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A Review of Experimental and Modeling
Techniques to Determine Properties
of Biopolymer-Based Nanocomposites

P. Kumar, K.P. Sandeep, S. Alavi, and V.D. Truong

Abstract: The nonbiodegradable and nonrenewable nature of plastic packaging has led to a renewed interest in packag-
ing materials based on bio-nanocomposites (biopolymer matrix reinforced with nanoparticles such as layered silicates).
One of the reasons for unique properties of bio-nanocomposites is the difference in physics at nanoscale as compared
to that at macroscale. Therefore, the effect of nanoscale on the properties of bio-nanocomposites is discussed. Prop-
erties of bio-nanocomposites are governed by the extent of dispersion of nanoparticles in the biopolymer matrix and
interaction between nanoparticles and the biopolymer. Selection of proper technique to determine properties of these
bio-nanocomposites is very critical in assessing their performance. Experimental techniques (tensile testing, barrier prop-
erty measurement, dynamic mechanical analysis, differential scanning calorimetry, thermogravimetric analysis, rheological
measurement) to determine the mechanical, barrier, thermal, and rheological properties of bio-nanocomposites are dis-
cussed in terms of methodology, interpretation of results, and application in studying the properties of bio-nanocomposites.
Mathematical modeling plays an important role in predicting the properties of bio-nanocomposites and comparing them
to the measured properties. This comparison helps in better understanding the mechanism for much improved properties
of bio-nanocomposites. Mathematical modeling is also helpful in understanding the effects of different parameters on
the properties of bio-nanocomposites. Therefore, the article describes mathematical modeling of mechanical and barrier

properties of bio-nanocomposites using analytical micromechanics.
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Introduction

The nonbiodegradable and nonrenewable nature of plastic pack-
aging has led to a renewed interest in packaging materials based
on biopolymers derived from renewable sources. Such biopoly-
mers include naturally occurring proteins, cellulose, starches, and
other polysaccharides and those synthesized chemically from nat-
urally derived monomers such as lactic acid. However, biopoly-
mers cannot meet the requirements of a cost-effective film with
mechanical and barrier properties matching those of plastics. Re-
cently, a new class of materials represented by bio-nanocomposites
has proven to be a promising option in improving the mechanical,
barrier, and thermal properties of these biopolymer-based packag-
ing materials. Bio-nanocomposites consist of a biopolymer matrix
reinforced with particles (nanoparticles) having at least one dimen-
sion in the nanometer range (1 to 100 nm). Bio-nanocomposites
exhibit much improved properties as compared to biopolymers
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due to the high aspect ratio and high surface area (A;) of
nanoparticles.

Several review articles discuss the preparation, characterization,
properties, and applications of bio-nanocomposites (Pandey and
others 2005; Ray and Bousmina 2005; Rhim and Ng 2007;
Sorrentino and others 2007; Yang and others 2007, Hubbe and
others 2008; Zhao and others 2008; Bordes and others 2009;
Chivrac and others 2009; Arora and Padua 2010) in food pack-
aging. However, there is a lack of comprehensive review on var-
ious analytical and modeling techniques to determine properties
of bio-nanocomposites. Properties of interest for application of
bio-nanocomposites in food packaging are mechanical, barrier,
thermal, and rheological properties. Mechanical properties of in-
terest are tensile modulus (TM), tensile strength (TS), and percent
elongation (%E) at break. TM is a measure of the resistance of
a material to deformation. TS is the maximum tensile stress a
film can sustain, whereas %E is an indication of flexibility of a
bio-nanocomposite film. Barrier properties of a packaging ma-
terial play an important role in determining the shelf life of a
food product. Barrier properties of a material indicate their re-
sistance to sorption and diffusion of moisture and gases across
the packaging material. Bio-nanocomposite films show improved
barrier properties because nanoparticles dispersed in the biopoly-
mer matrix provide a tortuous path for water and gas molecules
to pass through. This increases the effective path length for dif-
fusion, thereby improving the barrier properties (Rhim and Ng
2007). Barrier properties of interest in food packaging are wa-
ter vapor permeability (WVP) and oxygen permeability (OP).
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Thermal properties of interest for bio-nanocomposites are glass
transition temperature (T,), thermal stability, and heat deflec-
tion temperature (HDT). Rheological properties of a material
are important to understand the processability of the material.
Rheological measurements indicate melt-processing behavior of
bio-nanocomposites during unit operations such as injection
molding and blown film process. These properties of bio-
nanocomposites are governed by the extent of dispersion of
nanoparticles in the biopolymer matrix and interaction between
nanoparticles and the biopolymer. Selection of proper technique
to determine properties of these bio-nanocomposites is very crit-
ical in assessing their performance.

Mathematical modeling plays an important role in predicting
the properties of bio-nanocomposites and comparing them to the
measured properties. Mathematical modeling methods to predict
properties of nanocomposites include the techniques of compu-
tational chemistry and computational mechanics. Computational
chemistry makes use of modeling tools such as quantum mechan-
ics and nanomechanics. Nanomechanics assumes a noncontinu-
ous composition of material and studies atomic interactions at the
nanoscale. Nanomechanics includes techniques such as molecu-
lar dynamics, Monte Carlo, and ab initio simulations. Molecu-
lar dynamics predicts interaction between constituent phases of a
composite at the atomic scale. Monte Carlo simulation is a prob-
abilistic model for the prediction of properties of a system. Ab
initio simulation, based on 1st principles, involves the solution
of Schrondinger’s wave equation for each electron (Valavala and
Odegard 2005). Nanomechanics techniques can predict properties
of a wide range of nanocomposite systems. However, these tech-
niques are computationally very exhaustive. Further details on
these nanomechanics techniques can be found in a review article
by Valavala and Odegard (2005).

The computational mechanics makes use of modeling tools such
as micromechanics and structural mechanics. Micromechanics as-
sumes the presence of a continuous structure of materials and does
not include any chemical interactions. Micromechanics includes
techniques such as computational micromechanics (finite element
method, boundary element method) and analytical micromechan-
ics (Rule of mixtures, Halpin-Tsai method, Mori-Tanaka the-
ory) (Valavala and Odegard 2005). Most of this review focuses on
mathematical modeling using analytical micromechanics, which
has been widely used to model the properties of nanocomposites
(Fornes and Paul 2003; Luo and Daniel 2003; Sheng and others
2004; Wu and others 2004; Weon and Sue 2005; Yung and others
2006; Rao 2007). The same modeling concepts can be applied for
modeling the properties of bio-nanocomposites.

This article presents a review of experimental and modeling
techniques to determine properties of bio-nanocomposites. Eftect
of nanoscale on the properties of bio-nanocomposites is discussed.
Experimental techniques to determine the mechanical, barrier,
thermal, and rheological properties of bio-nanocomposites are
also discussed. Lastly, the article describes mathematical modeling
of mechanical and barrier properties of bio-nanocomposites using
analytical micromechanics.

Effect of Nanoscale on Properties

Physics at nanoscale

One of the reasons for unique properties of materials at
nanoscale is the difference in physics at nanoscale as compared
to that at macroscale. The fundamental laws of physics remain
same. However, their relative importance changes at the nanoscale.

Gravitational and inertial forces are volume forces (force is directly
proportional to volume). Volume forces are dominant only at the
macroscale and they become almost negligible at the nanoscale.
Frictional force is a volume force at macroscale. However, fric-
tional force becomes surface force (force is directly proportional
to A;) at nanoscale because adhesive forces between atoms and
molecules become considerable at nanoscale (Rogers and others
2008). It has also been reported that water exhibits much higher
viscosity at nanoscale as compared to that of bulk water (Li and
others 2007).

Electrostatic and van der Waals forces are 2 major forces that
become dominant at nanoscale. Electrostatic forces, which can be
either repulsive or attractive, are very strong and act at a length
scale of 1 to 100 nm. van der Waals forces are attractive and
act at distances less than 2 nm. There are 3 types of van der Waals
forces: (i) dipole-dipole force (orientation or Keesom force) occurs
between polar molecules such as water, (ii) dipole-induced dipole
force (induction of Debye force) arises when a polar molecule
polarizes a nearby nonpolar molecule, and (iii) induced dipole-
induced dipole force (dispersion of London force) acts on all atoms
and molecules and is the most important van der Waals force (Eijkel
and van den Berg 2005; Rogers and others 2008).

Another difference between macroscale and nanoscale is the
quantum mechanics. Quantum mechanics, instead of classical me-
chanics, describes the motion and energy at the nanoscale. Quan-
tum mechanics considers the wave-particle duality of electrons. A
material can exhibit totally new properties with only a reduction
in size because of the wave-particle duality of electrons. For exam-
ple, gold at macroscale is yellow, inert, and nonmagnetic metal at
macroscale. However, 10 nm particles of gold appear red, exhibit
catalytic activity, and are magnetic (Roduner 2006).

Another distinctive effect that becomes dominant at the
nanoscale is the Brownian motion. Nanoscale materials undergo a
random type of motion, known as the Brownian motion. Brown-
ian motion arises because atoms are in a state of constant motion
(Jones 2004).

Higher A to volume (V) ratio

A to V ratio is an indication of the quantity of interfacial region
as compared to the bulk region in a composite. The interfacial
region controls formation of new structural arrangements on the
molecular scale. The A toVy ratio for a spherical particle with
radius r is given as (Crosby and Lee 2007):

A 4mr? 3 .
Vs_gﬂﬂ_; M

Nanoparticles have higher A; to V; ratio because of their very
small size (1 to 100 nm). Higher A, to I/; ratio results in greater
interfacial region, resulting in increased interaction between the
polymer chain and the nanoparticles. This increased interaction
improves the properties of the bio-nanocomposites. Other than
size, shape is an important factor in determining A, to V; ra-
tio (Crosby and Lee 2007). The high A, to 1 ratio also makes

nanoparticles more reactive as catalysts in chemical reactions.

Confinement effect

For nanoscale particles, a very small volume fraction is sufficient
to achieve average distances between particles of the same order
of magnitude as the radius of gyration of the macromolecules.
Thus, the polymer molecule can be confined between 2 nanoscale
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particles. This is known as the confinement effect. Confine-
ment effect reduces the number of conformations of the polymer
molecules. Confinement effect is also responsible for reducing gas
permeability value by providing tortuous paths for a gas molecule
to diffuse through the nanocomposite (Damme 2008).

Experimental Techniques to Determine Properties

Mechanical properties

Tensile testing. Tensile testing is done to measure the
mechanical properties of materials. Tensile testing of a bio-
nanocomposite film can be done according to ASTM D882-02 or
ASTM D638-03. ASTM D638-03 can be used to test materials of
thickness up to 14 mm. ASTM D882-02 is the preferred method
to do tensile testing of materials in the form of thin sheets of less
than 1 mm in thickness. During tensile testing, a rectangular spec-
imen is placed in the grips of movable and stationary fixtures in a
testing machine capable of moving the movable fixture at a con-
stant velocity away from the stationary fixture. One such testing
machine commonly used for tensile testing of bio-nanocomposite
films is Universal Testing Machine. The sample is pulled apart un-
til it breaks. The applied load (force) and the resulting elongation
of the specimen are measured (ASTM Standards 2002, 2003).

Mechanical properties of a sample are determined from the
force-elongation curve (Figure 1). TM is the slope of the initial
linear portion of stress-strain curve. TM, also known as the Young’s
modulus or the modulus of elasticity, is calculated as:

AF
A;
AL e

L;

™ =

where AF and AL are the corresponding changes in force and
length during the initial linear deformation. A; is the initial mini-
mum cross-sectional area of the specimen and L; is the initial gauge
length of the specimen in between the grips of the instrument.

TS is a measure of the strength of a material under tensile loading
and is calculated as:

F
TS =2
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Figure 1-A typical force-elongation curve during a tensile testing
experiment.
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where Fp is the force at break point. %E at break is the extent to
which a material can be stretched before it breaks. It is calculated
as:

L
%E = -2 «x
L

i

100 )

where Lg is the elongation at break point. Toughness (tensile en-
ergy to break) of a sample is the energy required to break the
sample and is calculated from the area under the force-elongation
curve. It is a measure of the energy a sample can absorb be-
fore it breaks (ASTM Standards 2002; Bhattacharya and others
2007).

Most studies on tensile testing of bio-nanocomposites report
TS and %E as a function of the nanoparticle content. Chen
and Zhang (2006) reported an increase in TS of soy protein-
montmorillonite (MMT) nanocomposite sheets from 8.77 to
15.43 MPa as the MMT content was increased to 16%. %E
at break of bio-nanocomposite sheets decreased with increasing
MMT content. Yu and others (2007) reported similar results for
soy protein-rectorite nanocomposite sheets. The TS reached a
maximum of 12.92 MPa at rectorite content of 12%. %E at break
of soy protein-rectorite nanocomposite sheets decreased with in-
creasing rectorite content. Similar results on the tensile testing of
bio-nanocomposites based on other biopolymers have been re-
ported (Chang and others 2003; Park and others 2004; Jeong and
others 2005; Wang and others 2005; Huang and Netravali 2006;
Rao 2007; Zheng and others 2007; Chivrac and others 2008;
De Moura and others 2008; Rimdusit and others 2008; R oohani
and others 2008; Tang and others 2008; Chang and others 2009;
Azeredo and others 2010).

Dogan and McHugh (2007) investigated the eftect of size of
microcrystalline cellulose (MCC) on composite films based on
hydroxyl propyl methyl cellulose (HPMC) and MCC. The TS
of the composite films increased from 29.7 to 70.1 MPa with
the addition of 500 nm size particles. However, TS increased
only to 37.4 with the addition of 3-um size particles. This
was attributed to the increased A of the particles with smaller
size, increasing the hydrogen bonding of MCC with the HPMC
matrix.

Barrier properties

Water vapor permeability. WVP is the rate of water vapor
transmission through unit area of a flat material of unit thick-
ness induced by unit vapor pressure difference across the material.
WVP of a bio-nanocomposite film can be determined according
to ASTM E96-05. There are 2 basic methods: desiccant method
and water method. In the desiccant method, test specimen is sealed
to the top of a test dish containing a desiccant such as calcium
chloride. The desiccant maintains 0% relative humidity inside the
test dish. The test assembly is placed in an atmosphere of known
relative humidity and temperature. Periodic weighing of the test
dish determines the rate of water vapor transmitted through the
specimen into the dish. In the water method, test dish contains
distilled water that maintains a relative humidity of 100% inside
the dish. Periodic weighing determines the amount of water vapor
lost from the test dish to the controlled atmosphere (ASTM Stan-
dards 2005a). Water vapor transmission rate (WVTR) is calculated
as (ASTM standards 2005a):

WVTR =

Q
A ®)
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where Q is the change in weight, f is the time, and A is the area
of the mouth of the cup. WVP is calculated as (ASTM standards
2005a):

WVTR x Ax
Ap

WyP = (6)

where Ax is the thickness of the test specimen and Ap is the vapor
pressure difference across the test specimen.

Tang and others (2008) reported WVP of starch-clay bio-
nanocomposite films with 3 different kinds of starches (corn,
wheat, and potato starch) and 2 different types of clay (natural
MMT and modified MMT). The bio-nanocomposite films were
prepared by melt extrusion follow by film casting. At the same
clay content, WVP of starch-natural MMT films was significantly
lower than that of starch-modified MMT films. The results showed
that WVP of bio-nanocomposite films decreased significantly with
an increase in natural MMT content. WVP of wheat starch film
with MMT content of 21% was 70% lower than that of wheat
starch film with no MMT (Tang and others 2008). Similar results
on the WVP of bio-nanocomposite films based on other biopoly-
mers have been reported (Park and others 2004; Rhim and others
2006; Dogan and McHugh 2007; Tunc and others 2007; Rhim
and others 2009; Azeredo and others 2010).

De (2008) reported WVP of bio-
nanocomposites based on HPMC and chitosan nanoparticles. The
value of WVP decreased significantly with the addition of chitosan
nanoparticles. However, no significant changes in WVP values
were observed with varying concentrations for nanoparticles of
sizes 59 and 82 nm. WVP value for films containing 100 nm
nanoparticles decreased significantly with an increase in nanopar-
ticles content.

Oxygen permeability. OP is the rate of oxygen transmis-
sion through unit area of a flat material of unit thickness induced
by unit vapor pressure difference across the material. OP of a
bio-nanocomposite film can be determined according to ASTM
E3985-05. The specimen is mounted between 2 chambers under
ambient conditions. One chamber is slowly purged by a stream
of nitrogen, while the other chamber contains oxygen. Oxygen
from the other chamber permeates through the test specimen into
the chamber with nitrogen. Oxygen is transported by the carrier
nitrogen gas to the coulometric detector, where it produces an
electrical current. The magnitude of electric current is propor-
tional to the amount of oxygen flowing into the detector per unit
time (ASTM standards 2005b).

Oxygen transmission rate (OTR) is calculated as (ASTM stan-
dards 2005b):

Moura and others

(Ve —T) x Q
AR,

OTR = (7)

where T/, is the steady state voltage level, I is zero voltage level,
Q. is the calibration constant, A is the exposed area of the test
specimen, and Ry is the value of load resistance.

OP is calculated as (ASTM standards 2005b):

_ OTR x Ax
p

oP 8)

where Ax is the thickness of the test specimen and p is the partial
pressure of oxygen in the oxygen chamber.

Ray and others (2003a) determined OP of bio-nanocomposites
based on polylactide and modified MMT. The results showed a

19% decrease in OP as the MMT content increased to 7%. Chang
and others (2003) reported OP values of bio-nanocomposites
based on polylactic acid (PLA) and clay nanoparticles. The value
of OP decreased from 777 to 327 cc/m?/d as the clay content in-
creased from 0% to 10%. De Moura and others (2008) reported OP
of bio-nanocomposites based on HPMC and chitosan nanoparti-
cles. The value of OP decreased significantly as the particle size
of the chitosan nanoparticles decreased from 110 to 59 nm. The
value of OP also decreased significantly as the content of chitosan
nanoparticles increased.

Thermal properties

The techniques for characterization of thermal properties of
bio-nanocomposites include dynamic mechanical analysis (DMA),
differential scanning calorimetry (DSC), and thermogravimetric
analysis (TGA).

Glass transition temperature. Thermal transitions such as
glass transition in a polymer can be described by either free vol-
ume (volume available to a molecule for internal movement) the-
ory or relaxation time. As the temperature increases, free volume
increases. This enables movements of bonds (bending and stretch-
ing) and side chains. This transition, corresponding to bending
and stretching of bonds, is known as the y -transition. f-transition
is associated with the movement of side chains and is related to the
toughness of the material. With further increase in temperature,
free volume further increases and there is a large-scale move-
ment of polymer chains. This thermal transition is known as the
a-transition or glass transition and the associated temperature is
known as the Ty. T, is the temperature at which an amorphous
solid changes from a relatively brittle (glassy) to a softer (rubbery)
material. At the T, , there is an abrupt change in properties such
as storage modulus, specific heat, and coefficient of expansion
(Menard 1999).

DMA and DSC are the 2 main techniques used to determine
the T,. DMA is a sensitive technique that can be used to detect
B- and y-transitions that cannot be detected by methods such as
DSC (Menard 1999).

Dynamic mechanical analysis. DMA or dynamic mechani-
cal thermal analysis (DMTA) is method to characterize viscoelastic
behavior of a material. This is done by measuring the response of
a material to an oscillating force as a function of temperature.
The oscillating force applies a sinusoidal stress (0 = o sin wf)
to the sample. This generates a sinusoidal strain. The amplitudes
of deformation at the peak of sine wave and lag between stress
and strain sine waves are measured. From these measurements, a
complex modulus (E* = E' + iE") is calculated. Storage modulus
(E') is defined as the stress in phase with the strain divided by the
strain under a sinusoidal deformation. It is a measure of the ability
of a material to store energy. Loss modulus (E”) is defined as the
stress out of phase with the strain divided by strain. It is a measure
of the ability of a material to dissipate energy. Ratio of storage
modulus and loss modulus is known as the loss tangent (tan § =
E"/E). Complex modulus can be used to calculate complex shear
modulus (G*) and complex viscosity (%) of a material as (Menard
1999):

G* E
2(1 +v)

= & ©
w

where v is Poisson’s ratio and w is the frequency of oscillation.
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DMA should be conducted in the linear viscoelastic region
because the viscoelastic behavior of a material is independent of
deformation in this region. This region can be determined by ei-
ther creep recovery or dynamic strain sweep test. Creep recovery
test applies a constant stress to a material and monitors resulting
strain with time. Linear viscoelastic region is determined by run-
ning a series of creep recovery tests on a material at different stress
values and plotting creep compliance as a function of time. Com-
pliance is the ability of a material to deform and is the inverse of the
complex modulus. The compliance curves should overlap in the
linear viscoelastic region (Menard 1999). Dynamic strain sweep
test applies increasing stress and strain at a constant frequency. The
range of strain or stress in which complex modulus or complex
viscosity remains constant is the linear viscoelastic region for the
material at the given frequency (Bhattacharya and others 2007).

T, can be determined by performing a DMA experiment as
the temperature is increased at a constant heating rate according
to ASTM E1640-04 (ASTM standards 2004) and ASTM D4065-
06 (ASTM standards 2006). Samples can be tested under difter-
ent configurations such as tension, compression, 3-point bending,
single cantilever, dual cantilever, and torsion. The choice of con-
figuration depends on the type of material, modulus of material,
and the type of stress the material is exposed to. Flexible materials
such as thin films are often tested under tension mode, whereas
stiff materials such as composites are tested under 3-point bending
mode (Menard 1999).

A typical temperature scan during a DMA experiment is shown
in Figure 2. T, can be determined from changes in one of the
3 parameters: the peak of tan § curve, peak of E’ curve, or onset
point for abrupt decrease in E’ value. The parameter used to
detect the glass transition should always be reported. The part of
the region above glass transition and below melting temperature
is known as the rubbery plateau region. The storage modulus
in the plateau region is proportional to either the number of
cross-links or the chain length between entanglements of polymer
chains. The length of the plateau region increases as the molecular
weight (M,) of the entanglement of polymer chains increases. The
rubbery plateau is also related to the crystallinity of a material. On
further heating, melting point is reached. At the melting point,
the polymer chains start sliding past each other and the material
flows (Menard 1999).

T, is significantly affected by testing parameters such as fre-
quency of oscillation and heating rate. The most commonly used
frequency for a DMA experiment is 1 Hz. However, frequency
for performing a DMA experiment should be chosen properly.
Frequency scan determines the response of a material over various
shear rates. At very low frequencies, materials exhibit Newtonian
behavior. Viscosity in this region is dependent on the molecular
weight (M,) as (Menard 1999):

n=c(My) a=1for My < M, and 3.4 for My, < M,
(10)

where ¢ is a material constant. As the frequency increases, materials
exhibit non-Newtonian behavior. Viscosity in this region can be
determined by the power-law model as (Menard 1999):

o=K({) (11)
where o is the shear stress, y is the shear rate, K is the consistency

coefficient, and # is the flow behavior index. As the frequency in-
creases further, materials exhibit Newtonian behavior once again.
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This region is known as the infinite shear plateau region. The
material is not able to show a response to increase in shear rate in
this region. This region is usually avoided in DMA because there
is no entanglement of the polymer chains. Temperature of thermal
transition shifts to a higher temperature as the test frequency is in-
creased. Ideally, the frequency should be the one that the material
is exposed to during the processing under consideration. Another
approach is to scan across the frequency range of interest by hold-
ing the temperature constant (Menard 1999). Heating rate of a
DMA test should be slow enough to allow the entire specimen
to reach equilibrium. The most commonly used heating rate for
a DMA experiment ranges from 3 to 5 °C/min. Temperature of
thermal transition shifts to a higher temperature as the heating rate
is increased (ASTM standards 2004).

Most studies on DMA of bio-nanocomposites report tem-
perature dependence of E’', E”, and tan § as a function of the
nanoparticle content. Shih and others (2007) reported higher E’
of bio-nanocomposites based on polybutylenes succinate (PBS)
and modified MMTs than that of neat poly(butylenes succinate).
The tan § curve became broader and the peak temperature (7T,) in-
creased with the addition of clay nanoparticles. This was attributed
to the confinement of molecular motion of PBS molecules due
to clay nanoparticles. Rimdusit and others (2008) reported an
increase in T,, corresponding to the peak of tan § curve, for
bio-nanocomposites based on methyl cellulose and MMT. This
increase was attributed to restricted segmental motion of biopoly-
mer chains in bio-nanocomposites. Similar results on increase in E’
and T, of bio-nanocomposites based on other biopolymers have
been reported (Ray and others 2002b; Huang and Netravali 2006;
Sasmal and others 2008; Romero and others 2009).

Park and others (2004) reported temperature dependence of
E" and T, for bio-nanocomposites based on cellulose acetate,
triethyl citrate (as plasticizer), and organically modified clay. E’
and T, of the bio-nanocomposites decreased as the plasticizer
content increased. E' value (2.25 GPa) of bio-nanocomposite at
30 °C with 40% plasticizer was less than half as compared to
that (5.71 GPa) with 20% plasticizer content. This was attributed
to the increased segmental motion in cellulose acetate backbone
with increase in plasticizer content. The broadening and increase
of T, as determined by the peak of tan § curve, after addition of
modified clay was attributed to the restricted segmental motion
of cellulose acetate matrix by clay nanoparticles.

Differential scanning calorimetry. DSC can also be used to
determine T, because it can measure the heat capacity of a mate-
rial. A small quantity (5 to 20 mg) of sample is placed in a container
(sample pan) and an inert material of known heat capacity (C =
mc,) is placed in another similar container (reference pan). Both
pans are placed inside a calorimeter receptor. A heating element
is used to heat the sample pan at a constant rate of temperature
increase, set to match the temperature of the reference pan. The
result is a thermogram that gives the rate of heat input versus
temperature. There is a sudden increase in the heat input corre-
sponding to the T, (ASTM standards 2008a, 2008b). Apart from
determining T,, DSC can also be used to investigate the melting
point and degree of crystallization of bio-nanocomposites.

Most  studies on DSC of bio-nanocomposites report
temperature-dependent heat flow as a function of the nanopar-
ticle content. Rao (2007) reported a slight increase in melting
point of bio-nanocomposites based on gelatin and MMT with an
increase in MMT content. Hedengqvist and others (2006) reported
a5 to 10 °C increase in T, of bio-nanocomposite films based on
whey protein and MMT with the addition of MMT. Rimdusit
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and others (2008) reported T, of bio-nanocomposites based on
methyl cellulose and MMT. T, values were taken as the midpoint
temperature of the change in specific heat in the transition re-
gion. T, value of the bio-nanocomposites increased from 176 to
182 °C with the increase in MMT content. This increase in T,
was attributed to the restricted thermal motion of methyl cellu-
lose polymer due to MMT nanoparticles. A similar increase in
Ty, as determined by DSC, of bio-nanocomposites have been re-
ported (Chang and others 2009; Krishnamachari and others 2009;
Azeredo and others 2010).

Thermal stability

Thermogravimetric analysis. Thermal stability of poly-
meric materials is usually studied by TGA according to ASTM
E1131-08 (ASTM standards 2008c). TGA involves continuous
monitoring of weight of a sample (10 to 20 mg) in a controlled
environment of air or nitrogen as a function of temperature and/or
time. A heating element provides controlled heating to the sample
and an electrobalance continuously measures the weight. During
TGA, the weight loss due to the formation of volatile products
is plotted against temperature in a thermogram. Weight loss over
specific temperature ranges and environments provides a mecha-
nism for compositional analysis of the material. TGA is also used to
determine the clay content of a bio-nanocomposite because clay
minerals such as MMT are thermally stable up to a temperature of
900 °C.

Chen and Zhang (2006) reported improved thermal stability
of bio-nanocomposites based on soy protein isolate and MMT.
With an increase in MMT content, weight loss of the bio-
nanocomposites was delayed at temperatures higher than 300 °C.
The residual weight at 800 °C was also higher for bio-
nanocomposites. Similar results on TGA of bio-nanocomposites
based on other biopolymers have been reported (Chang and others
2003; Paul and others 2003; Huang and Netravali 2006; Wang and
others 2006; Chiou and others 2007; Shih and others 2007; Tunc
and others 2007; Rimdusit and others 2008; Krishnamachari and
others 2009).

Wang and others (2006) investigated thermal stability of bio-
nanocomposites of chitosan and MMT by TGA under nitrogen

and air flow from room temperature to 800 °C. The thermal degra-
dation of bio-nanocomposites under nitrogen flow was different
than that under air flow. Under nitrogen flow, a nonoxidative
degradation occurs whereas the sample undergoes an oxidative
degradation under air flow.

Heat deflection temperature

HDT is the temperature at which a polymer sample deforms
under a specified load. It is an indication of heat resistance of a
material to an applied load. HDT of a bio-nanocomposite can be
determined according to ASTM D648-07.

This test method applies to rigid or semi-rigid materials with
a thickness of 3 mm or higher. According to ASTM method, a
rectangular cross-section specimen is tested in 3-point bending
by applying a load at its center that provides a maximum stress
of 0.455 MPa or 1.82 MPa. The temperature is raised at 2 =+
0.2 °C/min. The temperature at which the test specimen deflects
by 0.25 mm is recorded as the HDT (ASTM standards 2007).

Ray and others (2003a) reported HDT of bio-nanocomposites
based on polylactide and modified MMT. HDT of the bio-
nanocomposites increased from 76 to 111 °C as the MMT con-
tent increased to 7%. Park and others (2004) reported HDT of
bio-nanocomposites based on cellulose acetate, triethyl citrate (as
plasticizer), and organically modified clay. At a plasticizer content
of 20%, HDT increased from 95 to 107 °C as the clay content
increased from 0% to 5%. At a clay content of 5%, HDT decreased
from 107 to 60 °C as the plasticizer content increased from 20% to
40%. Shelley and others (2001) estimated HDT from the storage
modulus curve of DMA. HDT was defined as the temperature
at which the storage modulus drops to 25% of its value at room
temperature.

Rheological properties

Steady shear measurement. Steady shear measurements for
bio-nanocomposites are carried out using either the rotational or
capillary rheometers. Rotational theometers with parallel plate or
cone and plate geometry are suitable for low to medium range
shear rate (<10/s) measurement, whereas capillary rheometers are
suitable for high shear rate measurement. Measurements at high
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shear rate are necessary to describe flow behavior in processes such
as injection molding (Bhattacharya and others 2007).

Dynamic shear measurement. Steady shear measure-
ments can change the microstructure and morphology of bio-
nanocomposites. Therefore, dynamic shear measurement is used
to study the microstructure of bio-nanocomposites by subjecting
them to small deformation. Dynamic shear measurements should
be conducted in the linear viscoelastic region because the vis-
coelastic behavior of a material is independent of deformation in
this region. Dynamic shear measurements can be performed by
creep recovery, stress relaxation, or dynamic oscillatory deforma-
tion (Bhattacharya and others 2007).

In the creep tests, a small stress is applied and the increase in
strain is measured, whereas in stress relaxation, a small strain is
applied and the decay of stress is measured. During dynamic os-
cillatory deformation, a small amplitude sinusoidal strain is ap-
plied on a sample and the resulting sinusoidal stress is measured.
Parameters obtained by dynamic oscillatory deformation include
complex shear modulus (G* = G’ 4 iG”) and complex viscosity
(n*) (Bhattacharya and others 2007).

Extensional measurement. Apart from shear, a polymer is
also associated with extensional flow in processes such as film blow-
ing, blow molding, and injection molding. Extensional viscosity
is a measure of the resistance of a material subjected to stretching.
The 2 most common methods for measuring extensional proper-
ties are the Meissner-type rheometer and continuous drawing of’
a monofilament. The main parameter obtained by Meissner-type
rheometer is the transient extensional viscosity. Continuous draw-
ing method gives a qualitative measure of the extensional rheology
(Bhattacharya and others 2007).

Rheological studies of bio-nanocomposites have focused on
steady and dynamic shear measurements as a function of
nanoparticle concentration. Apparent viscosity and shear thinning
properties of bio-nanocomposites are obtained from steady shear
measurements. The steady shear measurements also provide in-
formation on the effect of shear on the orientation of nanopar-
ticles in bio-nanocomposites. The dynamic shear measurements
on polymer-based nanocomposites have shown a transition from
liquid-like to solid-like rheological behavior at relatively low load-
ing of nanoparticles. This has been attributed to the formation of a
percolated network of the exfoliated layers of nanoparticles within
the nanocomposite matrix (Krishnamoorti and Yurekli 2001).

Ray and others (2003b) reported steady shear and dynamic oscil-
latory shear measurements for suspensions of bio-nanocomposites
based on poly(butylenes succinate) and modified MMT. At
120 °C, the steady shear measurements showed that the neat
poly(butylenes succinate) exhibited Newtonian behavior, whereas
bio-nanocomposites exhibited non-Newtonian behavior. High
viscosity of bio-nanocomposites at low shear rates was explained
by the flow restriction of biopolymer chains in molten state due
to the presence of nanoparticles. At very high shear rate, the
viscosities of the bio-nanocomposites were comparable to that
of neat poly(butylenes succinate). This was attributed to strong
orientation of clay layers along the direction of flow. A similar
result was reported for dynamic oscillatory measurements of these
bio-nanocomposites. Similar results on shear thinning behavior of
bio-nanocomposites based on other biopolymers have also been
reported (Tunc and others 2007).

Chiou and others (2005) studied dynamic rheological behav-
ior of starch-clay suspensions containing different types of starches
and MMTs. Samples of natural MMT had the highest G'. There
was a 2 order of magnitude increase in G’ with an increase in
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natural MMT content from 2.5% to 10%. The corresponding in-
crease for other modified MMTs was only one order. This was
attributed to the hydrophilic nature of natural MMT as compared
to the modified MMTs used in the study. As compared to samples
of modified MMTs, samples of natural MMT also had a larger
value of G at temperatures as high as 95 °C. Chivrac and oth-
ers (2008) reported increased melt viscosity of intercalated bio-
nanocomposites based on starch and MMT. This was attributed
to the inability of large stacks of MMT layers to orient by shear
stress. On the contrary, well-exfoliated bio-nanocomposites based
on starch and modified MMT did not show increase in melt vis-
cosity.

Mathematical Modeling of Properties

Modeling of Mechanical Properties

One of the earliest theories for the determination of modulus of
a composite system is based on Einstein’s equation for the viscosity
of a suspension of rigid spheres at very low concentration and is
given as (Ahmed and Jones 1990):

E = Ern(l + Kg d)f) (12)
where E, is the tensile or elastic modulus of the composite, E,, is
the tensile or elastic modulus of the matrix, K is Einstein’s coef-
ficient, and ¢ ¢is the volume fraction of the filler. Value of K, for
spherical filler particles is 2.5. Guth generalized Einstein’s equa-
tion to account for interaction between fillers and obtained the
following equation for spherical fillers (Ahmed and Jones 1990):

E. = E,[1 + Ke ¢ + 14.1(¢()] (13)

Guth also developed the following equation for nonspherical
fillers (Ahmed and Jones 1990):

E. =E,;[1+0.67a¢,+1.62 (aqbf)z] (14)
where « is the shape factor or the aspect ratio and is given as
the ratio of length to thickness of the filler. However, these equa-
tions were only valid for low filler concentration. Mooney further
modified Einstein’s equation for spherical fillers at higher concen-

tration. Mooney’s equation for determining the elastic modulus of
a composite system can be generalized as (Rao 2007):

E K

B Keds (15)
Em 1— d)if
¢H’l

where ¢, is the maximum packaging efficiency of the filler that
is the ratio of the true volume of the filler to the apparent volume
occupied by the filler. Value of ¢, for close packed spheres is 0.74.
The value of Kg depends on the interaction between filler and
the matrix and is related to the aspect ratio (@ = L/f) through the
following equation (Rao 2007):

L 0.645
Kp=25(=
t

where L and t are the length and thickness of the filler particles,
respectively.

Elastic modulus of a composite can also be predicted by the rule
of mixtures (Fornes and Paul 2003):

(16)
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E = (1 - ¢f) E, + ¢f Ef (17)
where E is the elastic modulus of the filler. Cox modified the rule
of mixtures by introducing a length-dependent efficiency factor
(m) as (Tucker and Liang 1999):

=0 —-¢p)E,+mdsEy (18)

where

tanh( > )
m=|1- ( AL (19)
and
) H 27 G,
B=—7F—, H=—— (20)
JTrfEf

(%)

In{ —

rr

where rr is the radius of the filler, R is the radius of the matrix,

and G,, is the shear modulus of the matrix. R can be calculated as
(Tucker and Liang 1999):

R Kr
— == @1
ry b5

where the value of Ky is 3.628. Verbeek (2003) further modified
Cox’s model by assuming perfect adhesion between individual
components of the composite. Transfer of stress was explained by
a shear mechanism. Similar to efficiency factor (), a modulus re-

duction factor (MRF) was introduced in the equation for modulus
as (Verbeek 2003):

=(1- ¢f) E, + (MRF)(Z)f Ef (22)
where
|: tanh (K)]
MRF = |1— (23)
(k)
and
o \/(1 —%’Gy ( o/ )
— ¢ 24
A Ty g prape e
_ ¢?¢ﬂl
$=1 (1 —¢)pu

where ¢ is the porosity of the composite and x is the modified
porosity (porosity relative to polymer phase).

Nielsen (1977) proposed a power law equation to predict prop-
erties of composites with one continuous phase and one dispersed
phase. The power law equation can be given as (Nielsen 1977):

E. =(1—-9¢/)E, + ¢ E’} -1 <n< +1 (25)

where n is a function of the morphology of the system.

The most commonly used composite theory model for pre-
dicting the stiffness of a composite as a function of aspect ratio
was given by Halpin-Tsai. The Halpin-Tsai model is expressed as
(Fornes and Paul 2003):

E 1+
_ Ends 6)
where 7 is given as (Fornes and Paul 2003):
E
Ef !
n=tn @7)
Lt
E”l

& is a shape parameter and it depends on the shape and aspect ratio

of the filler. £ is given as (Fornes and Paul 2003):

L
E=2 <?> for longitudinal modulus

(28)

§=2 Sfor  transverse modulus
When the value of & becomes very small (§ — 0), the Halpin-

Tsai model reduces to the inverse of the rule of mixtures (series
model):

L _9

1 1-¢s
Ef

29
E}H ( )

E.
When the value of & becomes very large (§ — 00), the Halpin-
Tsai model reduces to the rule of mixtures (parallel model):
E. =(1—9¢5)E, +¢sEf (30)
The series model underestimates (lower bound) the value of
modulus, whereas the parallel model overestimates (upper bound)
the value of modulus. The Halpin-Tsai model leads to results that
lie in between these 2 extreme. The Halpin-Tsai model has been
shown to predict the values very well at lower filler concentrations.
However, it underestimates the values at higher filler concentra-
tions. Therefore, Lewis and Nielsen modified the Halpin-Tsai
model to include the maximum volumetric packaging efficiency
of the filler. The Modified Halpin-Tsai model is given as (Tucker
and Liang 1999):

E, 1
_1+é&n¢s 31)
E, 1- on d)f
where ¢ can be estimated as (Tucker and Liang 1999):
1— ¢m
o=t ()
(32)
@ = i 1 —exp i
by 1— d)if
o

Another composite theory that has received considerable at-
tention is the Mori-Tanaka average stress theory. Tandon and
Weng (1984) derived complete analytical solutions for the
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elastic moduli of an isotropic matrix filled with aligned spheri-
cal inclusions as:

E A
= (33)
E, A+ ¢f (Al +2v, AZ)
E 2A
E, B 2A+ ¢f [_2 Vi A3 + (1 - Vm) A4 + (1 + Vm) AS A]
(34)

where the subscripts / and ¢ denote longitudinal and transverse
elastic moduli, respectively, v,, is the poisson’s ratio of the matrix,
A, Ay, Ay, As, A4, and As are parameters that depend on the
properties of the filler and the matrix. Complete details of these
parameters can be found in Tandon and Weng (1984).

Nielsen (1966) derived an approximate equation for TS, of
composites for the cases of no adhesion between the components.
The equation was given as (Nielsen 1966):

TS, = Ts,(1 - ¢7°)s.

S<1 (35)
where TS,, is the TS of the matrix and S is the stress concen-
tration factor. Verbeek developed a model to predict TS, of a
composite that was based on the average value of TS of individual

components. The model was given as (Verbeek 2003):

TSC = (1 - ¢f) TSm + K3 Tr (MPF) (36)
where Kj is a correction factor, Ty is the shear strength of the filler,
MPF is the matrix performance factor and is given as (Verbeek

2003):
o 1 1
MPF = ¢; (;> <tar1h(u) B ;>

B < Gmd)f >0.5
U=\ ——"—-
Ef(1 —¢5)

Several other studies on the modeling of mechanical proper-
ties of nanocomposites have been reported (Luo and Daniel 2003;
Wang and Pyrz 2004; Wu and others 2004; Weon and Sue 2005;
Yan and others 2006; Rao and Pochan 2007; Yung and others
2006). A few studies on the modeling of mechanical properties
of bio-nanocomposites using the models discussed above have also
been reported (Ray and others 2003b; Peterson and Oksman 2006;
Rao 2007). Ray and others (2003b) predicted the storage modu-
lus of bio-nanocomposite films based on poly(butylenes succinate)
and modified MMT using the Halpin-Tsai model. There was a
good agreement between the predicted values and the experi-
mental values for most of the bio-nanocomposites. Peterson and
Oksman (2006) used Halpin-Tsai equation to calculate the theo-
retical TM for bio-nanocomposites based on PLA and nanopar-
ticles (layered silicate and microcrystalline cellulose). However,
there was not a good agreement between the predicted values and
the experimental values for both the nanoparticles. Rao (2007)
predicted Young’s modulus of bio-nanocomposite films based on
gelatin and MMT using the rule of mixtures and Halpin-Tsai
model. Predicted values of Young’s modulus using the Halpin-
Tsai model was in agreement with the experimental data, while
the rule of mixtures overestimated the values of Young’s modulus.

(37)
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Modeling of barrier properties

Barrier properties of a packaging material are often described
by 3 common coefticients—diffusion coefficient, solubility coef-
ficient, and permeability coefticient. The diffusion coefficient (D)
describes the movement of permeant molecules through a polymer
and is a kinetic property of the polymer-permeant system. The
solubility coefficient (S) describes the dissolution of a permeant
in a polymer and is a thermodynamic property of the polymer-
permeant system. At low concentrations of sorbate, the solubility
coefficient is given by Henry’s law of solubility as (Hernandez and
others 2000):

c=Sp (38)
where ¢ is the concentration of the sorbate (mol/m®) and p is
the equilibrium vapor pressure of the permeant. The permeability
coefficient (P) combines the effects of diffusion and solubility to-
gether by incorporating both kinetic and thermodynamic proper-
ties of the polymer-permeant system. The permeability coefficient
(P) is related to D and S as (Hernandez and others 2000):

P =DS (39)

This relation holds true when D is independent of concentration
and S follows Henry’s law. A polymer with good barrier properties
has low values of both diffusion and solubility coefficients. For

steady state diffusion across a single sheet of a packaging material,
P is given as (Hernandez and others 2000):

p Q\ Ax F Ax

N <At> Ap  Ap

where Q is the total amount of gas that has passed through the
material in moles, A is the cross-sectional area in m?, t is time
in s, Ax is the thickness of the material in m, Ap is the pressure
difference across the polymer in Pa, and F is the transmission

rate. A related term to describe barrier properties of a polymer is
permeance (R) that is defined as (Hernandez and others 2000):

(40)

(41)

The eftective value of P in polymers is affected by the chemi-
cal composition of the polymer and permeant, morphology of the
polymer, temperature, T, of the polymer, and presence of plasticiz-
ers and fillers. Change in P with temperature follows an Arrhenius
kinetics and the corresponding equation is given as (Hernandez
and others 2000):

P = PyeBr/RT (42)
where E, is the activation energy (J/mol), R is the gas constant
(8.314 J/mol-K), Py is a preexponential term, and T is temperature
in Kelvin.

Bio-nanocomposite polymer films have better barrier properties
as compared to homogeneous films even at low solid loadings.

Solubility (S;) of a gas in a bio-nanocomposite can be expressed
as (Picard and others 2007):

S =0—9¢7)Su (43)
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where S,, is the solubility of the gas in the matrix. Nanoparticles
create a tortuous pathway for the diffusion of gas out of the bio-
nanocomposite matrix. This increases the effective path length for
diffusion of the gas, thus reducing the diffusion coefficient (D).
The reduced D, of a gas in the composite can be expressed as
(Picard and others 2007):

(44)

where D,, is the diftfusion coefficient in the matrix and 7 is the tor-
tuosity factor. Thus, P, of a bio-nanocomposite can be expressed
as:

(1—-95)

T

I (45)
P,

where P, is the permeability of the gas in the matrix.
Tortuosity factor for a membrane containing low solid loadings

of spheres is given as (Yang and others 2004):

Oy
T + >

(46)
Similarly, for a membrane containing periodically arrayed infi-
nite cylinders oriented perpendicular to the direction of diffusion,

7 is given as (Yang and others 2004):

T=1+¢; (47)

Nielsen (1967) considered 2-dimensional (2D) diffusion
through a polymer containing infinitely long plates of rectangular
cross-section. The tortuosity factor was given as (Nielsen 1967):

(48)

where « is the aspect ratio (L/f) and ¢ fis the volume fraction of the
filler. This model assumed that the platelets were fully exfoliated
and dispersed along an orientation perpendicular to direction of
diftusion.

Bharadwaj (2001) modified the model of Nielsen to include
the effect of platelet orientation on the tortuosity factor. The
tortuosity factor was given as:

Ol(},')f 2 1
=14+—(=)S+= 49
=)@
where S is an order parameter, given by:
! 2
825(3 cos @ —1), —05<8<1 (50)

Cussler and others (1988) considered rectangular flakes of uni-
form size dispersed at regular intervals in a composite and proposed
the following equation for the tortuosity factor:

a2¢i O’O{(i)f
41 —¢y) 2

T=1+

where

L s
a=—, o0=-,
t t

Lt

L., b
(E‘FA)(I'{‘ )

where L is the length of the platelets, ¢ is the thickness of the
platelets, s is the spacing between the platelets in the direction per-
pendicular to diffusion, and b is the spacing between the platelets
in the direction of diffusion. The parameters o, o, and ¢ are re-
ferred to as the aspect ratio, slit shape, and platelet volume fraction,
respectively. Cussler and others (1988) also developed a model for
tortuosity factor by assuming that flakes were randomly dispersed.
The tortuosity factor was given as:

by = (52)

242
no ¢f

! 4(1-¢5)

(53)

where @ is a combined geometric factor. The values of @ for ran-
domly dispersed flakes of rectangular and hexagonal cross-sections
are 0.5 and 0.075.

Another model for tortuosity factor for a composite containing
a random array of impermeable barriers was given by Aris as (Falla
and others 1996):

o’¢7
41 —=9y)

O(d)f
20

2
T=1+ *¢; 1n|:

b4 Ol2¢f ]
7 (1—¢y)

40(1—¢y)
54

The 2nd term on the right-hand side of this equation accounts
for the tortuous path that a diffusing molecule must follow. The
3rd term on the right-hand side accounts for the constriction of
slits between platelets, and the 4th term on the right-hand side
accounts for the resistance of a diffusing species to pass into and
out of the narrow slits.

Falla and others (1996) studied diffusion across membranes con-
taining impermeable flakes using Monte Carlo simulation. They
showed the effects of tortuous paths around the flakes, diffusion
through slits between the flakes, and reduced transport from en-
tering these slits on the diffusion coefficient. They compared the
results with the analytical equation developed by Aris. They found
that the increase in tortuosity factor was greater for larger aspect
ratio (&) and smaller slit shape (o).

Most of the above-mentioned models for barrier properties
have been developed for dilute or semi-dilute and monodispersed
systems. These equations are valid for nanocomposites containing
exfoliated structures and become less accurate when different types
of structures from exfoliated to intercalated exist together (Picard
and others 2007). Lape and others (2004) developed a model
to predict the tortuosity factor of a polydispersed system. The
tortuosity factor was given as (Lape and others 2004):

2

1+ !
T = -
3

é, -
t Zf’l,‘Ll‘ Z”lLl
;

where ¢,is the total volume fraction of fillers and n; is the number
of flakes in the size category i.

Gusev and Lusti (2001) developed a finite element model to de-
termine barrier properties of a nanocomposite in which platelets of

(53)
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nanoparticles were randomly dispersed. Permeability coefficients
were calculated on the basis of a linear-response relation between
the overall flux and the applied external chemical potential gradi-
ent. Numerical results showed that the reduction in permeability
was governed by the product of aspect ratio () and the volume
fraction (¢ ) of the platelets. Tortuosity factor was approximated

as:
B a¢f 0.71
e [(3.47)

The results showed that the platelets with aspect ratios greater
than 1000 were much more efficient in improving barrier prop-
erties of nanocomposites. Their model can be used to identify
the role of various morphological imperfections such as incom-
plete exfoliation, platelet misorientation, and agglomeration in
nanocomposites.

Swannack and others (2005) presented 2D and 3-dimensional
(3D) Monte Carlo simulation of a polymer-clay nanocompos-
ite system to compute the diffusion coefticients of gas molecules
permeating through a nanocomposite film containing oriented
platelets. The Monte Carlo method simulated Brownian motion
of a small molecule diffusing through a nanocomposite film. 2D
and 3D results at low platelet loadings were compared. There were
significant differences between the simulation results in 2D and 3D.
The 2D simulation predicted a lower value of effective diffusion
coefticient than the 3D simulation in most cases. This result is rea-
sonable because 2D simulation is similar to 3D simulation for one
infinite platelet dimension. In 3D geometry, platelets are of finite
length in both directions perpendicular to the direction of solute
transport, thus allowing for more permeation. This resulted in a
higher value of effective diffusion coefficient in 3D simulations.

Picard and others (2007) studied polyamide 6-MMT films for
a wide range of clay content ranging from 0% to 18% and de-
termined barrier properties for these nanocomposites. Nanocom-
posites exhibited superior barrier properties to helium, hydrogen,
oxygen, and water vapor as compared to that by polyamide film.
Different models of monodispersed systems were used to describe
the decrease in the permeability value. The model developed by
Lape and others (2004), which is based on random distribution of
flakes, was found to be the most appropriate model to describe
the barrier properties of nanocomposites. All the monodispersed
models overestimated the value of the aspect ratio necessary to fit
the experimental curves. The model for a polydispersed system
given by Lape and others (2004) was also applied to the nanocom-
posite systems, but the properties of the nanocomposites were not
accurately predicted for high concentrations of MMT. The model
developed by Lape and others (2004) was modified to account
for the distribution of the platelet thickness and contribution of
the surfactant layer to the impermeable phase volume fraction for
larger agglomerates. The modified tortuosity factor was given as
(Picard and others 2007):

(56)

2

T= |1+ 7)

s ()= )

The modified model accurately predicted the measured values
of permeability in the range of 0% to 18% MMT content.
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Several other studies on the modeling of barrier properties of
nanocomposites have been reported (Patel and others 2004; Lu
and Mai 2005; Sridhar and others 2006; Xu and others 2006).
A few studies on the modeling of barrier properties of bio-
nanocomposites using the models discussed above have also been
reported (Ray and others 2002a, 2003a, 2003b; Park and others
2004; Hedengvist and others 2006; Peterson and Oksman 2006).
Ray and others (2003a) prepared bio-nanocomposites based on
PLA and different types of organically modified MMT. OP of
the bio-nanocomposites was predicted using the model given by
Nielsen (1967). The predicted values were in agreement with
the experimental values with Nielsen model slightly over pre-
dicting the OP values. Ray and others (2003b) prepared bio-
nanocomposites based on polybutylene succinate (PBS) and
organically modified MMT. OP of the bio-nanocomposites was
predicted using the model given by Nielsen (1967). The results
showed that the OP values of bio-nanocomposites were directly
related to the aspect ratio of the dispersed clay nanoparticles. OP
values decreased with increasing clay content up to 2.8% (w/w),
and there was a sharp decrease in OP value with clay content of
3.6% (w/w). This trend was attributed to the sudden increase of
aspect ratio above a clay content of 2.8% (w/w) due to a strong
flocculation of dispersed clay nanoparticles.

Park and others (2004) prepared bio-nanocomposites based on
cellulose acetate, triethyl citrate (as plasticizer), and organically
modified clay. WVP of the bio-nanocomposites was predicted
using the model given by Cussler and others (1988). The results
showed that the predicted and experimental values of WVP were
a better fit with higher aspects ratio (@ = 150) at lower volume
fractions (¢f < 0.02), whereas the predicted and experimental
values were a better fit with lower aspect ratio (o = 100) at higher
volume fractions (¢r > 0.05).

Conclusions

Bio-nanocomposites could potentially provide an alternative to
the existing plastic packaging materials derived from petroleum.
Some of the reasons for unique properties of materials at nanoscale
include dominance of electrostatic and van der Waals forces over
gravitational and frictional forces, wave-particle duality of elec-
trons, dominance of Brownian motion, higher A to Vj ratio,
and confinement effect. This article reviews the experimen-
tal and modeling techniques to determine properties of bio-
nanocomposites based on starch, proteins, and cellulosic polymers.
Selection of proper technique to determine properties of these
bio-nanocomposites is very critical in assessing their performance
for their application as food packaging materials. Tensile testing
is used to measure mechanical properties (TM, tensile strength,
%E of break) of bio-nanocomposites. Bio-nanocomposites ex-
hibit improved mechanical properties as compared to the biopoly-
mers. This is attributed to the high rigidity and aspect ratio of
nanoparticles. WVP and OP are measured to study the eftect of
nanoparticles on the barrier properties of bio-nanocomposites.
Bio-nanocomposites show improved barrier properties as com-
pared to the biopolymers because the dispersed nanoparticles pro-
vide a tortuous path for water and gas molecule to pass through.
Dynamic mechanical analysis, DSC, and TGA are used to de-
termine the thermal properties of bio-nanocomposites. The im-
proved thermal properties of bio-nanocomposites are attributed to
the thermal insulation behavior of the nanoparticles and changes in
the dynamics of molecular motion in bio-nanocomposites. Rhe-
ological properties are determined by performing steady shear,
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dynamic shear, or extensional measurement. Increased viscosity
of bio-nanocomposites at low shear rates is attributed to the flow
restriction of biopolymer chains in molten state due to the pres-
ence of nanoparticles Mathematical modeling of mechanical and
barrier properties of bio-nanocomposites can help in better under-
standing of the mechanism for much improved properties of bio-
nanocomposites. This understanding of mechanism for improved
properties of bio-nanocomposites along with proper technique to
measure these properties will result in the development of next
generation of biodegradable polymers with improved mechanical,
barrier, rheological, and thermal properties.
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