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ABSTRACT: Biodegradable nanoscale-reinforced starch-
based products were prepared from an in situ chemically
modified thermoplastic starch and poly(butylene adipate-
co-terephthalate) (PBAT) through reactive processing. Nat-
ural montmorillonite (hydrophilic Cloisite Na) and organo-
philic Cloisite 30B were studied. In situ chemically
modified thermoplastic starch (MTPS) was first prepared
starting from (nano)clay (previously swollen in glycerol as
plasticizer), and maleic anhydride (MA) as an esterifica-
tion agent. Then, these nanoscale-reinforced MTPS was
reactively melt-blended with PBAT through transesterifica-
tion reactions promoted by MA-derived acidic moieties
grafted onto the starch backbone. The tensile and barrier
properties of resulting (nano)composites were studied.

High-performance formulations with superior tensile
strength (>35 MPa as compared with 16 MPa for the
PBAT-g-MTPS copolymer) and break elongation (>800%)
were obtained, particularly with Cloisite30B. Better water
vapor and oxygen barrier properties of nanoscale-rein-
forced MTPS-g-PBAT were achieved rather than the PRE-
CURSORS. Wide angle X-ray diffraction and transmission
electronic microscopy analyses show that partial exfolia-
tion of the clay platelets was observed within the PBAT-g-
MTPS graft copolymer-Cloisite 30B nanocomposite. VVC 2011
Wiley Periodicals, Inc. J Appl Polym Sci 122: 639–647, 2011
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INTRODUCTION

Recently, polymer-layered silicate (clay) nanocompo-
sites have emerged as a new class of materials that
have shown unexpected properties such as large
increase in the thermal stability, mechanical strength,
and impermeability to gases such as oxygen. Such
improvements in their properties achieved at low
content in layered silicate (<5 wt %) are relied on
the interactions between the clay nanoplatelets and
polymers, which can yield intercalated and/or exfo-
liated nanocompositions. In the so-called exfoliated
(or delaminated) nanocomposites, the silicate nano-
layers are individually dispersed within the entire
polymer matrix, leading to the highest improvement
in the aforementioned properties.1–8

Polymer-layered silicate nanocomposites have
been studied within a wide range of polymer matri-
ces9–14 such as polystyrene, poly(methyl methacry-
late), and poly(e-caprolactone). Surprisingly, very
few studies have been performed on starch-based
biodegradable nanocomposites, whereas recent
researches have indicated that organoclays show
much promise for starch-based polymer nanocompo-
sites for improving their thermal properties.15–21 In
the design of environmentally friendly products for
short-time applications, starch represents an interest-
ing structural platform because of its natural abun-
dance, biodegradability, low cost, and renewability.
In specific extrusion conditions, thermoplastic starch
(TPS) can be readily processed in the presence of
plasticizers (water and/or polyalcohol) under high
shear stress.22–27 Park et al.17 first reported on the
preparation and properties of water/glycerol-gelati-
nized starch/montmorillonite nanocomposites by
melt-intercalation. Naturally occurring sodium clay
(Cloisite Na), and three different alkyl ammonium-
modified clays (Cloisites 10A, 6A, and 30B) were
used as (nano)fillers. Cloisite 30B is a montmorillon-
ite modified by methyl bis(2-hydroxyethyl)(tallow
alkyl) ammonium, whereas both Cloisite 6A and

Journal of Applied Polymer Science, Vol. 122, 639–647 (2011)
VVC 2011 Wiley Periodicals, Inc.

Correspondence to: J.-M. Raquez (jean-marie.raquez@umh.
ac;be).

Contract grant sponsor: Corn Products International.
Contract grant sponsor: Belgian Federal Government

Office of Science Policy; contract grant number: SSTC-PAI
5/3.



10A are tetraalkyl ammonium and alkyl aryl ammo-
nium-modified clays, respectively. Transmission
electronic microscopy (TEM) and wide angle X-ray
diffraction (WAXS) results revealed that the best dis-
persion was achieved with Cloisite Na-based TPS. It
was also revealed that the dispersion of the organo-
modified clay depends on the hydrophilicity of the
organoclays, and especially the polar interaction
between the (organo-) silicate layers and TPS.17,28

Recently, greater understanding of the relationship
between structure and properties has been devel-
oped in a series of gelatinized-starch clay nan-
ocomposites prepared by high-speed mixing and
extrusion technology.29 The effect of nanoclays type,
plasticizer content, dispersion methodologies, and
processing conditions were studied. It was shown
that an optimum level of both plasticizer and nano-
clay existed for each clay (which had some depend-
ence on cationic exchange capacity) to produce a
gelatinized starch film with the highest levels of
exfoliation and best improvement in mechanical
properties. The use of ultrasonic treatment was also
advantageous to improve the clay dispersion. How-
ever, so far, most of the studies carried out on biode-
gradable TPS-layered silicate nanocomposites have
only displayed some improvements in terms of sol-
vent-resistance, thermal properties, and elastic mod-
ulus, whereas no substantial effect could be
recorded at the level of both mechanical strength
and toughness. This is due to the weak adhesion
between the clay and the polymer chains even
though the clay nanoplatelets could be well-dis-
persed within the polymer matrix. Indeed, Kalambur
and Rizvi15 prepared starch-polyester blends filled
with Cloisite Na (natural montmorillonite), where no
significant improvement in tensile strength or ulti-
mate properties was attained. They hypothesized
that a more "hydrophilic" starch would form stron-
ger hydrogen bonds with the clay surface, improv-
ing the adhesion between the two partners. They
introduced carbonyl or carboxyl groups along the
polysaccharide chains through peroxide-promoted
oxidation reactions. A slight improvement in proper-
ties was accordingly gained (tensile strength of ca.
10 MPa, elongations at break from � 600 to 900%)
although not sufficient to compete with the existing

market. The size of polymer chains to be interpene-
trated into the clay gallery can also affect the struc-
ture of the resulting products. It is of prime
importance since starch exhibits high melt-viscosity
and poor melt-properties making it difficult to pro-
cess, and products made from starch are known as
brittle and water sensitive. Pandey and Singh16

reported that when TPS-based nanocomposites were
prepared in solution using different addition
sequences of the plasticizer and the natural clay,
both glycerol and starch could penetrate into the sili-
cate layers but the glycerol intercalation seemed eas-
ier because of its smaller molecular size.
Recently, our research group has prepared a novel

chemically modified TPS through in situ reactive
extrusion processing of starch in the presence of
glycerol as plasticizer and maleic anhydride (MA) as
esterification agent30. The resulting ‘‘esterified’’ and
plasticized starch materials, called maleated TPS
(MTPS), was successfully recovered and proved to
exhibit an enhanced reactivity (with the presence of
free carboxylic groups pending along the chains)
and improved processability (Fig. 1). Indeed, the
MA-derived acidic moieties are capable of promot-
ing acid-catalyzed hydrolysis and glucosidation
reactions, which reduce the size of starch macromo-
lecules. These MA functions grafted onto the starch
backbone have also shown to be valuable in the
preparation of biodegradable and phase-homogene-
ous graft copolymers in situ generated through
acid-catalyzed transesterification reactions on melt-
blending MTPS with poly(butylene adipate-co-tere-
phathlate) (PBAT) via downstream reactive process-
ing (Fig. 2). Because of its interesting thermal and
mechanical properties, PBAT, as biodegradable ali-
phatic-aromatic copolyester, represents a promising
candidate in the preparation of starch-based prod-
ucts with useful end applications, while maintaining
the biodegradability of the overall compositio-
n.31,32In contrast to TPS, the low melt-viscosity of
MTPS, together with its increased reactivity led, by
melt-blending with PBAT, to the formation of

Figure 1 Esterification reactions of starch backbone with
MA, occurring at the C6 position (the most preferential
position).

Figure 2 Proposed mechanism of transesterification reac-
tions between MTPS and PBAT promoted by the MA-
derived acidic moieties grafted onto the starch backbone.
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stronger covalent bonds at the MTPS–polyester inter-
face, and therefore a finer phase morphology for the
resulting melt-blends.30 However, compared with
those of pristine PBAT, it was observed that the
occurrence of acid-promoted hydrolysis, inter- and
intramolecular transesterification reactions under-
went by the polyester matrix. Their molecular
weights, as well as the mechanical properties of the
overall products, were therefore reduced.

This article aims at preparing layered silicate
starch-based nanocomposites and their use in melt-
blending with PBAT to enhance the mechanical,
thermal, and barrier properties of the resulting
(nano)composites. Cloisite Na and Cloisite 30B were
studied as nanoclays, and their effect on the proper-
ties of the resulting composites were evaluated.
Structural characterizations were carried out by
TEM and WAXS analyses as well.

EXPERIMENTAL

Materials

Regular pearl silver corn starch (unmodified) was
obtained from Cargill-grade SMP 1100 (MN), with
equilibrium moisture content of about 12% (w/w).
Anhydrous glycerol (99.9%) was supplied by J.T.
Baker (NJ), and used as received. MA (99%)
obtained from Sigma-Aldrich (WI) was previously
grounded to a fine powder using a mortar and pes-
tle before use. Cloisite Na is a natural montmorillon-
ite with a cation exchange capacity of 0.93 mEquiv/
g and with an interlayer distance of 11.7 Å (eval-
uated by WAXS diffraction measurement on the
powder dried in vacuo at 80�C), while Cloisite 30B
is a montmorillonite modified by methyl bis(2-
hydroxylethyl)(tallow alkyl) ammonium with an
interlayer distance of d001 ¼ 18.5 Å and where tallow
alkyl substituent comprises � 65% C18 chains,
� 30% C16 chains, and � 5% C14 chains. Both clays
were supplied by Southern Clay Products (TX).
PBAT having a molecular weight of 43,510 g/mol
and a polydispersity index (Mw/Mn) of 2.30 under
the tradename Ecoflex FBX 7011 was purchased
from BASF Corporation, and used as received.

Preparation of layered silicate-filled MTPS-g-PBAT
graft copolymers

Before processing, 22.5 g of clay was mixed with 150
g of glycerol, and set for approximately 15 h at am-
bient temperature. Regular silver medal pearl corn-
starch was reactively modified using MA in a twin-
screw co-rotating CENTURY ZSK-30 extruder with a
screw diameter of 30 mm and an L/D ratio of 42.
The resulting slurry mixture (glycerol/clay) was
hand-mixed with 450 g of starch and 48 g of MA (8

wt % by starch), and fed together into a Century
ZSK-30 co-rotating twin-screw extruder. The relative
ratios of the starch mixture to the glycerol were
maintained at 80 : 20 (w/w). Vacuum (using water
jets) was applied at the extruder vent port to remove
out the unreacted MA and excess moisture. The tem-
perature profile was 15/95/125/145/160/165/165/
165/150/145 from the feed throat to the die, and
the melt temperature was 153�C. The screw speed
used was 120 � g. A cylindrical filament die 2.7 mm
in diameter and 8.1 mm in length with a cooling
sleeve was assembled to the extruder. The resulting
extruded-layered silicate MTPS materials was
ground to a fine powder and was stored at 50�C
overnight. In the subsequent step, 300 g of the lay-
ered silicate-filled MTPS composite was hand-mixed
with 700 g of PBAT (i.e., 70 wt % polyester content),
and fed into a Century ZSK-30 co-rotating twin-
screw extruder. This led to the formation of homoge-
neous PBAT-g-MTPS graft copolymers. The grafting
reaction was evidenced by Soxhlet extraction in
dichloromethane (Sigma-Aldrich, WI, þ99%) over-
night as already reported elsewhere.30 The tempera-
ture profile was 15/95/125/135/150/160/160/165/
150/145 from the feed throat to the die, and the melt
temperature was 147�C. The screw speed used was
150 � g. The extruded strand was cooled using a
water bath and pelletized in line. The pellets were
dried in an oven overnight at 75�C before being
blown-molded.

Blown film studies

Layered silicate PBAT-g-MTPS graft copolymers
were blown-molded using a Killion single-screw
blown film unit. The screw diameter was 25.4 mm
with L : D ratio of 25 : 1.The inner diameter of die
was 50.8 mm with a die gap size of 1.5 mm. Differ-
ent films with a thickness close to 100 lm were pre-
pared using the blown film processing conditions
reported in Table I.

Characterizations and analyses

A Transmission electron microscope (JEOL 100 CX)
with an accelerating voltage of 120 kV was used to
observe the thin cross-sections of the extruded lay-
ered silicate-filled PBAT-g-MTPS graft copolymers.
The samples were prepared using a cryogenic ultra-
microtome (at � 100�C) to obtain sections of a thick-
ness of ca. 60 nm. Tensile properties were deter-
mined using UTS Mechanical Testing Equipment
Model SFM-20 fitted with a 45.5 kg load cell. The
crosshead speed was 50 cm/min. The tensile proper-
ties were determined in the machine direction. Ten-
sile properties of films in the transverse direction
exhibited a similar trend (not reported here).
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Rectangular film samples, 10 � 2.5 cm2 dimensions,
were conditioned at 23 � 2�C and 50 � 5% relative
humidity for 48 h before being tested according to
ASTM D-882 testing. WAXS diffraction analysis was
performed with a Rigaku Rotaflex Ru-200BH X-ray
diffractometer operated at 45 kV, 100 mA with a
nickel-filtered Cu Ka1 radiation and a y compensat-
ing slit. Data were acquired in 0.02� 2y, at the rate of
1�/min. The basal spacing of the silicate layer of the
nanoscale clay, d, was calculated using the Bragg’s
equation, k ¼ 2d sin y(k (Cu Ka1) ¼ 0.15406 nm).
Samples were used in the form of a powder or a
film as obtained by blown film processing. The sam-
ples were equilibrated in a constant room tempera-
ture at 23 � 1�C and 50 � 2% relative humidity for
at least 72 h before testing. Water vapor transmission
rate (WVTR) and oxygen transmission rate (OTR) of
nanocomposite films were determined using a
Mocon Permatran – W Model 3/33 and Mocon OX –
Tran Model 2/20 (Mocon, Minneapolis, MN), respec-
tively. The films were conditioned at 23 � 2�C and
50 � 5% relative humidity for 48 h before being
tested.

RESULTS AND DISCUSSION

Table II shows the tensile properties of blown films
obtained from the PBAT-g-MTPS graft copolymers
reinforced with Cloisite Na and Cloisite 30B, at a
final 1 wt % nanoclay composition (based on the
total weight). The effect of nanoclay content in the

reactive PBAT-MTPS melt-blend was studied with
Cloisite 30B. For the sake of comparison, the tensile
properties for the films derived from pristine PBAT
and the unfilled PBAT-g-MTPS graft copolymers
were reported. Note that nanoclays were swollen
overnight into glycerol (as used as starch plasticizer),
and the resulting slurry mixture (20 wt % by starch)
was then hand-mixed with starch and MA (8 wt %
by starch) to prepare nanoscale-reinforced MTPS
through reactive extrusion processing. It is worth
recalling that MA was used to reduce the molecular
weight of starch macromolecules through acidic-cat-
alyzed hydrolysis and glucodisation reactions.30 This
facilitates the penetration of the modified/plasticized
starch into the layered silicate galleries, leading to
the formation of homogeneous graft copolymers as
already proved by SEM analyses.30 In addition, the
swelling pretreatment has shown to be useful to
achieve the best dispersion of the layered silicate fill-
ers in the MTPS as well as in the MTPS-g-PBAT
graft copolymer. This was supported by the tensile
properties for the resulting blown films. For
instance, the tensile strengths of the layered silicate-
filled reactive blends were in the range of 20–25
MPa, while the break elongations were in the 600–
650% range for all the investigated nanoclays,
wherein the clay was not subjected to swelling in
glycerol (not reported).
In the subsequent step, 30 wt % of the resulting

MTPS was melt-blended with PBAT through reac-
tive extrusion. This composition in MTPS was

TABLE II
Effect of the Clay Nature on the Tensile Strength, Modulus of Elasticity (MoE),

Elongation at Break of Clay-Reinforced PBAT-g-MTPS Copolymer (PBAT : MTPS 5
70 : 30 w/w) Together with Those of PBAT and Unfilled PBAT-g-MTPS Graft

Copolymer (in the Machine Direction)

No Nature
Tensile strength

(MPa)
MoE
(MPa)

Elongation at
break (%)

1 PBAT 38.6 � 4.0 13.8 � 1.3 600 � 35
2 PBAT-g-MTPS 16.2 � 1.7 78.1 � 7.2 735 � 48
3 PBAT-g-MTPS (1% Cloisite Na) 26.1 � 3.2 129.7 � 26.7 700 � 48
4 PBAT-g-MTPS (1% Cloisite 30B) 32.0 � 3.9 149.7 � 27.9 800 � 36
5 PBAT-g-MTPS (3% Cloisite 30B) 36.7 � 4.4 133.3 � 16.0 840 � 59
6 PBAT-g-MTPS (5% Cloisite 30B) 34.2 � 4.1 144.0 � 17.3 820 � 49

TABLE I
Blown Film Processing Conditions for the Production of the PBAT-g-Starch Graft Copolymer-Based Films

Die 3 Die 2 Die 1 Adaptor Clamp Ring Zone 3 Zone 2 Zone 1

Set (�C) 21 165 168 171 177 185 182 149
Actual (�C) 22 165 168 171 177 182 182 149
Melt (�C) 167
Screw speed (RPM) 16.5–17
Draw-up speed FPM (ft/min) 5–6
Pressure (MPa) 68–117
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interesting, regarding the preparation of a well-com-
patible and phase-homogeneous MTPS-g-PBAT graft
copolymer as reported in a previous article.30 From
Table II, it could be observed that whichever the
investigated clay, the mechanical properties of the
MTPS-g-PBAT graft copolymer-based nanocompo-
sites could be substantially improved by the intro-
duction of the layered silicate at a content as tiny as
1 wt %. Surprisingly enough, the lowest tensile
strength and elongation at break were recorded with
Cloisite Na, the most hydrophilic nanoclays, respec-
tively. In the case of hydrophilic Cloisite Na, this
could rely on its high compatibility with hydrophilic
MTPS,17 together with the low molecular weight
MTPS (as compared with TPS). MTPS is more likely
able to penetrate the clay galleries, and to specifi-
cally interact with the cations (Naþ) inside the clay.
It resulted in a good dispersion of the nanoclay pla-
telets in the MTPS phase. However, when melt-
blended with PBAT, the nanoclay remained mainly
in the MTPS, because of the hydrophobic character
of PBAT copolyester. In other words, a medium dis-
persion for Cloisite Na was attained for the overall
MTPS-g-PBAT graft copolymer. The localization and
the structure of Cloisite Na in the reactive PBAT-g-
MTPS melt-blends will be discussed in more details
in the following sections. It is stressed out that the
tensile strength of the Cloisite Na-filled PBAT-g-
MTPS graft copolymer was around 26.1 MPa, much
higher than that for the original PBAT-g-MTPS graft
copolymer (ca. 16.2 MPa). Such an improvement
could be attributed to the creation of a three-dimen-
sional network of interconnected long silicate
layers/MTPS, strengthening the blend through me-
chanical percolation.33

Unlike Cloisite Na, the tensile strength of the
PBAT-g-MTPS reactive blends with medium-polar
Cloisite 30B increased more significantly, attaining
about twice its original value (ca. 16 MPa) in the
presence of only 1 wt % in Cloisite 30B. The elonga-
tion at break also improved significantly (� 800%)
on the addition of Cloisite 30B to the PBAT-g-MTPS
graft copolymers. An increase in the modulus of
elasticity (� 150 MPa) was also observed as in the
case of Cloisite Na. Usually, the tensile strength and
the modulus increase with an increase in the blend
crystallinity.26,34,35 In this case, the observed mechan-
ical improvement was likely due to the improve-
ment of interfacial (reactive) contact between Cloisite
30B and the surrounding matrix, leading to a nano-
scale reinforcement for the blend. In addition to its
moderated polarity character, such a behavior could
be explained by primary hydroxyl groups from the
quaternary ammonium ion present within the clay
galleries of Cloisite 30B. The hydroxyl groups of
Cloisite 30B would be able to make strong hydrogen
interactions34 with the MA-derived acidic moieties

grafted onto the starch backbone in the MTPS, and
to some extent, to react with MTPS and PBAT,
through (trans)esterification reactions during the
melt-blending of MTPS with PBAT (Fig. 2). Such
(trans)esterification reactions could allow grafting
some MTPS-g-PBAT graft polymers onto the layered
silicate organo-modified surface. However, because
of the high dilution of the nanoclays within the
melt-blends, we are not able to highlight such inter-
actions between Cloisite 30B and MTPS using classi-
cal techniques as FT-IR analyses.
An addition of 3 wt % nanoclay in the composite

improved the tensile strength up to 36.7 MPa, with
elongation at break as high as � 850% (entry 5, Ta-
ble II). However, higher clay content (up to 5 wt%)
did not lead to better mechanical performances for
the resulting materials. This was already reported in
many cases, where the optimal nanofiller loading is
localized around 3 wt %.36 This could also be
explained by the fact that at 5 wt % nanoclay, the
mixture was not very well swollen in the presence
of glycerol (plasticizer). This was attested by WAXS
analyses (data not shown) where the interlayer dis-
tance of Cloisite Na did not change after these dif-
ferent reactive processes in contrast to other
compositions at lower clay content. Again, this
attests that the swelling pretreatment of nanoclays
into the plasticizer (glycerol) is useful.

WAXS patterns of layered silicate-filled TPS,
MTPS, and PBAT-g-MTPS

The films produced from the clay-reinforced reactive
melt-blends were examined by WAXS to shed light
on the extent of layered silicate intercalation and
exfoliation within the polymer matrix. Figures 3 and

Figure 3 X-ray diffractogram (zoom on the low angle
zone) of Cloisite Na alone (a), dispersed in MTPS (b), and
in PBAT-g-MTPS graft copolymer (c) (entry 3, Table II).
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4 show the diffraction patterns obtained from the
two investigated (organo-)clays (Cloisite Na, Cloisite
30B) at a final composition of 1 wt % clay (entries 3-
4, Table II).

Figure 3 shows that the diffraction peak at ca. 8�

2y of Cloisite Na was shifted to 4.5� 2y within the
Cloisite Na-filled MTPS nanocomposite, and to ca. 5�

2y (much broader) in the Cloisite Na filled PBAT-g-
MTPS film, attesting for the formation of intercalated
nanocompositions.28 However, we can observe that
the diffraction peak characteristic to Cloisite Na in
the graft copolymer was located at higher angles
than one in MTPS. This is more likely due to the
preferential localization of Cloisite Na in the graft
copolymer, leading to some compaction for Cloisite
Na in the graft copolymer. This is supported by the
vapor properties (see the next part), showing that
Cloisite Na has more affinity with the polysaccha-
ride phase rather than the polyester phase in the
graft copolymer. Figure 4 shows that the diffraction
peak around 5� 2y characteristic of Cloisite 30B was
shifted to ca. 3.2� 2y within the Cloisite 30B-filled
MTPS composite, whereas only a residual peak of
very low intensity could be detected at about 4.6� 2y
in the Cloisite 30B/PBAT-g-MTPS film.28 This might
suggest the coexistence of both structures, i.e., exfoli-
ated and intercalated nanocompositions. In compari-
son with natural Cloisite Na, the organo-modified
Cloisite 30B seemed to reach a higher extent of exfo-
liation in the presence of MTPS. The organic surfac-
tant of Cloisite 30B functionalized by hydroxyl
groups seems to be prone to interact strongly with
the carboxylic acid groups present from the MTPS
phase.

Park et al.17 reported WAXS results obtained from
TPS added with Cloisite 30B and Cloisite Na in the
presence of larger contents in plasticizer, but with-
out any swelling pretreatment. Intercalated nano-
structures were obtained in both these composites,
wherein the peak at 7.8� 2y for Cloisite Na was
shifted down to 5.0� 2y in the Cloisite Na-filled TPS

nanocomposite, whereas the peak corresponding to
Cloisite 30B at 4.7� 2y shifted to 4.3� 2y, when dis-
persed within TPS. The shift to lower angles was in-
ferior compared with our results in the MTPS-based
nanocomposites, indicating a lack of dispersion of
the clays in the polysaccharidic phase. Albeit the na-
ture of starch (potato starch instead of corn starch)
and the experimental conditions (larger content in
plasticizer) were different, this attested for the bene-
ficial effect of the swelling pretreatment for layered
silicates, together with the reduction in molecular
weight of starch (occurring during the in situ chemi-
cal modification of TPS) on the dispersion of nano-
clays in the polysaccharidic matrix. In perfect
agreement with these observations, no change in the
interlayer distance of layered silicates occurred on
the dispersion within the MTPS matrix when the
clays were not previously swollen by the plasticizer
(data not reported).

Figure 5 TEM images for Cloisite Na-filled PBAT-g-
MTPS (magnitude �14000 (a) and �250000 (b)).

Figure 4 X-ray diffractogram (zoom on the low angle
zone) of Cloisite 30B alone (a), dispersed in MTPS (b), and
in PBAT-g-MTPS graft copolymer (c) (entry 4, Table II).
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To corroborate the WAXS results, TEM analyses
were carried out on Cloisite Na and Cloisite 30B
filled PBAT-g-MTPS composites (Figs. 5 and 6).
From Figure 5(a), stacks of layered silicates were
essentially observed. However, focusing onto them
[Fig. 5(b)], these stacks were exclusively based on
intercalated Cloisite Na in perfect agreement with
the related WAXS patterns. These structures would
mainly locate in the MTPS phase as supported by
the gas barrier properties measurements (see here-
after). In contrast, Figure 6(a,b) exhibited some exfo-
liated nanolayers in Cloisite 30B-filled PBAT-g-MTPS
matrix. The remaining stacks of intercalated clay pla-
telets were however observed. As a result of their
partial exfoliation together with the good dispersion
of nanoclay in the reactive melt-blend, Cloisite 30B-
filled PBAT-g-MTPS nanocomposites proved to ex-
hibit good tensile properties, yielding high-perform-
ance blown films.

Water vapor barrier properties

Based on the huge interest in developing starch-
based materials with improved barrier properties,
the permeability to oxygen and water vapor was
evaluated on blown films of MTPS-g-PBAT graft
copolymers reinforced by either Cloisite 30B or Cloi-
site Na (Table III). Effect of Cloisite 30B content was
also studied. Another purpose was to highlight
the preferential localization of clay nanoparticles,
i.e., the ‘‘medium hydrophobic’’ Cloisite 30B and the
much more hydrophilic Cloisite Na, in MTPS-g-
PBAT graft copolymer matrix. Indeed, PBAT-g-
MTPS graft copolymer is hydrophilic in nature
due to the presence of 30 wt % hydrophilic MTPS
phase16 and therefore sensitive to water vapor,
whereas hydrophobic PBAT is known to exhibit
poor oxygen barrier properties.17 On the introduc-
tion of MTPS within the continuous PBAT matrix to
form PBAT-g-MTPS, WVTR so-increased from 540 to
about 1000 g/m2 day. By adding the nanoclay at a
loading level as tiny as 1 wt %, the water vapor per-
meability was reduced to 810 g/m2 day for the Cloi-
site 30B-filled PBAT-g-MTPS nanocomposites, and
more significantly to 575 g/m2 day for Cloisite Na-
filled PBAT-g-MTPS blown film. The lowering of the
WVTR could be explained by the intercalation/par-
tial exfoliation of the clay nanoplatelets,8,37 which
would create a more tortuous path for the diffusion
of water vapor through the PBAT-g-MTPS film.
Clearly, a more significant reduction in water vapor
permeability was detected for Cloisite Na-filled
films. This indicated that hydrophilic Cloisite Na
was preferentially located in the hydrophilic MTPS
phase, which is much less resistant to water vapor
that the polyester partner. Indeed, even if a much
higher extent of exfoliation was reached by dispers-
ing the more hydrophobic Cloisite 30B in PBAT-g-
MTPS matrix, the beneficial effect on the WVTR val-
ues was less pronounced than for the simply

Figure 6 TEM images for Cloisite 30B-filled PBAT-g-
MTPS (magnitude �105000 (a) and �19000 (b); individual
exfoliated nanoplatelets highlighted by arrows).

TABLE III
Water Vapor Transmission Rate (WVTR) and Oxygen
Transmission Rate (OTR) of PBAT, PBAT-g-MTPS and
Layered Silicate Filled PBAT-g-MTPS Blown Films

Containing 30 wt % MTPS (Experimental Error 5 5%)

No Sample
WVTR

(g/m2 day)
OTR

(g/m2 day)

1 PBAT 540 1530
2 PBAT-g-MTPS 1000 1240
3 PBAT-g-MTPS

(1% Cloisite Na)
575 750

4 PBAT-g-MTPS
(1% Cloisite 30B)

810 590

5 PBAT-g-MTPS
(3% Cloisite 30B)

510 520

6 PBAT-g-MTPS
(5% Cloisite 30B)

760 485
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intercalated structure found in Cloisite Na-filled
PBAT-g-MTPS (see WAXS and TEM results). Adding
3 wt % Cloisite 30B enabled to reduce the water
vapor permeability to a lower value of 510 g/m2

day, attesting for the partial migration of Cloisite
30B in the MTPS phase. This can be again explained
by the presence of the primary hydroxyl groups cov-
ering the Cloisite 30B surface and their possible
interactions (via hydrogen bonding and/or esterifi-
cation reations) with the MA-derived acidic moieties
grafted onto the starch backbone in the MTPS. Again
and confirming the previously discussed mechanical
properties (Table II), the dispersion of 5 wt % Cloi-
site 30B led to an increase in the water vapor perme-
ability, i.e., increase in WVTR value to 760 g/m2

day. This was probably due to the presence of some
agglomeration or compaction of the clay platelets
under extrusion conditions (shear and elongation
flows) but also the lack of dispersion of Cloisite 30B
in glycerol during the swelling pretreatment. This
was experimentally observed by the formation of
a pasty mass when 5 wt % Cloisite 30B was mixed
in glycerol in contrast to the other investigated
compositions.

Finally, even if both studied clays allowed reduc-
ing the OTR when dispersed in MTPS-g-PBAT
copolymers, a stronger reduction in oxygen perme-
ability was achieved with Cloisite 30B (already
recorded at 1 wt % filling level). Furthermore, diffu-
sion of the oxygen gas through the nanocomposite
films was more and more hindered by increasing
the Cloisite 30B content. The OTR values reached ca.
500 g/m2 day at 3 to 5 wt % in nanoclay, actually a
three-fold decrease as compared with the pristine
PBAT. This attests perfectly that the medium hydro-
phobic nature of Cloisite 30B preferred being located
in the hydrophobic phase, i.e., PBAT phase. It is
stressed out that the introduction of the maleated
starch phase (30 wt %) in the PBAT continuous
phase also reduced the oxygen permeability of the
PBAT-g-MTPS copolymer to 1250 g/m2 day (with
respect to 1550 g/m2 day for the virgin PBAT films).

CONCLUSIONS

We have prepared novel MTPS-g-PBAT graft copoly-
mers through reactive extrusion reinforced by
selected (organo-)modified layered silicates. Two
types of such (organo-)clays were used in this study:
natural montmorillonite (hydrophilic Cloisite Na)
and organophilic Cloisite 30B. The nanoscale-rein-
forced MTPS was first prepared in the presence of
these nanoclays previously swollen in glycerol used
as starch plasticizer, together with MA, and then
melt-blended with PBAT in a subsequent down-
stream blending operation. MA was used to reduce
the molecular weight of starch precursor through

acid-catalyzed hydrolysis and glucodisation reac-
tions to facilitate the interpenetration of the modified
starch (of much lower viscosity) through the layered
silicate galleries. The swelling pretreatment has
shown to be useful to achieve the best tensile prop-
erties for the resulting blown films. The tensile and
barrier properties of resulting composites were stud-
ied, and compared with WAXS and TEM analyses.
High-performance formulations having superior ten-
sile strength (>35 MPa as compared with 16 MPa
for the PBAT-g-MTPS copolymer) and elongation at
break (>800%) were obtained, particularly with Cloi-
site 30B. In this case, the presence of a quaternary
ammonium ion present within the clay galleries and
bearing two hydroxyl groups enabled to create
strong hydrogen bond interactions with the MA-
derived acidic moieties grafted onto the starch back-
bone in the MTPS, and to some extent, to react with
MTPS and PBAT through acid-catalyzed esterifica-
tion reactions. Partially exfoliated nanostructures
were achieved within the Cloisite 30B-filled PBAT-g-
MTPS graft copolymers. These nanocomposites mor-
phology is responsible for their enhanced water
vapor and oxygen barrier properties.

The authors are grateful to ‘‘RégionWallonne’’ and European
Community (FEDER, FSE) for general support in the frame
of ‘‘Objectif 1-Hainaut: Materia Nova’’.

References

1. Schollhorn, R. Chem Mater 1996, 8, 1747.
2. Messersmith, P. B.; Stupps, S. I. J. Mater Res 1992, 7, 2599.
3. Okada, A.; Usuki, A. Mater Sci Eng 1995, 3, 109.
4. Giannelis, E. Adv Mater 1996, 8, 29.
5. Wang, Z.; Massam, J.; Pinnavaia, T. In Epoxy - Clay Nanocom-

posites in ‘‘Polymer - Clay Nanocomposites, Pinnavaia, T. J.;
Beall, G., Eds.Wiley: New York, 2000; pp 127–150.

6. Bharadwaj, R. Macromolecules 2001, 34, 9189.
7. Chaiko, D.; Leyva, A. Chem Mater 2005, 17, 13.
8. Lange, J.; Wyser, Y. Packag Technol Sci 2003, 16, 149.
9. Yu, L.; Dean, K.; Li, L. Prog Polym Sci 2006, 31, 576.
10. Beyer, F. L.; Tan, N. C. B.; Dasgupta, A.; Galvin, M. E. Chem

Mat 2002, 14, 2983.
11. Huang, X. Y.; Brittain, W. J. Macromolecules 2000, 34, 3255.
12. Okamoto, M.; Morita, S.; Taguchi, H.; Kim, Y. H.; Kotaka, T.;

Tateyama, H. Polymer 2000, 41, 3887.
13. Park, H.; Lang, X.; Mohanty, A. K.; Misra, M.; Drzal, L.

Macromolecules 2004, 37, 9076.
14. Park, H.; Misra, M.; Drzal, L.; Mohanty, A. K. Biomacromole-

cules 2004, 5, 2281.
15. Kalambur, S.; Rizvi, S. Polym Int 2004, 53, 1413.
16. Pandey, J. K.; Singh, R. Starch 2005, 57, 8.
17. Park, H.; Cho, W.; Jin, C.; Park, C.; Cho, W.; Ha, C. Macromol

Mater Eng 2002, 287, 553.
18. McGlashan, S.; Halley, P. Polym Int 2003, 52, 1767.
19. Kalambur, S.; Rizvi, S. J. Appl Polym Sci 2005, 96, 1072.
20. Huang, M.; Yu, J. J. Appl Polym Sci 2006, 99, 170.
21. Ikeo, Y.; Aoki, K.; Kishi, H.; Matsuda, S.; Murakami, A. Adv

Polym Tech 2006, 17, 940.
22. Narayan, R. In Polymeric Materials from Agricultural Feed-

stocks, Polymers from Agricultural Coproducts, Fishman,

646 RAQUEZ ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



M. L.; Friedman, R. B.; Huang, S. J., Eds. ACS Symp. Ser.
1994, 575, 2.

23. Shorgen, R. L.; Fanta, G. F.; Doane, W. M. Starch 1993, 45, 276.
24. Forssell, P.; Mikkila, J.; Sourtti, T. J. M. S. Pure Appl Chem

1996, 33, 703.
25. Van Soest, J. J. G.; Benes, K.; de Witt, D. Polymer 1996, 37, 3543.
26. Stepto, R. Macromol Symp 2003, 201, 203.
27. Nayak, P. J. M. S. J Macromol Sci Part C: Polym Rev 1999, 39, 481.
28. Park, H.; Lee, W.; Park, C.; Cho, W.; Ha, C. J. Mater Sci 2003, 38, 909.
29. Dean, K.; Yu, L.; Wu, D. Y. Compos Sci Tech 2007, 67, 413.
30. Raquez, J.-M.; Nabar, Y.; Dubois, P.; Narayan, R. Polym Eng

Sci 2008, 48, 1747.

31. Nabar, Y.; Raquez, J.-M.; Dubois, P.; Narayan, R. Biomacromo-
lecules 2005, 6, 807.

32. Nabar, Y.; Draybuck, D.; Narayan, R. J Appl Polym Sci 2006,
102, 58.

33. Lan, T.; Pinnavaia, T. J Chem Mater 1994, 6, 2216.
34. Yano, K.; Usuki, A.; Okada, A. J Polym Sci Part A Polym

Chem 1997, 35, 2289.
35. Bagley, E.; Fanta, G.; Burr, R.; Doane, W.; Russell, C. Polym

Eng Sci 1977, 17, 311.
36. Alexandre, M.; Dubois, P. Mater Sci Eng R 2000, 28, 1.
37. Gorrasi, G.; Tortora, M.; Vittoria, V.; Galli, G.; Chiellini, E.

J Polym Sci Part B Polym Phys 2002, 40, 1118.

PREPARATION AND CHARACTERIZATION OF MTPS-BASED NANOCOMPOSITES 647

Journal of Applied Polymer Science DOI 10.1002/app


