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ABSTRACT: Hybrids of poly(L-lactide)/organoclay (PLACHs)
have been prepared via a melt-compounding process using
poly(L-lactide) (PLLA) and three types of surface-treated
montmorillonite modified with ammonium salts (M1, trim-
ethyl octadecyl-; M2, dimethyl dioctadecyl-, and M3, bis(4-
hydroxy butyl) methyl octadecyl-ammonium). The dis-
persed state of the clay particles in the PLLA matrix was
examined by use of wide-angle X-ray diffraction, transmis-
sion electron microscopy, and polarizing optical micros-
copy. On melt-compounding PLLA and two organoclays
(M1, M2) modified with the surfactants both carrying ho-
mogenous alkyl chains, we obtained intercalated hybrids

with relatively uniform dispersion of nanometer-sized clay
particles. On the other hand, the organoclay (M3) modified
with a surfactant carrying alkyl chains end-capped with
hydroxyl groups yielded the composite with flocculated
particles. The flocculation of the particles originates from the
hydrogen bonding among the hydroxyl groups of the com-
ponent surfactant, those of the clay edge and those of both
ends of PLLA chains. © 2004 Wiley Periodicals, Inc. J Appl Polym
Sci 93: 2711–2720, 2004
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INTRODUCTION

In recent years, polymer/clay composites (polymer/
clay hybrids, abbreviated to PCHs) have attracted
much attention as a new class of polymer-based com-
posites, offering high potentials for ever-expanding
versatile application.1–4 The term PCH represents a
composite composed of a matrix polymer coupled
with a small percentage of clay minerals of nanometer
thickness and several micrometers in size. Compared
with conventional composites that contain fillers of
millimeter or micrometer size, the loading of exfoli-
ated layered clay imparts excellent properties to the
matrix, such as high dimensional stability, gas barrier
performance, high heat deflection temperature, and
flame retardancy in addition to reinforced mechanical
properties.5–8

So far, many different combinations of clays and
matrix polymers for developing PCHs have been re-
ported.5–17 The first successful example was nylon-6/
clay hybrid (NCH) developed by Usuki et al.5–7 at
Toyota Central Research and Development Laborato-
ries. The matrix polymer was later extended to include
some thermosetting resins, such as epoxy9 and poly-
urethanes,10 and also general purpose thermoplastics,

such as polypropylene.14,15 Usually, the clay of lay-
ered silicate, such as montmorillonites or smectites, is
utilized in compounding and is converted in advance
to so-called organoclay by replacing inorganic cations
with quarternized ammonium salt to enhance their
affinity toward the matrix polymer.5–17

The well-known technologies for PCH production
are broadly classified as intercalative polymerization and
as direct blending or melt compounding of clay into a
polymer matrix.1,3 The former consists of first dispers-
ing organoclay particles in a monomer liquid from
which some monomer molecules may be absorbed
(intercalated) into the clay galleries and of subsequent
polymerization of the monomer under suitable condi-
tions.5 The latter is compounding of an organoclay
into a polymer matrix from either solution18–20 or
melt.21 Vaia et al.22 have reported the kinetics of poly-
mer melt intercalation for polystyrene/clay hybrid
system.

To improve the performance and properties of
PCHs, a uniformly exfoliated clay structure obtained
in the matrix is necessary. However, this process so far
has encountered difficulties because of the quite weak
clay–polymer interaction against the hindrance of
electrostatic clay–clay attraction. To achieve a good
dispersion and/or delamination of clay, there are at
least two controlling factors: One is due to the chem-
ical nature, such as high clay–polymer interaction,7

and the other, the processing condition, such as high-
shear melt-mixing.23 The improvement of the interac-
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tion between naturally hydrophilic clay and usually
more or less hydrophobic polymer can be quite effec-
tively achieved by hydrophobic modification of the
clay with a suitable alkyl-ammonium surfactant
and/or direct hydrophilic modification of the polymer
by introducing more highly polar groups. Although
such PCHs certainly have high potential for versatile
future applications, there are serious drawbacks due
to their environmental incompatibility arising from
their matrix polymers. The blending or hybridization
with clay minerals makes them more difficult to han-
dle, yielding undegradable PCH waste.

A possible remedy to avoid such hazards is to re-
place the environmentally incompatible polymer ma-
trix with a biodegradable one. In this context, a prom-
ising candidate is poly(L-lactide) (PLLA), which is
obtained from renewable resources such as corn
syrup, whey, dextrose, and cane and beet sugar. The
PLLA is both a biodegradable and a biocompatible
crystalline polymer with resultant environmental ad-
vantages over other synthetic polymers such as
polypropylene and acts as a so-called green polymeric
material to keep civilian life from the undegradable
waste problem. Nowadays, PLLA are utilized for sur-
gical implant materials, drug delivery systems, and
film application.24–26 The PLLA polymer offers high
mechanical properties, thermal plasticity, and fabric
ability as well as biocompatibility,24,26 but it is still
inferior in thermal stability. In fact, Pluta et al.27 have
reported the remarkably improved thermal stability in
PLLA/clay hybrid systems compared with neat PLLA
due to the uniform dispersion of clay particles in
nanometer scale.

Accordingly, we attempted to explore the possibil-
ity of innovating environmentally friendly PLLA/clay
hybrids (PLACHs) with excellent properties. There are
already four reports available on the preparation and
mechanical properties of PLLA/clay hybrids: Two
were obtained by Ogata et al.18 and Chang et al.20

through solvent-casting and the other two were ob-
tained by Pluta et al.27 and Ray et al.28 through melt-
compounding. Although the structural models they
proposed were somewhat different from each other,
their PLACHs exhibited fairly good improvement in
their mechanical properties.

To understand the details we thus examined the
dispersion behavior of clay particles in PLLA/or-
gano-modified montmorillonite hybrids. A problem
was how to design and control the dispersion state
of layered silicates in PLLA matrix. Poly(L-lactide)
is known to exhibit crystalline polymorphism be-
tween an orthorhombic �-form29 and a pseudo-orthor-
hombic �-form.30 Another orthorhombic �-form is also
suggested in a recent report.31 Such crystallization
behavior of PLLA should influence the delamina-
tion of organoclay through clay–polymer interaction
and vice versa. At first, we describe a simple melt-
compounding of PLLA with Na�-montmorillonite
and its derivative modified with three different
types of alkyl surfactants. The three alkyl surfac-
tants employed are (1) trimethyl octadecyl-, (2) di-
methyl dioctadecyl-, and (3) bis(4-hydroxy butyl)
methyl octadecyl-ammonium salts. These surfac-
tants, respectively, carry one long alkyl chain, two
long alkyl chains, and one long alkyl chain having
two alkyl chains with hydroxyl end-groups. Among

TABLE I
Characteristic Parameters for Natural Clay and Modified Clays

Sample Clay Ammonium salt
Organic

content (w/o)
CECa

a

(mEq/100 g)

M0 Natural clay — — —
M1 Modified clay Trimethyl octadecyl 25.6 81.90
M2 Modified clay Dimethyl dioctadecyl 41.4 75.22
M3 Modified clay Bis(4-hydroxy butyl) methyl octadecyl 37.1 86.59

a Apparent cation exchange degree calculated from TG/DTA results.

TABLE II
Characteristic Parameters of PLLA and Various PLLA/Clay Composites

Sample Component
Inorganic

content (%)
Mw

(� 10�3 g � mol�1) Mw/Mn Tg
a (°C) Tm (°C) �Ca,b(%)

PLLA PLLA — 159 1.86 59.9 168.6 22.5
S0 PLLA � M0 3.5 155 1.81 59.4 168.5 22.0
S1 PLLA � M1 3.6 164 2.04 60.1 169.1 24.0
S2 PLLA � M2 3.5 154 1.84 59.2 168.7 24.4
S3 PLLA � M3 3.5 160 1.86 61.0 169.0 21.0

a Results obtained by DSC measurement.
b �C, degree of crystallinity.
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these three surfactants, we expected to find one
leading to better clay delamination and finer disper-
sion of clay particles. Hopefully they might be ef-
fective due to the higher density of long alkyl chains
in (2) or the higher polarity of alkyl chains in (3)
compared to (1).

In this study, the dispersed clay structure is charac-
terized by use of wide-angle X-ray diffraction
(WAXD), transmission electron microscopy (TEM),
and polarizing optical microscopy (POM). The prelim-
inary information on PLLA crystallite morphology of
PLACHs obtained by WAXD is also reported.

EXPERIMENTAL

Materials

The polymer used in this study was a high l-content
(� 99%) commercial grade PLLA (Unitika Co. Ltd.),
which was dried under vacuum at 100°C for 2 days
and kept at room temperature in a silica gel-dried
diskette for later use. Molecular characterization was
carried out on a gel permeation chromatograph (GPC:
JASCO 860-CO GPC/HPLC) using tetrahydrofuran
(THF) carrier at 40°C with a flow rate of 1 mL/min
and polystyrene (PS) elution standard. The results
were (PS-reduced) weight-average molecular weight
(Mw) � 20 � 104, number-average molecular weight
(Mn) � 10 � 104, and the polydispersity index (Mw/
Mn) was 1.94.

The clay samples were a purified Na�-montmoril-
lonite with the layer diameter size in the range 0.2
� 2.0 �m (trade name Kunipia-F) coded as M0, and its
modified derivatives, all of which were supplied by
Kunimine Co. The cation-exchange capacity (CEC) of
M0 was 108.6 mEq/100 g. M0 was modified via a
cation-exchange reaction with trimethyl octadecyl- or
dimethyl dioctadecyl- or bis(4-hydroxy butyl) methyl
octadecyl-ammonium salts, and coded, respectively,
as M1, M2, and M3. According to the supplier, the
organoclays were prepared using the following pro-
cedure: 15.2 g of M0 was suspended in 1,000 mL of
warm water (about 70°C). A warm aqueous solution
(about 80°C) of 16.6 mmol ammonium chloride salt
was added gradually. After stirring for 1 h at ambient
temperature, the exchanged clay was filtered and
washed several times with water and then dried at
60°C to yield the organoclays. The organic content in
the organoclays and the apparent cation exchange
degree (CECa) of clay determined by thermogravimet-
ric analysis (TGA: Seiko 5200 TG/DTA) are summa-
rized in Table I. All these clay samples were dried
under vacuum at 100°C for 2 days and subjected to the
characterization and melt-compounding with neat
PLLA.

Hybrid preparation

The hybrids were prepared with an intensive mixer
(counter-rotating mixer, Labo Plastomill, Model
30C150, Toyoseiki, Japan) by mechanical kneading at
190°C for 20 min with the rotor speed of 30 rpm. The
torque was monitored during the mixing process to
ensure thorough mixing of the compound. For com-
parison, native Na�-montmorillonite was also mixed
with neat PLLA in the same way to obtain a controlled
sample. The corresponding composites were coded as
S0 (PLLA � M0), S1 (PLLA � M1), S2 (PLLA � M2),
and S3 (PLLA � M3). The inorganic content of each
composite was analyzed by TGA under an N2 purge
and calculated from the residue left at 550°C. For each
case, the TGA experiments were repeated at least
twice. After melt-compounding, the collected molten
materials were compression-molded into a 1-mm-
thick sheet between polyimide films (Kapton® HN,
Toray-Du Pont Co.) with a laboratory hot press at
190°C applying � 1 MPa pressure for 3 min. The
molded specimens were quenched between two steel
plates and then annealed in an air-bath at 115°C for 1 h
to allow the specimens to be fully crystallized before
subjecting them to all the measurements.

Figure 1 WAXD traces for (a) M0, (b) S0, and (c) PLLA. The
dashed lines indicate the location of silicate (001) reflection
of M0. The asterisks indicate a small peak for S0.
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Characterization methods

Thermal analysis

The glass transition temperature (Tg), the melting tem-
perature (Tm), and the degree of crystallinity (�c) of
neat PLLA and the composite samples were deter-
mined using a DSC (Perkin–Elmer DSC Pyris 1). The
instrument was calibrated with indium before the
measurements. In each DSC run, a � 5-mg sample was
heated under N2 atmosphere from 25 up to 220°C at a
heating rate of 10°C/min. For the estimation of �c
from the heat of melting of each sample, we employed
the value of 135 J/g for the melting enthalpy of 100%
crystalline PLLA.29 The results are summarized in
Table II.

Gel permeation chromatography

Molecular characteristics of PLLA in as-prepared com-
posites were characterized by using GPC in terms of
Mw, Mn, and Mw/Mn. For the GPC test, each compos-
ite was dissolved in THF to make approximately 0.5%
solution, followed by filtering through a 200-nm-pore-
size filter to remove completely the clay from the
solution. The results are also listed in Table II. The
GPC results show that Mw of PLLA in the composites
is smaller by approximately 20% than as-received neat
PLLA. The melt-compounding with intensive mixing
appears to have induced degradation of PLLA, espe-
cially more severely for S1, S2, and S3 than for S0 and
neat PLLA. The decreased molecular weight of PLLA
after melt-compounding may be explained due either
to the shear mixing of PLLA and clay or to the pres-
ence of ammonium salts, which can promote hydro-
lysis of PLLA chains at the elevated temperature.

Wide-angle X-ray diffraction (WAXD)

The structural characteristics of the clay particles dis-
persed in the composite samples were characterized
with a RAD-rA diffractometer (RIGAKU Co.). In a �–
2� mode, a Ni-filtered CuK� radiation (wavelength, �
� 0.154 nm) was generated at 40 kV and 100 mA. The
samples were scanned by using a step-scanning
method with the step-width of 0.05° and 4-s intervals
for the diffraction angle 2� in the range 2–35°. The
diffracted X-ray beam was monochromatized by a
pyrographite monochromatic system and monitored
by a scintillation counter.

Transmission electron microscopy (TEM) and
polarizing optical microscopy (POM)

To clarify the dispersion and the size of clay particles
(or aggregates) in PLLA matrix, we used a TEM (Phil-
ips, CM-300) operated at an accelerating voltage of 200
kV. In the TEM observation, thin layers of around

70-nm thick were cut from the samples at room tem-
perature using a Reichert ultramicrotome equipped
with a diamond knife. No shadowing was conducted
for these samples. A POM (Olympus, BH-2) equipped
with a Linkam hot-stage (THM-600) was also used to
observe the clay dispersion in the molten matrix. In
this experiment, the samples were 30-�m thick, and
their matrix PLLA was completely melted at 200°C for
10 min on the hot-stage before the observation.

RESULTS AND DISCUSSION

X-ray diffraction of clay

Figures 1, 2, 3, and 4, respectively, show the XRD
traces in the range of 2� � 2–10° for the natural clay
contained in S0 and for three modified clays in S1, S2,
and S3. The trace of neat PLLA is also displayed in
each figure for contrasting the diffraction profiles of
dispersed clay particles in the composites. From these
WAXD profiles we calculated the d001 spacings and
the results are summarized in Table III.

In Figure 1, we find that the mean interlayer spacing
of the (001) plane (d001) for the natural clay (M0) is 0.97
nm (2� � 9.15°), which can be compared with the

Figure 2 WAXD traces for (a) M1, (b) S1, and (c) PLLA. The
dashed lines indicate the location of silicate (001) reflection
of M1.
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reference value.32 On melt-compounding with neat
PLLA to form S0, the peak still remains almost at the
same position (d001 � 0.99 nm). The shape of the
diffraction peak also appears to be unaffected by melt-
compounding with PLLA. These results suggest that
no change of internal clay structure occurred in this
composite S0. The weak interaction between PLLA
chains and hydrophilic M0 accompanied with its low
and constant interlayer spacing, as revealed by the
unchanged WAXD profile of M0, both imply that the
clay particles are almost impossible to disperse thor-
oughly into the matrix.3

On the other hand, we find in Figures 2–4 for the
organoclays that the (001) peak position significantly
shifts toward the lower diffraction angle and the spac-
ing (d001) is doubled or even tripled, depending on the
type of the surfactant. After melt-compounding these
organoclays with PLLA, the (001) peak further shifts
from 2� � 4.80° (d001 � 1.84 nm) to 2� � 2.65° (� 3.33
nm) for S1, from 2� � 2.75° (� 3.21 nm) to 2� � 2.30°
(� 3.84 nm) for S2, and from 2� � 3.45° (� 2.56 nm)
to 2� � 2.50° (� 3.53 nm) for S3. These expansions in
d001 of the three kinds of organoclays suggest that the
intercalation of PLLA chains into silicate gallery has
taken place in these organoclay composites, indicating
the effectiveness of the clay modifiers in reducing the

surface energy of the clay and thus in promoting the
polymer chain penetration into clay gallery. Since the
increase in d001 is significantly less than root-mean-
square end-to-end distance for a freely jointed random
coil of PLLA chains (� 7.04 nm)30,33 and the length of
alkylammonium cations in clay (� 2.8 nm),9,34 the
configuration of the confined chain must be much
more planar than that of the bulk random coil.

Besides the shifting of the sharp (001) diffraction
peaks for the organoclays in the composites, we ob-
serve strong (002) and remnant (003) diffraction peaks.
The results imply that clay particles still keep a highly
ordered structure in the PLLA matrix even after ex-
tensive melt-compounding. Compared to clay parti-
cles in S1 and S2, the dispersed clay in S3 exhibits a
less-ordered structure due to its relatively broader and
weaker Bragg diffraction peaks. In such composites,
the silicate layers have not been completely exfoliated,
but several layers are stacked to form such an ordered
structure of the clay particles.

The crystallite size normal to the (001) plane of the
dispersed clay in PLLA matrix was calculated with the
Scherrer equation.35 The Scherrer equation applied is
written as

h001 �
K�

�cos�001
(1)

Figure 3 WAXD traces for (a) M2, (b) S2, and (c) PLLA. The
dashed lines indicate the location of silicate (001) reflection
of M2.

Figure 4 WAXD traces for (a) M3, (b) S3, and (c) PLLA. The
dashed lines indicate the location of silicate (001) reflection
of M3.

DISPERSION BEHAVIOR OF CLAY IN PLACHS 2715



where K is a constant (� 0.91), � is the X-ray wave-
length (� 0.154 nm), � is the width of the Bragg
diffraction peak determined by the full width at half
maximum in radian units, and �001 is the diffraction
peak position of (001) plane. The calculated crystallite
size (h001), i.e., the thickness of the dispersed clay in
PLLA matrix, is summarized in Table III. These h001 of
dispersed clay in PLLA matrix for all materials are
calculated to be less than 15 nm. After composite
preparation, the natural clay in S0 increases h001 with
the constant d001, implying that a strong aggregation

of clay particles has taken in the composite. On the
other hand, h001 of the dispersed clays in S1, S2, and S3
increase with d001. The detailed study on the numbers
of individual layers stacked in clay for these samples
will be described later by TEM results.

Microscopic observation of clay hybrids

Figure 5 shows the POM micrographs for (a) S0, (b) S1,
(c) S2, and (d) S3 in the molten state at 200°C. Dis-
persed clay aggregates are shown as the bright areas

Figure 5 POM micrographs showing for: (a) S0, (b) S1, (c) S2, and (d) S3 in the molten state. The bright areas indicate the
existence of clay particles, and the dark areas indicate the molten PLLA matrix.

TABLE III
Structural Parameters of Natural Clay, Modified Clay, and Various PLLA/Clay Composites

Sample d001
a) (nm) h001

a) (nm) hM
a) (nm) LM

a) (�m) L*M
a) (�M) dM

a) (�m) d*M
a) (�m)

M0 0.97 7.9 — 0.2 � 2.0b) —
M1 1.84 11.6 — 0.2 � 2.0b) —
M2 3.21 7.2 — 0.2 � 2.0b) —
M3 2.56 9.0 — 0.2 � 2.0b) —
S0 0.99 13.2 — 118.7 	 28.3 108.9 	 31.4
S1 3.33 13.1 12.0 	 2.0 0.5 	 0.2 0.2 	 0.1
S2 3.84 16.3 14.3 	 2.4 0.7 	 0.4 0.2 	 0.2
S3 3.53 11.0 5.3 	 1.7 59.9 	 26.6 158.1 	 104.8

a d001, the (001) interlayer spacing of clay calculated from WAXD results; h001; the dispersed clay thickness calculated by
using the Scherrer equation; hM, LM, and dM: the thickness, length, and correlation length, respectively, of dispersed clay
calculated by TEM observations; L*M and d*M: the length and correlation length, respectively, of the clay aggregates measured
by POM observations;

b Measured by atomic force microscopy.37

2716 NAM ET AL.



in the dark background of the PLLA matrix. From
these photographs the average sizes of the clay aggre-
gates, L*M , can be estimated and are listed in Table III.
Figure 5(a) shows that the natural clay particles with
the size of 0.2 � 2.0 �m are aggregated in S0 in the
form of tactoids of the size L*M as large as � 118.7
	 28.3 �m. Obviously, the clay particles (or platelets)
in S0 underwent stacking and a large-scale three-di-
mensional aggregation during melt-compounding. In-
terestingly, we see in Figure 5(b) (S1) and Figure 5(c)
(S2) the much smaller clay platelets of micron-size are
rather uniformly dispersed (their precise sizes will be
statistically calculated via TEM observation later). On
the other hand, Figure 5(d) for S3 shows a few aggre-
gates with a fairly large size of L*M�59.9	26.4�m .

The nanoscale structure of the dispersed clay parti-
cles in the PLLA matrix is clearly shown by TEM
micrographs. Figure 6 shows the typical TEM images
for (a) S0, (b) S1, (c) S2, and (d) S3. In Figure 6(a), we

see the aggregation structure of clay in S0. The clay
particles densely accumulate and exist in a manner as
a separate phase to the matrix, indicating strong in-
compatibility between the clay and the polymer. In-
terestingly, for S1 [Fig. 6(b)] and S2 [Fig. 6(c)], we
observe the uniform dispersion of clay particles in the
polymer matrix where most of the clay particles show
their partly rolled shapes or a part of their cross sec-
tion perpendicular to the sample surface. On the other
hand, Figure 6(d) shows the flocculation structure of
clay particles for S3 where some of the dispersed clay
particles meet each other via their edges, and the
others still thoroughly disperse in the matrix. Such an
arrangement of clay particles thus forms an open floc-
culation structure of clay in S3.36 This type of floccu-
lation is probably due to the formation of hydrogen
bonding among the hydroxyl groups of the compo-
nent surfactant, those of clay edge and those of both
ends of the PLLA chains. We have already confirmed

Figure 6 TEM micrographs for (a) S0, (b) S1, (c) S2, and (d) S3. The dark areas are the partly rolled shapes or a part of the
cross section of silicate layers and the bright areas are the PLLA matrix.
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this result by using infrared spectroscopy (IR) and it
has been reported elsewhere.37

Figure 7 shows the typical TEM images at high
magnification for (a) S1, (b) S2, and (c) S3. From these
TEM observations, we find five to seven individual
layers stacked in each dispersed clay particles for S1
and S2, but only one to three individual layers for S3.
The relatively stronger interaction between PLLA
chain and hydroxylated ammonium surfactant of clay

in S3 probably results in the thinner clay particles
contained within the flocculation structure.

The finding from TEM is actually consistent with
the above WAXD results for the ordered structure of
dispersed clay in PLACHs. From the TEM results, we
statistically calculated the form variables for clay par-
ticles, i.e., the thickness (hM), the length (LM), and the
correlation length (the distance between the middle
points of two neighboring clays) (dM) in Table III. Each

Figure 7 High-magnification TEM micrographs for (a) S1, (b) S2, and (c) S3.

Figure 8 Clay dispersion structure in PLLA matrix for (a) S0, (b) S1, (c) S2, and (d) S3.
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form variable was calculated from more than 100 clay
particles of 8 � 10 TEM pictures taken at various
places in the sample. Table III indicates that hM is
comparable to the value of h001 calculated with the
Scherrer equation. In addition, these values are in the
same order of magnitude with the long period of the
polymer crystallite, implying a possibility for the re-
lationship between clay and PLLA crystallite in term
of crystallization, which will be investigated in a sep-
arate paper. For S1 and S2, the value of dM is almost
half compared to that of LM, suggesting that the
densely packed structure of the dispersed clay parti-
cles is formed. This feature of clay particles thus pos-
sibly affects the mechanical properties of the resultant
composites. For instance, the clay particles here can
not rotate, but translate under shearing or elongation
force in molten state. From the POM and TEM obser-
vations, the illustration of the dispersed clay structure
is shown in Figure 8. Thus, PLLA/clay composites
prepared by melt-compounding between PLLA and
natural clay or clay modified with various alkyl am-
moniums result in the composites having different
dispersion structures of clay particles from nanometer
to micrometer lengths.

Polymorphism of PLLA

Figure 9 shows the WAXD traces for PLLA and its
composites in a range of 10 - 35°. These WAXD traces
are almost identical with that of the l-lactide ho-
mopolymer.38 All diffraction profiles suggest the for-
mation of only the orthorhombic �-form for PLLA and
its composites. The �-form, which is usually formed
via a spinning or drawing process at high tempera-
ture, does not exist in the present study as evidenced
by the absence of its typical (003) peak around 2�

� 30°.30,39 With the addition of clay in PLLA, all of the
composites show no shift in diffraction peaks, imply-
ing that there is no significant effect of the clay parti-
cles on the crystal structure of the matrix PLLA.

The detailed study on the relationship between the
mechanical properties and the hierarchical structure
viewed from the nanoscale structure of clay dispersed
within the interfibrillar space of PLLA crystallite to the
microscale spherulitic texture of PLLA will be re-
ported elsewhere.

CONCLUSION

In this study, we prepared PLLA/organo-modified
montmorillonite hybrids via the melt-compounding
process and investigated the dispersed characteristics
of clay particles in the matrix. The results are as fol-
lows:

1. The combination of PLLA and natural clay re-
sulted in an immiscible composite with strongly
aggregated tactoids of clay dispersed in the
PLLA matrix.

2. The organic modification of clay with the trim-
ethyl octadecyl or dimethyl dioctadecyl ammo-
nium salts results in the intercalated hybrids
with the uniform dispersion of nanometer-sized
clay particles in the PLLA matrix, while the
bis(4-hydroxy butyl) methyl octadecyl ammo-
nium salt lead to the composite with the floccu-
lation of clay particles.

The authors highly appreciate the contributions of Mr. Ka-
zuo Sasaki of Yamagata University, who carried out some
parts of the WAXD work and Mr. Naoya Ninomiya for his
help with various experiments.
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