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ABSTRACT:Nanocomposites of starch, poly vinyl alcohol (PVOH), and sodiummontmorillonite (Na+MMT) were produced by
solution mixing and cast into films. Tensile strength (TS) and elongation at the break (E%) of the films ranged from 11.60 to 22.35
MPa and 28.93�211.40%, respectively, while water vapor permeability (WVP) ranged from 0.718 to 1.430 g 3mm/kPa 3 h 3m

2. In
general, an increase in Na+MMT content (0�20%) enhanced TS and decreased E% and WVP. Use of higher molecular weight
PVOH increased both TS and E% and also decreasedWVP. Mechanical properties were negatively affected, but water vapor barrier
properties improved with increasing starch content (0�80%). X-ray diffraction and transmission electron microscopy were used to
analyze the nanostructure, and molecular conformations and interactions in the multicomponent nanocomposites were inferred
from glass transition behavior. Interactions between starch and PVOH were strongest, followed by polymer/clay interactions. On
the basis of this insight, a conceptual model was presented to explain the phenomena of intercalation and exfoliation in the starch/
PVOH/Na+MMT nanocomposites.
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’ INTRODUCTION

Packaging plays a variety of important roles in the food
industry. The major role of packaging is to protect food from
spoilage by microbial contamination, physical damage, or bio-
chemical reactions.1�3 Packaging also provides ease in handling,
storage efficiency, attractiveness, and product information for
food.1 The ideal food packaging material serves all of these
purposes and is also cost efficient. Different types of materials,
including plastics, cardboard, and metal, are used for food
packaging depending on specific needs. The use of plastics in
food packaging, including films, is common and increasing
because of low cost and functional advantages over other
materials.1

According to the Municipal Solid Waste report issued by the
U.S. Environmental Protection Agency (EPA) for the year 2008,
76.76 million tons of waste was generated from packaging
materials. This included 13.01 million tons from plastics with
4.89 million tons of plastic packaging in the form of films. Only
13.2% of this plastic packaging waste was recycled, while only
9.8% of plastic films were recovered; the rest was added to
landfills. Recycling plastics is challenging because of their diverse
nature. Plastics that are not recycled become a permanent part of
our environment. Moreover, plastics are commonly produced
from petroleum-based sources that are nonrenewable. According
to the U.S. Energy Information Administration, 331 million
barrels of liquid petroleum gases (LPG) and natural gas liquids
(NGL) were used to make plastic materials and resins in 2006.
This amounted to 4.6% of the total oil consumption in the U.S.
An online report from Resource Conservation Manitoba stated
that every year 100 billion plastic bags are used in the U.S., which
takes 12 million barrels of oil, an amount that can produce
240 million gallons of gasoline.

Though plastics are one of the cheapest sources available for
food packaging, their reliance on petroleum and their long-term
impact on the environment have spurred research in recent years

on alternative packaging based on renewable and biodegradable
materials.4 Starch is one such inexpensive, abundantly available,
and renewable material that can be used for making biodegrad-
able packaging films. Starch is composed of linear amylose (poly-
α-1,4-D-glucopyranoside) and branched amylopectin (poly-
α-1,4-D-glucopyranoside and poly-α-1,6-D-glucopyranoside)5

(Figure 1a). Starch films are very brittle in nature (elongation
ranging from 4 to 8%) and have poor water barrier properties
(water vapor permeability ranging from 0.77 to 1.61 g 3mm/
kPa 3 hr 3m

2).6�8 In comparison, plastic films have high tensile
strength (10�80 MPa) and elongation at the break (200�800%)9

and lowwater vapor permeability (0.002�0.05 g 3mm/kPa 3h 3m
2).10

To improve the properties of starch-based films, researchers have
blended starch with other polymers such as polyhydroxyalk-
anoates,11 poly lactic acid (PLA)12,13 and poly vinyl alcohol
(PVOH).14�17

PVOH is produced by hydrolysis of poly vinyl acetate and
contains secondary hydroxyl groups in every alternate carbon18

(Figure 1b). PVOH can be used to make composites with starch
because the two polymers are highly compatible and form
hydrogen bonds easily.19�21 Films from starch and PVOH
blends not only show improved mechanical properties over
starch alone14,17 but also are biodegradable.21 However, PVOH
is a poor barrier for moisture, just like starch, and is also
expensive. Higher starch content in starch/PVOH composite
films would minimize the cost but at the same time lead to
deterioration in mechanical properties.15,22 Therefore, there is a
clear need to further improve such composite films.

An innovative approach to improve themechanical and barrier
properties of polymer films is to produce nanocomposites by

Received: March 19, 2011
Accepted: September 20, 2011
Revised: September 18, 2011



12385 dx.doi.org/10.1021/jf201119v |J. Agric. Food Chem. 2011, 59, 12384–12395

Journal of Agricultural and Food Chemistry ARTICLE

adding nanoscale particles. Clay minerals are a diverse class of
layered silicates that have been used for producing nanocompo-
sites with polymers,4,23 and smectite clays are a subgroup
commonly used in such nanocomposites due to their swelling
properties and capacity to host water and organic molecules
between their layers. These clays have high cation exchange
capacity, large surface area, and high aspect ratio.24 Montmor-
illonite (MMT) is a smectite clay that exists as platelets of two
tetrahedral silicate layers with an inner (sandwiched) octahedral
aluminum oxide sheet. Some of the aluminum atoms are replaced
with magnesium creating a difference in valences and a negative
charge distribution within the platelets. These charges are
balanced by positively charged ions such as Na+ (Figure 1c).
Hydration of these sodium ions causes the clay to swell and
provides the ability to host polymer chains between the layers,
which is facilitated by attractive forces such as hydrogen bonds.23

When Na+MMT is mixed with a polymer, three distinct compo-
site structures can form. If the polymer is not miscible with clay, it
will stay in a separate phase, and no structural change will occur
to the platelets. These types of composites are called micro-
composites. If the polymer can enter clay interlayer regions
without disrupting the layered structure, the resulting compo-
sites are called intercalated nanocomposites. The third type of
composite structure corresponds to exfoliated nanocomposites,
where clay with a disrupted layered structure is dispersed in the
polymer matrix.23,25 Starch is compatible with Na+MMT due to
the interaction between its polar hydroxyl groups and the Na+

ions of nanoclay. This results in well intercalated or exfoliated
nanocomposites, which help in improving the mechanical and
barrier properties of starch films.6�8,26,27 PVOH is also highly
compatible with Na+MMT, and films made from these nano-
composites exhibit better mechanical and barrier properties than
films from PVOH alone.19,28

On the basis of the above discussion, it is reasonable to
expect that Na+MMT is compatible with starch/PVOH
composites as well and can form multicomponent nanocom-
posites with enhanced physical properties. Plasticizers can
facilitate increased movement of PVOH and starch biopoly-
mers into the interlayer galleries of Na+MMT and lead to the
formation of well intercalated and exfoliated systems. Glycer-
ol is the conventional plasticizer used in starch/PVOH blends
as it forms hydrogen bonds with both polymers, which replace
the strong bonds between and within starch and PVOH.20

Hydrogen bonding between glycerol and PVOH molecules
also hinders the formation of crystallites in the plasticized
films.29

Nanocomposites based on starch/PVOH/Na+MMT have
been studied recently.5,19,30�32 However, little is still known
about the various interactions that take place in such a multi-
component system. This study aims to bridge this gap by
investigating molecular interactions in starch/PVOH/Na+MMT
nanocomposites and their impact on mechanical and barrier
properties of films.

’MATERIALS AND METHODS

Materials. Normal corn starch (Corn Products International,
Westchester, IL) was the base material in all treatments. Four fully
hydrolyzed brands of poly vinyl alcohol having different molecular
weights (Table 1; Celvol107 < Celvol310 < Celvol325 < Celvol350)
were obtained fromCelanese Corporation (Dallas, TX). Othermaterials
used in the synthesis of the nanocomposites included Na+MMT
(Nanocor Inc., Arlington Heights, IL) and glycerol (The Chemistry
Store.com, Cayce, SC).
Preparation of Nanocomposites and Film Casting. A solu-

tion was prepared by mixing 4 parts (by weight) starch/PVOH/Na
+MMT/glycerol with 96 parts of water and then heating this mixture at
95 �C for 30 min with constant stirring. The proportions of starch,
PVOH, and Na+MMT were varied depending on treatment, as de-
scribed later. Glycerol was used as a plasticizer at a concentration of 30%
(polymer basis) in all experiments. The heated solution was cooled to
55 �C, and equal amounts (60 g) were poured in 150mm� 15mmPetri
dishes. The water was allowed to evaporate by drying for 24�36 h at
room temperature, and the resulting films were peeled off and stored in
airtight bags at room temperature for further tests.
Moisture Content.Moisture content of films was measured using

the AACC 44-19.01 standard air-oven method (drying at 135 �C).
X-ray Diffraction. The dispersion of Na+MMT in nanocomposite

films was studied using X-ray diffraction (XRD). The X-ray diffract-
ometer (XRG 3100; Philips Electronics, Netherlands) was operated at
35 kV and 20 mA. Scans were carried out at diffraction angles (2θ) of
1.5�10.0� and a scan speed of 1�/min with a step size of 0.04�. X-ray
radiation with a wavelength (λ) of 0.154 nm was generated from a
Cu�Kα source. The interlayer spacing of Na+MMT or d-spacing was

Figure 1. (a) Molecular structure of starch poly-α-1,4-D-glucopyrano-
side chain (present in both amylose and amylopectin); (b) molecular
structure of PVOH; and (c) schematic for the molecular structure of
Na+MMT.

Table 1. PVOH Types Used for Studying Molecular Weight
Effect

PVOH type molecular weighta viscosity (cps)

Celvol107 31,000�50,000 5.5�6.6

Celvol310 60,000�70,000 9�11

Celvol325 100,000�130,000 28�32

Celvol350 150,000�186,000 62�72
aMolecular weights were estimated from viscosity ranges given by the
manufacturer.
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estimated from XRD scans by using Bragg’s Law as follows:

D ¼ λ

2 sin θ
ð1Þ

where, D = d-spacing (nm), λ = wavelength of X-ray beam (nm), and
θ = the angle of incidence.
Transmission Electron Microscopy. The structure of nano-

composites and clay dispersion was visually observed using transmission
electron microscopy (TEM). The electron microscope (CM100; Phi-
lips, Mahwah, NJ) was operated at 100 kV. The solution prepared for
film casting was put on a carbon-coated copper grid and dried for one
minute to make a film, which was then analyzed using TEM.
Thermal Analysis. Glass transition temperature (Tg), correspond-

ing change in heat capacity (ΔCp), and melting temperature (Tm) of
nanocomposite films were measured using differential scanning calo-
rimetry or DSC (Q100; TA Instruments, New Castle, DE). Films were
conditioned at 23 �C and 50% RH for 3 days prior to testing. Samples
(8�10 mg) were hermetically sealed in aluminum pans and heated from
10 to 250 �C at a rate of 10 �C/min. An empty aluminumpanwas used as
reference.
Tensile Properties.Tensile properties of films weremeasured with

a texture analyzer (TA-XT2; Stable Micro Systems Ltd., UK) using the
standard ASTM D882-02 method described previously.6,7 Films were
cut into 2 cm� 8 cm strips and were conditioned at 23 �C and 50% RH.
Ends of the test specimen were mounted on grips 40 mm apart, and
extension was carried out at a cross-head speed of 1 mm/s. Tensile
strength (TS) and elongation at the break (E%) were calculated as
follows:

TS ¼ Lp
a
� 10�6 ð2Þ

where TS = tensile strength (MPa), Lp = peak load (N), and a = cross-
sectional area of samples (m2).

E% ¼ ΔL
L

� 100 ð3Þ

where ΔL = increase in length at breaking point (mm), and L = original
length (40 mm).
Water Vapor Permeability. Water vapor permeability was de-

termined according to the standard ASTM E96-00 method described
previously.6,7 Films were tightly fixed with screws on top of aluminum
test cells (area = 30 cm2) containing a desiccant (silica gel). These test
cells were placed in a relative humidity chamber at 25 �C and 75%
relative humidity (RH), and were allowed to equilibrate for 2 h.
Thereafter, weight of the test cells was recorded, and the measurement
was repeated every 12 h over three 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 (ΔG/Δt) was used to calculate the water vapor transmission
rate as follows:

WVTR ¼ ΔG=Δt
A

ð4Þ

where WVTR = water vapor transmission rate (g/h 3m
2),ΔG/Δt = rate

of weight change (g/h), and A = test area (m2). WVTRwas then used to
calculate the water vapor permeability as follows:

WVP ¼ WVTR � L
ΔP

ð5Þ

where WVP = water vapor permeability (g 3mm/kPa 3 h 3m
2), L = film

thickness (mm), and ΔP = partial pressure difference across the films
(kPa). The film thickness was measured from five different locations for
each film using a digital micrometer (Marathon Watch Company Ltd.,
Ontario, Canada), and the average thickness was used for all calculations.

Experimental Design and Statistical Analysis. Three sets of
experiments were conducted for the preparation of the nanocomposite
films. First, Na+MMT contents of 0, 5, 10, 15, and 20% (polymer basis)
were used while maintaining the same PVOH type (Celvol 325) and
base polymer proportions (2:1 ratio of starch and PVOH). Second,
PVOH of four different molecular weights were used at a constant base
polymer proportion (1:1) and Na+MMT concentration (10%). Third,
the proportion of starch in the base polymer mix was varied (0, 20, 33,
50, 67, and 80%), while keeping Na+MMT concentration (10%) and
PVOH type (Celvol 325) constant. Thus, the experimental design
comprised a total of 15 treatments, all of which were replicated three
times. Data were analyzed using SAS statistical analysis software
(Version 9; SAS Institute Inc. Cary, NC). Analysis of variance
(ANOVA) was used to determine the effect of treatment, and statistical
significance of differences in means was determined using the Tukey
HSD multiple-comparison method at p < 0.05.

’RESULTS AND DISCUSSION

Na+MMT Content. The X-ray diffraction scan for natural
Na+MMT showed a peak angle of 7.11� with a corresponding
d-spacing of 1.24 nm (Figure 2). Previous studies have reported
similar 2θ and d-spacing for Na+MMT.6,7,33 XRD patterns of
starch/PVOH (2:1) composite films with 0 to 20% MMT are
also shown in Figure 2. As expected, no XRD peak was observed
for starch/PVOH alone (0% Na+MMT) due to the absence of
clay and the amorphous nature of melted PVOH and starch.6 An
XRD peak was also absent at 5% Na+MMT, while composites
with 10%Na+MMThad a low intensity broadened peak between
2θ of 3.5�5.0� (lower than the diffraction angle for Na+MMT
alone). This indicated that nanocomposites with highly or
partially exfoliated structures were formed at Na+MMT loading
of 5% and 10%, respectively. XRD peaks of relatively higher
intensity and narrower range were observed for 15 and 20%
Na+MMT, corresponding to 2θ of 4.30� and 6.58� and d-spacing
of 2.06 and 1.34 nm, respectively. These peaks were also at a
lower diffraction angle than pure Na+MMT, which indicated the
entrance of starch and PVOH polymers into the interlayer
galleries, an increase in d-spacing between clay platelets, and
the formation of nanocomposites with intercalated structure.
These results also suggest that the degree of exfoliation/inter-
calation decreased with an increase in Na+MMT content from 5
to 20%. The nanostructures revealed by transmission electron
microscopy (Figure 3) corresponded to the inferences drawn
from XRD analysis. TEM scans for nanocomposites with
Na+MMT levels of 5 and 10% confirmed full and partial
exfoliation, respectively, while the layered structure of Na+MMT
appeared to be intact at the 20% level indicating intercalation.
Exfoliated structures have been observed previously at a low clay
loading of 3% in starch/PVOH/Na+MMT nanocomposites
produced by melt processing.31 A decreased degree of exfolia-
tion/intercalation with increasing clay level has also been re-
ported for polymer nanocomposites. In an earlier study,
intercalation was observed at all levels of clay (3�21%) in
starch/Na+MMT nanocomposites produced by melt extrusion.6

However, an increase in clay content beyond 6% appeared to
result in a lower degree of exfoliation as inferred from a less steep
decline in water vapor permeability of the films cast from the
nanocomposites. In another study involving nanocomposite
films prepared from cara-root starch, glycerol, and Ca2+ hectorite
clay by solution casting, the degree of intercalation depended on
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the proportion of available clay and decreased with higher levels
of clay.34

DSC analysis of nanocomposite films provided data on glass
transition temperature (Tg) and change in heat capacity (ΔCp) at
Tg from which useful insight into structural conformations and
interactions between polymers and clay could be inferred. Tg was
determined as the midpoint of the glass transition region on the
DSC scan. The Tg of the starch/PVOH composite with 0%
Na+MMT was 70.28 �C, while that of starch/PVOH/Na+MMT
nanocomposites with 5�20% Na+MMT ranged from 71.75 to
61.22 �C (Table 2). In general, an increase in the Na+MMT level
from 5 to 20% led to a steady decrease in Tg, although the effect
of Na+MMT content on Tg was not statistically significant (p =
0.845). Conflicting effects of clay on polymer relaxation behavior,
and thus the Tg of nanocomposites, have been reported depend-
ing on the interplay between the confinement of polymer chains,
surface interactions, and disruption of the intermolecular
structure.24,35�39 In the current study where intercalated nanos-
tructures were predominant, more polymer chains were likely to

be confined between clay galleries as Na+MMT content in-
creased. This could result in the disruption of hydrogen bonding
between OH groups within and across starch and PVOH chains.
Thus, the stable intermolecular structure was disrupted, leading
to a faster relaxation of chain segments and depressed Tg in the
nanocomposites. A similar reasoning was offered for Tg depres-
sion with an increased 20AMMT clay level (2�10%) in amor-
phous polyamide (aPA) nanocomposites.35 Change in heat
capacity (ΔCp) at the glass transition temperature gives informa-
tion about the polymer chain mobility in nanocomposite systems
as it depends on the internal degrees of freedom of molecular
motion.40 ΔCp was significantly affected by the Na+MMT level
(p = 0.00118) and decreased from 0.05867 J/g 3 �C to 0.01751
J/g 3 �C as clay content increased from 0 to 20% (Table 2). This can
also be attributed to increased polymer confinement at higher
clay levels, which resulted in a decrease in the number of degrees
of freedom for polymer chain segments.35,40

Data related to the physical properties of nanocomposite
films are also summarized in Table 2. Na+MMT content had a

Figure 2. XRD patterns for pure Na+MMT (bottom) and nanocomposites with 0�20% Na+MMT.
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significant effect on both tensile strength (p = 0.0001) and
elongation at the break (p = 0.001). TS increased from 8.39 to
18.84 MPa and E% decreased from 136.82 to 41.57% as clay
content increased from 0 to 20% (Table 2). This is consistent
with several studies involving polymer�clay nanocomposite
systems.5,6,8,35,41,42 The clay�polymer interactions prevent easy
sliding of the polymer chains against each other thus lowering
elongation properties of the nanocomposites. However, higher

clay content in an intercalated/exfoliated system leads to greater
mechanical strength because the modulus of clay or the asso-
ciated constrained region is several times higher than that of the
polymer.35 The mechanical properties of nanocomposites are
determined not only by the modulus but also by the amount of
constrained region. The latter depends on the degree of exfolia-
tion/intercalation and the proximity of the polymer chains to the
nanoclay layers. The constrained region clearly did not increase
in the same proportion as the clay content, as inferred from TS
data. This substantiated the earlier observation that the degree of
intercalation reduced with an increase in the Na+MMT level.
Water vapor permeability was also significantly affected by
Na+MMT content (p = 0.001). WVP decreased from 1.68 to
0.718 g 3mm/kPa 3 h 3m

2 with an increase in Na+MMT levels
from 0 to 20% (Table 2). A similar trend was observed previously
for starch/Na+MMT nanocomposites.6 Impermeable nanoma-
terials such as layered silicates decrease the permeability of gases
not only by reducing the volume of material available for flow but
also by creating more tortuous pathways.6,43 However, in the
absence of proper dispersion, formation of microvoids at the
interface of the polymer and clay can compensate for the increase
in tortuosity.43 This might be the reason for the very little change
in WVP between the 15 and 20% Na+MMT loadings.
PVOHMolecular Weight. XRD scans of starch/PVOH (1:1)

composite films, with varying PVOH molecular weight and 10%
Na+MMT, are shown in Figure 4. Broader diffraction patterns
with peaks at lower 2θ (3.53�4.15�) than natural Na+MMT
were observed in all cases, which indicated higher d-spacing and
the formation of intercalated nanocomposites. The peak corre-
sponding to lowest molecular weight PVOH (Celvol107) had an
intensity of ∼150, which was much lower than that for other
PVOH types (∼280�400). The low peak intensity for Cel-
vol107 indicated that some silicate layers were disrupted result-
ing in partial exfoliation, whereas other nanocomposites had
intercalated structures with a broad range of d-spacing between
clay platelets. During the solution mixing process, hydration of
Na+ ions causes MMT to swell, which results in increased d-
spacing. This phenomenon greatly helps the starch and PVOH
polymers to enter silicate galleries to form intercalated nano-
composites.23 Temperature or heat plays an important role in
intercalation and exfoliation in such systems by increasing the
mobility of the polymers. Heat also causes degradation of starch
that assists in mobility. In addition, glycerol makes hydrogen
bonds with the polymers and creates a plasticization effect, which
further increases polymer mobility. However, higher molecular
weight implies greater size and reduced mobility of the
polymers,44�47 which makes it difficult for PVOH to penetrate
the interlayer galleries of Na+MMT and results in intercalated
nanostructures but the absence of exfoliation in the case of
Celvol310, Celvol325, and Celvol350.
PVOH molecular weight had a significant effect on Tg of

nanocomposite films (p = 0.01043). Tg was 65.14, 71.0, 74.94,
Figure 3. TEM scans for nanocomposites with (a) 5%, (b) 10%, and (c)
20% Na+MMT.

Table 2. Thermal and Physical Properties of Nanocomposite Films with Different Na+MMT Contents

Na+MMT (%) Tg (�C) ΔCp (J/g 3 �C) TS (MPa) E% WVP (g 3mm/kPa 3 h 3m
2)

0 70.28 ( 13.27 0.0587 ( 0.0099 8.39 ( 0.59 136.82 ( 11.82 1.6828 ( 0.057

5 71.75 ( 12.38 0.0404 ( 0.0112 11.60 ( 0.62 103.00 ( 17.03 1.2353 ( 0.099

10 68.45 ( 12.03 0.0390 ( 0.0108 17.06 ( 1.86 101.28 ( 13.14 1.0537 ( 0.050

15 66.14 ( 10.19 0.0230 ( 0.0031 18.84 ( 1.27 61.83 ( 6.99 0.7255 ( 0.023

20 61.22 ( 8.53 0.0175 ( 0.0366 18.41 ( 0.91 41.57 ( 3.77 0.7185 ( 0.230
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and 72.60 �C, respectively, for nanocomposites containing
Celvol107, Celvol310, Celvol325, and Celvol350 (Table 3).
The increase in Tg of starch/PVOH/Na+MMT nanocomposites
followed by a plateau appeared to be a function of bulk polymer
molecular weight rather than any nanoscale effect. It is well-
known that Tg of polymers increases with increasing molecular
weight.35,48,49 Smaller polymers have a greater number of chain
end segments in a given weight of polymer and therefore
increased segmental movement.49 Tg increases with higher
molecular weight because segmental motion gets restricted in
larger polymers. This increase in glass transition temperature

continues until the molecular weight reaches a critical level
beyond which Tg reaches an asymptotic value.35 PVOH molecu-
lar weight did not have a significant impact on ΔCp (p = 0.482),
although the latter increased from 0.0454 to 0.0676 J/g 3 �C with
increasing molecular weight of PVOH (Table 3). Larger ΔCp

indicated a greater number of internal degrees of freedom,
possibly due to reduced interactions between higher molecular
weight PVOH and Na+MMT. Peak melting temperatures (Tm)
were also not affected significantly by PVOH molecular weight
(p = 0.7437). Tm of nanocomposites ranged from 159.04 to
162.49 �C, with only small differences between PVOH types

Figure 4. XRD patterns for pure Na+MMT (bottom) and nanocomposites containing different types of PVOH. Higher Celvol numbers correspond to
a greater molecular weight.

Table 3. Thermal and Physical Properties of Nanocomposite Films with Different PVOH Molecular Weightsa

PVOH type Tg (�C) ΔCp (J/g 3 �C) Tm (�C) TS (MPa) E% WVP (g 3mm/kPa 3 h 3m
2)

Celvol107 63.55 ( 0.045 0.045 ( 0.0046 162.49 ( 3.08 11.87 ( 0.48 66.73 ( 13.17 1.411 ( 0.105

Celvol310 66.44 ( 0.047 0.048 ( 0.0130 159.52 ( 3.13 13.46 ( 1.06 80.58 ( 13.32 1.295 ( 0.066

Celvol325 73.60 ( 0.064 0.064 ( 0.0150 159.40 ( 5.35 16.44 ( 0.85 161.85 ( 8.99 1.165 ( 0.084

Celvol350 72.60 ( 0.064 0.068 ( 0.0356 159.04 ( 5.00 14.38 ( 0.49 162.20 ( 26.95 1.293 ( 0.024
aHigher Celvol numbers correspond to agreater molecular weight.
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(Table 3). This was expected as all four PVOH types used in this
study were fully hydrolyzed resulting in the same melting
temperature range. However, DSC scans exhibited broadening
of the melting peak for nanocomposites with increasing molec-
ular weight of PVOH (Figure 5). A broader melting range with
increasing molecular weight could be due to increased interac-
tions between starch and PVOH molecules. As the PVOH chain
length increased with higher molecular weight, it was harder for
these chains to enter the silicate interlayer galleries as described
earlier. This reduced interactions between PVOH and Na+MMT
but increased the opportunity for hydrogen bonding between the
hydroxyl groups of starch and PVOH. Molecular interactions
among starch, PVOH, and Na+MMT are described in greater
detail later.
Physical properties of nanocomposite films from different

molecular weight PVOH are summarized in Table 3. While the
mechanical strength and barrier properties of nanocomposite
films are affected by the degree of intercalation and exfoliation in
the system, it was clear that the impact of PVOH molecular
weight was mainly determined by physical properties of the
matrix and not any nanoscale effects. Both tensile strength and
E% were significantly affected by PVOH molecular weight (p =
0.000559 and 0.000149, respectively). Tensile strength for
nanocomposites with Celvol107, Clevol310, and Celvol325
was 11.87, 13.84, and 16.44MPa, respectively, but this increasing
trend was discontinued with a decrease to 14.38 MPa for
Celvol350. The increase in tensile strength was primarily due
to bulk polymer molecular weight rather than interactions with
Na+MMT.50 Increasing molecular weight leads to greater phy-
sical entanglement of polymer chains.3 The entanglement effect,
however, tapers off at very high molecular weight. A previous
study involving 1:1 blends of Amaranthus cruentus flour with
PVOH of varying molecular weights also reported a significant

increase in tensile strength of composites having Celvol325 as
compared to Celvol107.51 No significant difference was reported
in tensile strength of composites having Celvol325 and Cel-
vol350. For pure PVOH based films, however, decreased tensile
strength with increasing molecular weight has been observed.52

This decrease was attributed to the reduction in crystallinity of
the polymer with increasing molecular weight. No information
was provided on the degree of hydrolysis of PVOH, which can
have a significant impact on mechanical strength.50 In any case,
the entanglement effect with higher molecular weight appears to
predominate for composite films involving starch-based materi-
als and PVOH. At molecular weights higher than Celvol325,
reduced crystallinity could have a role in decreasing the tensile
strength of starch/PVOH/Na+MMT nanocomposites. E% also
increased from 66.73% to 161.85% as PVOH molecular weight
increased (Celvol107 to Celvol325) and appeared to plateau
with a further increase in molecular weight (Celvol 350). Similar
trends were reported previously for composites of PVOH with
amaranthus flour51 and nanocomposites involving nylon-6 and
organically modified MMT.53 Polymer chain length is an im-
portant factor in determining the elongation at the break.3

Higher molecular weight PVOH polymer chains are longer and
can easily slide past each other while forming new hydrogen
bonds with adjacent polymer chains, thus leading to greater
ductility. The lower polymer/Na+MMT interactions with in-
creased molecular weight could have further reinforced this
effect.
PVOH molecular weight also had a significant effect on water

vapor permeability of nanocomposite films (p = 0.02732). As
molecular weight increased up to Celvol325, WVP decreased
from 1.41 to 1.16 g 3mm/kPa 3 h 3m

2 (Table 3). A nonsignificant
increase in WVP to 1.29 g 3mm/kPa 3 h 3m

2 was observed with a
further increase in molecular weight (Celvol350). From a

Figure 5. DSC scans showing melting peaks for nanocomposites with different PVOH molecular weights. Higher Celvol numbers correspond to a
greater molecular weight.
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fundamental point of view, the permeability of any gas depends
on the solubility and diffusion coefficient with respect to the
medium as described through the following relationship:

P ¼ D� S ð6Þ

where P = gas permeability, D = diffusion coefficient, and S =
solubility coefficient. The water resistance of Celvol polymers
increases at higher molecular weight.50 Moreover, the diffusion
coefficient of any gas typically reduces with an increase in
polymer viscosity. The combination of these factors was respon-
sible for the decrease in WVP with increasing PVOH molecular
weight. The departure from this trend in the case of Celvol350
can be attributed to higher molecular weight leading to the
reduced dispersion of Na+MMT in the polymer matrix and also
lower crystallinity.51

Starch Content. X-ray diffraction scans of starch/PVOH
composite films with varying levels of starch and 10% Na+MMT
are shown in Figure 6. No XRD peaks were detected at starch
levels of 0, 67, and 80%. This indicated the formation of fully
exfoliated nanocomposite structures. Films with 20�50% starch
had intensity peaks, but they corresponded to lower 2θ
(2.98�3.91�) and higher d-spacing (2.29�2.97 nm) than those
of natural Na+MMT (2θ of 7.11� and d-spacing of 1.24 nm).
This indicated the formation of intercalated nanocomposites.
The XRD peaks were also broader than the pure Na+MMT peak,
which was evidence for partial exfoliation.
Starch content did not have a significant effect on Tg (p =

0.2095). However, an increase in Tg from 71.49 to 76.95 �C was
observed as the starch level increased from 0 to 33%, which was
followed by a monotonic decrease to 67.03 �C as the starch level
increased to 80% (Table 4). The initial increase in Tg can be

Figure 6. XRD patterns for pure Na+MMT (bottom) and nanocomposites with different starch contents.
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attributed to strong interactions between starch and PVOH that
resulted in the restricted segmental movement of polymer
chains. As starch content increased beyond 33%, the lower Tg

of starch as compared to that of PVOH had a predominant role in
depressing the overall Tg of the nanocomposites. Moisture
content of the nanocomposite films might also have a role in
determining Tg, as water is a plasticizer for both starch and
PVOH. Equilibriummoisture decreased from 16.42 to 10.43% as
the starch level increased from 0 to 50% (Table 4), probably due
to hydrogen bonding between starch and PVOH and the reduced
affinity to water. Moisture increased to 14.88% with a further
increase in the starch level due to lesser hydroxyl groups involved
in starch�PVOH interactions. The extent of intercalation/
exfoliation might be another factor that impacted the Tg, but
the interactions between starch and PVOH appeared to pre-
dominate. This was further confirmed by the change in the
specific heat at Tg (Table 4). Starch content had a significant
effect on ΔCp (p = 0.0008). Higher ΔCp was observed for
nanocomposites with 20�50% starch as compared to those of
other starch levels, indicating lower internal degrees of freedom
due to the increased interaction between polymers.
Starch content did not have a significant effect on melting

temperature (p = 0.4110), although a gradual decrease in Tm

from 164.00 to 156.31 �C was observed as starch increased from
0 to 80% (Table 4). DSC scans also showed broadening in

melting temperature peaks with increasing starch level
(Figure 7). This broadening can be attributed to increased
hydrogen bonding between starch and PVOH. A slight decrease
in Tm of starch/PVOH extruded blends with increasing starch
content, accompanied by broadening of the melting peaks, was
also observed in a previous study.16 Decrease in PVOH crystal-
linity and restraining of PVOH molecules by starch were men-
tioned as the contributing factors.
XRD and DSC results discussed above provided a good

understanding of polymer/polymer and polymer/clay interac-
tions in starch/PVOH/Na+MMT nanocomposites and the
relative intensity of these interactions. Apart from intramolecular
bonding, three types of interactions take place at the molecular
level in this multicomponent system (Figure 8): (i) hydrogen
bonding between hydroxyl groups of starch and PVOH, (ii)
interactions between PVOH hydroxyl groups and Na+ ions of
Na+MMT, and (iii) interactions between hydroxyl groups of
starch and Na+ ions of Na+MMT. Consistent with the high
miscibility of starch/PVOH,16,19 the interactions between the
two polymers appeared to be the strongest and were followed by
starch/Na+MMT and PVOH/Na+MMT interactions. On the
basis of this insight, a conceptual model was developed for
changes in intensity of PVOH/Na+MMT and starch/Na+MMT
interactions at different starch contents (Figure 9). In the
absence of starch, interactions of PVOH with Na+MMT were

Table 4. Thermal and Physical Properties of Nanocomposite Films with Different Starch Contents

starch (%) moisture (%) Tg (�C) ΔCp (J/g 3 �C) Tm (�C) TS (MPa) E% WVP (g 3mm/kPa 3 h 3m
2)

0 16.4 ( 0.7 71.49 ( 1.70 0.03495 ( 0.0139 164.00 ( 6.25 23.01 ( 1.30 291.28 ( 57.34 1.483 ( 0.116

20 13.8 ( 0.5 74.01 ( 2.87 0.08276 ( 0.0176 162.13 ( 1.00 22.35 ( 1.93 211.40 ( 28.44 1.430 ( 0.040

33 13.6 ( 0.6 76.95 ( 8.30 0.05671 ( 0.0078 159.76 ( 1.88 18.21 ( 3.06 187.49 ( 11.52 1.247 ( 0.120

50 10.4 ( 0.8 73.60 ( 3.39 0.06406 ( 0.0156 159.53 ( 4.68 16.44 ( 0.85 161.85 ( 8.99 1.165 ( 0.084

67 12.0 ( 0.7 68.34 ( 4.00 0.03899 ( 0.0108 156.54 ( 5.22 17.06 ( 0.87 101.28 ( 13.14 1.054 ( 0.050

80 14.9 ( 1.5 67.03 ( 4.26 0.01615 ( 0.0125 156.31 ( 3.38 18.08 ( 0.88 28.93 ( 9.82 1.048 ( 0.069

Figure 7. DSC scans showing melting peaks for nanocomposites with different starch contents.
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strong enough to rupture the layered silicate structure and form
exfoliated nanocomposites. With the addition of starch, stronger
hydrogen bonds were formed between the two polymers that
reduced the intensity of PVOH/Na+MMT intercations and also
increased the effective polymer chain lengths. This decreased
exfoliation and resulted in intercalated nanocomposites. As
starch content increased to 67 and 80%, there were sufficient
numbers of hydroxyl groups in the system available to interact
with Na+MMT that lead again to the formation of exfoliated
nanostructures.
Tensile strength and elongation at the break data for nano-

composite films with varying starch contents are shown in
Table 4. The starch level had a significant effect on both TS
(p = 0.0004) and E% (p = 0.0001). TS decreased from 23.01 to

16.44 MPa with an increase in starch content from 0 to 50%,
followed by a gradual increase up to 18.08 MPa as starch
increased to 80%. E% continuously decreased from 291.28 to
28.93% with an increase in starch content from 0 to 80%.
A decrease in tensile strength and elongation at the break with
higher starch content in starch/PVOH blends has been observed
previously.14,15,19,22 The strength of covalent bonding between
monomeric units and the length and flexibility of polymer chains
impact these mechanical properties. Starch has inferior tensile
strength and elongation properties than PVOH,14 which was
the primary reason for the deterioration in mechanical perfor-
mance as the proportion of starch increased in starch/PVOH/
Na+MMT nanocomposite films. The observed departure from
this trend, in the form of an increase in TS at the starch contents
of 67 and 80%, could be due to the formation of exfoliated
nanocomposites as discussed above. Water vapor permeability of
the nanocomposite films was also significantly affected by starch
content (p = 0.0001). WVP decreased monotonically from 1.483
to 1.048 g 3mm/kPa 3 h 3m

2 with an increase in starch content
from 0 to 80% (Table 4). Less affinity to water due to hydrogen
bonding between starch and PVOH might be one reason,
although conflicting results have been reported previously for
starch/PVOH blends.16,22,51 The intercalated and exfoliated
nanostructures in the current study were also an important factor
that impacted permeability.
In summary, utilization of PVOH in multi-component nano-

composites led to a significant enhancement in mechanical
properties, especially elongation at the break, as compared to
those of starch/Na+MMTnanocomposites studied previously.6,7

Relative to composites of starch/PVOH devoid of any nano
fillers,14�16,22 the starch/PVOH/Na+MMT nanocomposites
had improved tensile strength and comparable or better elonga-
tion properties. Also the content of the cheaper and renewable
component, i.e., starch, could be enhanced up to 50%, while

Figure 8. Molecular interaction between various components of the nanocomposite system and their relative strengths.

Figure 9. Conceptual model for PVOH/Na+MMT and starch/
Na+MMT interactions at different starch contents.
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maintaining mechanical properties comparable to plastic-based
packaging films.9 This has significant implications for nonpetro-
leum, green, biodegradable packaging. Water vapor permeability
of starch/PVOH/Na+MMT nanocomposite films was compar-
able to that of starch/Na+MMTnanocomposite films as reported
previously6 but wasmuch lower than plastic films.10 It is clear that
research needs to be focused in this direction, especially with
regard to high-performance nano fillers and the improvement of
matrix properties by methods such as cross-linking. Also, scalable
technologies, such as melt extrusion, need to be developed for
production of the nanocomposites.
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