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Abstract

An organically modified clay (o-clay) and a pristine clay (p-clay) were used to prepare biodegradable thermoplastic starch (TPS)/clay nano-
composites by melt processing. The gelatinization behaviour of starch with glycerol/H,O was investigated and the gelatinized temperature (Tge)
was determined using a polarized optical microscopy (POM) equipped with a hot stage. The morphologies of gelatinized starch and extruded
starch were revealed by scanning electron microscopy (SEM). Thermal stabilities of starch/clay nanocomposites were evaluated under N,
atmosphere using thermogravimetric analysis (TGA). Transparent films of starch/clay hybrids were fabricated by hot pressing. Intercalation
of starch into clay galleries and crystalline structure of starch were investigated using X-ray diffraction (XRD). It was found that the increase
in d-spacing of organically modified clay was due to starch molecular intercalation while the increase in d-spacing of pristine clay was mostly
caused by glycerol intercalation because of the narrow valid d-spacing of pristine clay and special ring-like monomer of starch. The mechanism

of starch intercalation in clay galleries was discussed.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

In recent years, the environmental pollution from consumed
polymers has become serious, particularly from packaging
materials and one-off plastic bags and cups. Application of
biodegradable polymers instead of non-biodegradable poly-
mers is one promising way to solve the environment pollution
problems caused by polymer wastes. Growing environmental
concerns have created an urgent need to develop biodegrad-
able materials that have comparable properties with today’s
polymeric materials at an equivalent cost. Research has been
underway on producing biodegradable polymeric materials
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such as polycaprolactone (PCL) and poly(lactic acid) (PLA)
[1—4]. However, the significant drawback, high cost, has
greatly limited their wide applications. Thus, it is unlikely
that they will replace the conventional non-biodegradable
polymers in applications in which large quantities of materials
are deployed.

Natural biopolymers have advantage over synthetic biode-
gradable polymers in that they are biodegradable and renew-
able raw materials. Starch, one of the natural biodegradable
polymers, is suitable for the production of biopolymers and
has been considered as one of the most promising candidates
primarily because of its attractive combination of availability
and price. Nearly 50% of the starch has been used for non-
food applications and about 30% of the starch production is
industrially precipitated from aqueous solutions because of
its good film-forming properties [5]. However, starch-based
materials have some drawbacks including poor mechanical
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properties, high moisture sensitivity, and release of small
molecular plasticizer from starch matrix.

There is currently a great interest in polymer—clay nano-
composites inspired by the pioneering work by researchers
at Toyota which has demonstrated an improvement in both
physical and mechanical properties [6,7]. Clay consists of
nano layers with thickness around 1 nm and platelet aspect ra-
tio of about 1000. Incorporation of clay may increase the me-
chanical properties of starch, improve the moisture resistance,
and reduce the release of plasticizer from starch. Research on
biodegradable starch/clay nanocomposites has been a focus in
recent years. Ha et al. firstly prepared starch/clay nanocompo-
sites by melt compounding [8,9], and it was found that clays
could effectively reinforce starch-based materials and improve
the thermal and barrier properties [§—15]. However, very lim-
ited reports are available on the morphology and crystalline
structure of biodegradable starch/clay nanocomposites. In
this study, biodegradable starch/clay nanocomposites were
prepared by melt compounding. The thermal stability and
crystalline morphology of starch/clay nanocomposites were
investigated using TGA, SEM and XRD, and starch intercala-
tion in clay galleries was discussed.

2. Experimental section
2.1. Materials

Native corn starch (HYLON VII) was obtained from
National Starch and Chemical Company with approximately
70% amylose. Pristine clay (p-clay) and Cloisite 93A an
organically modified clay (o-clay) were provided by Southern
Clay Co. Glycerol (99.9%) was from Aldrich.

2.2. Gelatinization of starch

A LEITZ DMRXE polarized optical microscopy (POM)
equipped with a hot stage was employed to investigate the
morphology of starch granules and determine the gelatiniza-
tion temperature (Tg) of starch. Firstly, 5 g starch was mixed
with 5 g water and 3 g glycerol, and then a drop of starch sus-
pension was put on a glass slide and heated in the hot stage
with a heating rate of 2 °C/min. The morphology of starch
granules was recorded with a digital video camera. The tem-
perature where the birefringence of the starch granules began
to disappear was determined as the T of starch.

2.3. Preparation of starch/clay nanocomposites

H,O (500 g) and 300 g glycerol were blended for 5 min,
and then 25 g clays were added into the glycerol solution
and stirred seriously for 30 min at 80 °C. After the clay sus-
pension cooled down to room temperature, 475 g native starch
was added and blended for 30 min, and then gelatinized at
110 °C over night to form thermoplastic starch (TPS). The
blend of TPS and clay was dried in an oven, cut into small
blocks and melt extruded in a co-rotating Werner and Pfleider

ZSK-30 twin screw extruder at 160 °C and a screw rotation
rate of 200 rpm. Finally, the starch extrudes with about
3 wt% clay were sandwiched in PTFE films and hot pressed
at 180 °C for 5 min to form films. The obtained films with
the thickness of 0.5 mm were placed at room temperature
for at least 48 h prior to all tests.

24. SEM

Starch morphology was observed using a Philips 505 scan-
ning electron microscope with the accelerating voltage of
20kV. All specimens were coated with gold before SEM
observation. Starch specimens were broken in liquid N, and
coated with gold prior to SEM observation.

2.5. XRD

A Siemens D5000 X-ray Diffractometer with Cu Ka radi-
ation (A=0.15406 nm) at a generator voltage of 40 kV and
a current of 30 mA was used. Gelatinized starch blends cut
into small blocks were used for XRD, while hot pressed films
of starch extrudes including TPS, TPS/p-clay and TPS/o-clay
composites were used for XRD. Clay and starch powders were
used directly for XRD. All experiments were carried out at
ambient temperature with a scanning speed of 0.02°/s and
step size of 0.02°.

2.6. TGA

TGA tests were performed from 20—450 °C at a heating
rate of 20 °C/min under N, flow using a 2950 Thermogravi-
metric analyzer (TA instruments). All the specimens were
dried at 40 °C for 12 h prior to TGA tests.

3. Results and discussion
3.1. Starch gelatinization and morphology

The starch used in this study is composed of two types of
a-glucan, 70% amylose and 30% amylopectin. Fig. 1 shows
the SEM and POM micrographies of starch granules. As
seen, most of starch granules are spherulitic with size of about
10 pm, but a few rodlike granules are also observed. When
viewed under polarizing microscope, numerous circular, bire-
fringent entities exhibiting a Maltese cross are observed as
shown in Fig. 1(b) which is the characteristic of crystalline
structure of starch. The size of starch spherulites determined
by POM agrees well with the SEM micrography, and the
spherulites obtained are for positive birefringent implying
that the main axes of the polymer chain are oriented in a radial
direction. Starch granules are synthesized in a broad array of
plant tissues, and generally exhibit positive birefringence since
the refractive index is the largest along the chain axis. Varia-
tions in granule size, shape and composition depend on the
botanical origin of starch [16].

It is well-known that native starch without modification
cannot be melt processed directly. Starch undergoes a number
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Fig. 1. Morphology of native starch: SEM (a) and POM (b).

of irreversible changes commonly referred to as gelatinization
when heated in presence of a plasticizer. Starch gelatinization
is primarily necessary to render starch thermoplasticity prior
to melt compounding and avoid thermal decomposition during
processing because its melting temperature is higher than the
thermal decomposition temperature. Fig. 2 presents the gelati-
nization process of starch with glycerol under POM at a heat-
ing rate of 2 °C/min. Starch granules show birefringence cross
clearly at 20 °C as denoted by arrows [Fig. 2(a)], and the bi-
refringence begins to blur at 100 °C with increase in tempera-
ture [Fig. 2(b)]. Finally the birefringence of starch granules
disappears completely at 110 °C [Fig. 2(c)] but it should be
noticed that the shape of starch granules is kept after gelatini-
zation. Thus, the gelatinization temperature (Ty;) is deter-
mined to be 100 °C which is much higher than that of some
other starches which are around 70—80 °C [17]. The reason
is that the starch used in this study contains more than twice
as much amylose as regular corn starch which results in
more rigid gels through hydrogen bonds [18].

Fig. 3 gives the SEM micrographs of gelatinized and ex-
truded TPS, TPS/p-clay and TPS/o-clay nanocomposites.
Starch granules are swelled with plasticizer, and the boundary
among them nearly disappears after gelatinization. Both TPS/
p-clay and TPS/o-clay nanocomposites show continuous

Fig. 2. POM micrographs of starch during gelatinization with glycerol at 20 °C
(a), 100 °C (b), 110 °C (c).

matrix texture similar to the TPS after melt extrusion which
is favourable to fabricate starch films/sheets for coating and
packing applications. The obtained starch/clay films with
thickness of about 0.5 mm are shown in Fig. 4. As seen, all
the films are homogeneous and transparent as indicated by
the fact that the words under the film can be seen clearly indi-
cating the starch films possess low degree of crystallinity and
the clays, including both pristine clay and organically
modified clay, disperse homogeneously in starch matrix.
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Fig. 3. SEM micrographs of gelatinized TPS (a), extruded TPS (b), TPS/p-clay (c), TPS/p-clay (d), TPS/o-clay (e) and TPS/o-clay (f).

However, there are still some differences among them. With
the incorporation of pristine clay, the colour of starch film be-
comes much deeper, from light yellow of TPS to brown of
TPS/p-clay, whereas the TPS/o-clay film shows light yellow
colour ascribing to the better dispersion of o-clay in starch.
Obviously, the homogeneous and transparent characters of
the starch films are advantages for application as packing
materials.

3.2. Thermal stability
TGA was performed to examine the thermal stability of

extruded TPS, TPS/p-clay and TPS/o-clay nanocomposites,
and their TGA and DTG (derivative thermogravimetry) curves

are shown in Fig. 5. The initial decomposition temperatures
(Tq in) and the maximum decomposition temperatures
(T4 max) are, respectively, determined from the temperature at
which 5% decomposition occurs, and the peak of DTG curve.
The results of Ty ;p; and Ty ax are summarized in Table 1.
As can be seen, both the pristine clay and the organically
modified clay improve the initial decomposition temperatures
of TPS. The TPS/p-clay nanocomposite exhibits a maximum
decomposition temperature at 349 °C which is higher than
that of TPS (344 °C), however, the T4 ,.x of TPS/0-clay nano-
composite decreases to 335 °C which might be ascribed to the
decomposition of the organic alkyl ammonium used to modify
clay as most alkyl ammonium modifiers starts to decompose
above 200 °C [19].
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Fig. 4. Hot pressed starch films: TPS (a), TPS/pristine clay (b), and TPS/organ-
ically modified clay nanocomposites (c).

3.3. Crystalline structure

Native starches generally exhibit two main crystalline types,
namely, the A-type for cereal starches and the B-type for tuber
and amylose-rich starches [16]. The characteristic difference
between their XRDs is that B-type has a strong diffraction at
260 =5.5° [20,21]. The XRDs of native starch, TPS, TPS/
p-clay, and TPS/o-clay nanocomposites are shown in Figs. 6—8,
respectively. Multi-peak fitting was performed to get the
integrated area of crystalline peaks and amorphous peak, and
the degree of crystallinity [X. (%)] was determined by
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Fig. 5. TGA and DTA curves of TPS, TPS/p-clay and TPS/o-clay
nanocomposites.

where A, is integrated area of crystalline peaks and A, is inte-
grated area of amorphous peak. The native starch shows a de-
gree of crystallinity of 26% and it decreases to nearly half after
gelatinization indicating the destroying of crystalline starch
granules during gelatinization. The native starch shows the
typical B-type structure with the space group P6; in a hexa-
gonal unit cell (a=b=1.85nm, c=1.04nm) [21]. After
extruding with glycerol, a significant change in XRD patterns
is observed as demonstrated in Fig. 6 and starches transform
into Va-type structure (@ =1.30, b=2.25 and ¢=0.79 nm,
space group P2,2,2,, [21]) from B-type with much sharper

X (%) = Ac % 100% (1) diffractiop Ipeaks indi.cating lgrger crystallite siz.e ermed in
A+ A, TPS ascribing to the introduction of glycerol which increases
Table 1
TGA and XRD parameters of starches
Material Tuini CC) Timax CC) 26 (°) hkl d-Spacing (A) Intensity” Crystalline type X. (%)
Native starch - - 5.7 100 15.5 m B-type 26
15.0 120 5.9 m
17.1 030 52 Vs
20.0 130 4.4 S
22.4 131 4.0 m
23.9 302 3.7 m
26.2 231 34 w
TPS 205 344 13.6 111 6.5 S Va-type 13
16.1 220 5.5 m
19.1 221 4.6 m
20.9 310 4.2 Vs
26.3 132 34 w
29.5 232 3.0 Vs
TPS/p-clay 221 349 13.6 111 6.5 s Va-type 10
19.8 221 4.5 m
20.9 310 4.2 Vs
25.1 122 3.5 m
29.5 232 3.0 Vs
TPS/o-clay 226 335 13.6 111 6.5 Vs Va-type 11
16.5 220 54 m
19.4 221 4.6 m
20.9 310 4.2 Vs
294 232 3.0 Vs

a

s = Strong; m = medium; w = weak; v = very.
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Fig. 6. XRDs of native starch and extruded thermoplastic starch (TPS).
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Fig. 7. XRDs of pristine clay (p-clay), extruded TPS and TPS/p-clay
nanocomposites.

the free volume in starch. The diffraction parameters of native
starch and TPS are summarized in Table 1.

Fig. 7 gives the XRDs of pristine clay, TPS and TPS/p-clay
composites. Pristine clay shows a sharp (001) peak at
260 =17.2° corresponding to the spacing of 1.2 nm between in-
dividual clay layers, called d-spacing. The (001) peak becomes
sharper and stronger after melt extrusion, the reason is that the
clays in composites undergo an orientation process during hot
pressing for specimen preparation which results in the sharper
peak (001) than the gelatinized starch without hot pressing.
The (001) peak shifts to 5.1° (d-spacing = 1.7 nm) after gela-
tinization with glycerol, however, it only shows a small change
to 5.0° (d-spacing = 1.8 nm) after extrusion with starch indi-
cating a small increase in clay spacing. Generally, the d-spac-
ing of clay will be enlarged after melt compounding with
a polymer, but it is worthy to note that the difference in
(001) diffraction positions between p-clay and starch/p-clay
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Fig. 8. XRDs of organically modified clay (o-clay), extruded TPS and TPS/o-
clay nanocomposites.

is not significant. As we know, starch is a linear molecule con-
sisting of ring-like monomer with size of about 0.55 nm, and
generally starch has much higher molecular weight than com-
mon polymers [16]. It was reported that the molecular weight
of corn starch with high content of amylose is about
2.4 x 107 g/mol resulting in a large gyration radius (163 nm)
[22]. On the other hand, large numbers of inter- and intra-
hydrogen bonds formed among and within starch molecules
reduce the molecular mobility which furthermore hinders the
starch intercalation. As shown in Fig. 7, glycerol expands
the d-spacing of pristine clay to 1.7 nm after gelatinization
and the valid spacing between nano clay layers is only
0.7 nm considering the thickness of a single nano clay layer
is about 1 nm, thus it could be concluded that the increase
in d-spacing of pristine clay after melt extrusion with starch
is mostly due to the intercalation of glycerol but not starch
molecules as indicated by the quite small shift to low angle
of (001) peak of p-clay since the d-spacing is relatively narrow
for sufficient starch intercalation due to its large molecular
size.

The XRDs of starch/o-clay nanocomposites are shown in
Fig. 8 and the crystalline parameters of TPS/o-clay are also
summarized in Table 1. As seen, TPS/o-clay nanocomposites
exhibit a Va-type crystalline structure similar to the TPS but
the intensity of diffraction peaks of TPS decreased after com-
pounded with o-clay due to the hindrance effect of nano clay
layers. The organically modified clay shows a sharp (001) dif-
fraction at 20 = 3.4° corresponding to a d-spacing of 2.6 nm.
After gelatinized with glycerol and starch, the peak shows
a small shift to 260 =3.3° indicating that glycerol further
expands the d-spacing of o-clay, however, starch molecules
intercalated into clay galleries after melt compounding and
expanded the spacing of clay as indicated by the (001) peak
of the o-clay appearing at 20 =2.6° (d-spacing = 3.4 nm)
which is not only because of the higher d-spacing of organi-
cally modified clay but also due to the improved interface
compatibility between starch and o-clay since the intercalation
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Fig. 9. Schematic depicting the intercalation process between starch and organically modified clay.

of glycerol into clay might change the hydrophobicity of clay
surface to some extent.

The main force components operating on a pair of adjacent
clay layers are illustrated in Fig. 9. The sum of van der Waals
force and electrostatic attractive force against clay exfoliation,
while the shearing force and elastic force arising due to starch
molecular intercalation favor clay exfoliation. Clay exfoliation
in polymer matrix by melt compounding mainly depends on
two processes, namely, polymer chain intercalation into clay
galleries, and nano clay layers exfoliation under shearing
force. Both molecular weight and polar interactions between
the clay and the polymer could influence polymer intercalation
[23]. The organically modified clay provides much greater
d-spacing than the size of starch monomer facilitating starch
molecular intercalation. Both the larger d-spacing and modifi-
cation by glycerol contribute to starch intercalation/exfolia-
tion, however, the low compatibility between hydrophobic
organically modified clay and hydrophilic starch reduce the
diffusing of starch molecules into clay galleries and lower
the effect of shearing force. Hydrophobic organically modified
clay is favourable to compound with most of synthesized poly-
mers, but it is immiscible with hydrophilic biomacromolecules
such as starch. Therefore, it could be concluded that using hy-
drophilic modified clays could be a promising way to further
improve clay exfoliation.

4. Conclusion

Biodegradable TPS/clay nanocomposites were prepared by
melt processing using a pristine clay and an organically modi-
fied clay. The initial and maximum decomposition tempera-
tures of TPS were enhanced with incorporation of pristine
clay, but the organically modified clay only improved the
initial decomposition temperature of TPS. Homogenous and

transparent TPS/clay films were fabricated which are impor-
tant for application as packing materials. B-type crystalline
structure of native starch was observed and it transformed
into Va-type structure after melt extrusion. The intercalation
of starch into clay galleries was discussed from a viewpoint
of molecular structure. The compatibility between starch and
clay plays an important role for starch intercalation, but a large
d-spacing is primarily necessary for starch intercalation con-
sidering the high molecular weight of starch and ring-like
starch molecular monomer.
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