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ABSTRACT: In this study, we investigated nanocompo-
sites based on a plasticized natural biodegradable matrix.
The polymer used was a natural potato starch, and the
plasticizers were glycerol and a urea/ethanolamine mix-
ture. A natural and an organically modified montmorillon-
ite were studied. Two series of films containing 6 wt %
nanoclays were prepared by a solution/cast process: the
first series was based on neat starch, and the second one
was based on 20 wt % plasticized starch. For all matrices,
a mixture of intercalated and exfoliated structures was
formed by the addition of pristine montmorillonite,
whereas an aggregate structure was obtained with organo-

clay. The thermal stability was not significantly influenced
by the addition of clays. Water sorption was examined as
a function of the matrix and clay hydrophilicity. The sig-
nificant reduction of oxygen permeability obtained with
natural montmorillonite was related to the high dispersion
state of this clay. For urea—ethanolamine composites, spe-
cific compatibilizer/clay interactions led to an improve-
ment again in the barrier properties. © 2009 Wiley
Periodicals, Inc. ] Appl Polym Sci 112: 2044-2056, 2009

Key words: barrier; biodegradable; clay; gas permeation;
nanocomposites

INTRODUCTION

Biodegradable polymers from renewable resources
have attracted much attention in recent years.'”
Renewable sources of polymeric materials offer an al-
ternative for maintaining the sustainable develop-
ment of economically and ecologically attractive
technologies. Indeed, the complete biological degrad-
ability of these polymers can contribute to a reduction
in the volume of garbage and the protection of the cli-
mate through the reduction of carbon dioxide
released. Thus, there is considerable interest in replac-
ing some or even a large amount of synthetic poly-
mers with biodegradable materials in many
applications. In the family of renewable-sources-
based biodegradable polymeric materials, starch has
been considered one of the most promising materials
because it is readily available and may form cost-
effective end products. Starch is the major form of car-
bohydrate in plants. It is a semicrystalline polymer
composed of a mixture of amylose, an essentially lin-
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ear polysaccharide, and amylopectin, a highly
branched polysaccharide.* The relative amount of am-
ylose and amylopectin depends on the plant source.

In packaging applications, starch-based materials
have received great attention because of their biode-
gradability, wide availability, and low cost. Neverthe-
less, in the absence of plasticizers, films made from
starch are very brittle because of extensive intermo-
lecular forces. So, starch is commonly pretreated with
a plasticizer to overcome film brittleness and to make
enabling processing.”” However, plasticized starch
cannot meet all the requirements of packaging appli-
cations. In particular, these materials remain water
sensitive and, therefore, lose their barrier properties
upon hydration.®"° In this context, the nanocompo-
sites concept can be a promising option.

Special attention has been paid to clays in the field
of nanocomposites because of their small particle
size, extremely large surface areas, aspect ratios, and
intercalation properties.'""!* The incorporation of lay-
ered silicate in polymers and especially in synthetic
polymers has already demonstrated significant
enhancements in a large number of physical proper-
ties, including barrier properties, flammability resist-
ance, and thermal and environmental stability.'*"
All of these properties depend to a great part on the
clay dispersion state. Improved properties have
been wusually obtained for exfoliated structures.
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TABLE I
Characteristics of the Nanoclays

Commercial name

Nanofil 757

Cloisite 30B

Montmorillonite code
Chemical structure of organic modifiers

Inorganic content (w/w %)®
Cation-exchange capacity
Specific gravity (g/ cm?®)
door (A)"

MMT-Na™* MMT-OH
- CHZ_CHZ_OH
=+
CH3—T—T
CHz_Cﬂz_OH
100 78.9
100 mequiv/100 g 90 mequiv/100 g
2.60 1.98
11.7 18.5

? Determined by TGA.

" Interplatelet distance determined by XRD analysis.

Furthermore, some studies have also shown that
strong interactions between the impermeable fillers
and the polymer could benefit the permeability
reduction, as the interface between the silicate plate-
let and the matrix becomes then a low diffusive gas
pathway.”® However, among all the studies con-
cerned with nanocomposites, very few studies have
been related to natural polymers and, in particular,
with starch or plasticized starch.”?!?*

The aim of this study was to prepare environmen-
tally friendly composites from biodegradable starch
and nanoclay and to investigate the role played by
the presence of a plasticizer in the dispersion of nano-
clay and in the final properties. Two plasticizers were
chosen: glycerol and a mixture of urea/ethanolamine
(50/50). Glycerol is the most common plasticizer
used in starch films, > 2° whereas urea/ethanolamine
mixture is an alternative plasticizer, which can form
strong interactions with starch.”?*>?® To modify the
affinity between the clay and the different matrices,
two nanoclays were also used: a natural montmoril-
lonite and an organically modified montmorillonite.
The aim of our study was to establish the relation-
ships between the structure, morphology, and trans-
port properties for these different materials. In
particular, the state of dispersion of the nanoclays
was examined as a function of the filler modification
and of the composition of the matrices. The crystal-
line morphology of the matrices in the nanocompo-
sites was also determined. Indeed, the polymer
crystalline phase was considered impermeable to
small molecules, and a modification of this phase af-
ter the incorporation of the nanoclays could then
greatly modify the transport properties. Oxygen per-
meability coefficients were determined at 50% rela-
tive humidity, which is a standard use condition. The
permeability evolution was examined as a function of
the clay dispersion state but also as a function of the
water sorption mechanism for each material. Indeed,
water molecules are well known as a plasticizer for

starch-based materials and can then also play a sig-
nificant role in the oxygen permeability.

EXPERIMENTAL
Materials

Native potato starch with a weight ratio of amylo-
pectin to amylose equal to 77 : 23% was purchased
from Sigma. Glycerol (+99% purity) was supplied
by Aldrich (Steinheim, Germany). Urea and ethanol-
amine were provided by Prolabo (Paris, France).
Two nanoclays were used in this study. Nanofil 757,
denoted as MMT-Na™*, was supplied by Siid Chemie
(Munich, Germany), and Cloisite 30B, denoted as
MMT-OH, was provided by Southern Clay Products
(Gonzales, TX). Nanofil 757 is a natural purified
montmorillonite with a cation-exchange capacity of
100 mequiv/100 g. Cloisite 30B is a natural montmo-
rillonite modified with methyl tallow bis-2-hydrox-
yethyl quaternary ammonium and has a cation-
exchange capacity of 90 mequiv/100 g. The tallow
chains of the surfactant have a composition of about
65% C18, 30% C16, and 5% C14. The main character-
istics of the nanoclays are listed in Table 1.

Film preparation

Three reference films were prepared for this study.
The first one was composed of only starch, and the
other two were composed of plasticized starch. Glyc-
erol and a mixture of urea/ethanolamine (50/50 wt
%) were used as plasticizers. The weight ratio of
starch to plasticizer was fixed at 80/20 in all cases.
The film preparation consisted of the dissolution of
starch with or without plasticizers in distilled water
at a concentration of 3% w/w. The solutions were
heated to the gelatinization temperature (85°C) and
continuously stirred at this temperature for 1 h. The
resulting solutions were poured in polystyrene Petri
dishes, and evaporation was carried out at ambient

Journal of Applied Polymer Science DOI 10.1002/app



2046

temperature. Films about 45-55 pm thick were
obtained, and they were conditioned at 20°C and 40%
relative humidity between two sheets of polyethylene
for 10 days before film characterization. The reference
films were named S, SG, and SUE for the pure starch
film, glycerol-plasticized starch film, and urea/etha-
nolamine-plasticized starch film, respectively.

For the nanocomposite preparation, a 0.5 wt %
dispersion of layered silicate was prepared by the
addition of the nanoclays to distilled water. The sus-
pension was stirred for 48 h for MMT-OH and 12 h
for MMT-Na® with a magnetic stirrer at ambient
temperature. Then, the starch solution and clay
suspension were mixed. The resulting mixture was
heated at 85°C for 5 h under continuous stirring.
The process of nanocomposite films formation and
storage were similar to that used for the formation
of the reference films. For all nanocomposites, the
percentage of nanoclays was fixed at around 6 wt %.

X-ray diffraction (XRD)

XRD analyses were carried out with a Cu tube and a
Bruker (Champs-sur-Marne, France), D8 Advance
diffractometer, where the Kf3 line was removed with
a nickel filter. The diffraction patterns were obtained
at room temperature in the range of 20 between 1
and 30° by steps of 0.02°. The films were deposited
on neutral monosubstrates with a thin transfer adhe-
sive with a low scattering response. The analyses
were performed after conditioning the films 10 days
at 20°C and 40% relative humidity.

Transmission electron microscopy (TEM)

For TEM analysis, samples were microtomed at
—120°C with a Leica (Reuil Malmaison, France)
EMFCS instrument equipped with a diamond knife
to obtain ultrathin sections 70-80 nm thick. The sam-
ples were imaged in a Philips (Eindhoven, Nether-
lands) CM120 transmission electron microscope with
an accelerating voltage of 80 kV.

Thermogravimetric analysis (TGA)

TGA was performed with a TGA 2950 (TA Instruments,
Guyancourt, France). Data were collected on samples of
5-10 mg during a ramp of temperature from 30 to 500°C
at 10°C/min under a dry nitrogen atmosphere. The
weight fraction of nanoclays in the composites were
determined from the values of the residues obtained at
450°C. The first derivate weight/temperature obtained
from the mass loss curves allowed us to determine the
degradation temperatures of the different films.

Water sorption analysis

Water sorption isotherms were determined at 20°C
by a gravimetric method with a Setaram (Caluire,
France) B92 microbalance. The sample was intro-
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Figure 1 Thermogravimetric curves of the MMT-OH and
MMT-Na" montmorillonites.

duced in the microbalance, and desorption in vacuo (2
x 107° mbar) was performed to determine the weight
of the anhydrous sample. A partial pressure of water
was established within the apparatus with an evapo-
rator placed at considered temperature. The water
uptake was followed as a function of time until equi-
librium sorption was reached. The partial pressure
was then increased in successive steps by changes in
the temperature from —7 to 20°C, which allowed us
to obtain the sorption isotherm. The equipment used
was already presented in a previous article.””

Oxygen permeability

Oxygen permeability measurements were performed at
20°C on a Mocon Oxtran (Minneapolis, MN) 2/21
equipped with a Coulox sensor. The test cell was com-
posed of two chambers separated by the film (5 cm?).
Nitrogen, containing 2% hydrogen, was used as the car-
rier gas, and pure oxygen was used as the test gas. The
relative humidity of the two gases was controlled by a
humidifier and kept equal to 50 £+ 3%. Before testing,
specimens were conditioned in nitrogen/hydrogen
inside the unit for at least 48 h to remove traces of
atmospheric oxygen. The apparent oxygen transmis-
sion rate under N,/H, was measured to give informa-
tion on the background count due to leaks in the
system. Subsequently, oxygen was introduced in the
upstream compartment of the test cell. Oxygen trans-
ferred through the film was conducted by the carrier
N>/H, gas to the coulometric sensor. Measurements
were made when the oxygen flux was stabilized, which
indicated that the steady state was reached. The perme-
ability coefficient [cm® (STP) um/(m? day)] was calcu-
lated on the basis of oxygen transmission in the steady
state, with the thickness of the films taken into account.

RESULTS AND DISCUSSION

TGA

Thermogravimetric weight loss curves of the nanoclays
used in this study are shown in Figure 1. For each
nanoclay, a first weight loss was observed between 30
and 115°C. This weight loss was attributed to a water
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Figure 2 Thermogravimetric curves of the (a) starch, starch/glycerol, and starch/urea—ethanolamine films; (b) starch,
starch/MMT-OH 6.25 wt %, and starch/MMT-Na* 6.55 wt % films; (c) starch, starch/ glycerol/MMT-OH 5.6 wt %, and
starch/glycerol/MMT-Na™ 6.1 wt % films; and (d) starch/urea—ethanolamine, starch/urea—ethanolamine/MMT-OH 5.5
wt %, and starch/urea—ethanolamine/MMT-Na™" 6.4 wt % films.

vaporization phenomenon. As shown, this water loss
was important for MMT-Na™ and much lower for
MMT-OH, in agreement with a previous study*® and
the more hydrophobic surface of the organically modi-
fied clay. A second weight loss corresponding to the
organic surfactant degradation was observed for
MMT-OH. In fact, the organic fraction underwent deg-
radation to volatiles in two steps between 115 and
500°C. The first organic fraction degradation, observed
between 115 and 315°C, was due to the decomposition
of the unconfined fraction of alkylammonium halide,
consisting of the surfactant, which did not undergo the
ion-exchange reaction inside the clay channel.”’' The
second weight loss, observed between 315 and 500°C,
was attributed to the thermal degradation of the other
organic moieties. The total organic fraction was deter-
mined by the ratio of the total organic weight loss to
the dry weight of montmorillonite. It is reported in
Table I. As shown in Figure 1, the thermal stability of
MMT-Na" was very important.

Thermogravimetric experimental results of the
three reference matrices are presented in Figure 2(a).
Two steps were observed on the weight loss curve
relative to the starch film. The first step below 100°C

corresponded to water loss, and the second one cor-
responded to starch decomposition at temperatures
surrounding 313°C. The degradation mechanism
consisted of the elimination of polyhydroxyl groups,
accompanied by depolymerization and decomposi-
tion, with the final production of carbon.*

Three steps were evidenced on the weight loss curve
of the starch-plasticized films. The first step corre-
sponded to water loss. The second mass loss, between
100 and 250°C, was assigned to the volatization of water
and plasticizers in agreement with Yang et al.’s* study.
The last step corresponded to starch decomposition,
with maximum decompositions at 315°C for the SG
film and 318°C for the SUE film.

The thermogravimetric curves of the matrices and
associated composites are compared in Figure
2(b,c,d) for S, SG, and SUE, respectively. From the
values of the degradation temperatures deduced
from the derivate weight/temperature, as reported
in Table II, no significant difference, less than 3°C,
was found in the thermal stability of the matrices
after the incorporation of the nanoclays. The amount
of inorganic phase in each composite was deduced
from the weight residues measured at 450°C on the

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE I
Thermal Decomposition Temperatures of the Matrix and Composite Films and
Nanoclay Content in the Composites Films

Maximum
mass loss rate

content of montmorillonite

Experimental weight Experimental

volume inorganic

Sample temperature (°C) (inorganic + surfactant; wt %)* content (vol %)P
Starch 313 — —
S/MMT-OH 312 6.25 2.56
S/MMT-Na* 314 6.55 3.71
SG 315 — —
SG/MMT-OH 315 5.60 222
SG/MMT-Na* 318 6.10 3.09
SUE 318 — —
SUE/MMT-OH 317 5.50 2.16
SUE/MMT-Na* 315 6.40 3.44

? Determined by TGA.
b Volume inorganic content determined
composite.

nanocomposites and the respective matrices. As this
inorganic phase was directly associated with the fill-
ers, it was possible to calculate the experimental con-
tent of montmorillonite in each nanocomposite, with
the weight fraction of surfactant in the nanoclay
taken into account. The values are listed in Table II.
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XRD and TEM analysis

XRD analysis was performed on native potato starch
in a powder form and on the three different refer-
ence matrices. The results are presented in Figure
3(a). The diffraction diagram of the potato starch
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Figure 3 X-ray patterns of the (a) native starch potato in powder from, starch, starch/glycerol, and starch/urea—ethanol-

amine in film form; (b) MMT-OH and MMT-Na™ powders,

starch, starch/MMT-OH 6.25 wt %, and starch/MMT-Na+

6.55 wt % films; (c) MMT-OH and MMT-Na* powders, starch/glycerol, starch/glycerol/MMT-OH 5.6 wt %, and starch/
glycerol/MMT-Na+ 6.1 wt % films; and (d) MMT-OH and MMT-Na" powders, starch/urea—ethanolamine, starch/urea—
ethanolamine/MMT-OH 5.5 wt %, and starch/urea—ethanolamine/MMT-Na™ 6.4 wt % films.
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powder corresponded to a typical XRD pattern of
potato starch (B type).>*>® The diffraction peaks
observed for native potato starch at 20 = 5.6, 11.4,
14.4, 17.1, 19.4, 22.3, and 24.3°, were related to com-
plex structures, such as B-type crystals, characteristic
of starch tubers.”’”?® The XRD patterns for all of the
reference matrices films showed a decrease in the
diffraction peak intensity compared to those of the
native potato starch in powder form. These modifi-
cations were related to a decrease in the crystallinity
due to the disorganization of starch molecules
caused by heat treatment during the gelatinization
process.” The presence of 20 wt % plasticizer in the
system did not drastically modify the crystalline
structure of the starch films.

After the incorporation of the nanoclays in the ref-
erence matrices, it was interesting to check, on one
hand, the crystallinity of the matrix and, on the
other hand, the state of dispersion of the fillers. The
XRD patterns of the matrices and associated compo-
sites films are shown in Figure 3(b,c,d) for S, SG,
and SUE, respectively. At high values of 20 (from 10
to 30°), no noteworthy difference was observed after
the incorporation of the nanoclays, whatever nano-
clay and matrix were used. The crystallinity level
remained then the same in the nanocomposites com-
pared to the reference matrix.

We focused on the 26 range between 1 and 10° to
examine the dispersion state of the clays within the
different matrices. Indeed, the XRD patterns of the
two nanoclays in powder form presented in Figure
3(b,c,d) showed a low diffraction peak at 20 = 7.6°
for MMT-Na ", which corresponded to an interplate-
let distance (dpp1) equal to 11.7 A, and a high diffrac-
tion peak at 20 = 4.8° for MMT-OH, which
corresponded to a dyg, value of 18.5 A. This filler dif-
fraction peak should, in theory, (1) be shifted to
lower values of 20 for intercalated clay structures
within the matrix, (2) totally disappear for an exfoli-
ated clay structure, and (3) stay at the same position
in the case of microcomposite formation. However,
we can remind one here that the characteristic peak
of the B-type starch structure observed at 20 = 5.6°
for all of the matrices should complicate the analysis
of the clay dispersion state within the polymer
phase. That is why TEM micrographs were also
taken for the different nanocomposites.

We deduced from the analysis of the XRD pat-
terns relative to the nanocomposite films that micro-
composites were obtained when MMT-OH was
introduced within the S and SG matrices, whereas
intercalated structures were obtained for the same
matrices with MMT-Na™. These results were con-
firmed by the TEM micrographs of the different
films. Indeed, according to the TEM images of the
starch nanocomposites shown in Figure 4, MMT-
Na® was found to disperse better in starch than

2049

(b)

Figure 4 TEM micrographs of the (a) starch/MMT-OH
6.25 wt % film and (b) starch/MMT-Na™ 6.55 wt % film.

MMT-OH. Dense stacks of MMT-OH layers were
clearly observed, whereas much smaller aggregates
were evidenced for MMT-Na™. For the SG nanocom-
posites (Fig. 5), as in the case of pure starch nano-
composites, better dispersions were observed with
MMT-Na"' than with MMT-OH. Indeed, the silicate
platelets were all in an aggregate form for MMT-
OH, whereas a mix of different nanomorphologies
(going from individual layers to some multilayers of
intercalated silicate) was evidenced for MMT-Na™.

A particularity was observed for the nanocompo-
sites based on SUE as a matrix. Indeed, for these
systems, a significant diffraction peak was observed
at 6.8°, whatever nanoclay was used. For the nano-
composite film based on MMT-OH as a filler, an
additional shoulder corresponding to pristine orga-
noclay was observed at 4.8°. The diffraction peak
centered at 6.8° could not be related to the nanoclay
dispersion state, as this one appeared to be very dif-
ferent as a function of the clay from the TEM micro-
graphs (Fig. 6). A better dispersion was indeed
observed for MMT-Na™ in comparison with MMT-
OH in these systems. Further experiments are neces-
sary to clearly explain this phenomenon, and they
are underway.

Journal of Applied Polymer Science DOI 10.1002/app
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(b)

Figure 5 TEM micrographs of the (a) starch/glycerol/
MMT-OH 5.6 wt % film and (b) starch/glycerol/MMT-
Na™ 6.1 wt % film.

For all nanocomposites reinforced by MMT-Na*,
TEM analyses showed an optimal orientation of sili-
cate layers. Indeed, the silicate layers were parallel
to the film surface, as shown by the arrows that
were added on the TEM micrographs.

All of these morphological observations demon-
strated that MMT-OH was less compatible with
starch than MMT-Na*. Indeed, despite the presence
of hydroxyl groups in the interlayer gallery of
MMT-OH, both XRD and TEM analyses showed a
better dispersion of inorganic and hydrophilic
MMT-Na" in the different matrices. The higher
hydrophobic character of organoclays such as MMT-
OH, which presents an advantage in comparison
with the unmodified natural clays for a great major-
ity of polymer matrices,***! is a disadvantage for
clay exfoliation in a highly polar and hydrophilic
medium such as starch. As a result, MMT-OH did
not disperse well; rather, it agglomerated and hardly
formed a nanocomposite when introduced into
starch. Furthermore, it was difficult to evidence from
XRD and TEM analyses a significant role of the dif-
ferent plasticizers in the dispersion state of nano-
clays. Indeed, whatever the matrix, the same kind of

Journal of Applied Polymer Science DOI 10.1002/app
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morphology was observed for a given clay. This was
explained by the polar structure of the plasticizers
that we used in this study.

Water sorption isotherm

The values of mass gain at equilibrium state for each
water activity allowed us to plot the water sorption
isotherm for each film. The sorption isotherms for
native starch film and plasticized starch films are
represented in Figure 7(a). The curves had a sigmoid
shape, which corresponded to a type II classification
of Brunauer, Emmett, and Teller among the five gen-
eral i:ypes.42 The Brunauer-Emmett—Teller II model,
which is a combination of dual-mode (Langmuir
sorption and Henry law) and Flory-Huggins contri-
butions, is typical of water sorption in hydrophilic
materials.”® In the activity range 0 < a,, < 0.6 (where
a,, is the water activity), the amount of water sorbed
at equilibrium was higher for native starch film com-
pared to plasticized films. This could be related to a
decrease of available sorption Langmuir’s sites in
the presence of a plasticizer. Indeed, the formation
of thermoplastic starch was a result of strong inter-
actions, hydrogen bonds, between the starch and

Figure 6 TEM micrographs of the (a) starch/urea—etha-
nolamine/MMT-OH 5.5 wt % film and (b) starch/urea—
ethanolamine/MMT-Na™ 6.4 wt % film.
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Figure 7 Water vapor isotherm at 20°C for the (a) starch, starch/glycerol, and starch/urea—ethanolamine films and
MMT-Na* and MMT-OH powders; (b) starch, starch/MMT-OH 6.25 wt %, and starch/MMT-Na* 6.55 wt % films; (c)
starch, starch/glycerol/MMT-OH 5.6 wt %, and starch/glycerol/MMT-Na" 6.1 wt % films; and (d) starch/urea—ethanola-
mine, starch/urea—ethanolamine/ MMT-OH 5.5 wt %, and starch/urea—ethanolamine/MMT-Na" 6.4 wt % films.

plasticizers. OH groups in ethanolamine, O=C and
NH, groups in urea, and OH groups in glycerol
could form hydrogen bonds with the OH groups of
the starch, which led to a decrease in the concentra-
tion of folar available sites in the plasticized
films.®**% In the activity range 0.6 < a, < 0.9, an
increase of water sorption was observed for each
sample, and it could be related to a water-clustering
phenomenon. This phenomenon was favored in the
plasticized films because of the enhanced molecular
mobility of the polymer chains in the presence of
plasticizer, on one hand, and to the hydrophilicity of
the plasticizer, on the other hand.*** Indeed, the
water uptake at high activities was higher for plasti-
cized films than for native starch film. Furthermore,
compared to the urea—ethanolamine mixture, glyc-
erol had a more hydrophilic character and contrib-
uted to higher water swelling at high a,, values.

The water sorption isotherms of the reference mat-
rices were fit to the Guggenheim—Anderson—de Boer
(GAB) equation, which has been shown to describe
appropriately the water sorption isotherms of many
cellulosic materials®® and hydrophilic biopoly-
mers”* over a range of a,, up to 0.9:*

C(;Kﬂw

M= M (1 — Kag)(1 + (Cg — 1)Kag)

1)

where M is the equilibrium moisture content of the
films on a dry basis, M,, is the monolayer moisture
content and represents the water content corre-
sponding to the saturation of all primary absorption
sites by one water molecule, C; is the Guggenheim
constant and represents the energy associated with
the binding between the water molecules and pri-
mary interactions sites or monolayer, and K is a fac-
tor correcting properties of the multilayer molecules
with respect to the bulk liquid.

To evaluate the accuracy of the GAB model to
describe the experimental water sorption isotherms
of our different films, the mean relative percentage
deviation modulus (E) was used. It is defined by

100 K i — myi
E _ngmi )

where m; is the experimental value, m,, is the pre-
dicted value, and N is the number of experimental
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TABLE III
GAB’s Model Constants (M,,,, C;, and K), E Values, and
MCS Values Estimated at 50% Relative Humidity for the
S, SG, and SUE Films

Film M,, Ce K E (%) MCS
S 0.090 10.200 0.765 24 0.60
SG 0.073 3.713 0.961 43 1.03
SUE 0.075 3431 0.897 75 1.00

data. E is widely adopted through the literature, and
a modulus value below 10% indicates a good fit for
practical purposes.”

We calculated the constants M,,, Cg, and k by fit-
ting according to the software Tablecurve 2D (Jandel
Scientific, San Rafael, CA). Table III shows the val-
ues of the constants and the associated E (%) values
for the three reference matrices. The values of E
were inferior to 10%, which thus showed accurate
fits. Examination of the GAB parameters showed
that the values of M,, were lower in the presence of
plasticizers. This was due to the decreasing availabil-
ity of active sites for water binding to form the mono-
layer.”® Moreover, the value of M,, was relatively
similar, whatever the plasticizers, glycerol or urea/
ethanolamine. C; was also lower in the presence of
plasticizers. This was indicative of a decrease in bind-
ing energy for the first sorbed water layer in the pres-
ence of plasticizers. The decrease of C; was associated
with an increasingly shorter residence time for the
water molecules sorbed in the first layer. Finally, the
increase in K values observed on the plasticized refer-
ence films indicated a reduction in sorption energy in
the absolute value of the multilayers. This effect was
particularly emphasized for the SG film, which had
the higher swelling capability.

The range of a,, in which the self-association of
water molecules occurred, could be determined by
application of the clustering function. Zimm and
Lundberg®™> developed a method that analyzes
water clustering from the single shape of the experi-
mental isotherm. They developed, on the bases of
statistical mechanics, a method that gives an inter-
pretation of the solution thermodynamic behavior
from the shape of the isotherm. The relation appears
as follows:

e [P g
v dp

where Gg is the cluster integral, Vs is the partial mo-
lecular volume of the water molecules, at constant
pressure p and temperature T. ®g is the volume frac-
tion of the water molecules in film.

A Gg/Vs value equal to —1 indicates that solvent
dissolves into the polymer matrix randomly; instead,
higher values, Gs/Vs > —1, mean that the concentra-
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tion of water in the neighborhood of a given water
molecule is greater than the average concentration of
water molecules in the polymer. The quantity Gs®gs/
Vs is the mean number of molecules in excess of the
mean concentration of penetrant in the neighbor-
hood of a given water molecule.”*

Thus, the mean cluster size (MCS) can be eval-
uated by

4)

. [®sGs
MCS =1+ ( 7 )

With the GAB model parameters, M,,, Cs, and K,
MCS can be expressed as follows:**

_ (ps/pp)°

M2(1+ (p,/p,)/M)?
M

M,.Cc

X [1—

(—2Ka,,(Cc —1)—2+Cg)| (5)

where p; and p, are the densities of the water mole-
cules and polymer, respectively.

The plots of MCS versus activity for the different
reference films are presented in Figure 8. The onset
of water autoassociation in the unplasticized starch
film was observed to occur at a, = 0.79. The addi-
tion of plasticizers favored water molecule clustering
at lower a,, values (0.48 for both plasticizers, glycerol
and urea/ethanolamine). This was due to a decrease
in available sorption sites (polar groups of starch) in
the presence of plasticizer and to an increase in the
polymer chain mobility in these systems. The MCS
values obtained at a,, = 0.5 are listed in Table III. In
this standard use condition, MCS was approximately
the same for the two plasticized starch films (1.03
for SG and 1.00 for SUE). The MCS value was lower
for unplasticized starch (0.60).

The sorption isotherms for matrices and associated
composites are represented in Figure 7(b,c,d) for

o § a
&
24 a 30 *
+ SUE =
A
2 o =
5 S
1 *'-._____________.3_'-‘ _____ i e
\! ......... & i =
™~ o

0.0 a2 o4 g 0.8 1o
Waler achivity (a..)

Figure 8 Evolution of MCS calculated from GAB’s equa-
tion versus a,, for the starch, starch/glycerol, and starch/
urea—ethanolamine films.
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native S, SG, and SUE, respectively. The shape of the
curve was similar for all of the samples, which indi-
cated that no major modifications of the sorption
mechanism occurred in the nanocomposites in com-
parison with the reference matrix films. For starch
and starch/glycerol reinforced by MMT-OH [Fig.
7(b,c)], a small decrease in water sorption was
observed compared to the reference matrices. As
shown in Figure 7(a), MMT-OH was much less
hydrophilic than the reference matrices. Therefore,
the participation of MMT-OH in the sorption pro-
cess was very insignificant compared with the
hydrophilic matrix. MMT-OH could then be consid-
ered an impermeable filler dispersed within the
polymer matrix for water sorption. For composites
based on MMT-Na™, the situation was not exactly
the same. Indeed, the water sorption ability of the
nanocomposite and the respective matrix (S or SG)
was nearly identical in the entire activity range. This
result can be explained by the hydrophilic character
of MMT-Na™ due to the presence of the Na™ cation.
This montmorillonite, whose water adsorption
capacity was high [Fig. 7(a)], was then able to partic-
ipate in the general moisture sorption process of the
nanocomposite.*®

The isotherm curves for starch/urea—ethanola-
mine and the associated composites reinforced by
MMT-Na* and MMT-OH are shown in Figure 7(d).
A decrease in water uptake was observed for all of
the composites with respect to the reference ma-
trix, independently of the nature of the nanoclay.
From this observation, it seems that the micro-
structure changes evidenced by XRD analysis after
the addition of nanoclay could play a role in the
sorption mechanism. In particular, the suspected
ordered phase implied that the nanoclays and the
plasticizers could mask the initial hydrophilicity of
MMT-Na™.

From all these results, we concluded that the
water uptake in the nanocomposite films depended
mainly on the water uptake capacity of each compo-
nent or phase in the system. If the water uptake
variation observed after clay insertion remained
quite low (few percentages), the trends that were
observed, that is, similar or decreased values of the
water uptake in the composite material with respect
to the respective matrix, were not detrimental to the
barrier properties.

Oxygen permeability

Oxygen permeability measurements were per-
formed at 50% relative humidity, which is a stand-
ard use condition. The results obtained for all
systems are shown in Figure 9. The oxygen perme-
ability of both plasticized starch films was higher
compared to the native starch film. This was
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Figure 9 Oxygen permeability coefficients of the S, SG,
and SUE matrices and associated composites.

explained by the greater flexibility of the polymer
chains in the presence of plasticizer and also to the
beginning of the water-clustering phenomenon at
this activity for the plasticized starch films, con-
trary to the neat starch film.

As shown in Figure 9, the addition of nanoclay,
either MMT-OH or MMT-Na™", within the matrices
decreased the oxygen permeability. The layered sili-
cate could be viewed as an impermeable obstacle to
the motion of oxygen molecules and could then
greatly affect the gas transport properties. Whatever
the matrix, the reduction of oxygen permeability
was more important after the insertion of MMT-
Na™. For example, for the starch system, reductions
in the oxygen permeability of 14 and 44% were
observed in the presence of MMT-OH and MMT-
Na™ respectively. We previously evidenced that,
under conditions of the oxygen permeability meas-
urements (50% relative humidity), the water content
was slightly higher for the nanocomposite based on
MMT-Na*® than for the nanocomposite based on
MMT-OH. The difference observed in the magnitude
of gas permeability reduction as a function of the
clay nature was then essentially due to the state of
dispersion of the nanoclay in the matrix. As shown
by the XRD and TEM analysis, the dispersion state
was better for MMT-Na" compared to MMT-OH,
which led to a higher tortuosity effect.

Nielsen® derived a simple model strictly based on
a tortuosity point of view to describe the permeabil-
ity in silicates nanocomposites. The model supposes
that each layer is oriented perpendicularly to the dif-
fusion pathway of the gas. The presence of imper-
meable nanoclay introduces a tortuous pathway for
the diffusing oxygen molecules. The reduction of
permeability initiates from the longer diffusive path
that the oxygen molecules must travel in the pres-
ence of the layered silicates. It is possible to define a
tortuosity factor (1) as the ratio of the distance (d')
that oxygen molecules must travel in the presence of
the layered silicates and the distance (d) that they
would travel in the absence of layered silicates. The
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TABLE IV
Water Vapor Sorption Properties and Oxygen
Transport Properties of the Different Matrix
and Nanocomposite Films

P composite/

Sample M (%) P P natrix T
S 133 187 — —
S/MMT-OH 6.25 wt % 119 162 0.87 1.12
S/MMT-Na™" 6.55 wt % 129 105 0.56 1.71
SG 10.8 273 — —
SG/MMT-OH 5.6 wt % 9.8 239 0.88 1.12
SG/MMT-Na™" 6.1 wt % 10.1 158 0.58 1.67
SUE 10.3 203 — —
SUE/MMT-OH 5.5 wt % 8.2 136 0.67 147
SUE/MMT-Na™ 6.4 wt % 7.4 66 0.32 3.00

M = equilibrium water content of the films on a dry ba-
sis; P = oxygen permeability coefficient measured [cm3
(STP) pm/(m~ day)] at 20°C and 50% relative humidity;
Peomposite/ Pmatrix = relative permeability; t = tortuosity
value deduced from Nielsen law.

effect of tortuosity on the permeability can be
expressed as follows:

P composite 1- (1)5

p matrix T (6)
where Peomposite aNd  Prawix are the permeability
coefficients of the composite and pure matrix,
respectively, and ¢, is the volume fraction of the
inorganic layered nanoclays.

The values of T were calculated for all of the com-
posites from the ratio of each nanocomposite perme-
ability to that of the respective matrix. The t values
are listed in Table IV. For each system, a higher tor-
tuosity value was obtained for composites reinforced
by MMT-Na® compared to those reinforced by
MMT-OH (e.g., © = 1.11 for S/MMT-OH and t =
1.72 for S/MMT-Na™). These results are in a good
agreement with the state of dispersion determined
from XRD and TEM analyses. The same tortuosity
values were obtained for the nanocomposites based
on the glycerol-plasticized starch with respect to the
SG matrix (t = 1.12 for S/G/MMT-OH and t = 1.67
S/G/MMT-Nat). We then concluded that the intro-
duction of nanoclay played the same role in the S
and SG matrices. This result was in agreement with
previous conclusion obtained from morphological
analysis. Indeed, the clay dispersion state did not
depend on the presence of glycerol within the ma-
trix, and clay introduction did not modify the matrix
crystalline morphology for either the starch or
starch/glycerol matrix. However, higher tortuosity
effects were observed in the nanocomposites based
on the starch/urea—ethanolamine matrix. © was
equal to 1.47 in the case of MMT-OH, and it reached
a value of 3.0 in the case of MMT-Na*. TEM images
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showed that the state of dispersion of the nanoclay
was very similar whatever the plasticizer used, so
the additional increase of tortuosity was due to the
particular ordered phase, which implied nanoclays
and urea—ethanolamine, which was evidenced by
XRD analysis in these systems.

CONCLUSIONS

New environmentally friendly composites were pre-
pared via a solution/casting method from a natural
potato starch matrix and lamellar nanofillers. Two
nanoclays, a natural montmorillonite modified with
methyl tallow bis-2-hydroxyethyl quaternary ammo-
nium and a natural purified montmorillonite, were
chosen. The influence of the addition of a plasticizer
in the formulation was also studied, and two compa-
tibilizers were chosen, glycerol and a 50/50 mixture
of urea—ethanolamine.

The TGA curves showed no significant difference
in the thermal stabilities of the matrices after the
incorporation of the nanoclays.

Whatever the matrices, both the XRD and TEM
results evidenced an improved dispersion state for
MMT-Na* in comparison with MMT-OH. The
hydrophilic character of the pristine clay promoted
the formation of favorable interactions between the
clay gallery and the hydroxyl groups of starch,
which led to a mixture of exfoliated and intercalated
structures lying parallel to the film surface. On
the contrary, microcomposites were systematically
obtained from the formulations based on the organo-
modified MMT-OH clay. The clay dispersion state
was not significantly influenced by the addition of a
plasticizer to the matrix, as it did not drastically
modify the polarity of the medium.

No significant modification of the matrix crystal-
line structure was observed after clay addition for
the starch and starch—glycerol matrices. A particular-
ity was, however, observed for the nanocomposites
based on starch/urea—ethanolamine. Indeed, for
these systems, a significant diffraction peak was
observed at 6.8°, whatever the nanoclay used. The
development of a particular ordered phase, which
implied the nanoclays and the compatibilizers, was
then suspected to occur for these materials.

The water uptake in the nanocomposite films did
not depend on the state of dispersion of the nano-
clays. It was principally related to the water uptake
capacity of each component or phase in the system.
A decrease in water sorption was then observed for
the nanocomposites reinforced by the low hydro-
philic MMT-OH in comparison with the reference
matrices. On the contrary, because of its initial
hydrophilic character, MMT-Na™ was able to partici-
pate in the general moisture sorption process for
starch and starch/glycerol based materials. As a
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result, low differences were observed between the
water uptakes of the nanocomposites based on this
clay and the respective matrices. A specific behavior
was evidenced for the nanocomposites obtained
from MMT-Na® and starch/urea—ethanolamine. It
seemed that the microstructure changes evidenced
by XRD analysis after the addition of nanoclay
played a role in the sorption mechanism. In particu-
lar, the suspected ordered phase, which implied the
nanoclays and the plasticizer, seemed to mask the
initial hydrophilicity of MMT-Na*. A decrease in
the water uptakes was then observed with the addi-
tion of pristine clay within this matrix, and this
decrease was similar to that observed with MMT-
OH. The general effect of the plasticizers (glycerol or
urea—ethanolamine) was also studied on the water
sorption mechanism. The main role of this addi-
tional component was to decrease the water uptake
at low activity and to favor water swelling at high
activity. In particular, a water-clustering phenom-
enon began at lower activity for the plasticized films
in comparison with the unplasticized ones.

The oxygen permeability coefficient was deter-
mined at 50% relative humidity for the different
films. The permeability coefficients of all of the plas-
ticized starch films were higher than those measured
for the native starch film. This trend was related to
the increase in the polymer chain mobility in the
presence of plasticizers. Whatever the matrix, a
general decrease in the oxygen permeability was
observed with the addition of the nanoclays. The fill-
ers could be considered as impermeable to the
motion of oxygen molecules, and the permeability
decrease was more pronounced with MMT-Na*
because of a better dispersion state. Among all of
the nanocomposite films, the most promising mate-
rial was obtained from starch, urea—ethanolamine,
and MMT-Na™ because of a lower water uptake and
higher gas barrier properties. These final properties
resulted, of course, from a high dispersion state of
the nanoclays within the matrix but also from spe-
cific interactions between urea—ethanolamine and the
nanoclays. These interactions seemed to lead to the
formation of an additional ordered phase in the ma-
terial, which appeared to bring a significant contri-
bution to both water and gas barrier property
improvement. Further work will deal with the char-
acterization of this phase and also enlarge our stud-
ies to a wider range of nanoclay contents and other
processing modes.
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