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a  b  s  t  r  a  c  t

Starch-clay  bionanocomposites  containing  1–10% of  natural  montmorillonite  were  elaborated  by melt
processing  in  the  presence  of water.  A  complex  macromolecular  dynamics  behavior  was  observed:
depending  on  the  clay  content,  an  increase  of  the  glass  transition  temperature  and/or  the presence  of  two
overlapped  ˛  relaxation  peaks  were  detected.  Thanks  to a model  allowing  the  prediction  of  the  average
interparticle  distance,  and  its comparison  with  the average  size  of  starch  macromolecules,  it was  possible
eywords:
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lay
anocomposite
onfinement
acromolecular dynamics

to  associate  these  phenomena  to different  populations  of  macromolecules.  In particular,  it  seems  that  for
high clay  content  (10%),  the  slowdown  of segmental  relaxation  due  to  confinement  of  the  starch  macro-
molecules  between  the  clay  tactoïds  is  the  predominant  phenomenon.  While  for  lower clay  contents
(3–5%),  a significant  modification  of  chain  relaxation  seems  to occur,  due  to the  formation  of an interphase
by  the  starch  macromolecules  in  the  vicinity  of clay  nanoparticles  coexisting  with  the bulk  polymer.

©  2014  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Among the characteristics of polymer nanocomposites that dis-
inguish these materials from “classic” filled polymer systems, the
act that both the size of rigid nanoparticles inclusions and the
nterparticle distances can become comparable to the size and
elaxation volume of polymer chains (Giannelis, 1998; Kalfus &
ancar, 2008; Vaia & Wagner, 2004) are often seen as the factor

ost likely to affect their thermo-mechanical properties (Jancar
t al., 2010; Kalfus & Jancar, 2008). A quantitative equivalence has
een even drawn between polymer nanocomposites and thin poly-
er  films (Bansal et al., 2005; Rittigstein, Priestley, Broadbelt, &

orkelson, 2007).

Actually, two kinds of phenomena affecting the macromolecular

ynamics have been reported so far. The most frequently reported
henomenon is a slowdown of the segmental relaxation of macro-
olecules that are confined between nanoparticles or which are

∗ Corresponding author at: LUNAM Université, CNRS, GEPEA, UMR 6144, CRTT,
7,  Boulevard de l’Université, 44606 St Nazaire Cedex, France.
el.: +33 0 2 40 17 26 60; fax: +33 0 240172618.

E-mail addresses: gildascoativy@gmail.com (G. Coativy),
hloe.chevigny@nantes.inra.fr (C. Chevigny), agnes.sabate@nantes.inra.fr
A. Rolland-Sabaté), eric.leroy@univ-nantes.fr (E. Leroy),
enis.lourdin@nantes.inra.fr (D. Lourdin).

ttp://dx.doi.org/10.1016/j.carbpol.2014.10.052
144-8617/© 2014 Elsevier Ltd. All rights reserved.
in their vicinity. This results either in an increase or a decrease of
the glass transition temperature depending on the affinity between
the polymer and the surface of nanoparticles (Fotadiou et al., 2013;
Fragiadakis, Bokobza, & Pissis, 2011; Rittigstein & Torkelson, 2006;
Rittigstein et al., 2007; Vaia, Sauer, Tse, Giannelis, 1997).

Concurrently, the flow relaxation of polymer chains (by diffu-
sion/reptation) can also be modified due to their interactions with
the surface of the nanoparticles (Kalfus & Jancar, 2007; Robertson
& Rackaitis, 2011). In such a case, thermomechanical relaxations
can be observed well above the glass transition temperature of the
material (Robertson & Rackaitis, 2011).

These two phenomena will be affected by the ratio between
the interparticle distance and the size of the polymer interfacial
region (or interphase) responsible for ‘communication’ between
the matrix and filler, which ranges about 2 times the radius of gyra-
tion of macromolecules (Vaia & Giannelis, 1997; Vaia & Wagner,
2004). Thus for starch, which tends to present very large radii of
gyration of the order of 100 nm (Rolland-Sabate, Guilois, Jaillais, &
Colonna, 2011; Wu,  Twitt, & Gilbert, 2013), strong modifications of
the macromolecular dynamics can be expected in nanocomposites.
Consequently, we  propose to study a model system composed of
starch macromolecules and nanoparticles. For this purpose, sodium

montmorillonites were chosen due to their hydrophilic nature
favoring their compatibility with starch, while potato starch was
chosen due to its very low content of minor components such as
proteins and lipids.

dx.doi.org/10.1016/j.carbpol.2014.10.052
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2014.10.052&domain=pdf
mailto:gildascoativy@gmail.com
mailto:chloe.chevigny@nantes.inra.fr
mailto:agnes.sabate@nantes.inra.fr
mailto:eric.leroy@univ-nantes.fr
mailto:denis.lourdin@nantes.inra.fr
dx.doi.org/10.1016/j.carbpol.2014.10.052


ate Po

2

2

k
m
M
n
s
t
e
h
f
j
c
f
t
r
i
fi
t
I
i
t
g
a
p

2

7
a
w
c

c
r
s
2
w
r
t
l
b
a

2

m
m
s
m
n
s

s
s
d
w
W

G. Coativy et al. / Carbohydr

. Experimental

.1. Materials and formulations

Potato starch with an amylose/amylopectin ratio of 23/77 was
indly supplied by Roquette frères (Lestrem, France). Sodium
ontmorillonites (MMT-Na) were purchased from Sigma–Aldrich.
MT-Na powder consists of aggregates of clay tactoids, in which

egative charges monocrystalline platelets of 0.95 nm thickness are
tacked, with sodium counter ions between the layers. According to
he datasheet of the producer (Nanocor), the MMT-Na has a cation
xchange capacity of 1450 � equ g−1. The individual clay platelets
ave a density of 2.6 and in-plane dimensions typically ranging

rom 100 to 130 nm.  Such a structure is highly hygroscopic and sub-
ect to swelling in presence of water. The interlayer spacing (d001)
an be increased from 0.96 nm in the dry state, up to 2 nm when
our layers of water are intercalated between the clay platelets of
he tactoids (Huang, Bassett, & Wu,  1994). Since this phenomenon
esults in limited attractive forces between the crystalline layers,
t was used to favor exfoliation during melt processing: clays were
rst equilibrated at a water activity of 0.97, leading to a water con-
ent of 30% (wet basis (w.b.)) and to a basal spacing d001 = 1.6 nm.
n parallel, starch was oven dried at 100 ◦C during 30 min, resulting
n a water content of 8% (w.b.). Starch and MMT  powders were
hen blended in a mortar and then rehydrated until reaching a
lobal water content of 30% (w.b.), the day before extrusion. Such

 procedure leads to an intimate mixing of powders before melt
rocessing.

.2. Melt processing and sample preparation

The hydrated powder mixtures were melt-processed with a
 cm3 microcompounder (Minilab, Thermo Haake). It consists in

 conical co-rotating twin screw system with a backflow channel,
hich can be used as a batch mixing reactor given that the material

an be recirculated rather than exiting through the die.
The hydrated powder mixtures were introduced in the micro-

ompounder at 95 ◦C, with a screw speed of 100 rpm, and
ecirculated during 10 min  before being extruded at lower screw
peed (10 rpm). The typical weight of the final extruded rods was

 g (since the rest of the material stayed into the recirculating area),
ith a rectangular section (4 mm wide and 1 mm thick). Extruded

ods were stored at 25 ◦C and 57% RH (relative humidity) during
wo weeks before characterization. These storage conditions were
ong enough to reach the equilibrium water uptake, staying well
elow the glass transition temperature of the material in order to
void recrystallization.

.3. Molar mass and molecular size distributions

High performance size-exclusion chromatography coupled with
ulti-angle laser light scattering (HPSEC-MALLS) was used to
easure the molar mass and the size of the macromolecules

olubilized in water. Aqueous solvents are � solvents for starch
acromolecules as their second virial coefficient (A2) in water is

ear zero (Roger & Colonna, 1992). So the affinity between the
olvent and the macromolecules is neutral.

Measurements were performed on native starch and extruded
tarch rods. The system was run in an eluent made of water and

odium azide (0.02%) eluent. All methods and equipment used were
escribed in a previous paper (Sankri et al., 2010), except the soft-
are used for data treatment, which was ASTRA® software from
yatt Technology Corporation (USA) (version 6.06). The root mean
lymers 117 (2015) 746–752 747

square weight-average radius of gyration was calculated by using
the following equation:

R̄2
Gw =

∑
iciR

2
Gi∑

ici
(1)

where RGi and Ci are the radius of gyration and the concentration
of the ith slice of the chromatogram.

2.4. Water and clay contents

The amount of clay in extruded samples was checked by ther-
mogravimetric analysis using a TGA 2050 (TA Instruments, DE).
About 10 mg  of material were heated with a temperature ramp
of 10 ◦C min−1 under nitrogen atmosphere until 950 ◦C to degrade
the organic part and keep the mineral part of the materials. The
samples were kept at 950 ◦C during 20 min. The water content of
materials (extruded rods) was  assessed by dehydration in an oven
at 130 ◦C during at least 24 h, until an equilibrium constant weight
was reached.

2.5. Morphology

Transmission electron microscopy was  used to observe the mor-
phology of the bionanocomposites, using an HNAR9000 LaB6 TEM
Microscope (Hitachi), with an accelerating voltage of 300 kV (max-
imum point to point resolution of 0.18 nm). Samples sections were
prepared using a Leica UC7 ultramicrotome equipped with a dia-
mond knife. The ultrathin sections were cut at room temperature
and under dry conditions and then transferred onto 300 mesh Cu
grids coated with a lacey carbon film.

2.6. Structural characterizations

X-ray diffraction was  used to characterize extruded rods. Two-
dimensional diffraction diagrams were recorded using a Bruker D8
X-ray diffractometer (Karlsruhe, Germany) equipped with a GADDS
detector. The X-ray radiation, Cu K�1 (� = 0.15406 nm), produced
in a sealed tube at 40 kV and 40 mA,  was  selected and parallelized
using crossed Göbel mirrors and collimated to produce a 500 �m
diameter beam. The sample to detector distance was 8.7 cm and
the Bragg angles used ranged from 3◦ to 26◦ (2�)· The recorded
intensity was normalized in order to discard the influence of the
variation thickness of the samples and then drawn in function as
the angle 2� to obtain diffracting curves.

The thickness of the tactoids and the average number of stacked
clay layers per tactoid may  be estimated from the width of the
peak associated to the interlayer spacing (d001), using the Scherrer
formula (Benetti et al., 2005; Jaboyedoff, Kubler & Thelin, 1999).

L = K × �

�2� × cos(�0)
(2)

where K is a constant (0.89), �2� (rad.) is the width at half maxi-
mum of the peak, which diffraction angle at the maximum is 2 × �0;
and � is the wavelength (0.15406 nm).

L is the coherence length (nm):

L = (N − 1) × d001 (3)

where N is the number of layers per tactoid. L is approximately
equal to the particle thickness if the tactoids are fully disagglomer-
ated.
2.7. Thermal and thermo-mechanical properties

Differential scanning calorimetry (DSC) and dynamic mechan-
ical thermal analysis (DMTA) were used to evaluate the thermal
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ig. 1. Differential weight distribution of radius of gyration of native potato starch
straight line) and extruded starch rods (dotted line).

ransitions and the thermo-mechanical behavior of extruded rods,
espectively.

A Q100 DSC (T.A. Instruments, New Castle, DE) was  used, with
nox sealed pans, in order to avoid water loss during tests. Two  scan

ere recorded at 3 ◦C min−1 for each samples from 25 to 95 ◦C. The
lass transition temperature (Tg) was defined as the midpoint of
he heat capacity jump.

A MKIV DMTA (Rheometrics Scientific, Piscataway, New Jersey,
SA) was used to analyze thermo-mechanical properties. The ten-

ile mode was used at a frequency of 1 Hz, with a temperature
amp from 30 ◦C to 150 ◦C at 3 ◦C min−1 and an imposed strain of
.015%. Sample was coated with hydrophobic grease in order to

imit dehydration during the test.

.8. 13C solid state NMR

NMR  experiments were performed on a Bruker DMX-400 spec-
rometer operating at a 13C frequency of 100.58 MHz  and equipped
ith a double-resonance H/X CP-MAS 4-mm probe for CP-MAS

olid state experiments. Experiments were carried at ambient tem-
erature (294 K). Contact time was 1.5 ms.  A typical number of
500 scans was acquired for each spectrum. Chemical shifts were
alibrated with external glycin, assigning the carbonyl carbon at
76.03 ppm.

. Results

.1. Structural characterization

.1.1. Influence of processing on molar mass and molecular size
istribution

Measurements were conducted on water solubilized starch and
xtruded starch rods without clays. The weight-average molar mass
fter extrusion was M̄w is 0.45 × 108 g mol−1. In comparison, M̄w is
.33 × 108 g mol−1 for native potato starch. Such a decrease in M̄w

s similar to that observed in literature by van Soest, Benes, de Wit,
nd Vliegenthart (1996).

The radius of gyration distributions was also obtained by HPSEC-
ALLS in water (i.e. in � conditions). These distributions are very

road, because of a high dispersity (Fig. 1) and the radii of gyra-
ion of the major population of macromolecules are 77 nm and
80 nm for the extruded and the native potato starch respectively.
ven if the starch macromolecules were depolymerized by extru-
ion, a small fraction of undamaged amylopectin remains (radius
f gyration ≈190 nm).
The weight average radius of gyration RGw R of starch
acromolecules after melt processing, calculated on the whole dis-

ribution of each samples, is about 100 nm.  The weight-average
adius of gyration (RGw R) of the solubilized macromolecules in
Fig. 2. Tactoid diffracting peak intensity (first peak) vs MMT  content.

� conditions corresponds to the radius of gyration in the melt
and in the amorphous state (de Gennes, 1979). The average size
of the macromolecules in the amorphous starch would then be:
2 × RGw ≈ 200 nm. Though no measurements could be made on the
extruded starch containing clays, we will assume that the same
approximated value applies for all bionanocomposites samples (see
Section 4).

3.1.2. Distribution and dispersion state of clay nanoparticles
Fig. 6 shows typical images obtained in TEM observations for

bionanocomposites containing 3%, 5% and 10% of clay (additional
images for the same samples were previously reported by Coativy
et al., 2014). For each concentration, clay particles were well dis-
tributed throughout the starch matrix. The biggest remaining clay
aggregate size was  close to 100 nm,  while most of the tactoids were
well disagglomerated and had a thickness smaller than 10 nm. The
quality of the dispersion observed, with partially exfoliated struc-
tures, is similar to the only available results in literature concerning
extruded bionanocomposites with starch, unmodified MMT  and no
other plasticizer than water (Dean, Yu, & Wu,  2007). Effectively, this
simple system is actually quite different from the vast majority of
the recently reviewed literature on starch-clay bionanocomposites
(Vazquez, Cyras, Alvarez, & Moran, 2012) which generally deals
with the reinforcement by clay (sometimes organomodified), of
plasticized thermoplastic starch containing large amounts of glyc-
erol and most of the time consisting of composite films obtained
by casting from water.

Fig. 2 shows the corresponding X ray diffractograms: The diffrac-
tograms present two  peaks associated to clay structure. The first
peak is associated to the interlayer distance d001, while the second
peak is associated to atomic plane, within the clay layers. A detailed
analysis of both peaks, including the evaluation of anisotropy as
been provided in our earlier paper (Coativy et al., 2014). In particu-
lar, it was  shown that the clay platelets are slightly oriented in the
extrusion direction, whatever the clay content.

If we  focus here on the first peak, we  can see that position of its
maximum and its width does not change with clay loading, indi-
cating that both the interlayer distance and the average thickness
of clay tactoïds are constant. The interlayer distance in the bio-
nanocomposites is actually very close to the initial value observed
for the clay, before melt mixing with starch.

The analysis of the peak width using the Scherrer law (Eq. (2))

allows us to estimate an average thickness of the tactoids equal
to 6.8 nm corresponding on 4–5 layers per tactoids (Benetti et al.,
2005; Coativy et al., 2014; Jaboyedoff et al., 1999).
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Fig. 3. Differential scanning calorimetry thermograms obtained for extruded starch
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nd bionanocomposites (bold and thin lines correspond to the first and second heat-
ng ramps, respectively). The black arrows point out thermal events present in the
lass transition region.

The intensity of the peak varies with clay content. In Fig. 2, we
ave plotted the intensity of the first peak vs clay loading, showing

 linear increase with clay content, it suggests a constant exfoliation
egree.

.2. Calorimetric and thermomechanical behavior

The DSC thermograms and DMTA curves obtained on the
xtruded rods are presented in Figs. 3 and 4, respectively. The cor-

esponding data are summarized in Table 1.

Before considering the results, it is important to point out that all
nalyzed samples had almost the same water content (13.7 ± 0.2%),

ig. 4. DMTA curves obtained on extruded rods: storage modulus (a), loss modulus
b)  and loss angle tangent (c).
lymers 117 (2015) 746–752 749

which allows a detailed investigation of the influence of clay con-
tent on the relaxations of starch macromolecules. We  assume that
the presence of clay does not disturb the water distribution inside
the matrix.

The DSC curves, presented in Fig. 3, show one physical aging
endotherm between 40 and 50 ◦C, which disappears on the sec-
ond heating (Borde, Bizot, Vigier, & Buleon, 2002). In the higher
temperature region, during the first heating, glass transitions phe-
nomena can be observed (Fig. 3 and Table 1). The starch reference,
for the first and the second heating, shows only one typical glass
transition (Tg1 = 71 ◦C). As an opposition, during the first heating the
nanocomposites containing 1%, 3% and 5% MMT  show two  events
(highlighted by black arrows) in the glass transition. The first event
is centered on 67 ◦C and the second appears about 10 ◦C above, at
77 ◦C. The second event is very weak and is not observed on the
second temperature scan. Finally, the nanocomposite containing
10% MMT  shows only one well defined glass transition in the first
and the second scan at 80 ◦C, which is 9 ◦C higher than the Tg of the
starch reference.

Fig. 4a shows the evolution of the storage modulus E′ with tem-
perature, while Fig. 4b and c respectively show the corresponding
evolution of the loss modulus and of the tangent of the loss angle
tan ı·

Below 70 ◦C approximately, all samples display a storage mod-
ulus E′ in the GPa range, typical of the glassy state. Above 80 ◦C,
the � mechanical relaxation associated to the glass transition
of the starch matrix takes place, leading to a drop of the stor-
age modulus until 110 ◦C. At 110 ◦C, in the rubbery state, the
storage modulus ranges from 3 to 10 MPa, when clays content
increases from 0 to 10%. For temperatures above 130 ◦C, the stor-
age modulus starts to increase due to dehydration of the samples.
Dehydration is particularly important for the pure starch sam-
ple, suggesting a fast water loss above 130 ◦C. In the case of the
bionanocomposites, the increase of the storage modulus due to
dehydration seems to occur at higher temperature. The average
glassy and rubbery state values of E′, reported in Table 1, are higher
in presence of clay. The glassy modulus increases gradually with
the clay loading, from 1.9 for unreinforced starch to 3.1 GPa for
10% of MMT.  On the contrary, in the rubbery state, the storage
modulus strongly increases between 1% and 3% clay loadings by
100%. Compared to the unreinforced starch, the elastic modulus
is two  times higher for the bionanocomposite containing 10% of
MMT.

Besides, the loss modulus and tan(ı) curves, presented in Fig. 4b
and c, show a more complex evolution of the thermomechanical
behavior in presence of clay. While for the unreinforced starch
sample and the bionanocomposite containing 1% of clay, a sin-
gle peak (T˛1 ≈ 99 ◦C) is observed in the � relaxation temperature
range (70–130 ◦C), two  overlapped peaks are observed in the case
of the bionanocomposites containing 3% and 5% of clay, suggesting
a dynamic heterogeneity of the starch matrix, with two thermome-
chanical relaxations. This can be also observed on the loss modulus
curves (Fig. 4b), but it appears more clearly on the tan ı curves
(Fig. 4c).

According to the temperatures of the maximum of the tan ı
peaks (T˛) reported in Table 1, the first relaxation takes place at the
same temperature T˛1 ≈ 100 ◦C as the unreinforced starch, while
the second relaxation associated to the additional peak seems to
take place at a higher temperature which decreases with increasing
clay content (T˛2 = 115–124 ◦C). The relative intensities of the two
peaks show that the strength of this second relaxation increases
between 3% and 5% clay loading. Finally, for a clay loading of 10%, a

single relaxation peak is observed with a maximum at T˛1 ≈ 107 ◦C
and smaller width than for the other compositions. Similar increase
of T� was  obtained by Park and al. on starch-clay bionanocompos-
ites plasticized with 15% glycerol (Park et al., 2002).
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Table 1
Thermo-mechanical properties of the extruded rods (obtained by DSC and DMTA).

Sample 1st heating 2nd heating Water (%) E′
glassy (Gpa) T˛1 (◦C) T˛2 (◦C) E′

rubbery (Mpa)

T (◦C) 1st event T (◦C) 2nd event T (◦C)

Starch 71 ± 2 71 ± 2 13.8 ± 0.2 1.9 ± 0.3 100 ± 3 – 3 ± 1
1%MMT  71 71 13.7 2.3 99 – 2

13.8 ± 0.2 2.5 ± 0.2 98 ± 5 124 ± 5 7 ± 2
13.8 2.9 98 115 8
13.9 3.1 ± 0.1 107 ± 1 – 11 ± 2
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Table 2
Half height width of the deconvoluted NMR peaks for pure starch, and the difference
from this reference for 5% clay and 10% clay samples, both in absolute (Hz) and
relative values.

Peak ref. Pure starch Starch + 5% MMT Starch + 10% MMT

A 0 (286.7 Hz)  +14.4 Hz/+5.0% +43.1 Hz/+15.0%
E  0 (408.0 Hz) +12.2 Hz/+3.0% +34.6 Hz/+8.5%
3%MMT  67 ± 2 77 ± 2 73 ± 2 

5%MMT  67 77 71 

10%MMT  80 80 

If one compares the DSC and DMTA data, the � relaxation
bserved at T˛1 ≈ 99–100 ◦C for all other samples except for
0% clay loading, is clearly linked to the (first) glass transition
Tg1 = 71 ◦C) of unreinforced starch. For the sample containing 10%
lay, we assume that the  ̨ relaxation observed at T˛1 ≈ 107 ◦C can
e associated with the glass transition observed at 80 ◦C, since the
ap between Tg and T˛ values remains the same as in the other
amples. Only a 8 ◦C temperature shift takes place for both values.

As an opposition, for the samples containing 3% and 5% clay,
t seems that the second event of the glass transition observed in
SC (Tg2 = 77 ◦C, about 5 ◦C above Tg1) cannot easily be linked to the
hange observed with DMTA (about 20 ◦C).

.3. Molecular mobility by NMR

In order to have a more local insight at the starch chains struc-
ure and how they are affected by the addition of clays, 13C solid-
tate NMR  experiments were performed on the following samples:
0% clay loading, 5% clay loading and the unreinforced starch
eference sample. The spectra, not shown here but available as sup-
orting information, show that at the NMR  scale (chemical links
onformations: a few Å), no structural differences exist between
hese three samples: the local structure of starch chains is not
ffected by the clay loading. However, by deconvoluting the spec-
ra one can have access to parameters more relevant to our case.
he spectra are fitted using Gaussian–Lorentzian partial compo-
ents profiles, whose yield the lowest residuals. We  use the works
f Paris et al. on amorphous starch structure (Paris, Bizot, Emery,
uzare, Buleon, 1999; Paris, Bizot, Emery, Buzare, Buleon, 2001) as a
eference. Fig. 5 presents the unreinforced starch CP-MAS spectrum
top) with the corresponding spectral decomposition (bottom), and

abels each of the 9 peaks found. For each of these individual peaks,
hemical shift (ppm), area (i.e. the relative importance of a specific
eak), width (in ppm or Hz) and ratio of Gaussian over Lorentzian
omponent were obtained. Of these four parameters the half-height

ig. 5. 13C NMR  CP-MAS spectra of an extruded pure starch sample (top) with the
orresponding decomposition in nine individual Gaussian–Lorentzian components
bottom). Peaks A, E, H and I (highlighted in red) are chosen to monitor the widening
nduced by clay loading. (For interpretation of the references to color in this legend,
he reader is referred to the web  version of the article.)
H  0 (304.5 Hz) +13.9 Hz/+4.6% +48.3 Hz/+15.9%
I  0 (343.2 Hz)  +32.1 Hz/+9.4% +36.8 Hz/+10.7%

width is of particular relevance for us because it is directly propor-
tional to 1/T2, with T2 the spin–spin relaxation time.

The difference from the pure starch fitted half-height width for
4 peaks of each spectrum is reported in Table 2. These 4 peaks were
chosen because they stand out more than the others and are thus
more easily modeled and less subject to fitting errors. The width
is found to be increasing with increasing clay loading, indicating a
shorter T2. From this result we can infer that adding clays to starch
material hinders the chains movements, resulting in slower chain
dynamics.

4. Discussion

DSC, DMTA and NMR  results highlight a significant hetero-
geneity of macromolecular dynamics in the bionanocomposites.
Whereas for low clay (1%MMT) content, no impact of the presence
of clay was  observed, a slowdown of segmental relaxation for the
10% MMT  was evidenced by a 10 ◦C increase of Tg and T˛, and by an
extension of the width of the NMR  peaks. The intermediate concen-
trations, 3 and 5%MMT, present a more complex dynamic. Indeed,
the presence of two  overlapped  ̨ relaxation peaks and two ther-
mal  events in the glass transitions suggest the coexistence of two
populations of macromolecules. As mentioned in the introduction,
these phenomena have been observed in many polymer nanocom-
posites and can be inferred to the presence of an interphase and/or
to the confinement of macromolecules between clays.

In order to better identify the involved phenomena, we propose
to compare the size of the macromolecules (2∗Rgw) estimated by
chromatography and the inter-particle distance (d) as a function of
starch/clay ratio. Since no statistic TEM investigation was realized
to determine the average interparticle distance, a predictive model
based on dispersion state determined by X-ray diffraction will be
used.

According to literature results obtained for fully exfoliated
polyamide/clay nanocomposites characterized by detailed image
analysis of TEM micrographs (Luo & Koo, 2008), the mean interpar-
ticle distance can be reasonably predicted by the following model
(Luo & Koo, 2008), based on the stereological principle:

d = d0 × (w/�clay) + ((1 − w)/�matrix)
w/�clay

(4)
where d0 is the effective thickness of exfoliated clay platelets, equal
to the initial basal spacing of clay tactoids before melt mixing with
the polymer (it is assumed that d0 � d); w is the mass fraction of
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Fig. 7. Schematic view of the different types of interaction between starch and clay
and  related DMTA relaxations for unreinforced starch (green line), nanocomposites
ig. 6. Calculated theoretical inter-particle distance vs clay loading, depending on
he number of stacked clay layers in each tactoid.

lay; and �clay and �matrix are the densities of the clay and the
olymer matrix, respectively.

In our case, the results obtained with X-ray diffraction and TEM
howed that the bionanocomposites contain mainly tactoids with
n average thickness of 6.8 nm,  thus containing between 4 and 5
tacked layers, but also thinner particles, including fully exfoliated
latelets, and some remaining aggregates (according to TEM obser-
ation). Thus, a large distribution of particle thickness is observed.

Therefore, following the approach described by Luo and Koo
2008), we have applied the stereological principle in that slightly

ore complex case, taking also into account the presence of water.
he equation that we obtain allows evaluating the inter-particle
istance for particles of different average particle thicknesses:

 = n × d001 × (Wclay/�clay) + (Wstarch/�starch) + (Wwater/�water)
Wclay/�clay

(5)

here n is the number of layers in the particle, d001 = 1.6 nm is the
verage interlayer distance in native clay; wclay, wstarch and wwater

re the mass fractions of the three components in the bionanocom-
osite; and �clay = 2.6, �starch = 1.5 and �water = 1, their densities.
ote that just as Eq. (4) of Luo and Koo, the validity of Eq. (5) relies
n the fact that the calculated average interparticle distances are
arge compared to the thickness of the particles.

Fig. 6 shows the calculated theoretical mean inter-particle dis-
ance as a function of the clay loading (d.b.) using Eq. (5) for particles
ontaining between 1 (fully exfoliated platelets) and 5 stacked clay
ayers, respectively. The inter-particle distance range represented
s limited to 500 nm for the sake of clarity. As expected, for a given
lay loading the predicted inter-particle distance increases with the
umber of stacked clay layers per tactoid. While for a given num-
er of clay per tactoid, the inter-particle distance decreases when
he clay content increase. We  also observe that for a concentra-
ion smaller than 2% MMT,  even if the clay are fully exfoliated, the
alculated average inter particle distance remains higher than the
verage macromolecular size 2∗Rgw . On the contrary, for a concen-
ration higher than 8%MMT  the average macromolecular size 2∗Rgw

s smaller than the inter particle distance for each dispersion state,
onfinement can occur (Dionne Rahmi & Picu, 2005). For interme-

iate concentration, confinement is really sensitive to dispersion
tate, in the present case (4–5 layers per tactoid) the confinement
ffect is not predominant. The calculated distances are coherent
ith distance range observed by TEM.
containing 3–5% (green and red line) and 10% clay (blue line). (For interpretation of
the references to color in this legend, the reader is referred to the web version of
the  article.)

Taking into account these observations, we propose an interpre-
tation based on the existence of three macromolecular populations
with different mobility which are described in the following lines
and summarize in the form of a scheme in Fig. 7. The first popu-
lation (green), which has a bulk behavior with Tg1 and T˛1 values
close to those observed for unreinforced starch, is present in all
bionanocomposites, except that containing 10% clay. It would cor-
respond to the segmental relaxation of “bulk” macromolecules that
are not in contact with clay nanoparticles (d � 2∗Rgw).

The second population (blue), with Tg1 and T˛1 shifted about
10 ◦C toward higher temperatures compared to unreinforced
starch, is observed for the bionanocomposite containing 10% clay
by both DSC and DMTA and could be eventually present for a small
fraction in the 3%MMT  and 5%MMT  nanocomposites for the biggest
macromolecules and/or for exfoliated clays. It would correspond
to the macromolecules that are confined between clay nanoparti-
cles (d < 2∗Rgw) having a slowed down segmental relaxation, NMR
supports this assumption. Such a phenomenon has already been
observed in other nanocomposites for clay loadings lower than
10%MMT, while for higher the segmental mobility was fully sup-
pressed (Fotadiou et al., 2013; Vaia et al., 1997).

The third population (red) could be present for intermediate clay
loadings (3–5%), and would come from starch-clay attractive inter-
actions. In the present case, the second thermal event observed
during the glass transition by DSC, is consistent with the pres-
ence of an interphase coming from a strong affinity between starch
and montmorillonites which are both hydrophilic (Rittigstein &
Torkelson, 2006; Rittigstein et al., 2007). Besides, particles can
act as “crosslinkers” by adsorbing monomers into their surface
leading to the suppression of the terminal flow relaxation (diffu-
sion/reptation) or the increase of the associated time-temperature
(Kalfus & Jancar, 2007; Robertson & Rackaitis, 2011). The presence
of the second peak observed on DMTA curves could come from this
retardation. In future studies, it would be interesting to try to model
the influence of such an immobilized phase on the reinforcement
of starch using existing approaches such as the one described by
Chazeau, Cavaillé, Canova, Dendeviel, and Boutherin (1999) in the

case of cellulose nanowhiskers reinforced PVC.

Finally, the absence of the second peak and the thinness of the
observed alpha relaxation peak for the 10%MMT sample suggest
the suppression of the terminal relaxation in the observed time
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emperature window for the most highly confined macromolecules
nd could be eventually present at higher temperature.

. Conclusion

In the present work, the dynamic of starch macromolecules
n bionanocomposites containing natural montmorillonite (MMT)

as studied by DSC, NMR, DMTA. It pointed out a dynamic het-
rogeneity in presence of clays. The evaluated macromolecular
ize and the modeled interparticle distance suggest a confinement
ffect responsible for the segmental dynamic and flow relaxation
etardation for high clay loadings (10%MMT). While for interme-
iate clay loading (3–5% MMT), a starch interphase seems to be
bserved, having a slowed down dynamic on finite spatial dimen-
ion and coexisting with a bulk polymer.

These results suggest that, since the ratio between macro-
olecular size and interparticle distance (2 ∗ Rgw/d)  seems to be

eterminant for the confinement, the widespread goal to con-
rol the dispersion state of the nanoparticle into the reinforced
anocomposites should go with a preservation of the macro-
olecules size: soft process should be preferred to incorporate

lays into the matrix.
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