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ABSTRACT: Nanocomposites of starch, poly vinyl alcohol (PVOH), and laponite RD (LRD) were produced by solution
mixing and cast into films. In general, an increase in LRD content (0—20%) enhanced tensile strength and decreased water vapor
permeability, irrespective of the relative humidity (50% and 75% RH). Tensile strength (TS) of starch/PVOH/LRD films ranged
from 6.51 to 13.3 MPa. At 75% RH, TS was up to 65% higher as compared to films with sodium montmorillonite as filler. The
most striking results were obtained with respect to elongation at break (E%), which ranged from 144% to 312%. Contrary to
other polymer/clay nanocomposites, E% increased on addition of 5—20% LRD and was up to 175% higher than the control
without clay. Nanocomposite structure and interactions were investigated using X-ray diffraction, transmission electron
microscopy, and differential scanning calorimetry. Results indicated that LRD was a compatibilizer and cross-linking agent
between polymers, and has the potential for use in biodegradable packaging films with good mechanical performance even in

high humidity conditions.
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B INTRODUCTION

Biodegradable packaging can provide a solution to the
environmental impact of solid waste from petroleum-based
packaging materials.' Demand for the former is increasing
especially due to consumer awareness of the negative
consequences of nondegradable and nonrenewable packaging.”
Starch is a good candidate for replacing petroleum-based
packaging materials as it has the unique advantage of being
cheap, abundant, renewable, and biodegradable.3 Starch can be
used to form edible or biodegradable films with potential
applications in food packaging. However, starch-based films are
brittle in nature and also have poor water barrier properties.*
These performance parameters exhibit further deterioration
under conditions of high humidity. To overcome these
drawbacks, researchers have employed various methods to
improve barrier and mechanical properties of starch-based
materials.

One successful technique involves blending of starch with
other polymers, such as polycaprolactone,”® polylactic acid,”"°
and poly vinyl alcohol (PVOH)."''”** Starch and PVOH
blends are of particular interest because they are compatible
and form hydrogen bonds easily.'*"> Films from starch/PVOH
blends are biodegradable and have improved mechanical
properties over starch alone, although the latter is dependent
on humidity. PVOH is also expensive and presents a poor
barrier for moisture.

Another method for improving physical properties of starch-
based films is the synthesis of nanocomposites using fillers such
as layered silicates or clay.>® Smectite clays like sodium
montmorillonite (MMT) are the type mostly used in starch/
clay nanocomposites due to their swelling properties and
capacity to host water and organic molecules between platelet
layers. Starch-based nanocomposites exhibit remarkable
improvement in materials properties when compared to
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pristine starch or conventional micro- and macrocompo-
sites.¥®'®"'® These improvements can include increased
modulus and strength, higher heat resistance, reduced moisture
and gas permeability, and lower flammability.

A greater impact can be achieved by combining the two
approaches described above to produce multicomponent
nanocomposites such as those based on starch, PVOH, and
MMT.>*** Dean et al?® utilized extrusion processing to
synthesize thermoplastic starch/PVOH/MMT-based micro-
and nanocomposites that exhibited intercalated and exfoliated
structures. Use of small amounts of PVOH (up to 7 wt %) and
MMT (up to 5 wt %) led to as much as 67% increase in tensile
strength and 85% increase in tensile modulus. Vasile et al.*!
prepared starch/PVOH/MMT nanocomposites by the melt
mixing method and reported a partially exfoliated morphology
and slight increase in thermal stability of starch. In a recent
study, solution mixing method was employed for the synthesis
of starch/PVOH/MMT nanocomposite films with improved
tensile strength and elongation properties as compared to films
based on starch/MMT or starch alone.”” Modifications to
MMT, using alkyl ammonium cation and organic modifier citric
acid, have been investigated as a means to improve mechanical
properties of starch/PVOH/MMT nanocomposites produced
by extrusion.”® Surface modifications of starch/PVOH/MMT
nanocomposites have been explored for improving biocompat-
ibility in applications involving scaffolds for bone and cartilage
tissue.** Despite enhancement in many properties, there exists
room for further improvement in multicomponent nano-
composites. Their application in food packaging is of particular
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interest, but is still limited due to several reasons. For example,
starch/PVOH-based nanocomposites have high water vapor
permeability due to an abundance of hydroxyl groups in both
base polymers; the presence of MMT tends to reduce
elongational properties; and various physical properties
deteriorate under high humidity conditions.

Clays other than MMT might lead to novel properties.
Laponite is one such clay, which has not been investigated in
the context of starch/PVOH-based nanocomposites. Laponite
is a synthetic hydrous magnesium lithium silicate having the
empirical formula Na*y,[(MgssLig3)SisO,0(OH),] o) and
consisting of two tetrahedral silica sheets sandwiching a central
octahedral magnesia sheet.”>~>* This smectite clay belongs to
the hectorite family and has great capacity for swelling and
exfoliation. Individual platelets of laponite have a diameter of
~30 nm and thickness of ~1 nm.*®

This study focuses on starch/PVOH/laponite nanocompo-
sites prepared by solution mixing. To investigate their
application in flexible, biodegradable food packaging, these
nanocomposites were cast into films, and various performance
parameters were characterized including tensile strength,
elongation at break, and water vapor permeability. Compar-
isons were made with starch/PVOH/MMT nanocomposites, to
highlight the differences between laponite and MMT in terms
of resultant matrix nanostructure, compatibility with starch/
PVOH, and impact on physical properties.

B MATERIALS AND METHODS

Materials. Normal corn starch (Cargill Inc., Cedar Rapids, IA) and
polyvinyl alcohol (Elvanol 71-30; DuPont, Wilmington, DE) were the
base polymers in all treatments. Elvanol 71-30 is a medium viscosity,
fully hydrolyzed grade of polyvinyl alcohol. Other materials used in the
synthesis of the nanocomposites included the nanoclays laponite and
MMT (Southern Clay Products, Austin, TX) and the plasticizer
glycerol (Sigma, St. Louis, MO). The laponite used was laponite RD
or LRD, a particular gel-forming grade.”*’

Preparation of Nanocomposites and Film Casting. Aqueous
starch/PVOH/clay solutions were prepared by mixing 6.7 g of starch,
3.3 g of PVOH, 3 g of glycerol, and LRD or MMT (0%, 5%, 10%, 15%,
and 20% polymer basis) in 300 mL of water, and then heating this
mixture at 95 °C for 30 min with constant stirring. The heated
solution was cooled to 55 °C, and equal amounts were poured in Petri
dishes. The water was allowed to evaporate by drying for 36—48 h at
room temperature. The resulting films, having a thickness of around
0.1 mm, were peeled off and stored in airtight bags at room
temperature for further tests.

X-ray Diffraction Analysis. The dispersion of clays in nano-
composite films was studied using X-ray diffraction (XRD). The X-ray
diffractometer (D8 Advance; Bruker AXS GmbH, Karlsruhe,
Germany) was operated at 40 kV and 40 mA. Scans were carried
out at diffraction angles (26) of 1.0—10.0° with step size of 0.01° and
scan speed of 4 s/step. X-ray radiation with a wavelength (1) of 0.154
nm was generated from a Cu Ko source. The interlayer spacing or d-
spacing of clay platelets was estimated from XRD scans by using
Bragg’s law as follows:

D= A
2sinO

(1)

where D is d-spacing (nm), 4 is wavelength of X-ray beam (nm), and 0
is the angle of incidence.

Transmission Electron Microscopy. Transmission electron
microscopy (TEM) was used to visually observe clay dispersion in
the nanocomposites. The electron microscope (CM100; Philips,
Mahwah, NJ) was operated at 100 kV. Solution prepared for film
casting was transferred to a carbon-coated copper grid and dried to
make a film, which was then analyzed using TEM.
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Thermal Analysis. The melting transition of nanocomposites was
characterized using differential scanning calorimetry or DSC (Q100;
TA Instruments, New Castle, DE). Films were conditioned by drying
in an oven at 65 °C to achieve constant weight, and then sealed in
airtight bags and stored at room temperature for further testing.
Samples were weighed, hermetically sealed in aluminum pans, and
heated from 10 to 250 °C at a rate of 10 °C/min. An empty aluminum
pan was used as reference.

Water Vapor Permeability. Water vapor permeability was
determined gravimetrically according to the standard method ASTM
E96-00.>° Films were fixed on top of test cells containing a desiccant
(silica gel). The test cells were placed in a relative humidity chamber at
25 °C, and relative humidity (RH) of 50% or 75%. After steady-state
conditions were reached, the weight of test cells was measured every
12 h over 3 days. The weight of the cells was plotted as a function of
time for each sample, and the slope of the best-fit straight line (AG/
At) was used to calculate the water vapor transmission rate as follows:

R = AG/At

)

where WVTR is the water vapor transmission rate (g/h-mz), AG/Atis
the rate of weight change (g/h), and A is the test area (m*). WVTR
was then used to calculate the water vapor permeability as follows:

_ WVIR X d
AP 3)

where WVP is the water vapor permeability (g-mm/kPa-h-m?), d is the
film thickness (mm), and AP is the partial pressure difference across
the films (kPa).

Tensile Properties. Tensile properties of films were measured
with a texture analyzer (TA-XT2; Stable Micro Systems Ltd,, UK)
using the standard method ASTM D882-02.*° Films were cut into 2
cm X 8 cm strips and were conditioned at 23 °C and 50% or 75% RH
for 3 days before testing. Ends of the test specimen were mounted on
grips, and extension was carried out at a crosshead speed of 1 mm/s.
Tensile strength (TS) and elongation at break (E%) were calculated as
follows:

WVP

L

P —6
— X 10

a (4)
where TS is tensile strength (MPa), L, is peak load (N), and a is the
cross-sectional area of samples (m?).

TS =

AL
E% = == x 100
L ()
where AL is the increase in length at breaking point (mm), and L is
the original length (mm).
Young’s modulus (E) or the ratio of the tensile stress to tensile
strain in the elastic (initial, linear) region of the stress—strain curve was
calculated as follows:

FL 6

E = X 10~
aAL’

(6)

where E is Young’s modulus or modulus of elasticity (MPa), F is
maximum force exerted in the elastic region (N), a is the original
cross-sectional area of the film (m?), and AL’ is the increase in length
in the elastic region (mm).

Experimental Design and Statistical Analysis. Nanocomposite
synthesis and film casting experiments followed a 2 X 4 factorial design
(two types and four levels of clay), with a control involving no clay.
Thus, the experimental design comprised a total of nine treatments.
Water vapor permeability and tensile properties of all films were
determined at two levels of RH. Thus, the experimental design for
these tests involved a total of 18 treatments. WVP tests were replicated
three times, while tests for tensile properties were replicated five times.
All data were analyzed using OriginLab scientific graphing and
statistical analysis software (OriginLab Corp., Northampton, MA).
Statistical significance of differences in means was determined using
the Bonferroni LSD multiple-comparison method at p < 0.05.
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Figure 2. TEM images of nanocomposites with (a) 10% and (b) 20% LRD. The scale at the bottom represents 100 nm.

B RESULTS AND DISCUSSION hybrids, including the state of dispersion and d-spacing of
Dispersion of LRD in Starch/PVOH Matrix. XRD silicate layers, varied with the level of incorporation of LRD. As

patterns of polymer/clay composites or hybrids provide direct expected, a featureless XRD pattern with no peak was observed
evidence of intercalated or exfoliated nanostructures.*® for starch/PVOH alone (0% LRD) due to the absence of clay
and the amorphous nature of melted PVOH and starch.

Intercalated structures give rise to X-ray diffraction peaks oY N
because of the periodic and parallel assembly of silicate layers. Hybrids with 5% and 10% clay had very weak peaks around 20

The diffraction pattern of pristine LRD clay was almost flat, of 1.2° (d-spacing of 7.35 nm) and 1.4° (d-spacing of 6.30 nm),
with a low intensity broadened peak at around 260 = 6.4° that respectively. This indicated that polymer chains could enter the
corresponded to a d-spacing of 1.37 nm (Figure 1). Similar d- silicate layers and push them apart, resulting in a higher degree
spacing (1.33—1.43 nm) was observed previously for laponite, of disorder and exfoliation than pristine LRD. A diffraction
although the corresponding diffraction peak was of much peak of much higher intensity was observed for 15% LRD,
higher intensity due to ordered orientation of the basal plane in corresponding to 26 of 1.6° (d-spacing of 5.51 nm). This
water-based films.2%*' The broad diffraction pattern observed hybrid had a distinct dual structure, indicating the coexistence
in the current study meant that the stacks of silicate platelets of exfoliation and aggregation of silicate layers in the polymer
were not in a very ordered state, which is consistent with matrix. A very intense XRD peak at 26 = 2.3° (d-spacing of 3.84
hectorite-type powders.>® This is in contrast with natural nm) was observed at 20% LRD, suggesting that a highly
MMT, which exhibits a well-ordered, layered nanostructure ordered and aggregated layered structure was induced. Thus, in
with a sharp XRD peak at 26 of 7.1° (d-spacing of 1.24 nm).”* comparison with 5% and 10% LRD, higher clay content not

XRD patterns of starch/PVOH composite films with 0—20% only led to lower d-spacing or lesser separation of silicate layers,
LRD are also shown in Figure 1. The morphology of these but also caused aggregation rather than the random distribution
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Figure 3. DSC scans showing melting peaks for nanocomposites with 0—20% LRD.
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Figure 4. Water vapor permeability (WVP) of starch/PVOH-based nanocomposite films with (a) laponite RD and (b) sodium montmorillonite as
filler. Error bars indicate standard deviation. Data points with different letters imply significant difference (p < 0.05).
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Figure S. Tensile strength of starch/PVOH-based nanocomposite films with (a) laponite RD and (b) sodium montmorillonite as filler. Error bars
indicate standard deviation. Data points with different letters imply significant difference (p < 0.05).

of clay platelets found in original LRD. This is a unique
observation, and differs from hybrids based on other types of
clay including starch/PVOH/MMT nanocomposites. Irrespec-
tive of the clay content, the latter have been shown to have
greater dispersion of silicate layers as compared to natural
MMT.*

Transmission electron microscopy images of starch/PVOH/
LRD nanocomposites are shown in Figure 2. The morphologies
revealed by TEM corresponded well to the inferences drawn
from XRD analysis. At 10% clay content, individual laponite
platelets were randomly dispersed in the polymer matrix. This
confirmed a high degree of disorder and exfoliation, although
there were some unexfoliated platelets or tactoids that
remained. For the hybrid with 20% laponite, more integrated
and tightly stacked layered structures were visible throughout
the matrix. In general, the starch/PVOH polymer matrix and
LRD are both hydrophilic and compatible with each other,
leading to good dispersion of the latter at low concentrations.
However, electrostatic interactions between edges and surfaces
of adjacent laponite platelets might induce stacking and
agglomeration at higher concentrations.”” This could be the
reason for poor clay dispersion at LRD contents higher than
10%.
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Thermal Characterization. DSC thermograms of starch/
PVOH/LRD hybrid films are shown in Figure 3. On addition
of LRD, a decrease in melting temperature and broadening of
the melting peaks were observed. Laponite may function as a
compatibilizer and increase the miscibility of PVOH with
starch. Hybrids with 5% and 10% LRD had good dispersion of
clay as discussed earlier, and thus improved the homogeneity of
the polymer matrix and promoted interactions in the
multicomponent system. Increased interaction of PVOH with
starch and laponite would disrupt the rigid arrangement of
PVOH chains and decrease its crystallinity, which could explain
the changes in melting characteristics. In fact, laponite can have
a cross-linking action on polymers.”® Broadening in melting
peaks of starch/PVPH blends due to cross-linking and/or
interactions between starch and PVOH has been reported
earlier, although these studies did not involve laponite.'>**

For hybrids with 15% and 20% LRD, the melting peaks were
indistinct as the melt transition was too weak and broad to
measure. This absence of thermal events was due to the
confinement of entire polymer in interlayer spaces of laponite,
and the absence of bulk-like PVOH.>

Barrier Properties. Water vapor permeability data for
starch/PVOH/LRD and starch/PVOH/MMT hybrid films are

dx.doi.org/10.1021/jf2024962 | J. Agric. Food Chem. 2012, 60, 1954—1962
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Figure 6. Young’s modulus of starch/PVOH-based nanocomposite films with (a) laponite RD and (b) sodium montmorillonite as filler. Error bars
indicate standard deviation. Data points with different letters imply significant difference (p < 0.05).

shown in Figure 4. In the case of the former, WVP at 50% RH
decreased from 0.306 to 0.226 gr-mm/kPa-h-m* as LRD content
increased from 0% to 15%. This was due to increase in the
effective path length for diffusion and is a typical observation in
intercalated or exfoliated polymer/clay systems.”*>*>3>3* Wvp
remained almost unchanged at 0.227 g-mm/kPah-m® on
further increase of LRD to 20%. The aggregated structure of
LRD possibly provided channels or microvoids at the interface
of polymer and clay, thus compensating for increase in
tortuosity.””> Higher WVP was observed at 75% RH as
compared to 50% RH. As humidity increases, films are
hydrated to a greater extent. The water, acting as a plasticizer,
loosens the polymeric matrix and facilitates higher diffusion
rates. The effect of clay content was also more pronounced at
75% RH, with decrease in WVP from 1.71 to 122 g-mm/
kPa-h-m? as LRD content increased from 0% to 15%. However,
WVP increased to 1.38 g'mm/kPa-h-m® on further increase of
LRD to 20% due to domination of the clay aggregation effect.

In general, WVP for starch/PVOH/MMT hybrid films was
lower as compared to starch/PVOH/LRD films, implying that
the former possessed better barrier properties. The enhanced
barrier characteristics result from higher aspect ratio of MMT
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(~100) as compared to LRD (~30). The overall trends for
WVP of starch/PVOH/MMT films, with respect to clay
content and relative humidity, were similar to starch/PVOH/
LRD films. As MMT content increased from 0% to 20%, WVP
decreased from 1.71 to 0.793 g'mm/kPa-h-m* and from 0.306
to 0.099 g-mm/kPa-h-m* at RH of 75% and 50%, respectively.
However, unlike laponite, the decreasing trend for WVP was
not halted or reversed at 20% clay content, possibly due to
better dispersion of montmorillonite.

Mechanical Properties. Tensile strength (TS) data for
starch/PVOH/LRD and starch/PVOH/MMT hybrid films are
shown in Figure 5. TS of starch/PVOH/LRD films at 50% RH
increased from 8.53 to 13.3 MPa with increase in laponite
content from 0% to 10%. Such an improvement in mechanical
strength is commonly observed in nanocomposite materials and
is related to adequate dispersion and higher strength of clay
nanoparticles that act as reinforcing fillers.*”*>*® The coupling
between the tremendous surface area of the clay and the
polymer matrix facilitates development of constrained regions
with high stiffness, transfer of stress to the reinforcement phase,
and consequently enhancement of tensile strength of the
nanocomposite. Increase in laponite content beyond 10%,
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Figure 7. Elongation at break of starch/PVOH-based nanocomposite films with (a) laponite RD and (b) sodium montmorillonite as filler. Error bars
indicate standard deviation. Data points with different letters imply significant difference (p < 0.05).

however, led to decrease in TS. The hybrid containing 20%
LRD had tensile strength of 11.1 MPa, which was still higher
than the control (0% LRD). As described earlier, at higher LRD
contents (15% and 20%), the degree of exfoliation decreased,
and more aggregated clay structures were formed. This
aggregation disrupted the continuous phase of starch/PVOH
polymer matrix and also decreased the exposed clay surface
area, thus decreasing the tensile strength. Similar trends were
observed at 75% RH, although films tested at the higher relative
humidity had lower TS. At higher RH, the polymer matrix
absorbs more water, which acts as a plasticizer and weakens the
polymer matrix. A part of the water is also adsorbed on the clay
surface, thus negatively affecting nanofiller—matrix affinity and
the transfer of clay platelet rigidity to the matrix.>’

A similar trend with respect to humidity was observed for
tensile strength of starch/PVOH/MMT films. However,
irrespective of RH and in contrast to films with laponite as
nanofiller, TS of starch/PVOH/MMT films exhibited a
monotonic increase as montmorillonite content increased
from 0% to 20%. This again points to a better dispersion or
exfoliation/intercalation of MMT platelets even at high
loadings of 15—20%. The highest TS of 17.4 and 7.50 MPa,

1960

at 50% and 75% RH, respectively, was observed at 20% MMT.
Interestingly, at lower clay loading (up to 10%), TS of starch/
PVOH/LRD films was up to 65% higher than starch/PVOH/
MMT. The difference was more pronounced at 75% RH,
indicating greater effectiveness of laponite as a reinforcing filler,
especially in conditions of high relative humidity. Differences
between the two clays with respect to affinity to polymer matrix
and rigidity of platelets could be contributing factors.

In general, Young’s modulus data (Figure 6) for the
nanocomposite films followed trends similar to those of tensile
strength, with respect to nanofiller type and content, and also
relative humidity. The underlying reasons are also similar, as
Young’s modulus can be considered a measure of the tensile
strength in the initial elastic region of the force-deformation
response. The modulus monotonically increased with increase
in clay content, except in the case of starch/clay/LRD films
tested at higher humidity (75% RH) conditions. As discussed
earlier, the enhancement of Young’s modulus can be attributed
to the higher modulus of the clay platelets and their dispersion
in the polymer matrix. The latter contributes to the affinity and
adhesion of the polymers to the filler surface. Contrary to the
general observation, Young’s modulus decreased at 75% RH

dx.doi.org/10.1021/jf2024962 | J. Agric. Food Chem. 2012, 60, 1954—1962
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when LRD content was higher than 10%. This could be a result
of decrease in available surface area for polymer/clay
interactions at high loading of laponite caused by aggregation
of platelets and lower effective modulus of nanofiller at higher
humidity due to the adsorption of water molecules to the clay
surface. The effective stiffness modulus of clay takes into
account the affinity between the nanofiller and the matrix, and
has been shown to decrease with rise in relative humidity using
a modeling-based approach.”” Young’s modulus at 50% RH
ranged from 160 to 372 MPa and 160 to 678 MPa for LRD and
MMT as nanofillers, respectively. It was much lower at 75%
RH, ranging from 33.6 to 204 MPa and 33.6 to 191.5 MPa,
respectively. The combination of reduced effective modulus of
clay and plasticization of the hydrophilic polymer matrix
contributed to the lower modulus at higher humidity. It was
also interesting to observe that at 75% RH and up to 15% clay
loading, the modulus of starch/PVOH/LRD films was higher
than starch/PVOH/MMT. Reasons similar to those discussed
for tensile strength are applicable. However, at lower humidity,
incorporation of MMT led to a far greater enhancement in
Young’s modulus than LRD. This was contrary to the
observation for tensile strength. Deformation beyond the
elastic region was taken into account for characterization of
tensile strength, and laponite has advantages over montmor-
illonite at larger-scale deformations due to its role as a
compatibilizer and cross-linker, which is discussed next in more
detail.

Elongation at break (E%) data for the nanocomposite films
are shown in Figure 7. E% decreased from 156% to 37.4% as
MMT content increased from 0% to 20%, at 50% RH. The
corresponding decrease at 75% RH was from 114% to 35.9%.
Similar reduction in extensibility or elongation properties with
increase in nanofiller content has been observed for various
polymer/clay nanocomposites.”*>*® The clay—polymer inter-
actions prevent easy sliding of polymer chains against each
other, thus lowering E%. A sharper decrease in E% was
observed between 0% and 10% MMT because of better
dispersion of the clay at lower content. Elongation at break for
starch/PVOH/MMT films decreased at higher humidity level
(75% RH) due to the weakening of the polymer matrix with
more water absorption.

Starch/PVOH/LRD nanocomposite films had much higher
extensibility than films with MMT as nanofiller. E% for the
former ranged from 144% to 229% at 50% RH and from 170%
to 312% at 75% RH. Also, contrary to trends observed for
typical polymer/clay nanocomposites, elongation at break
increased significantly as compared to the control on addition
of 5—20% LRD. Films with 10% LRD had the highest E%, with
almost 3-fold increase at 75% RH. These results point to a very
different mechanism for interactions between laponite and the
polymer matrix, as compared to other clays such as MMT. The
cross-linking action of laponite on polymers and its role as a
compatibilizer between starch and PVOH were discussed
earlier in the context of weakening of melt transition of the
nanocomposites. The increase in elongational properties of
laponite-reinforced polymer matrices, such as hydrogels, fibers,
and films, has also been attributed to physical cross-link-
ing.*>**% Polymer chains get adsorbed to the charged
nanoplatelet surfaces via interactions like hydrogen bonding
and ionic attraction, thus forming a cross-linked, viscoelastic
network and leading to enhanced elongation during mechanical
deformation. This process was aided by the smaller size of
laponite platelets and their homogeneous dispersion at clay
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loading up to 10%. However, with further increase of LRD
content, the homogeneous phase was disrupted by aggregation
of silicate layers and resulted in the decrease of elongation at
break. Also, contrary to MMT-reinforced films, E% for starch/
PVOH/LRD was greater at the higher RH. Increased mobility
due to the plasticizing effect of water could have led to
enhanced interaction between polymer chains and platelet
surfaces, and thus enhanced degree of cross-linking.

In conclusion, the impact of the nanofiller laponite RD on
properties of starch/PVOH films was analyzed. Starch/PVOH/
LRD nanocomposites had a high degree of exfoliation at lower
clay content (up to 10%), which meant LRD was well dispersed
in the polymer matrix. However, at higher LRD content, the
silicate platelets were aggregated. The addition of LRD
improved both water barrier and mechanical properties of the
nanocomposite films. Contrary to most polymer/clay systems,
a significant increase in elongation at break was detected with
increase in filler content due to the unique function of laponite
as a cross-linking agent and compatibilizer between starch and
PVOH. Starch/PVOH/LRD-based nanocomposites have
promising potential as a low cost, biodgradeable alternative to
conventional plastics in flexible packaging applications for food
products. Enhanced extensibility, higher tensile strength, and
reduced deterioration in performance at high humidity
conditions are some of the advantages over nanocomposites
based on other clays such as MMT.
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