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ABSTRACT: A modified clay was used to prepare
poly(L-lactic acid)/clay nanocomposite dispersions. X-ray
diffraction and transmission electron microscopy experi-
ments revealed that poly(L-lactic acid) was able to interca-
late the clay galleries. IR spectra of the poly(L-lactic acid)/
clay nanocomposites showed the presence of interactions
between the exfoliated clay platelets and the poly(L-lactic
acid). Thermogravimetric analysis and differential scan-
ning calorimetry were performed to study the thermal
behavior of the prepared composites. The properties of the

poly(L-lactic acid)/clay nanocomposites were also exam-
ined as functions of the organoclay content. The exfoliated
organoclay layers acted as nucleating agents, and as the
organoclay content increased, the crystallization tempera-
ture increased. � 2007 Wiley Periodicals, Inc. J Appl Polym Sci
106: 260–266, 2007
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INTRODUCTION

Poly(L-lactic acid) (PLLA) is a linear aliphatic ther-
moplastic polyester1–3 produced from renewable
resources; it has excellent properties comparable to
those of many petroleum-based plastics and is read-
ily biodegradable. PLLA is also one of the environ-
mentally friendly polymers. It has very good me-
chanical properties, thermal plasticity, fabricability,
and biocompatibility. Even when burned, it pro-
duces no nitrogen oxide gases and only one-third of
the combustible heat generated by polyolefins and
does not damage incinerators, and it thus provides
significant energy savings. Therefore, PLLA is a
promising polymer for various end-use applications,
and currently there is increasing interest in using
PLLA for disposable and degradable plastic articles.
Such properties, allied with processability and good
mechanical properties, make this polymer adequate
for use in many biomedical applications such as
wound closure, prosthetic implants, controlled-release
systems, and three-dimensional scaffolds. The influ-
ence of the crystallinity on the glass-transition dy-
namics has been widely investigated in poly(ethyl-
ene terephthalate) (PET),4–6 but this effect has been
scarcely studied in poly(lactic acid)-based systems.7

PLLA belongs to polyesters, such as PET, but the la-

mellar morphology is quite different; for example,
PLLA exhibits higher long spacing than PET. There-
fore, the study of this system may bring new insight
to the general discussion of the effect of the crystal-
line phase on the segmental dynamics, a fundamen-
tal problem that is far from being fully understood.

The performance of PLLA can be enhanced by
the incorporation of nanosized layered silicates.
Recently, montmorillonite (MMT), a layered silicate
with a lamellar shape, has attracted intensive
research interest for the preparation of polymer/clay
nanocomposites because its lamellar platelets display
high in-plane strength, stiffness, and a high aspect
ratio.8 Typically, the chemical structure of MMT con-
sists of two fused silica tetrahedral sheets sandwich-
ing an edge-shared octahedral sheet of either magne-
sium or aluminum hydroxide. The Na+ and Ca2+

residing in the interlayer galleries can be replaced by
organic cations such as alkylammonium ions via a
cation-exchange reaction to render the hydrophilic
layered silicate organophilic. According to several
recent works, the incorporation of nanolayers of
mineral clay enhances the thermal stability,9,10 me-
chanical strength,11–15 and morphology16–18 of PLLA.

In this study, we attempted to prepare PLLA/clay
nanocomposites and then investigated the properties
of the nanocomposites. The resulting materials were
analyzed with X-ray diffraction to determine their
morphological structure. Some thermogravimetric
analysis (TGA) and differential scanning calorimetry
(DSC) measurements were also performed to investi-
gate the thermal and crystallization behavior of these
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compositions with respect to the nature and relative
content of the organomodified clays.

EXPERIMENTAL

Materials

PLLA was purchased from Sigma (St. Louis, MO);
its molecular weight was approximately 85,000–
160,000 g/mol. Didodecyldimethylammonium bro-
mide {DMAB; i.e., [CH3(CH2)11]2(CH3)2NBr} was
purchased from Aldrich. All reagents and solvents
were synthetic-grade and were used as received. The
MMT clay (PK805) was supplied by Paikong Ce-
ramic Materials Co. (Taoyuan, Taiwan).

Preparation of the organophilic clay

The organophilic clay was prepared by a cation
exchange between the sodium cations of PK805 and
quaternary alkyl ammonium cations of the intercalat-
ing agent.19 During the cation-exchange reaction, MMT
(5 g) was gradually added to an aqueous solution of
DMAB or an intercalating agent at room temperature
and stirred for 24 h. After the cation-exchange reac-
tion, the obtained modified clay was washed repeat-
edly with deionized water until no AgCl precipitate
was found during the titration of the filtrate with a
0.1N AgNO3 solution. The wet modified clay was
dried in a vacuum oven at 1008C for 12 h to remove
water. The dried modified clay was ground to a pow-
dery state and screened with a 325-mesh sieve.

Preparation of the PLLA/clay nanocomposite
dispersions

Various amounts of organophilic clay (2, 3, 4, and 5
wt %) were individually mixed with 10 mL of tetra-
hydrofuran (THF). A typical procedure for the prep-
aration of the PLLA/clay nanocomposite materials
involved a 3 wt % clay loading. An appropriate
mass of an organophilic clay (0.03 g) was introduced
into 10 mL of THF with stirring for 12 h at room
temperature. A PLLA powder (0.97 g) was added to
the THF solution in another bottle, and then the
polymer solution was stirred for 12 h at 608C until it
was homogeneous. The clay solution was added to
the polymer solution with stirring for 12 h at 608C.
The PLLA/clay nanocomposite films were prepared
by the casting of the solution onto glass plates. The
films were dried in a vacuum oven for 4 h at 608C.

Characterization

A Thermo model ARL X’TRA X-ray diffractometer
(Ecublens, Switzerland) was used to examine the
ordering in the clay and PLLA/clay nanocomposites.

The X-ray beam was Ni-filtered Cu Ka radiation
(wavelength ¼ 0.154 nm) from a sealed tube oper-
ated at 45 kV and 40 mA. Data were obtained in the
2u range of 0.5–308 at a scan rate of 1.58/min. The
transmission electron microscopy (TEM) observa-
tions were performed on a JEOL 2000E microscope
(Tokyo, Japan) operating at 100 kV. A low-magnifi-
cation image was taken at 10,0003. A high-magnifi-
cation image was taken at 50,0003.

A PerkinElmer Spectrum One Fourier transform
infrared (FTIR) spectrophotometer (Norwalk, CT)
was used to identify the chemical structure of the
PLLA/clay nanocomposites. The spectra were meas-
ured at a resolution of 4 cm�1, and 32 scans were
recorded per sample. The sample formed a thin film
and was dried again in a vacuum oven at 608C for 4
h. The surface morphological images of the compos-
ite films pretreated by Pt deposition were examined
with scanning electron microscopy (SEM, model S-
3000N, Hitachi, Ibaraki, Japan).

A PerkinElmer TGA-7 thermogravimetric analyzer
(Norwalk, CT) was used to measure the weight
losses of the PLLA/clay films in the temperature
range of 40–5008C with a heating rate of 108C/min
and under a nitrogen flow of 20 mL/min. DSC was
carried out with a PerkinElmer DSC-7 instrument
(Norwalk, CT). An approximately 5-mg sample was
placed in an aluminum pan. DSC scans were
obtained from 25 to 1908C at a rate of 208C/min, and
then that temperature was maintained for 2 min.
They were cooled to 258C/min at a rate of 28C/min.

RESULTS AND DISCUSSION

Morphology and structure of the PLLA/clay
nanocomposites

The X-ray diffraction pattern was used to observe
exfoliation in the clay nanolayers of PLLA with
added clay. Figure 1 shows that the organophilic
clay had X-ray diffraction peaks at 2u ¼ 48. The
interlayer spacing calculated from the peak with the
equation 2d sin h � nk (where d is the distance
between the crystallographic planes, h is half the
angle of diffraction, n is an integer, and k is the
wavelength of the X-ray) was 2.2 nm accordingly.
The characteristic diffraction peak at 2h ¼ 48,
observed for the modified PK805 clay, disappeared,
and this suggested that the clay layers were dispers-
ed in PLLA.20–22 The composite containing 5 wt %
clay still could have completely exfoliated silicate
platelets. DMAB enlarged the interlayer spacing of
PK805 clay dramatically. Moreover, the hydrophilic
clay became organophilic because of the presence of
alkylammonium cations in the interlayer galleries.

To further study this, different amounts of the
organophilic clay were mixed with PLLA, as shown
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in Figure 2. Each PLLA/clay nanocomposite exhib-
ited a sharp diffraction halo at 2u values of 16.5 and
198, which corresponded to interlayer distances of
0.54 and 0.47 nm, respectively. The shapes of these
peaks were not affected by the addition of the clay.
These results imply that the clay layers were well
dispersed in PLLA and that the PLLA structures did
not change. The dispersion of the clay in PLLA was
examined with a PLLA/clay composite containing
5 wt % clay through TEM. The micrograph is shown
in Figure 3. The TEM image shows the clay to be

well dispersed throughout the polymer. This conclu-
sion is consistent with the X-ray results. By TEM, we
observed that the nanolayers of the organophilic clay
were well dispersed in the polymer chain, and this
indicated that it may change the morphology of
PLLA.

Figure 4 shows SEM images of the PLLA/clay
nanocomposites containing various amounts of the
clay. The domain size of the dispersed PLLA
decreased with increasing clay content, and the films
exhibited a nicely interconnected, closed-cell struc-
ture. Khatua et al.23 attributed this decrease in the
domain size to exfoliated clay platelets in the poly-
mer blend effectively preventing the coalescence of
the dispersed domains.

IR spectra of PLLA/clay films with clay contents
of 0, 2, 3, 4, and 5 wt % are shown in Figure 5.
The FTIR spectra display a characteristic band at
1044 cm�1 for PLLA; the intensity increases with the

Figure 1 Various X-ray diffraction patterns through the
addition of different amounts of organomodified PK805 to
PLLA: (a) organomodified PK805 and (b) 2, (c) 3, (d) 4,
and (e) 5 wt %.

Figure 2 X-ray diffraction patterns of PLLA/clay nano-
composites with different clay contents: (a) 0, (b) 2, (c) 3,
(d) 4, and (e) 5 wt %.

Figure 3 TEM images of a PLLA/clay nanocomposite
with 5 wt % clay: (a) low magnification and (b) high mag-
nification.
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clay content. The band at 1757 cm�1 is assigned to
the stretching vibration of C¼¼O for PLLA. When the
clay content increased, the absorption shifted to 1756
and 1749 cm�1, and the carbonyl stretching was split
into two peaks. Carbonyls usually undergo a signifi-
cant change in the dipole moment for the corre-
sponding vibrations, so the IR absorbance is intense
for their vibrations. The carbonyl stretching region is
normally a region with only one band in the absorb-
ance of strong interactions such as hydrogen bond-
ing. If there are multiple bands in the region, then
because of the large dipoles of the C¼¼O bond, there
is the possibility of a dipole–dipole interaction being
the relevant intermolecular force.24

Thermal properties of the PLLA/clay films

Because inorganic species have good thermal stabil-
ity, it is generally believed that the introduction of
inorganic components into organic materials can
improve their thermal stability. This increase in the

thermal stability can be attributed to the high ther-
mal stability of clay and to the interaction between
the clay particles and the polymer matrix.25–27 Such
enhanced thermal stability has already been reported
for other composites with silicate layers based on
matrices employing various types of organomodified
MMTs.28,29 Figure 6 shows the results of TGA meas-
urements for PLLA/clay films with different clay
contents. The degradation temperature of the PLLA/
clay nanocomposites increased steadily from 250 to
3008C as the content of clay increased. Such behavior
was explained by the relative extent of exfoliation.
Indeed, at low clay contents in the PLLA/clay nano-
composites, exfoliation dominated, but the number
of exfoliated silicate layers was not sufficient enough
to promote any significant improvement in the ther-
mal stability. Increasing the clay content led to more
exfoliated individual platelets and increased the
thermal stability of the composites. This enhance-
ment of the thermal resistance with the presence of
clay could be found when the PLLA/clay nanocom-

Figure 4 SEM micrographs of PLLA/clay nanocomposites with different organomodified PK805 contents: (a) 2, (b) 3, (c)
4, and (d) 5 wt % (20003).
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posite was heated above 3508C. The PLLA/clay
nanocomposite containing more clay exhibited
higher thermal resistance because of the high ther-
mal insulation effect of the clay. The PLLA moiety
was almost completely decomposed above 4508C.
The PLLA/clay nanocomposite with a higher clay
content exhibited a weightier residue at 5008C.

Figure 7 shows the DSC thermograms of PLLA/
clay nanocomposites with different clay contents.
Neat PLLA was melted at 1738C; the melting endo-
thermic graph of PLLA shows one peak, but the
PLLA/clay nanocomposites all show two melting

peaks corresponding to the primary melting peak
of PLLA. In addition, the melting temperature of
the PLLA/clay nanocomposites increased gradually
with increasing clay content. Figure 8 shows that at
the cooling rate of 28C/min, the pure PLLA crystal-
lized slowly; therefore, the crystallization temp-
erature was lower. However, with the addition of
2–5 wt % clay, crystallization peaks of PLLA were
observed, with the peak temperature around 1208C,
and the crystallization temperature increased with
increasing organoclay contents. An endothermic
peak for all samples in the temperature range of
120–1308C was found. The temperature correspond-
ing to the endothermic peak for each sample was

Figure 5 FTIR spectra of PLLA/clay nanocomposites
with different organomodified PK805 contents: (a) 0, (b) 2,
(c) 3, (d) 4, and (e) 5 wt %.

Figure 6 TGA curves of PLLA/clay nanocomposites with
different organomodified PK805 contents: (a) 0, (b) 2, (c) 3,
(d) 4, and (e) 5 wt %.

Figure 7 DSC thermograms of PLLA/clay nanocompo-
sites with different organomodified PK805 contents from
the heating scan (from 25 to 1908C at 28C/min): (a) 0, (b)
2, (c) 3, (d) 4, and (e) 5 wt %.

Figure 8 DSC thermograms of PLLA/clay nanocompo-
sites with different organomodified PK805 contents from
the cooling scan (from 190 to 258C at 28C/min): (a) 0, (b)
2, (c) 3, (d) 4, and (e) 5 wt %.
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considered to be the crystallization temperature of
the PLLA/clay nanocomposite. For all samples, at
the crystallization temperature, there was a steplike
change due to enthalpy relaxation. These results
show that clay exfoliated in the PLLA matrix
resulted in an obvious increase in the crystallization
rate compared with that of pure PLLA. This behav-
ior can be explained by the assumption that exfoli-
ated silicate layers act as efficient nucleating agents
that enhance the crystallization rate of the polymer
molecules.30 Such behavior could be regarded as
unique for polymer nanocomposites in which there
exists a strong interaction between the organic sur-
factant covered on the surface of clay platelets and
the functional groups on the main chain of the
PLLA molecules.

The heat of fusion is shown as a function of the
crystallization temperature for different nanocompo-
sites and neat PLLA. Table I lists the calculated crys-
tallinities.31 The pure PLLA possessed a lower crys-
tallinity than the PLLA/clay nanocomposites, and
the crystallinity increased with increasing clay con-
tent. Moreover, the 5 wt % PLLA/clay nanocompo-
sites had less crystallinity than the other samples. It
could be concluded that with a higher extent of exfo-
liation, the 5 wt % PLLA/clay nanocomposites had
the greatest effect in lowering the crystallinity of this
composite system. At high organoclay contents, they
became crystallization retardants, providing physical
hindrance to restrict the molecular chain mobility of
PLLA because of the increased interaction sites.

CONCLUSIONS

In this study, PLLA/clay nanocomposite dispersions
were prepared with MMT clay and resulted in inter-
calation in THF as a cosolvent between PLLA and the
organophilic clay. X-ray diffraction pointed out that
quaternary alkyl ammonium salts could be used to
increase the distances of the MMT clay interlayers to
2.2 nm, thereby allowing PLLA to enter the interlayer
of the organophilic clay. TGA showed that increasing
the clay content in the nanocomposite from 2 to 5 wt %

affected the thermal resistance of the materials. The
weight loss of the PLLA/clay nanocomposites
increased with increasing clay content before 3008C.
This was due to the presence of the organic alkylam-
monium compound used for clay modification.
However, after the complete decomposition of the
small organic molecules, the PLLA/clay nanocompo-
site containing more clay exhibited higher thermal
resistance. The DSC results indicated that the melt-
ing temperature and degree of crystallinity of the
PLLA/clay nanocomposites increased with increas-
ing clay content and gradually shifted toward a
higher temperature with increasing clay content.
Therefore, the clay seemed to enhance the rate of
crystallization of PLLA. It enhanced the crystallization
temperature as the nanolayers of the organophilic clay
dispersed into PLLA. The exfoliated organoclay plate-
lets acted as nucleating agents at low contents by
increasing the crystallization rate of PLLA.
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