoliated and uniformly dispersed
in starch matrix at the nanometer level. In addition to the
increase in tensile properties (as shown in Fig. 5), the
introduction of inorganic particles improved thermal
stability of the starch/MMT nanocomposite as indicated by
TGA analysis. The exfoliation of nanocomposite with 8%
filler increased the onset temperature of decomposition
from 271 to 279°C and decreased the mass loss before
decomposition from 16.72 to 11.53%. Water resistance of
the nanocomposites was also improved. The authors
attributed such property improvement of the exfoliated
nanocomposite starch to MMT possessing a high aspect
ratio, and its homogeneous dispersion in a continuous
polymer matrix.

Cellulose-based nanocompeosites Cellulose is the most
abundant naturally occurring biopolymer. It is composed
of unbranched, linear chains of D-glucose molecules,
linked to one another by 1,4-B-D glucosidic bonds. Since it
is renewable, biodegradable, and biocompatible, cellulose
has a high potential for being used for feedstock of
biopackaging materials. Naturally, cellulose is a very
highly crystalline, high molecular weight polymer, which
is infusible in all but the most aggressive hydrogen bond-
breaking solvents such as ~N-methylmorpholine-N-oxide.
Because of its infusability, cellulose is usually converted
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into derivatives to make it more processable. Such deriva-
tives include cellulose ethers such as methylcellulose

(MC), carboxymethyl cellulose (CMC), hydroxypropyl
cellulose (HPC), and hydroxypropyl methylcellulose
(HPMC), and cellulose esters such as cellulose acetate
(CA), cellulose acetate propionate (CAP), and cellulose
acetate butyrate (CAB). Among the cellulose ethers, HPC
is a true thermoplastic resin and is, therefore, capable of
being extruded into films from the molten state (92).
Cellulose acetate is currently used in high volume
applications ranging from fibers, to films, to injection
molding thermoplastics. Recently, interest in developing
nanocomposites with cellulosic materials to obtain functional
materials has been increased because of the improved
mechanical and thermal properties and permeability of
cellulose acetate films.

Park er al. (93) prepared green nanocomposites from
cellulose acetate (CA) and organically modified clay. CA
powder (DS=2.45) was plasticized with varying ratios of
triethylene citrate (TEC) (CA/TEC=80:20, 70:30, and 60:
40 by wt%), then the melt was compounded with 5 wt%
of Cloisite 30B through extrusion at 160-220°C for 2-20
min and the melted hybrid was injection molded to obtain
the desired nanocomposites. The XRD diffraction peak at
280 shifted from 4.9° for pure nanoclay to 2.4° for
nanocomposite prepared with 40% TEC plasticizer, which
indicates significant intercalation and slight exfoliation in
the hybrid structure. But no clear peak was observed for
the nanocomposite with 20 and 30% TEC, which indicates
partial exfoliation of organoclays in the CA/TEC matrix.
The authors found that the extent of swelling of the clay
(i.e., the degree of intercalation) increased with increase in
plasticizer. However, highly intercalated organoclays with
30 or 40% of TEC were more difficult to exfoliate by
external shear forces during extrusion processing than
organoclays intercalated with 20% TEC. TEM images also
showed that the nanocomposite prepared with 20% TEC
obtained better exfoliation than those prepared with 30 or
40% TEC. The addition of clay nanoplatelets (5 wt%)
increased the tensile modulus of the CA/TEC/Clay hybrids
by 51, 31, and 110% for TEC contents of 20, 30, and 40%,
respectively. DMA results showed that stiffness of the CA/
TEC/clay hybrid, indicated by the storage modulus,
increased with increased incorporation of clay, and both
storage modulus and 7, of the hybrid decreased with
increase in plasticizer content. Park er al. (93) asserted that
the increase in storage modulus by reinforcement of the
clay be attributed to the creation of a 3-dimensional
interconnecting network of silicate layers, thereby strengthen-
ing the material through mechanical percolation. Addition
of plasticizer increased the segmental motion in the CA
backbone, thereby decreasing the stiffness and 7,. Water
vapor permeability of CA films (film thickness = 250 pm),
determined using Mocon Permatran, decreased up to
100% by reinforcing with organoclay.

. The same researchers (94) prepared CA/organoclay
nanocomposites with CA plasticized with TEC, organoclay
(Cloisite 30B), and cellulose acetate butyrate grafted with
maleic anhydride (CAB-g-MA) as the compatibilizer.
They tested the effect of compatibilizer on the micro-
structure and mechanical properties of nanocomposites by
varying the amount of compatibilizer included, i.e., O, 5,
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and 7.5 wt%. Morphology test results performed by
atomic force microscopy (AFM), TEM, and XRD
indicated that the addition of compatibilizer not only
prevented formation of clay aggregate but also aided
formation of exfoliation of clay platelets in the polymer
matrix. Tensile and flexural properties showed that CA/
TEC/clay nanocomposite with 5 wt% compatibilizer
loading exhibited slightly higher values in TS, tensile
modulus, flexural strength, and flexural modulus than
those with O or 7.5% loading. They concluded that 5 wt%
loading of compatibilizer is optimum for the best
morphology and mechanical properties for the preparation
of CA/TEC/clay composite.

Cho et al. (95) reported on the preparation and mechanical
properties of nanocomposite film prepared with cellulose
diacetate (CDA) and organoclay using a solvent intercala-
tion method with a mixed solvent of methylene chloride
and ethanol (9:1 w/w). First, they dissolved CDA (10
wt%) in the mixed solvent by mixing for about 4 hr, after
which plasticizer was added. Then organoclay (Cloisite
25A) in varying amounts (1, 3, 5, and 7 wt%) was
dispersed into the mixture through sonication for 2 hr. The
solution was cast onto a silicon plate and dried at room
temperature to obtain a clear and transparent film with
thickness of about 200 pm. They confirmed the
organoclay was distributed well in the CDA matrix using
XRD patterns, which indicated that diffraction peaks
observed in the organoclay powder at 4.16 and 19.72° (26)
had disappeared in the nanocomposite films. They also
found that T, of the film decreased with increase in
plasticizer content, and mechanical strength of the CDA
film decreased by adding plasticizer, but the mechanical
strength was recovered by incorporation of nanoclay.

Ruan et al. (96) reported interesting results on
regenerated cellulose/tourmaline nanocrystal composite
films. Tourmaline, a mixed stone, is a naturally complex
group of hydrous silicate minerals containing Li, Al, B,
and Si and various quantities of alkalis (K and Na) and
metals (Fe, Mg, and Mn). Its structural formula is Na(Li,
Al);Al(BO5)3SigO1s(OHF),. They prepared cellulose/
tourmaline composite film using a solvent casting method.
Cellulose and tourmaline were dissolved separately in
aqueous solutions of 1.5 M NaOH/0.65 M thiourea (97),
after which the tourmaline dispersion was mixed with the
cellulose solution with sonication. The mixture was cast
onto a glass plate and coagulated by immersing in a 5 wt%
CaCl, aqueous solution and subsequently treated with a 3
wt% HCI aqueous solution. SEM images of both cellulose/
tourmaline nanocomposite and unfilled cellulose films
exhibited homogeneous structures suggesting that the
hydrophilic NaOH/thiourea solution can effectively disperse
the hydrophilic tourmaline nanocrystals and produce a
homogeneous nanocomposite film. XRD patterns revealed
that the crystals of tourmaline in the composite films were
not changed, indicating that cellulose/tourmaline nano-
composite films maintained the structure and character of
the tourmaline nanocrystals. Obviously, this is different
from previously observed structures with nanocomposites
using layered silicate nanoparticles. Nanoparticles like
tourmaline can be classified as isodimensional nanoparticles
where the three dimensions are in the order of nanometers,
while the layered silicate nanoplatelets have only one
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dimension in the nanometer range (25). Unlike other
nanocomposite films with layered silicates, tensile strength
and T, of the cellulose/tourmaline composite films were
not increased with increase in filler content. On the
contrary, they decreased a little bit. But the decrease in TS
of the composite films with filler contents of 4-15% was
not significant. This may be attributable to the fact that the
hydroxyl group on cellulose is tightly bound to the
tourmaline surface and results in good interfacial adhesion
between cellulose and fillers. Interestingly, the cellulose/
tourmaline composite films showed antimicrobial action
against Staphylococcus aureus. This result implies
potential use of the composites for functional packaging
materials.

Another type of utilization of cellulose as nanocomposite
feedstock is a cellulose whisker-reinforced nanocomposite.
Cellulose whiskers (microcrystalline cellulose) have two
dimensions in nanometer scale, like carbon nanotubes
(25), and have been successfully used for the reinforcing
of biopolymers. When starch matrix was filled with
cellulose whiskers, a decrease in water sensitivity and
increase in thermomechanical properties was observed
(98). Though cellulose whisker reinforced bio-nano-
composites are 100% biodegradable, their effects on
reinforcement are generally relatively very low. In
addition, other problems are realized in commercial use of
cellulose whiskers as structural materials (99) such as
relatively high price and difficulty in dispersion of
cellulose microfibrils in a polymer matrix. There are still
significant scientific and technical challenges to the
reinforcement of natural biopolymers with natural
biopolymer-based materials, and research in this area is
progressing that can be referred to for the further details
(100-112).

Chitosan-based nanocomposites Chitosan is a partially
deacetylated derivative of chitin, which is the second most
abundant natural biopolymer next to cellulose. Structurally,
chitosan is composed with glucosamine and N-acetyl-
glucosamine units linked by the {3-1-4-glucosidic bond.
Because chitosan is biodegradable, nontoxic, and readily
biocompatible, it has been studied extensively for various
industrial and packaging applications. However, its properties
as a packaging material also need to be improved, as do
other hydrophilic natural biopolymer-based packaging
materials. With regard to the present subject, only a few
research works were found in the literature.

Lin et al. (113) reported on a novel method for the
preparation of chitosan/montmorillonite nanocomposite
using a solvent casting method. First they prepared potassium
persulfate (KPS) intercalated MMT by dissolving purified
MMT in 0.5% KSP and freeze-drying the mixture and
pulverizing it to KPS-MMT powder (less than 75 um).
Chitosan solution (1 wt%) was prepared separately by
dissolving chitosan (degree of deacetylation=85%) in 0.17
M acetic acid. As 5 phc (parts of MMT per hundred parts
of chitosan by weight) KPS-MMT powder was added to
the chitosan solution, the KPS instantly reacted with the
chitosan, resulting in the cleavage of polymer chains and
exfoliation of MMT as well. After removing the
nonexfoliated MMT, solutions were cast to form a film of
chitosan/MMT nanocomposite. The X-ray diffraction
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pattern of KPS-MMT powder indicated that KPS had
exchanged with the cations of MMT through the
intercalation process when the MMT was treated with 0.5
CEC (cation exchange capacity) KPS. They recognized
that the more KPS that was incorporated in the KPS-
MMT, the greater the quantity of exfoliated MMT that was
obtained, and that if MMT were not treated with KPS, it
would not suspend in the acidic solution of chitosan. The
TEM images of chitosan/KPS-MMT nanocomposite films
showed that partially and fully exfoliated MMTs were
observed with the layers flattened out in parallel to the
surface. In the X-ray diffraction curve, the characteristic
MMT peak observed at 268= 6-7° contributed by the c-axis
of the layer structure was not detected in the composite
films, suggesting that the MMT has been almost fully
exfoliated. This was consistent with their results of TEM.
The chitosar/KPS (0.5 CEC)-MMT nanocomposite film
had higher tensile strength and lower Young’s modulus
than the pristine chitosan. Tensile properties of the
nanocomposite films depended on the amount of KPS
incorporated in the MMT. The higher the quantity of KPS
incorporated into MMT used, the more MMT exfoliated
along with the degradation of chitosan so that the Young’s
modulus increased but the tensile strength decreased. The
nanocomposite also showed hindered degradation in in
vitro testing with PBS (phosphate buffered saline) solution
at 37°C.

Xu et al. (114) prepared chitosan-based nanocomposite
films with Na-MMT and Cloisite 30B using a solvent
casting method. Structural properties tested using XRD
and TEM indicated that the nanoclay was exfoliated along
with the chitosan matrix with small amounts of Na-MMT,
and that intercalation with some exfoliation occurred with
up to 5 wt% Na-MMT. However, microscale composite
(tactoids) formed when Cloisite 30B was added to the
chitosan matrix. They also confirmed that tensile strength
of a chitosan film was enhanced and elongation at break
decreased with addition of clay into the chitosan matrix.

Wang et al. (115) also prepared chitosan/MMT nano-
composite using the solvent intercalation method and
found that an intercalated/exfoliated nanostructure was
formed with low MMT content and an intercalated/
flocculated nanostructure was formed with high MMT
content. They also showed that the nano-dispersed clay
improved the thermal stability and enhanced the hardness
and elastic modulus of the matrix systematically with
increases in clay loading. Recently, Rhim (116) also
demonstrated that the mechanical and water vapor barrier
properties of chitosan/MMT nanocomosite films were
strongly affected by the clay concentration.

In addition, Darder et al. (117) prepared chitosan/MMT
nanocomposite using a solution intercalation method with
varying amounts of clay. The XRD patterns of pristine
MMT, chitosan film, and corresponding nanocomposite
films confirmed the intercalation of chitosan polymer in
the silicate galleries, showing the decrease in 268 values
with increase in the ratio of chitosan/clay. Table 2 shows
the dyo spacing and increase in dyy spacing of silicate
galleries depending on the chitosan/clay ratio obtained
from XRD patterns. Though they tested extraordinarily
high amounts of clay (up to 400 wt% of chitosan), they
found that the intercalation of the cationic biopolymer
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Table 2. Change in dyy; spacings of chitosan nanocomposite
depending on the ratio of chitosan to montmorillonite
(MMT)?

Chitosan/clay ratio  dgo; Spacings (nm) A dgo, Spacings (nm)
Pristine MMT 1.20 -
025:1 1.39 0.19
05:1 1.45 0.25
1:1 1.69 0.49
2:1 2.00 0.8
5:1 2.04 0.84
10:1 2.09 0.89
URef. 116.

chitosan in Na-MMT provided compact and robust 3-
dimensional nanocomposites with functional properties,
which can be easily processed to construct bulk-modified
electrodes.

Protein-based nanocompeosites Composite soy protein
with layered silicate clay materials has been tested to
improve film properties. For example, Otaigbe and Adams
(118) obtained better mechanical properties with improved
water resistance for soy protein composites by blending
with polyphosphate fillers. Rhim ez al. (119) also demon-
strated that soy protein isolate (SPI) films hybrid with
organically modified MMT or bentonite increased tensile
strength with improved water vapor permeability.

Dean and Yu (120) reported the effect of ultrasound
treatment on inducing intercalation or exfoliation of
unmodified Na-MMT (Cloisite Na®) dissolved in water
with or without glycerol. They used a Branson sonifier
(model 250 W cell disruptor) with a maximum mechanical
vibration frequency of 20 kHz to aid intercalation and
exfoliation of the clay and plasticizers. Separate dispersions
of clay/water and glycerol in clay/water were sonicated for
varying times and the effects of the sonication treatment
were observed through XRD measurements. An increase
in the amount of intercalation of the clay/water solution
was observed as the clay to water ratio decreased from 1:4
to 1:10. The degree of intercalation increased as the time
of sonication increased. In the case of the clay/glycerol/
water mixture, more than 25 min of sonication caused a
complete exfoliation of the clay.

Dean and Yu (120) also prepared soy protein-based
nanocomposite films and tested their microstructure and
mechanical properties. They prepared the nanocomposite
films by blending 400 g of water with 400 g of glycerol
followed by adding 60 g of Cloisite Na", after which the
mixture was treated with a point source ultrasonic device
for one hour. This mixture was combined drip-wise to
1,200 g of soy protein isolate (Profam 974; Archer Daniels
Midland, Decatur, IL, USA) using a high speed mixer for
5 min, then extruded using a twin screw extruder
(Theysohn 30) at the set temperature of 140°C. They
assessed the dispersion of clay through wide angle X-ray
diffraction (WAXD) and TEM analysis. The XRD results
showed that the characteristic peak for the neat Cloisite
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Table 3. Tensile properties of neat soy protein isolate (SPI) film
and nanocomposite films prepared with or without ultrasonic
treatment”

Film type E(MPa) TS (MPa)  E, (%)
Neat SPI film 531649 125609  29.9+4.2
Nanocomposite without 775 45 153411 274145
ultrasonic treatment

Nanocomposite with 979160 184209  24.9:3.1

ultrasonic treatment

DMeans+SD; E, Young’s modulus of elasticity; TS, tensile strength; By,
elongation at break. (ref. 120)

Na* observed at 10 A broadened and shifted to 60 A in the
nanocomposite prepared without ultrasonic treatment,
indicating that the clay was partially intercalated or
exfoliated. On the other hand, the diffractogram peak of
clay (10 A) disappeared in the nanocomposite prepared
with ultrasonic treatment, indicating the nanocomposite
formed was exfoliated.

The TEM images of both nanocomposites confirmed
the XRD data. A large agglomerate along with smaller
tactoids of silicates were observed in the nanocomposite
prepared without ultrasound treatment, while mostly single
exfoliated silicates were observed in the nanocomposite
prepared with ultrasound treatment. Glass transition
temperature (7T,) determined by both DMA and differential
scanning calorimetry (DSC) increased in both nano-
composites; Dean and Yu (120) postulated that this was
due to the restriction in molecular motion of the protein by
the dispersion of the nanoclay. The effects of nanocomposite
formation are reflected in the mechanical properties of the
resultant films (Table 3). The most significant improve-
ment observed in the mechanical properties was for the
elastic modulus; in particular, an increase of 84% in
modulus of the ultrasonically treated nanocomposite films
was observed compared with neat protein film. Nano-
composite films both without and with ultrasonic treatment
increased in tensile strength, by 23 and 47%, respectively.
The elongation at break for both nanocomposites was
reduced due to the inclusion of a brittle silicate into a
polymer.

Though Dean and Yu (120) demonstrated mechanical
properties of SPI films improved by hybridizing with
nanoclay, they did not measure water barrier properties of
the composite. Rhim ez al. (119) prepared composite films
of SPI and various clays such as organically modified
MMT (O-MMT) (Nanomer 1.34TCN; Nanocor Inc., Arlington
Heights, IL, USA), bentonite (OPZIL AOK; SUD-CHEMIE
Korea, Pohang, Korea), talc powder (magnesium silicate
hydrous, 3Mg0-4Si0,-H,0), and zeolite. Each composite
film solution was prepared by adding 0.5 g of one of the
clay mineral samples into 100 mL distilled water with 2 g
glycerol; then the mixture was vigorously stirred for 30
min and sonicated for 10 min. Five g of SPI was then
dissolved into the suspension and heated for 20 min at
90°C in a water bath. The solution was cast onto a leveled
Teflon-coated glass plate and dried at room temperature.
Neat SPI films were prepared with the same method
without adding clay. Rhim et al. (119) tested the effect of
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compositing between SPI and clays by measuring the
mechanical and water barrier properties of the films
without testing the microstructure of the films using XRD
or TEM. As shown in Table 4 and 5, mechanical and
water barrier properties of the SPI films were significantly
affected by the filler materials used. Tensile strength of the
SPI hybrid films with O-MMT and bentonite, which are
composed of mostly layered silicate clays, increased
significantly up to 30%, while those with talc and zeolite,
which are particle type fillers, decreased. As expected, the
resilience of all the hybrid SPI films decreased due to the
restriction of molecular motion of polymer caused by the
composition of brittle clays. The enhancement in TS of
SPI films hybrid with O-MMT and bentonite may be
attributed to the reinforcement provided by the intercala-
tion of SPI in these clay minerals, as well as a fine
dispersion of the particles in the SPI matrix.

Generally, compositing with clay minerals induced a
decrease in WVP of SPI films ranging from 7 to 52%
depending on the clay minerals used (Table 5). It is
noteworthy that the water vapor barrier property of SPI
films hybrid with bentonite increased two-fold compared
to that of the neat SPI film. This result further indicates
that some specific structure, such as intercalation of SPI in
clays, was developed in the films composited with clay
minerals particularly with bentonite.

The observed decrease in WVP is of great importance
in evaluating the composites for use in food packaging,
protective coatings, and other applications where efficient

Table 4. Tensile strength (TS) and elongation at break (E;) of
soy protein isolate (SPI) and clay-based nanocomposite films?

Film type Thickness (um) TS (MPa) E, (%)

Neat SPI 105.3+16.6® 7.5£1.0°  17.523.2%¢
O-MMT?/SPI 103.2+5.2% 9.4+2.5° 11.5+2.0%®
Bentonite/SPI 99.6+5.1° 9.7+0.3¢ 14.8+5.1%4
Talc/SPI 105.0+1.3® 6.8+0.3%¢  12.1£3.0%
Zeolite/SPI 116.7+6.9% 46£04°  12.7x0.4>

DMeans of three replicates+SD; Any 2 means in the same column fol-
lowed by the same letter are not significantly (p>0.05) different by
Duncan’s multiple range tests. (ref. 119)

YQrganically modified montmorillonite.

Table 5. Water vapor permeability (WVP) and water solubility
(WS) of soy protein (SPI)- and clay-based nanocomposite
films"

MC WVP

Film type (%, wb) (ng’mlmz'secPa) WS (%)

Neat SPI 19.3£1.2% 3.1+0.2¢% 27.8+4.3°
O-MMT?/SPI  19.620.9%* 2.9+0.6% 12.324.8°
Bentonite/SPI 19.0+0.9° 1.5+0.5 13.740.3®
Talc/SPY 20.5£0.3% 2.320.1% 21.244.0
Zeolite/SPI 20.9+0.6™ 2.0+0.1° 13.5£4.0%

UMeans of 3 replicates+SD; Any 2 means in the same column fol-
lowed by the same letter are not significantly (p>0.05) different by
Duncan’s multiple range test. (ref. 11%)

POrganically modified montmorillonite.
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polymer barrier properties are needed. For these applica-
tions, significant reduction in WVP can result in either
increased barrier efficiency, or reduced thickness of the
barrier layer for the same efficiency. Compositing with
clay minerals improved the water resistance properties of
the SPI films as evidenced by decreases in WS (water
solubility) values (Table 5). The increase in water
resistance may also have been due to the development of a
polymeric composite structure with clay minerals.
Gelatin, an animal protein, was also tested for the
preparation of a bionanocomposite with MMT clay in
order to improve mechanical and water resistance properties
of the polymer (121). Zheng et al. (121) prepared gelatin/
MMT nanocomposite using a solution intercalation method.
Gelatin (type B, extracted from bovine skin) solution was
prepared separately by dissolving gelatin in deionized
water heated to 70°C, and the solution was added into 2
wt% ultrasonically pretreated MMT suspension under
vigorous stirring at 70°C. Then the mixture was cast on a
mold. XRD results indicated that an intercalated or
partially exfoliated nanocomposite was formed. The tensile
strength and Young’s modulus were improved notably (up
to 60 and 80%, respectively), which varied with MMT
content as well as pH of the gelatin matrix. The wet
mechanical strength was also significantly improved in the
nanocomposite, which was mainly attributed to
nanodispersion of MMT in the gelatin matrix and the
barrier effect of MMT sheets to solvent molecules.

Potential Application in an Active Food Packaging

The use of proper packaging materials and methods to
minimize food losses and provide safe and wholesome
food products has always been the focus of food
packaging. In addition, consumer trends for better quality,
fresh-like, and convenient food products have intensified
during the last decades. Therefore, a variety of active
packaging technologies have been developed to provide
better quality, wholesome and safe foods and also to limit
package-related environmental pollution and disposal
problems (122). Active packaging is a type of packaging
that changes the condition of the packaging to extend
shelf-life or improve safety or sensory properties while
maintaining quality of the food (123).

As one of the innovative active packaging methods,
antimicrobial packaging, applying antimicrobial compounds
in combination with food packaging materials, has been
receiving considerable attention as a potential application
for a variety of foods including meat, fish, poultry, bread,
cheese, fruits, and vegetables (124-126). The potential
application of these films with antimicrobial activities
would allow surface contact with food that could help
control growth of pathogenic and spoilage microorganisms.

Various antimicrobial agents have been proposed and/or
tested for this purpose, including organic acids such as
sorbate, propionate, and benzoate (127) or their respective
acid anhydrides (128), bacteriocins, e.g., nisin and pediocin
(129), enzymes such as lysozyme (130), metals (131) and
fungicides such as benomyl (132) and imazalil (133). The
active component of these antimicrobial systems can be
either organic or inorganic. In particular, the inorganic
systems are based on metal ions such as silver, copper, and
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platinum. Silver ions as an antimicrobial are ideally suited
for a wide range of applications: appliances, building
products, medical devices, water filtration, delivery systems,
and obviously, food processing and packaging (134). Ag-
substituted zeolite is the most common antimicrobial agent
incorporated into plastics. Ag-ions, which inhibit a range
of metabolic enzymes, have strong antimicrobial activity.
The unique feature of Ag-zeolites is their broad anti-
microbial spectrum. As Ag-zeolite is expensive, it is
laminated as a thin layer (3-6 wm) containing Ag-zeolite.
The normal incorporation level varies from 1 to 3% (131).

The mode of application of antimicrobial agents in food
systems is critical for success. Incorporation of antimicrobial
agents or growth inhibitors into food formulations may
result in partial inactivation of the active substances by
product constituents and is therefore expected to have only
limited effect on surface flora (135, 136). Also, direct
application of antimicrobial agents onto food surfaces, by
dipping or spraying, has been shown to be inefficient, due
to the rapid diffusion of the active substances within the
bulk of food (136, 137). The use of packaging film based
on an antimicrobial polymer could prove more efficient,
by maintaining high concentrations on the food surface
with a low migration of active substance (136-138).

The choice of the antimicrobial, however, is often
limited by the incompatibility of the component with the
packaging material or by the heat lability of the component
during extrusion (127, 139). This explains the importance
of choice for proper biopolymer matrix and antimicrobial
agents as well as other ingredients such as plasticizer and
compatibilizer. Because of the characteristic inhibitory
mechanism and the specific activity of each antimicrobial
agent against a specific microorganism, the antimicrobial
films have a limited antimicrobial spectrum. Combining
two or more antimicrobials can widen this limited
spectrum.

Taking into account its potential antimicrobial activity
and good film forming ability, chitosan seems to be an
ideal antimicrobial film preparation material (137, 138,
140-144). Chitosan is the deacetylated derivative of chitin
(B-[1-4]-poly-N-acetyl-D-glucosamine), one of the most
abundant natural polymers obtained as a by-product of
seafood processing. Chitosan has antimicrobial activities
against a wide variety of microorganisms including fungi,
algae, and some bacteria (145). Furthermore it is
inexpensive, nontoxic, biodegradable, and biocompatible.
Chitosan is a renewable and non-toxic biopolymer with
excellent biocompatibility with other substances. Inherent
antimicrobial properties of chitosan and its high film-
forming and entrapping ability could be the primary
driving force in the development of new applications for
this underused biopolymer.

There are some limitations to the application of chitosan
film for packaging, because of its high sensitivity to
moisture. One strategy to overcome this drawback is to
associate chitosan with a moisture resistant polymer,
which would maintain the overall biodegradability of the
product. Associations between polymers can be blends or
multilayer products (for example, coating or laminating),
but blending is easier and a more effective way to prepare
multiphase polymeric materials with desirable properties.

Blending chitosan with other biodegradable polymers,
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Fig. 9. Flow diagram for the preparation of antimicrobial
biopolymer-based nanocomposite films using a solvent casting
method.

for example, poly(3-hydroxybutyric acid) (PHB) (146),
PCL (147, 148), and PLA (149) has been used to modity
chitosan’s water sensitivity properties.

An ideal solution to food industry concems about
environmental pollution and food safety would be
development of biopolymer-based antimicrobial films by
incorporating food-grade antimicrobials into biopolymer
films. A composite antimicrobial nanocomposite film is
particularly desirable due to its acceptable structural
integrity and barrier properties imparted by the nano-
composite matrix, and the antimicrobial properties contributed
by the natural antimicrobial agents impregnated within. In
addition, such nanocomposite films prepared based upon
natural biopolymers are environmentally-friendly with all
the benefits expected from both biopolymer and
nanocomposite packaging materials.

In order to fully realize the benefits of natural biopolymer/
clay nanocomposites, it is necessary that the clay particles
become fully exfoliated and uniformly dispersed in the
polymer matrix. For the preparation of the natural biopolymer-
based nanocomposite films with antimicrobial activity, a
solvent casting method can be properly used as shown in
Fig. 9. First, polymer and clay solutions are prepared
separately. The biopolymer is dissolved in a solvent with
high-shear mixing as the first step in the preparation of
natural biopolymer films using a solvent casting method.
A clay solution is prepared by initially swelling and
dispersing of layered nanoclay particles in the same
solvent as that used for film-forming solution. To achieve
intercalation of the solvent into the stacked layers, the
mixture is subjected to high-shear mixing and to ultrasonic
treatment (43, 71, 120, 150). In the second step of the
process, the clay solution is added to the polymer solution
in a dropwise fashion and the resulting mixture is
subjected to high-shear mixing and ultrasonic treatment
again. The functionally active materials (such as anti-
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microbial agents) are added into the mixture and cast onto
a glass plate. The solution is allowed to dry in ambient or
elevated temperature conditions to make a free-standing
film, then further dried or cured if needed. In this process,
intercalation or exfoliation of nanoclay particles in a
polymer matrix is a most important step for preparation of
the nanocomposite films, as well as selection of the most
compatible materials for the film preparation (such as
nanoclay, biopolymer, antimicrobial agents, and plasticizer).
Recently, Rhim er al. (66) prepared chitosan-based
nanocomposite films using a solvent casting method based
on the procedure depicted in Fig. 9 to test the effect of
nanoclay or particles such as Cloisite 30B, Na-MMT,
Nano-silver, and Ag-Ion on the mechanical and water
vapor barrier properties as well as antimicrobial activities
of the resulting films. Chitosan film solution was prepared
by dissolving 2%(w/v) chitosan in a 1% acetic acid
solution with 25% of glycerol (w/w, relative to chitosan on
a dry basis). In addition, 4 types of nanocomposite films
were prepared by using 5% of each type of nanoparticle
(w/w, relative to chitosan on a dry basis). Figure 10 shows
XRD patterns of 4 types of nanocomposite films. XRD
results indicated that a certain degree of intercalation
occurred in the case of layered silicate nanoparticles like
Na-MMT and Cloisite 30B, but more intercalation was
observed in the chitosan/Na-MMT nanocomposite films.
Table 6 and 7 show tensile and water barrier properties of
chitosan-based nanocomposite films. Except for the nano-
silver films, which are dark gray in surface color, apparent
color and transparency of the nanocomopsite films were
not significantly different from the control chitosan film.
Dispersing nanoparticles into chitosan polymer matrix
increased tensile strength significantly and decreased WVP
significantly. Antimicrobial activity of the nanocomposite
films was tested against 2 Gram-positive bacteria, S.
aureus and Listeria monocytogenes, and 2 Gram-negative
bacteria, Salmonella typhimurium and Esherichia coli
O157:H7 using both disk method and viable cell count
method. Results of disk method (Table 8) indicated no
clear microbial inhibition zone with chitosan/Na-MMT
nanocomposite films, while Nano-silver- and Ag-Ion-
incorporated nanocomposite films exhibited distinctive
microbial inhibition zones against both Gram-positive and
Gram-negative bacteria. Interestingly, Cloisite 30B-

Table 6. Tensile properties of chitosan-based nanocomoposite
films"

Film type Thickness TS E, E
(Um) (MPa) (%) (MPa)
Neat chitosan  64.0£6.0° 32.9+0.7° 54.623.0° 135.6+25.0°
Na-MMT 70.0£9.2* 35.1£0.9® 50.3x11.7* 191.3+81.2°
Cloisite 30B  63.3+2.3" 36.8+3.3® 66.325.3* 184.6+51.9°
Nano-silver  64.7£9.0° 35.9£1.9% 463£7.6™ 259.2+161.3°
Ag-ion 61.3x5.0" 38034 38.9+1.4° 4554+22.1°

DMeans of three replicates+SD; Any 2 means in the same column fol-
lowed by the same letter are not significantly different (p>0.05) by
Duncan’s multiple range test. TS, tensile strength; E;, elongation at
16)r663ak; E, Young’s modulus of elasticity; MMT, montmorillonite. (ref.
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Table 7. Water vapor barrier and water resistance properties of chitosan-based nanocomposite films"
MC WVP RH; CA WS
Film type (%, w.b.) (1072 kg-m/m’-sec-Pa) (%) (degrees) (%)
Neat chitosan 27.1+0.8% 1.31£0.07* 76.2+1.4° 45.6+0.2° 13.6£1.1°
Na-MMT 26.4£0.4° 0.98+0.15" 78.80.6* 47.4:0.2° 12.5:0.8
Cloisite 30B 24.3£0.2° 0.92+0.03° 78.240.2% 43.4x1.3¢ 13.2+1.0°
Nano-silver 24.5:0.0° 0.95+0.12% 78.1£0.2® 48.5+1.1° 14.10.8*
Ag-ion 22.3£0.3° 0.96+0.05" 77.3+0.4% 504+1.0° 15.4+0.6°

DMeans of three replicates+SD; Any 2 means in the same column followed by the same letter are not significantly different (»>0.05) by Duncan’s

multiple range test. MC, moisture content; WVP, water vapor permeability; RH, actual relative humidltfy
WVP measuring cup; CA, contact angle of water drop; WS, water solubility; MMT, montmorillonite. (re

val
. 66)

ue underneath the film covering the

Table 8. Antimicrobial activity” of the chitosan nanocomposite films as observed by an agar diffusion assay on plate medium?

Film type
Test organisms - — - - -
Neat chitosan ~ Na-MMT Cloisite 30B Nano-silver Ag-ions¥ Ag-iony>
S. aureus ATCC-14458 - - ++ + + +
L. monocytogenes ATCC-19111 - - + + + ++
S. typhimurium ATCC-14028 - - - + + ++
E. coli O157:H7 ATCC-11775 - - - + + ++

Y., no inhibition; +, clear zone of 6-8 mm: ++, clear zone of 8-10 mm.
ICulture medium, TSA(tryptic soy agar, Difco Lab.), incubation temperature, 37°C.
Y Ag-ions, Ag-iony: Ag-ion concentration, 5 and 20% (w/w of chitosan), respectively. (ref. 66)
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Fig. 10. X-ray diffraction patterns of chitosan film, nanofillers, and their nanocomposite (NC) films. (A) chitosan/Na-
montmorillonite, (B) chitosan/Cloisite 30B, (C) chitosan/nanosilver powder, and (D) chitosan/Ag-ion nanocomposites. (ref. 66)

incorporated nanocomposite films exhibited antimicrobial
activity against Gram-positive bacteria, S. aureus and L.
monocytogenes. This result was confirmed with the viable

cell count method as shown in Fig. 11. Since silver ions
are well known to have antimicrobial activity against wide
range of microorganisms (134), it was expected that silver-
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Fig. 11. Antimicrobial activity of chitosan-based nanocomposite films against (A) S. aureus, (B) L. monocytogenes, (C) S.

typhimurium, and (D) E. coli O157:H7. (ref. 66)

containing nanocomposite films exhibit antimicrobial action.
However, the antimicrobial activity of Cloisite 30B-
incorporated nanocomposite films has been observed for
the first time. Rhim et al. (66) attributed this to the
antimicrobial activity of the quarternary ammonium group
in the silicate layer incorporated to the organoclay
(Cloisite 30B) through organophilic modification. The
effectiveness of such quarternary ammonium group for
disrupting bacterial cell membranes and causing cell lysis
has been well known (151-154). Wang et al. (155) also
reported a similar result with chitosan-based nanocomposite
films composited with layered silicate, rectorite, which
was organically modified with cetyltrimethyl ammonium
bromide. They found the nanocomposite films exhibited
excellent inhibition effect on Gram-positive bacteria, S.
aureus and Bacillus subtilis, whereas they only exhibited
slight antimicrobial activity against Gram-negative bacteria,
E. coli and Pseudomonas aeruginosa. They also found that
the minimum inhibition concentration (MIC) values of the
nanocomposite films was 4-30 times lower than that of
chitosan film depending on the nanoclay content. They
suggested that the antimicrobial action of the nanocomposite
films could be attributed to the positively charged amino
groups of chitosan molecule interacting with the predo-
minantly anionic molecules at the cell surface. This
interaction could change the permeability of cell
membrane of the microorganisms, resulting in a leakage of
intercellular components, and caused the death of the cell.

In addition, they also attributed to the adsorption and
immobilization of bacteria by the clay with large surface
area. However, their explanation on the antimicrobial
action of the chitosan film is controversial, because
antimicrobial action of chitosan film is dependent on the
molecular weight of chitosan used. It is well known that
chitosans with high molecular weight used for the
preparation of chitosan films is not expected to show
antimicrobial action. The antimicrobial action of the chitosan-
based nanocomposite films may be attributed to the
organic acid used for the solvent and the functional group
of cetyltrimethyl ammonium bromide in the rectorite used
for the preparation of the nanocomposite film (66).

All of these results indicate high potential for
antimicrobial bio-nanocomposite films with improved
mechanical and barrier properties for use in active
packaging applications.

Conclusions

Natural biopolymer-based biodegradable packaging
materials are a new generation of polymers emerging on
the packaging market. Biodegradable packaging materials
have an expanding range of potential applications and,
driven by the growing use of plastics in packaging and the
perception that biodegradable plastics are ‘environ-
mentally-friendly’, their use is predicted to increase. Many
consumer plastic products may be replaced by the natural
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biopolymer-based plastics, which may be used for disposable
plastic bags, cups, plates, containers and utensils, and other
plastic products. However, due to the inherent properties
of the natural biopolymer packaging materials such as
lower mechanical strength and lower water resistance than
their petroleum-based counterparts, they have not been
widely used in the food packaging industry. The
application of nanotechnology might provide one possible
solution for this problem.

Several examples of natural biopolymers, with or
without further modification, for the preparation of nano-
composites with nano-sized clays have been discussed.
Even though limited numbers of research studies on
natural biopolymer-based nanocomposites are available,
bio-nanocomposites prepared with natural biopolymers,
such as starch, cellulose, and protein, increased mechanical
properties and decreased water sensitivity without
sacrificing biodegradability. Such property improvements
are generally attained at low nanoclay content (less than
5%) compared to that of conventional fillers (in the range
of 10 to 50%). For these reasons, nanocomposites are far
lighter in weight than conventional composite materials,
making them competitive with other materials for specific
applications such as in packaging.

Bio-nanocomposites have very strong future prospects,
though the present low level of production and high cost
restrict them from a wide range of applications. In spite of
improvements in mechanical and water barrier properties
of several natural biopolymers through nanocomposition
technology, these improvements are not sufficient for
petroleum-based plastics to be replaced. In particular,
water resistance is too poor to utilize the bio-nanocomposites
as packaging materials, especially in wet environmental
conditions. Therefore, the most important factors for the
development of new packaging materials using natural
biopolymer-based nanocomposites include development of
the optimum formulation for the individual polymer and
processing method to obtain desired properties to meet a
wide range of applications as well as cost reduction of the
bio-nanocomposites.

There is huge potential for the natural polymer-based
nanocomposites to enhance quality and safety of packaged
foods by increasing barrier properties of packaging
materials with antimicrobial activity. Natural biopolymer-
based nanocomposite packaging materials appear to have a
very bright future for a wide range of applications in the
food industry including innovative active food packaging
with bio-functional properties. However, a natural biopolymer-
based nanocomposite film material with the active
packaging function is in its infancy and is now emerging
because of environmental concermns and expectations for
high quality food products. Much research work on the
preparation and application of bio-nanocomposite packaging
with functional properties is expected for such bio-
degradable nanocomposite materials to replace or reduce
the use of the existing petrochemical-based packaging
materials available.
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