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ABSTRACT: Stereocomplex-type poly(lactic acid)- [PLA]- based blends were prepared by solution casting of equimolar PLLA/PDLA
with different amounts of organo-modified montmorillonite. The homocrystallization and stereocomplexation of PLAs were enhanced
by annealing of the blends. The stereocomplexation of PLAs, intercalation of the polymer chains between the silicates layers, and
morphological structure of the filled PLAs were analyzed by wide-angle X-ray diffraction and transmission electron microscope. Ther-
mogravimetric analyses (TGA), differential scanning calorimetry (DSC), and tensile test were performed to study the thermal and me-
chanical properties of the blends. The homo- and stereocomplex crystallization of neat PLLA/PDLA were enhanced by annealing. The
effect of annealing on the crystallization was emphasized by the addition of clay. With this structural change, thermal stabilities prop-
erties were also improved by the addition of clay. The silicate layers of the clay were slightly stacked but intercalated and distributed

in the PLA-matrix. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000-000, 2012
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INTRODUCTION

Poly(lactic acid), PLA, which can be produced from primary
resources like corns, sugars, or beets, is considered to be one of
the most promising environmentally friendly materials.'
Although PLA has a fairly high melting temperature in compar-
ison with other biodegradable polyesters, its T,,, around 180°C,
is not high enough for some applications. One of the funda-
mental techniques to enhance thermal stability of PLA is to pro-
duce so called “stereocomplex-type crystal” in the equimolar
blend of poly(i-lactic acid), PLLA and poly(p-lactic acid),
PDLA. This stereocomplex crystal melts at a temperature about
50°C higher than T,, of the homocrystal of PLLA and PDLA.
There are many reports on the stereocomplexation of PLA,
showing formation mechanism, morphology, and degradation
behavior.>> Since the homocrystallization is kinetically favored
within the case of high molecular weight PLAs, the stereocom-
plex crystallization of PLA only occurs under limited conditions.
One of the present authors reported that annealing of a drawn
fiber of PLLA/PDLA blend above T,, of the homocrystal gave a
fiber consisting mainly of stereocomplex crystal.>>*> We have
also developed a simple preparation method for stereocomplex-
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type PLA films, recently.”® When an equimolar mixture of
PLLA and PDLA is cast from mixtures of solvent and nonsol-
vent of PLA, the PLA films with very high stereocomplex crys-
tallinities can be obtained.

To improve practical utilities such as heat resistance, impact re-
sistance, processability, and flame retardancy of PLLA while
maintaining its environmental sustainability, the effect of bio-
based additives has been studied. Heat resistance and mechani-
cal strength of PLLA is improved by reinforcing it with modi-
fied kenaf*” and cellulose spun fibers.”® Composites consisting
of PLLA and calcium phosphate particles such shows large sur-
face fracture energy.”

Polymer/layered silicate nanocomposites have also been the focus
of academic and industrial attention in recent years because the
composites often exhibit desired enhancement of physical and
chemical properties relative to the neat polymer matrix even at
very low clay contents.”® Layered silicate is naturally abundant,
economical, and more importantly, benign to the environment.
Recently, there have been several reports on the fabrication of
PLLA/layered silicate nanocomposites.”' > The increases in ten-
sile strength, modulus, and elongation were observed.
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Table I. Characteristics of Organoclays
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Content of inorganic Basal
Clay type component/% spacing/nm Chemical structure of organic modifier
TM (trimethylstearyl ammonium) 25.6 1.96 CHg
CigHa7——N*——CHs
CHs
DO (dimethyloctadecyl ammonium) 41.8 3.84 CHg
CygHz7——N*——CH3
CigHa7
SB (dimethylstearyl benzylammonium) 37.9 4.01 CHg
CygHz7——N"——CHj3
CH,CgHs
HE (oreylbis(2-hydroxyethyl) methylammonium) 315 1.84 (CH,CHO)xH

HaC(H,C)HC=HC(H,C)7HaC——N*——CHj

(CH,CHp)yH

In this study, we plan to design an environmentally benign
polymer composite that would have mechanical and thermal
properties suitable for various end-use purposes. We add orga-
nophilic clay to the equimolar blend of PLLA and PDLA. Four
types of organophilic clays are used (Table I). They are mont-
morillonite clays modified with trimethylstearyl ammonium
(TM), dimethyloctadecyl ammonium (DO), dimethylstearyl
benzylammonium (SB), and oreylbis(2-hydroxyethyl)methylam-
monium (HE). The effects of the clay type on the formation of
stereocomplex-type crystal of PLA are investigated through the
analysis of the crystalline structure, higher order structure, ther-
mal properties, and mechanical properties of the PLLA/PDLA/
clay blends.

EXPERIMENTAL

Materials

A commercial PLLA (Lacty, medical grade, M,, = 2.2 x 10%
M, /M, = 1.96) and a PDLA (PURAC, M,, = 2.63 x 10% M,/
M, = 1.77) were used in this study. Melting, crystallization, and
glass transition temperatures of PLLA and PDLA as received
were 177, 101, and 55°C, and 178, 109, and 54°C, respectively,
as measured by differential scanning calorimetry (DSC). Four
types of montmorillonite modified with quaternary ammonium
salts were kindly supplied from Hojun, Co., Japan, and used as
received. The chemical structure of the organic modifiers and
the extent of inorganic component, which are provided by the
supplier, are listed in Table L.

PLA/Clay Blends

Blends of PLLA, PDLA, and clay were prepared by solution-
casting technique. Clay dispersion suspending 10 mg well-dried
clay in 10 mL of methanol was obtained by sonication for 30
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min at room temperature with a Misonix 3000 probe sonicator
at 21 W. Pulse mode was used to prevent excessive increase in
temperature. Immediately after the sonication, predetermined
amount of the clay suspension were added to a solution con-
taining 100 mg of PLLA and 100 mg of PDLA in 10 mL of
chloroform, followed by further sonication for 30 min. The
mixture was then cast on a glass Petri dish and kept in a desic-
cator over 2 days. Clear nanocomposite films with thickness
ranging from 500 to 700 um were obtained. The PLLA/PDLA/
clay blends containing (100-#)/2 wt % PLLA, and (100-#)/2 wt
% PDLA, and # wt % of clay are abbreviated as PLA/clay#.
Annealing of the as-cast films was conducted at 170°C and
200°C in an oven for 2 h.

Analytical Procedures

Wide-angle X-ray diffraction (WAXD) patterns were obtained at
room temperature using a nickel-filtered Cu Ko radiation with
a wavelength of 0.1542 nm from a Rigaku RAD 2C sealed beam
X-ray generator operating at 40 kV and 20 mA.

Thermal properties of the films were investigated with DSC
(Perkin Elmer Pyris 1). A total of 5-10 mg of specimen was
sealed in an aluminum pan. The DSC curve was recorded from
30 to 250°C at a rate of 10°C min ' under a constant flow of
nitrogen gas. Melting and crystallizing temperatures were deter-
mined from the maximum of the endothermic and exothermic
peaks, respectively.

Thermal gravimetric analysis (TGA) was performed using Shi-
madzu TG in a N, atmosphere, by increasing the temperature

from 30 to 500°C at a heating rate of 10°C min~".

Mechanical properties of the blend films were evaluated using a
tensile testing machine (CATY-500BH: YONEKURA Ltd) at a
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Figure 1. WAXD patterns of (a) as-cast PLA/SB blends containing 0-10 wt % SB, (b) PLA/SB10 as-cast and annealed at 170°C and 200°C, and (c) PLA/

clay blends containing 10 wt % clays annealed at 200°C.

cross-head speed of 100 mm min ' at a room temperature. A
specimen gauge length of 20 mm was used. The results obtained
were averaged over five pieces of each sample.

Transmission electron microscope (TEM) images of the samples
were taken on a JEOL JEM-2000FX II transmission electron
microscope at an acceleration voltage of 120 kV. Ultrathin (80
nm) sections were microtomed from the sample films in epoxy
capsules which were prepared by curing at 70°C for 24 h in vac-
uum. A layer of carbon was deposited on each slice on a mesh
400 copper net.

RESULTS AND DISCUSSION

Crystalline Structure of PLA/Clay Blends

Two different crystal structures (- and f-forms) have been pro-
posed for PLLA, based on X-ray diffraction patterns and confor-
mational energy analysis. The o-form of PLLA is in a pseudo-
orthorhombic system with parameters of a = 1.07 nm, b =
0.595 nm, and ¢ (fiber axis) = 2.78 nm.**** Two chains with

103 helix conformation are contained in a unit cell. The f-form
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appears in fibers drawn at higher temperature and/or with
higher drawing ratios. An orthorhombic system is proposed for
this structure (¢ = 1.03 nm, b = 1.82 nm, and ¢ (fiber axis) =
0.900 nm), containing six chains with 3; helix conformation.*’
The crystal structure of the stereocomplex phase is different
from these homocrystal structures.*** The stereocomplex crys-
tal system is triclinic (P1) with cell dimensions of a = 0.916
nm, b = 0.916 nm, ¢ (fiber axis) = 0.870 nm, « = 109.2°, f§ =
109.2°, and y = 109.8°. Each of the PLA chains takes 3; helical
conformation, which is extended slightly more than the 105 he-
lix in the o-form homocrystal. PLLA and PDLA segments are
packed laterally in a parallel fashion as a pair in the unit cell of
the stereocomplex crystal.

The WAXD patterns of as-cast PLA/SB blends containing 0-10
wt % SB are shown in Figure 1(a). Neat PLA, ie., equimolar
blend of PLLA and PDLA showed reflections at 20 = 11.8°,
17.0°, 19.0°, and 20.5°. The reflections at 20 = 17.0° can be
assigned to (110) and (200), and that at 20 = 19.0° to (203)
and (204) of the a-form homocrystal. In the mean time, the
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Figure 2. Homo- and stereocomplex crystallinities of (a) PLA/DO blends with 0-10 wt % DO and (b) PLA/clay blends containing 6 wt % clays.
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Figure 3. DSC heating traces of (a) as-cast PLA/TM blends containing 0—
10 wt % TM and (b) as-cast PLA/clay blends with 6 wt % of clays.

reflection at 20 = 11.8° can be assigned to (100), (010), and
(—=110), and that at 20 = 20.5° to (110), (—120), and (—210)
of the stereocomplex crystal. No reflections correspond to [-
form homocrystal was observed for either neat PLA or the PLA/
clay blends. By adding 2 or 6 wt % SB to PLA, the peak inten-
sities of the stereocomplex crystal were enhanced. The addition
of 10 wt % SB, on the other hand, reduced all the reflection
peaks, indicating that the sample became amorphous-rich.

The WAXD patterns of as-cast and annealed PLA/SB10 is shown
in Figure 1(b). Crystalline reflections of the annealed samples
are larger than those of the as-cast sample. The annealing of
PLA/SB10 at 170°C enhances both homo- and stereocomplex
crystallization, whereas that at 200°C enlarges only the reflec-
tions of the stereocomplex crystal. Figure 1(c) shows the WAXD
patterns of PLA/clay blends containing 10 wt % clays annealed
at 200°C. The crystalline structure of these samples consists
mainly of stereocomplex. Only small reflections are observed for
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the homocrystal. This observation harmonize with the previous
result showing enrichment of the stereocomplex crystals in the
melt-processed PLA fiber.***

Peak separation of the WAXD patterns was performed to esti-
mate the homo- and stereocomplex crystallinities. Figure 2(a)
shows the homo- and stereocrystallinities of the as-cast and
annealed PLA/DO samples. Both the homo- and stereocomplex
crystallinities of the as-cast neat-PLA sample are about 20%.
The addition of DO to the as-cast samples hardly effects the
stereocomplex crystallization, whereas it gives a little tendency
to reduce the homocrystallinity. Annealing at 170°C greatly
enhances the homocrystallinity and slightly raises the stereo-
complex crystallization at every DO contents. The effect of
annealing is more emphasized in PLA/DO than in neat PLA. As
a result, the total crystallinity, sum of the homo- and stereo-
complex crystallinities, of the PLA/DO annealed at 170°C is ex-
traordinarily high. By annealing at 200°C, the stereocomplex
crystallinity in neat PLA and PLA/DO is significantly increased,
whereas the homocrystallinity is drastically decreased.

The effects of other clays on the crystallinity were similar to
those of DO. Figure 2(b) shows the homo- and stereocomplex
crystallinities of the blend samples with 6 wt % of various clays.
The difference among clay types is small compared with the
effect of thermal treatment. The melting temperatures of homo-
and stereocomplex crystals are about 180°C and 220°C, respec-
tively. So, annealing at 170°C induced the enhancement of both
homo- and stereocomplex crystallization, whereas annealing at
200°C resulted in the melting of homocrystal and the enhance-
ment of stereocomplex crystallization.

Thermal Properties of the PLA/Clay Blends

Figure 3(a) shows the DSC thermograms of the as-cast PLA/TM
with 0-10 wt % of TM. An exothermic peak was observed at a
temperature around 110°C. This peak can be ascribed to the
crystallization of PLA. Tsuji and Ikada'? reported that the pure

Table II. Thermal Characteristics of Samples Obtained by DSC Measurements

Sample Tl°C? Tl CP AH,, /g ~t¢ Tpm,sl°Ce AH,,slJg ~tec
PLA 46 171 2.0 205 10.2
PLA/TM2 57 172 11.5 215 16.6
PLA/TM6 58 171 7.1 215 23.0
PLA/TM10 53 173 11.2 214 18.1
PLA/DO2 51 173 122 215 19.0
PLA/DO6 57 171 132 216 20.4
PLA/DO/10 58 172 8.8 216 19.7
PLA/SB2 49 170 1.6 216 27.8
PLA/SB6 50 172 32 217 285
PLA/SB10 55 171 57 215 283
PLA/HE2 53 - - 216 25.3
PLA/HEG 52 - - 217 243
PLA/HE10 55 - - 216 22.7

aGlass transition temperature at which half of the increase of heat capacity, "Melting temperature of homo-
crystal, “Heat of fusion of homocrystal, “Melting temperature of stereocomplex crystal, *Heat of fusion of

stereocomplex crystal.
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Figure 4. Thermogravimetric traces of as-cast PLA/SB blends containing
0-10 wt % SB and PLA/SB10 annealed at 170°C and 200°C.

PLLA or PDLA show a homocrystallization peak around 90°C,
whereas PLLA/PDLA equimolar blend show stereocomplex crys-
tallization around 70°C. It is, however, not possible at this
moment to distinguish whether the exothermic peak around
110°C of the PLA/TM blends is the homocrystallization or the
stereocomplex crystallization.

In the thermogram of the neat PLA, only the melting peak of
the stereocomplex crystal was observed at around 210°C,
whereas in the thermograms of PLA/TM blends, the melting
peak of the o-form homocrystal was also observed at around
170°C. The peak area of the homocrystal melting endothermic
peak at around 170°C increased with adding TM. As shown in
Figure 2(b), the as-cast neat PLA sample surely contained the
homocrystal. The absence of the melting peak of the homocrys-
tal in the thermograms suggests that the homocrystal was rear-
ranged to the stereocomplex crystal during the DSC heating
scan of this sample. In the PLA/TM samples, this rearrangement
of the crystals might be retarded by the existence of TM.

Figure 3(b) shows the DSC thermograms of PLA/clay with 6 wt
% of clays. Similar to the neat PLA, the homocrystal melting
peak was absent in the thermograms of PLA/SB and PLA/HE,
indicating that the homocrystal was rapidly rearranged to the
stereocomplex crystal during the DSC heating. On the other
hand, PLA/DO had both the endothermic peaks at around
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170°C and 210°C like PLA/TM. The existence of DO also
retards the rearrangement of the crystals like TM. The organic
parts of the SB and HE clays, respectively, contain of bulky ben-
zyl and hydrophilic hydroxyl units, whereas that of TM and DO
consists of rather simple linear alkyl groups. This structural dif-
ference may affect the compatibility of the montmorillonite clay
to PLA. TM and DO may be more intimately mixed with PLA.
It should be noted that when the 2nd heating process was per-
formed after melting and quenching the PLA/clay samples, DSC
traces show only melting of the stereocomplex crystals in all the
samples (data not shown).

Table II shows glass transition temperature, melting tempera-
tures of homo- and stereocomplex crystals, and heat of fusion
of the samples. The glass transition temperature of PLA was
increased about 4-14°C by adding clay. Melting temperature of
the stereocomplex crystal becomes higher by adding clay. These
results indicate that the addition of clay induces well-ordered
crystallization PLA while it reduces the mobility of molecular
chains.

Figure 4 shows the thermogravimetric traces of PLA and PLA/
SB. The degradation of the as-cast neat PLA starts at about
300°C and ends at about 380°C. By adding SB, the onset tem-
perature of weight loss increases to about 340°C, whereas the
end temperature remains unchanged. The content of SB and
thermal history (annealing at 170°C and 200°C) does not affect
the degradation profile. We have confirmed that the other clays
gave similar effects on the decomposition profile of PLA. These
results are in line with other biodegradable aliphatic polyester
nanocomposites.”> The change in the degradation temperature
in PLA/clay is, however, quite small compared with that in
polypropylene nanocomposites.

Mechanical Properties of PLA/Clay Blends

Figure 5(a—c) shows the mechanical properties of the as-cast
and annealed PLA/DO samples as a function of clay content.
The addition of clay and annealing hardly affect Young’s modu-
lus of PLA. The tensile strength of the neat PLA was increased
by annealing at 170°C, whereas decreased by annealing at
200°C, because of the slight thermal degradation. This result
indicates that the homocrystals strengthen PLA, whereas stereo-
complex crystals deteriorate it. On the other hand, annealing of
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Figure 5. (a) Tensile modulus, (b) strength, and (c) elongation at break of PLA/SB films as a function of clay contents.
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200nm

Figure 6. TEM micrographs of PLA/SB6 annealed at (a) 170°C and (b) 200°C.

PLA/clay at 170°C hardly raise the tensile strength, suggesting
that the interaction between the homocrystal and the clay dete-
riorates tensile strength. The elongation at break of the neat
PLA was greatly decreased by annealing. This means that the
sample with lower crystallinity has higher elongation at break.
However, the as-cast PLA/DO samples, which have similar crys-
tallinity to the as-cast neat PLA, show lower elongation at
break. So the clays that have been trapped in the amorphous
region negatively affect the tensibility. In short, though anneal-
ing treatment changes the mechanical properties of neat PLA,
this effect is suppressed by the addition of clay. All the other
clays show the same tendencies as DO.

Higher Order Structure of PLA/Clay Blends

The higher order structure of the polymer/clay blends has typi-
cally been elucidated using TEM and WAXD. WAXD allows a
direct observation of the intercalation of the polymer chains
into the silicate galleries. TEM offers a qualitative understanding
of the internal structure of the PLA/clay in the nanometer scale
through direct visualization. Figure 6 shows typical TEM bright
images of PLA/SB6 annealed at 170°C and 200°C, in which
dark entities are the cross section of intercalated silicate layers.
The aggregation of layers was observed in the sample annealed
at 170°C. Typical silicate layers of montmorillonite have a thick-
ness of about 1 nm and a length of about 150 nm. In the sam-
ple annealed at 170°C, some of the stacked silicate layers reach
a length (Lg,,) of about 250 nm owing to the hydroxylated
edge—edge interaction of silicate layers. The thickness of each
layer in the stack was about 3-5 nm ({y,y,) from the TEM pho-
tographs. The stacks of layers are randomly distributed in the
PLA matrix. On the other hand, the exfoliation of clay was
observed in the sample annealed at 200°C.

Figure 7(a) shows the WAXD patterns in the clay reflection area
(20 = 1-10°) of as-cast PLA/SB with 2-10% of SB. The pattern
of neat SB is also given. Neat SB shows reflections at 3.76 nm
and 1.96 nm, which were assigned to the (001) and (002) planes
of the stacked silicate layers, respectively. In PLA/SB6, a sharp
peak at 20 = 2.8° (3.15 nm) and a small broad peak at 20 =
5.2° (1.70 nm), correspond to the (001) and (002) planes of the
intercalated silicate layers, respectively. The existence of a sharp
Braggs peak at 20 = 2.8° (3.15 nm) shows that the clay still
remains in an ordered stacking state after blending with PLA
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although the interlayer spacing decreased compared with that of
the clay powder. Therefore, this peak is assigned to the clay that
is aggregated and stacked by the clay itself. Some level of clay
aggregation was kept in the polymer matrix because of the
expulsion of inorganic additive in the organic matrix. The peak
intensity and lattice spacing increased with increasing clay con-
tent. In the case of PLA/SB2, the clay reflection was not
detected, indicating that the clay layers are delaminated.

Figure 7(b) shows the WAXD patterns of PLA/SB6 annealed at
different temperatures. Annealing at 170°C enhances the crystal-
lization of clay, indicated by the sharper reflections of (001) and
(002). The clay spacing of this sample is smaller than that of
neat SB, indicating the exfoliation occurs with the polymer
chains in the silicate layers. The sample annealed at 200°C
shows the larger spacing of clay than neat SB and PLA/SB6
annealed at 170°C. The reflections are large and wide, indicating
the occurrence of clay disordering during annealing.

Comparison Between Other Clay Blends

There are many reports concerning about the preparation of
PLLA/clay nanocomposites by melt blending.”*” The intercala-
tion of PLLA polymer chains into the silicate layers were dem-
onstrated. The improvement of thermal stability up to 9°C, me-
chanical properties such as storage modulus, flexural modulus,
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3.53nm

1.85nm
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Figure 7. WAXD patterns of SB and as-cast and annealed PLA/SB6.
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flexural strength, and gas barrier property has been observed.
This achievement might be because of the intercalation and
exfoliation between PLLA and silicate layers. Intercalation read-
ily occurred between PLLA and silicates during melt blending.

Ogata et al. have reported about some properties of PLLA/clay
blends prepared by solvent-casting. Young’s modulus increased
from 1.3 to 2.3 GPa with the addition of up to 10 wt % of clay.

In spite of so many reports on the PLLA/clay blends, this might
be the first report concerning the layered silicate nanocompo-
sites of PLLA/PDLA stereocomplex. Although mechanical prop-
erties of the solution-casting blend of PLLA/PDLA/clay are
slightly improved, thermal stability is hardly changed. PLA is
exfoliated in silicate layers. The interaction between stereocom-
plex PLA and silicate layers is hardly improved, which do not
lead significant change of mechanical properties. If the interca-
lation of PLA to silicate layers were prepared by melt blending
or extrudation, we hope that the thermal stabilities and me-
chanical properties will be improved. This assignment will be
reported in near future.

CONCLUSIONS

PLLA/PDLA/organo-clay blends have been prepared by solution
casting, followed by annealingg. WAXD and TEM analysis
showed that the silicate layers of the clay were slightly stacked
but intercalated and distributed in the PLA-matrix. Therefore, it
has been represented that organo-clay can be dispersed in
PLLA/PDLA matrix simply by the solution-casting method
while keeping the stereocomplex crystallization of the PLA ma-
trix. The annealing at 170°C enhances both the homo- and ster-
eocomplex crystallization, whereas that at 200°C greatly enhan-
ces only the stereocomplexation. The effect of annealing was
emphasized by the addition of clay. Thermal stabilities and me-
chanical properties were also slightly improved by the addition
of clay. Although annealing treatment changes the mechanical
properties of neat PLA, this annealing effect is suppressed by
the addition of clay.
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