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ABSTRACT: Soy protein isolate/montmorillonite (SPI/
MMT) nanocomposite films were prepared in which MMT
was used as a nanofiller at 0, 3, 6, 9, 12, and 15 wt % rela-
tive to SPI dry weight. Effects of MMT on film properties
including tensile strength, elongation at break, total solu-
ble matter, water vapor permeability, and oxygen perme-
ability were assessed. X-ray diffraction patterns were
determined, and morphologies of SPI and the SPI-MMT
composite films were visualized by scanning electron
microscopy. Mechanical and barrier properties were
improved by evidenced increases in tensile strength and
modulus, and decreases in permeability to water vapor

and oxygen. MMT concentrations of 3%–12% were optimal
for improving functional properties of the composite films.
X-ray diffraction and scanning electron microscopy exami-
nations revealed the formation of an intercalated and exfo-
liated structure on the addition of MMT into the SPI
matrix. We conclude that intercalated and exfoliated MMT
silicates enhance mechanical and barrier properties of SPI
films. VC 2010 Wiley Periodicals, Inc. J Appl Polym Sci 118: 2257–
2263, 2010
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INTRODUCTION

The preparation of blends or conventional compo-
sites using inorganic or natural fillers are among the
techniques used to improve some of the properties
of biodegradable polymers. Thermal stability, gas
barrier properties, strength, low melt viscosity, and
slow biodegradation rate are among the properties
that can be improved by these multiphase systems.
Reinforcement of biodegradable polymers in nano-
metric dimensions produces nanocomposites, which
has attracted research interest due to their potential
value in the design of eco-friendly applications. Sys-
tems with structural features on the nanoscale level
have substantially different physical, chemical, and
biological properties from their macroscopic counter-
parts. Their use is changing the understanding of bi-
ological and physical phenomena in food packaging
and other systems. For example, the addition of 5%
(by weight) nano-sized clays significantly increases
the mechanical and thermal properties of nylons.1

The most widely studied type of polymer-clay nano-
composites is a class of hybrid materials composed
of organic polymer matrices and organophilic clay

fillers. Despite a great deal of research, improvement
of the properties of such biopolymer-based films has
been marginal.
Most biodegradable polymers have excellent proper-

ties comparable to many petroleum-based plastics and
are readily biodegradable, which make them an attrac-
tive potential alternative to commodity plastics. This
potential as a bio-plastic is presently tempered by their
high water solubility, high hydrophilicity, brittleness,
low heat distortion temperature, high gas permeability,
and low melt viscosity, which restricts their general
use. Modification of the biodegradable polymers
through innovative technology is desirable, but
presents a formidable challenge for materials scientists.
Biodegradable and edible food packaging films

made of soy protein, starch, and chitosan have been
studied and developed. Among these biopolymers,
soy protein films are effective barriers to the passage
of lipid, oxygen, and carbon dioxide (CO2). How-
ever, the inherent hydrophilicity of proteins and the
substantial amount of plasticizer added in the film
creation process are drawbacks, because protein
films perform poorly as moisture barriers and me-
chanical packaging material. Several studies have
concentrated on improving mechanical and barrier
properties of soy protein films utilizing chemical or
natural additives,2,3 physical treatments,4–6 and en-
zymatic treatments.7–9 Improvement in mechanical
and barrier properties of biopolymer films has been
limited, which has hampered their use in the food
industry.
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Nanoreinforcement of pristine polymers to pre-
pare nanocomposites has already proven to be an
effective way to improve these properties concur-
rently. Tunc et al.10 prepared gluten/montmorillon-
ite (MMT) nanocomposite films by the casting
method. The presence of MMT led to a significant
reduction of the water sensitivity of wheat gluten-
based films toward water vapor and aroma com-
pounds. Whey protein isolate (WPI)-based composite
films with three different types of nano-clays were
prepared using a solution casting method, and their
physical and antimicrobial properties were deter-
mined to better understand the effect of nano-clay
type on film properties.11 Rhim et al.12 also prepared
soy protein isolate (SPI)-clay mineral composite films
and investigated the film properties. SPI has been
well studied as a replacement for petroleum-based
film materials because of its high film-forming abil-
ity but has not been investigated concerning changes
of mechanical properties according to MMT concen-
tration in films. To this end, the present study was
undertaken to improve the barrier and mechanical
properties of SPI film by incorporating the organo-
philic clay (MMT) into SPI films to form a composite
solution. Beneficial alterations in mechanical proper-
ties including tensile strength (TS) and elongation at
break (E), and barrier properties including water
vapor permeability (WVP), oxygen permeability
(OP), and total soluble matter (TSM) were observed.

MATERIALS AND METHOD

Film preparation

Five grams of SPI powder (Supro 620; Protein Tech-
nologies International, St. Louis, MO) was dispersed
in 100-mL distilled water with 2.5 g (50% w/w of
SPI) of glycerin (Sigma-Aldrich, St. Louis, MO). The
powder was fully dissolved into solution by magnet-
ically stirring at room temperature. The solution was
heated at 75�C for 15 min and adjusted to a pH of
10.00 � 0.01 using 0.1 N sodium hydroxide (Shinyo
Pure Chemicals, Tokyo, Japan) to slightly denature
the protein.6 Sodium (Na)-MMT (0, 3, 6, 9, 12, and
15% w/w of SPI) was dissolved in the SPI solution
at room temperature by vigorous magnetic stirring.
The resulting SPI/MMT solution was homogenized
at 11,000 rpm for 5 min, sonicated at 25�C for 15
min to exfoliate MMT layers, and filtered through
Cheesecloth WipesTM (VWRR Scientific Products,
Chicago IL) to remove any bubbles. The final SPI/
MMT solution was poured on a 25 cm � 25 cm Tef-
lon-coated glass plate and dried at room tempera-
ture for 24 h. The dried film was peeled off and was
conditioned at 25�C and 50% relative humidity for
48 h.

TS and E determinations

TS and E were both measured using a Model 5565
universal testing machine (Instron, Canton, MA) fol-
lowing the guidelines of ASTM Standard Method D
882-91.13 The size of each specimen was 2.54 cm �
10 cm. Thickness of each film was determined to an
accuracy of �1 lm by measurement at five ran-
domly selected locations using a Model ID-C112 dig-
ital micrometer (Mitutoyo, Kawasaki, Japan). The
initial grip separation was set at 50 mm, load cell of
500 N, and cross-head speed of 100 mm/min. TS
was calculated (mega Pascal; MPa) by dividing the
maximum load (N) by the initial cross-sectional area
(m2) of the specimen. E was calculated as the ratio
of the final length of the point of sample rupture to
the initial length of a specimen (50 mm) as a per-
centage. TS and E tests for each type of film were
replicated five times.

TSM determination

TSM was expressed as the percentage of film dry
matter dissolved during immersion in distilled water
for 24 h. Film pieces (20 � 20 mm) were placed in
50 mL beakers containing 30 mL of distilled water.
Each beaker was covered with ParafilmTM ‘M’’ wrap
(American National Can, Chicago, IL) and stored at
25�C for 24 h. Dissolved dry matter was determined
by discarding the water from the beakers and drying
the remaining film in an air-circulating oven at
105�C for 24 h. The weight of the dissolved dry mat-
ter was calculated by subtracting the weight of insol-
uble solid matter from the initial weight of solid
matter.2 TSM tests for each type of film were repli-
cated three times.

Water vapor permeability determination

Five film samples were tested for each type of film.
WVP (g�m/m2�h�Pa) was calculated as:

WVP ¼ ðWVTR � LÞ=Dp

where WVTR is the measured water vapor transmis-
sion rate (g/m2�h) through a film sample, L is the
mean film sample thickness (m), and Dp is the par-
tial water vapor pressure difference (Pa) between
the two sides of the film sample. WVTR was deter-
mined gravimetrically using a modification of ASTM
Method E 96-95.14 Each film sample was mounted
on a polymethylmethacrylate cup filled with 16 mL
of distilled water up to 1.03 cm from the film’s
underside. Cups were placed in an environmental
chamber set at 25�C and a relative humidity of 50%.
A fan operating in the chamber moved the air over
the surface of the films to remove the permeating
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water vapor. The weights of each cup were recorded
six times at 1-h intervals. Linear regression was used
to estimate the slope of this line in g/h. WVP was
calculated by a corrective equation.

OP determination

OP of SPI/MMT nanocomposite films was measured
using a MOCON OX-TRANVR Model 2/60 (MOCON,
Minneapolis, MN). Before testing, all specimens
were conditioned at 25�C and 50% relative humidity
for 48 h, and their thickness was determined using
an ID-C112 digital micrometer (Mitutoyo). Samples
were masked on the cell using creases. The test area
and thickness of each film was 10 cm2 and 0.09 �
0.01 mm, respectively. The carrier gas was 98% N2

and 2% hydrogen, and the test gas was pure O2. The
flow of the carrier and test gases was 10 mL/day
and 20 mL/day, respectively. Testing was per-
formed at 23�C under 0% relative humidity accord-
ing to ASTM D 3985. OP determinations for each
type of film were replicated three times.

Wide-angle x-ray scattering

Wide-angle XRD was used to determine basal d-
spacing and recorded using small-angle x-ray scat-
tering (SAXS) with a General Area Detector Diffrac-
tion System (GADD; Bruker AXS, Karlsruhe, Germany)
with Cu Ka radiation (k ¼ 1.5406 Å) generated 45 mA
and an operating voltage of 40 kV. Diffraction spectra
were obtained over a 2h range 0–40� in steps of 0.02�

and an exposure time of 300 s.

Scanning electron microscopy (SEM)

Film surface and cross section morphology was
examined using SEM. Selected films were individu-
ally mounted onto aluminum stubs with double-
sided tape and sputtered coated to a thickness of
200 Å using a Desk II Sputter (Denton Vacuum,
Moorestown, NJ). Selected hand-fractured samples
were individually mounted on stubs with double-
sided adhesive tape after freezing by immersion in
liquid nitrogen. Images were taken using a JSM-
5410LV scanning electron microscope (JEOL, Tokyo,
Japan), using an accelerating voltage of 15 kV and
350x magnification.

Statistical analyses

ANOVA tables were generated for TS, E, WVP,
TSM, and OP as a function of level of added MMT
using the General Linear Model (GLM) program
package of the Statistical Analysis System (SAS Insti-
tute, Cary, NC). Significantly (P < 0.05) different

treatment means were separated using the Duncan’s
multiple range test.

RESULTS AND DISCUSSION

TS and E determinations

TS and E determinations of SPI/MMT composite
films are summarized in Figure 1. TS and E values
of SPI films devoid of MMT were 2.87 � 0.27 MPa
and 168.5 � 15.0%, respectively. The TS of SPI/
MMT composite films increased significantly (P <
0.05) as MMT concentration increased up to 15%
(w/w SPI). The highest TS value (8.73 � 0.76 MPa)
was obtained by adding 15% (w/w SPI) of MMT
into the film forming solution, which was approxi-
mately three times higher than control SPI film (0%
MMT). At a high level of clay, ultrasonically treated
samples appeared to give significant improvement
of mechanical properties compared to convenient
dispersing in starch solution.15 Elongation of SPI-
MMT composite films decreased dramatically from
168.5% � 15.4% to 26.8% � 4.0%. The lowest value
was observed at 15% MMT, although the value was
not significant compared to the value obtained at 9%
MMT (P > 0.05). Further addition of Na-MMT over
15% resulted in the aggregation of MMT particles in
SPI solution. Similar phenomenon was also found.
Tunc et al.10 experienced difficulty of mixing and
spreading the film forming solution because of high
viscosity. TS and E of polymer films including bio-
polymers are changed when clay is an included
component. In one study, the mean TS values of SPI
films composed of 10% Na-MMT increased signifi-
cantly (P < 0.05) by 25%12 and TS values of wheat
gluten-MMT composite film increased by 2.5 times

Figure 1 Mechanical properties of SPI/MMT nanocompo-
site films containing various concentrations of MMT.
Young modulus (*), relative tensile strength (!) and rela-
tive elongation at break point (h). a-f, A-D, Any two val-
ues followed by the same letter are not significantly (P <
0.05) different by Duncan’s multiple range test.
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when 5% MMT was incorporated.10 Increased TS
and decreased E of polylactide (PLA) nanocompo-
sites incorporating MMT have been reported.16

Starch/MMT nanocomposites can also enhance me-
chanical properties with increasing clay concentra-
tion up to 5%,17 as are the mechanical properties of
chitosan films with increasing clay concentration
(<5%).18 In this study, the mechanical properties of
SPI/MMT nanocomposite films were also similarly
enhanced at increasing clay concentrations. Mechani-
cal properties including modulus and yield stress
increase with increasing filler content.19 In the latter
study, the Young’s Modulus was 4.1 times and the
yield stress was 1.8 times greater for MMT compos-
ite films as compared with films devoid of MMT. In
another study, polyacrylonitrile (PAN)/Na-MMT
(Na-MMT)/SiO2 nanocomposites were synthesized
and the change of storage modulus according to
MMT loading ratio in film was observed; storage
modulus increased with increasing nano-material
loading to a maximum value, which was followed
by a decrease.20 Improvement in tensile modulus by
the incorporation of rigid fillers in wheat gluten
polymer has been observed.10 Collectively, the previ-
ous and present observations support the view that
in polymers containing nano-materials, the nano-ma-
terial does more than merely occupying spaces in
the polymer network. Rather, interactions between
the polymeric matrix and layered silicates via the
formation of hydrogen bonds improve the overall
mechanical strength of the polymer film.

TSM

TSM was not significantly different (P > 0.05)
between samples (Table I). TSM of biopolymer films
is generally evaluated for its integrity level, which is
an essential determination when a cross-linking
agent is added to increase the integrity of a film.
Presently, MMT did not participate as a cross-link-

ing agent, but as a filler when added to SPI films.
The absence of significance between the samples
and control indicates that SPI-MMT composite films
have a similar integrity to the control, consistent
with a stable localization of the MMT layers in SPI
polymers. SPI films that incorporate clay display
improved water resistance as evidenced by a
decreased water solubility value.13 A decrease in
water solubility of 56% was evident when organic
clay was added 10% to SPI films. Measurements of
the water sensitivity of wheat gluten have demon-
strated that water uptake into films increase as more
clay is incorporated,14 consistent with the hydro-
philic character of MMT.

WVP

WVP decreased significantly (P < 0.05) as MMT con-
tent increased in SPI films (Fig. 2). The WVP of SPI
devoid of MMT was 11.2 � 0.14 (x10-5 g�m/
m2�day�Pa), whereas WVP of SPI-MMT films con-
taining 15% MMT decreased to 5.5 � 0.17 (x10-5

g�m/m2�day�Pa). This implies that MMT is well
spaced in SPI polymers and effectively blocks the
passage of water vapor. Biopolymers have a low
capacity as a packaging film barrier because of their
irregular polymeric network structure. Biopolymer
films that contain MMT are of interest to food scien-
tists as packaging films because of the reported
improvement of barrier properties in biopolymer/
MMT composite films. WVP of wheat gluten/MMT
films were reported to decrease significantly after
incorporation of MMT.10 Permeability is controlled
by diffusion and sorption; the reduction of the water
vapor permeability can be attributed to a change in
solubility rather than to a change in diffusivity

TABLE I
Total Soluble Matter of SPI-MMT Composite Film

According to MMT Content

MMT Content
(%, w/w of SPI)

Total Soluble
Matter (%, w/w
of Dry Film)

0 28.6 � 2.54a

3 29.9 � 0.87a

6 28.2 � 0.79a

9 29.4 � 0.46a

12 29.0 � 0.29a

15 29.8 � 0.81a

a Any two values followed by the same letter are not
significantly (P < 0.05) different by Duncan’s multiple
range test.

Figure 2 WVP of SPI/MMT composite films according to
MMT content. a-f, Any two values followed by the same
letter are not significantly (P < 0.05) different by Duncan’s
multiple range test.
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because of the lower availability of the hydrophilic
site for water vapor by establishment of hydrophilic
interactions between proteins and nanoclays.14

According to TSM results in the present study, nano-
clays may interact with SPI proteins, because the
addition of a considerable amount of nanoclays did
not affect TSM as compared to control SPI films.
These results imply that hydrophilic sites available
to bind water vapor in SPI films are lower than in
control films, which results in decreased WVP. Con-
trary to this view, WVP values obtained with poly-
mer-layered silicate nanocomposite models indicates
that the clay platelets can effectively act as geometri-
cal obstacles in the polymer matrix.21,22 Further stud-
ies will be necessary to clarify the nature of film
permeability.

OP determination

The effect of nanoclays on barrier properties of SPI
films was investigated for O2. The addition of MMT
to SPI affected the OP of the SPI films over the range
of studied MMT concentrations (Fig. 3). Comparison
of the OP between SPI films in the absence and pres-
ence of Na-MMT demonstrated that the presence of
Na-MMT enhanced OP. Interestingly, high OP was
observed with SPI films at 15% MMT content
(Fig. 3). Nanocomposite SPI films containing 3%
MMT exhibited considerably reduced permeability,
whereas films containing 15% MMT exhibited
increased OP. This could be attributed to the supe-
rior level of organoclay intercalation achieved at Na-
MMT levels of 3%–12% compared with 15% MMT.
An investigation of O2, N2, and CO2 permeability of
low density polyethylene and a sodium ionomer of
poly (ethylene-co-methacrylic acid) films after addi-

tion of MMT reported decreased gas permeability as
the organoclay content increased in both polymers,23

which agrees with our results. Generally, for poly-
mers that are chemically identical, gas permeability
increases as polymer crystallinity decreases.24 How-
ever, the effect of the polar groups of SPI and the
ionic clay clusters more than compensate for the
decreased barrier resistance brought by the lower
crystallinity of the SPI polymer. SPI is composed by
amino acids containing ionic functional groups,
which adopt various ionic states according to solvent
types. Exfoliated clay can stably incorporate in
the network of SPI polymers by interacting with
ionic functional groups of SPI molecule with increas-
ing concentration, until saturating conditions are
achieved.

XRD

XRD elucidates the spacing between ordered layers
of clay via the presence of the d001 or basal spac-
ing.25 Pure Na-MMT normally exhibits a peak asso-
ciated with a spacing of 2h � 8� and 2h � 20�22. The
absence of this basal peak is commonly regarded as
evidence for a high dispersion of clay platelets,
whereas a peak associated with a higher spacing
indicates an intercalated nanocomposite. Incorpora-
tion of MMT to SPI film was associated with the

Figure 3 OP of SPI/MMT composite films according to
MMT content. a-e, Any two values followed by the same
letter are not significantly (P < 0.05) different by Duncan’s
multiple range test.

Figure 4 Effects of MMT content on XRD patterns of SPI
films.
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absence of the basal peak of 2h � 8�, implying that
the clay was destroyed and an intercalated nano-
composite had been formed (Fig. 4). The intensity of
MMT peak at 2h � 20 � decreased after incorporat-
ing with SPI solution, but a sharper peak pattern
was observed at 15% MMT in SPI film. Decreasing
peak intensity and broadening peak mostly indicate
an intercalated or exfoliated structure, while increas-
ing peak intensity and sharp peak indicate the for-
mation of crystallinity, which explains why the 15%
MMT-SPI film had the highest tensile strength and
OP. Peak shifting to a lower angle also was observed

with a spacing of 2h � 8� to 2h � 3� in SPI-MMT
composite films with MMT content ranging from 3%
to 15%. Cyras et al.17 observed the peak shift to
lower angles regardless the clay content in starch-
MMT composite films, and asserted that either the
glycerol or the polymer chains, or both, entered into
the silicate layers forming an intercalated starch/
MMT nanocomposite. Park et al.26 explained that
changes of crystallinity could be due to the strong
polar interactions between the hydroxyl groups pres-
ent both in the biopolymer chain, glycerol, and in
the silicate layers of starch/MMT composites.

Figure 5 SEM images of SPI/MMT composite films (A-D: cross-section; E and F: surface). (A) SPI film. (B) SPI-3% MMT
composite film. (C) SPI-9% MMT composite film. (D) SPI-15% MMT composite film. (D) SPI film. (E) SPI-15% MMT com-
posite film.
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Presently, the spacing distance values increased
from 2.31 nm to 2.58 nm as the MMT content
increased from 3% to 12%, thereafter decreasing to
2.41 nm at 15% MMT. This evidently indicates the
adoption of a more crystalline structure in SPI films
on the addition of 15% MMT, and entirely explains
the high OP of the latter films.

SEM

SEM images of SPI/MMT composite films [Fig. 5(A–
F)] demonstrated a smoother morphology in frac-
tured cross-section at 15% MMT as compared to 3%
or 9% MMT. Totally, different morphology in cross-
section and surface was observed after MMT was
added into SPI films. The granular shape of SPI-
MMT composite films was consistent with some
crystalline behavior at high levels of incorporated
MMT. The SEM views of fractured cross sections
and surfaces of film were indicative of clustering.
Cavities observed in MMT-free SPI films [Fig. 5(A)]
were likely caused by dissolved air, while no cluster-
ing and cavities were found in cross sections of SPI
films incorporating 15% MMT [Fig. 5(D)]. This indi-
cates that intercalated nano materials filled the SPI
polymer, which is consistent with the significant (P
< 0.05) WVP and OP of SPI/MMT composite films.

SUMMARY AND CONCLUSIONS

Soy protein is a promising biodegradable polymer
for active food packaging. However, because of its
mechanical and barrier inferiority to petroleum-
based films, its application is presently hampered. In
previous works, many researches have concentrated
on the improvement of functionality of SPI film but
no decision of optimal MMT concentration into SPI
film was made. In present study, a series of nano-
composite films consisting of SPI and MMT clay
were prepared by effectively dispersal via sonication
and homogenization. We obtained biodegradable
SPI films that were completely constructed from
renewable resources. MMT nanoparticles signifi-
cantly increased TS and decreased E, WVP, and, par-
tially, OP, whereas no significance of TSM was evi-
dent. An optimal addition content range of 3%–12%
(w/w of SPI), MMT was required to improve the
functional properties of SPI-MMT composite films.
Mechanical properties among the other functional-
ities was much improved compared with previous
studies of gluten/MMT-10, SPI/clay mineral-12, and
WPI/clay-composite films.11 This effect can be attrib-
uted to a different structuring of protein network in

the presence of layered silicates; the new structuring
of protein-MMT composite may be affected by inter-
calation of MMT particles and interaction between
nano silicates and protein molecules in solution. The
Na-MMT layers were intercalated as evidenced by
XRD examination and its clustered morphology was
observed by SEM. Intercalation can be assumed by
changes of peak intensity and shifting in X-ray dif-
fraction patterns of pure Na-MMT, SPI film, and
SPI-MMT composite films.
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