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ABSTRACT: Montmorillonite (MMT) was modified with
dodecylamine, 1,12-diaminododecane, and 1,11-aminounde-
canoic acid to prepare CHMMT, NHMMT, and COMMT,
respectively. The three clays were mixed with poly(L-lac-
tide) (PLLA) with the aid of chloroform. Depending on the
modifiers, PLLA/MMT composites exhibited different me-
chanical properties and morphology. A completely exfoli-

ated morphology was observed in the PLLA/COMMT com-
posite (PLACO). The PLACO exhibited the best tensile
properties among the tested composites because of the finest
dispersion of the clay layers. � 2006 Wiley Periodicals, Inc.
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INTRODUCTION

Composite materials are widely used in various fields,
such as automotive, aeronautics, and communica-
tions. Depending on the composite nature and struc-
ture, mechanical properties were greatly improved
and sometimes the price went down.

Recently, polymer/clay composites have attracted
great interest from academia as well as industries
because of the remarkable improvement of materials
properties when compared with the mother polymer
or the conventional micro- and macrocomposites.1–4

Nylon6/clay hybrids were developed at Toyota
Central Research and Development Laboratories in
1986.5,6 This is the first successful example of poly-
mer/clay composite. The polar characteristics of ny-
lon6 facilitated the dispersion of the clay layers and
thereby enhancement of the mechanical properties
was relatively easy to achieve.

However, usually the thermodynamics between
polymer molecules in melt state and the silicate layers
is not sufficiently favorable to expand the clay gal-
leries large enough to have the exfoliation of the clay
layers to take place.

A lot of studies have been devoted to developing
the methods for the pretreatment of the clay to gen-
erate stronger interactions between the clay and the
polymer matrix.7–9

Poly(L-lactide) (PLLA) is highlighted by scientists
and engineers because of its biodegradability not

only for biomedical applications, but also for poten-
tial large-scale uses such as packaging and many
consumer goods. PLLA is a linear aliphatic thermo-
plastic polyester, produced form renewable resour-
ces, with excellent properties comparable to many
petroleum-based plastics.10,11

In this article, MMT was modified with dodecyl-
amine, 1,12-diaminododecane, and 1,11-aminoundeca-
noic acid to prepare CHMMT, NHMMT, and COMMT,
respectively. The modifiers have similar chain length,
but different end group. The ester linkage of PLLA
may interact differently with the end group depending
on the modifier as shown in Scheme 1. Properties and
morphology of the PLLA composites with the three dif-
ferent clays were explored.

EXPERIMENTAL

Materials

Naþ-montmorillonite(NAMMT) was obtained from
Southeastern Clay Products, Inc. (Gonzales, TX). The
cation exchange capacity (CEC) of NAMMT was 92
mEq/g. Dodecylamnie, 1,12-diaminododecane and
1,11-aminoundecanoic acid were purchased from
Aldrich as reagent grade and used without further pu-
rification. The chloroform was purchased form Duksan
Pure Chemical (Korea). Common reagents were used
without further purification. The PLLA was supplied
by Cargill Dow LLC (Minneapolis, MN), with a
weight-average molecular weight of 250,000.

Preparation of organophilic-MMTs
and PLLA/organophilic-MMT hybrid

In a 1000 mL reactor, 20 g of the NAMMT was dis-
persed in 1 L of distilled water. The temperature
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was raised to 808C with gentle stirring. Then 18
mmol of the dodecylamine and 18 mmol HCl were
added to the mixture and stirred vigorously for 1 h.
The precipitate was isolated by filtration after purifi-
cation by hot water. The resulting silicates(CHMMT)
were dried under reduced pressure at 608C for 48 h,
and then ground to 100-mm sized particles in a ball

mill. The NAMMTs modified by 1,12-diaminododec-
ane(NHMMT) and 1,11-aminoundecanoic acid(COMMT)
are made using the same procedure as that used for
CHMMT.

A mixture of 200 mL of a chloroform dispersion
containing 0.6 g of modified clay(3 wt %) and 19.4 g
of pure PLLA was stirred vigorously at room tem-

Scheme 1 The compatibility between PLA and the end groups of modified clays.
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perature for 12 h. The product was poured into a
large amount of methanol. The products were dried
in convection oven at 608C for 48 h, and in vacuum
oven for 2 weeks. The dried hybrids were then con-
verted into sheets with a thickness of 0.1–0.3 mm by
pressing with � 2 MPa at 1708C for 1 min.

Characterization methods

The Fourier transformed infrared (FTIR) spectrum
was recoded on a Perkin–Elmer Spectrum 2000
explore over a wavenumber range of 4000–400 cm�1.
The variation of the interlayer distance of MMT in
the nanocomposites was studied by means of wide
angle X-ray scattering (WAXS) using a Rigaku
DMAX 2500. The CuKa radiation source was oper-
ated at 40 kV and 40 mA. Patterns were recorded by
monitoring those diffractions appeared in the 2y
range from 2 to 108 with a scanning rate of 28/min.
The tensile properties of the composites was meas-
ured with an universal testing machine(UTM),
(Hounsfield H 10KS-0061). Specimens were prepared
according to ASTM D638. The cross-head speed was
5 mm/min. The results of five specimens were aver-
aged. The morphological aspects of the composite
have been examined by using transmission electron
microscopy (TEM) to determine the internal micro-
morphology. A Philips CM200 (TEM), with an accel-
eration voltage of 120 kV, was used. SEM (S-4200,
Hitach, Japan) was used to observe the fractured
surface morphology. Specimens were fractured while
immersed in liquid nitrogen.

RESULTS AND DISCUSSION

The organo-modification of MMT is an important
step for the preparation of high-performance poly-
mer/MMT composites. Figure 1 shows FTIR spectra
of NAMMT, CHMMT, NHMMT, and COMMT. The

absorption characteristic band of NAMMT appears
at 1030 cm�1. CHMMT exhibits the characteristic
band of C��H stretching at 2923 and 2851 cm�1.12

The peak at 1558 cm�1 corresponds to ��NH2 scis-
soring of NHMMT.13 The carboxylic groups of
COMMT display their characteristic absorption
bands at 1710 cm�1 for the C¼¼O stretching and at
1418 cm�1 for the in-plane O��H bending.13 The
FTIR results confirm that the MMT was modified
successfully by the organic substances.

Intercalation of the organic substances into the
interlayer spacing of the MMT was examined by
using XRD as shown in Figure 2. The basal spacing
of the MMT was calculated from the Bragg’s equa-
tion, and the results are summarized in Table I. The
interlayer spacing was enlarged from d ¼ 1.18 m to
d ¼ 1.39, to d ¼ 1.42 and to d ¼ 1.67 nm as a result
of the treatment with dodecylamine, 1,12-diaminodo-
decane, and 1,11-aminoundecanoic acid, respectively.

Figure 1 IR spectrum of clay and modified clays.

Figure 2 XRD patterns of pristine clay and organo-modi-
fied clays.

TABLE I
The Analysis of XRD Patterns of the Clay

and Organo-Modified Clays

Clay 2y (8) d001 (nm)

NAMMT 7.51 1.18
CHMMT 6.34 1.39
NHMMT 6.18 1.42
COMMT 5.28 1.67
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It has been widely accepted that the basal spacing
enlargement of the MMT depends strongly on the
amine compounds used for the modification. The
longer the chain length of the amine compound,
the higher the d-spacing. It is to be noted that the d-
spacing of COMMT was larger than that of CHMMT
despite the fact that the chain length of 1,11-amino-
undecanoic acid was similar to that of dodecylamine.
This can be attributed in part to the hydrogen bond
between the carboxylic end group and the amine
group, and more free 1,11-aminoundecanoic acid
molecules can enter into the interlayer spacing to
enlarge the d-spacing due to the hydrogen bond. The
carboxylic group of the former which is bulkier than
the methyl group of the latter may be another reason
for the larger d-spacing. Aminoundecanoic acid mol-
ecules are believed to lie more perpendicular to the
clay platelets than dodecylamine and 1,12-diamino-
dodecane, because the two different end groups of
aminoundecanoic acid are pulled more strongly by
both ionic bonding force and hydrogen interaction
with the silicate layers. The perpendicular conforma-
tion of the surfactant molecules should also contrib-
ute to the d-spacing enlargement.15,16

CHMMT, NHMMT, and COMMT were mixed with
PLLA to fabricate PLACH, PLANH, and PLACO,
respectively. Figure 3 shows the XRD spectra of the
three composites. In case of PLACH, a diffraction
peak is observed at 2y ¼ 2.608 (3.39 nm), correspond-
ing to the (001) plane of the stacked and intercalated

Figure 4 TEM images of (a) PLACH, (b) PLANH and (c)
PLACO.

Figure 3 XRD patterns of PLACH, PLANH and PLACO
composites.
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silicate layers dispersed in the PLLA matrix. The
small additional peak at 2y ¼ 6.188 was ascribed to the
aggregated clay layers. Similarly, PLANH exhibited a
small peak at 2y ¼ 6.208, indicating that PLANH pos-
sessed exfoliated morphology with some aggregates.
In marked contrast, no peaks were observed in the
XRD spectrum of PLACO, revealing that COMMT
layers were completely exfoliated in the PLLA matrix
without discernible aggregates.

The TEM images of the three composites are dem-
onstrated in Figure 4. Figure 4(a) displays that the
clay layers were intercalated with a lot of aggregates
in the PLACH. The dark lines correspond to the
cross section of the clay sheet about 1 nm thick and
the gap between two adjacent lines is the interlayer
spacing or gallery. The measured distance between
the two adjacent lines, i.e., the interlayer spacing
of intercalated tactoids, obtained from the TEM
results, is consistent with those from the XRD data.
Figure 4(b) visualizes the TEM image of the PLANH.
The nanometer-range intercalated clay tactoids are
not seen indicating that the clay layers were exfoli-
ated. However, some aggregates of the clay layers
are also observed in the PLANH. Figure 4(c) corre-
sponding to the PLACO composite shows disor-
dered and exfoliated platelets of the clay layers with-
out discernible aggregates. The TEM observations in
Figure 4 are in good agreement with the correspond-
ing XRD results. According to the SEM images of
the fractured surfaces in Figure 5, aggregates of the
clay layers are also seen in PLACH, while they are
not seen in PLACO. It is worth noting here that an
exfoliated morphology can be obtained for PLLA/
MMT composites even in the absence of a chemical
reaction between PLLA and MMT.

Table II summarizes the glass transition (Tg), melt-
ing peak temperature (Tm) and heat of fusion of the
neat PLLA and the PLLA/MMT hybrids. Tg of the
hybrids was slightly higher than that of the neat
PLLA, indicating that the segmental motion of the
PLLA chains became restricted in the composites,
similarly to the case of polystyrene/MMT compo-
sites.14 However, the different degree of interaction
between PLLA and the clays was not clearly

TABLE II
The Thermal and Mechanical Properties of Neat PLLA, PLACH,

PLANH, and PLACO composites

Composites Tg (8C) Tm (8C) DH (J/g)
Young’s modulus

(MPa)
Tensile strength

(MPa)

PLLA 57.5 154.5 36.0 2.16 6 0.02a 32.4 6 3.1a

PLACH 58.8 154.1 34.7 2.40 6 0.02 32.4 6 1.3
PLANH 58.7 153.7 36.1 2.44 6 0.03 32.9 6 4.9
PLACO 59.0 154.2 36.7 2.53 6 0.05 42.3 6 3.6

a Values are mean 6 standard deviation.

Figure 5 SEM images of (a) PLACH, (b) PLANH, and
(c) PLACO.
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expressed by the Tg increase, because all the hybrids
exhibited similar Tgs. Tm of PLLA did not change
appreciably after the compounding of PLLA with
the different clays. The heat of fusion of PLLA/clay
hybrids was also nearly independent of the clay
modification methods. It should be noted here that
Tm did not depend strongly upon the kind of clay
modifiers. This behavior is contrary to the expecta-
tion, because the exfoliated part of the clay in PLLA/
clay nanocomposites could serve as a nucleating
agent for crystallization, while the aggregated part
disturbed the crystallization of the PLLA matrix.

Mechanical properties of the PLLA compounded
with the different clays are summarized in Table II.
Tensile modulus of the PLLA/MMT composites was
higher than that of the neat PLLA. Tensile strength
of the PLLA/MMT composites was also higher than
that of the neat PLLA, and the PLACO exhibited the
highest tensile strength among the PLLA/MMT com-
posites. The finest dispersion of the clay layers in the
PLACO is thought to be responsible for the best ten-
sile properties.

CONCLUSIONS

Naþ-montmorillonite was modified with dodecyl-
amine, 1,12-diaminododecane and 1,11-aminounde-
canoic acid to prepare CHMMT, NHMMT, and
COMMT, respectively. When PLLA was compounded
with the three clays with the aid of chloroform, the
degree of dispersion of the clay layers increased in
the order of CHMMT < NHMMT < COMMT.
Owing to the finest dispersion and exfoliation of the
clay layers, the PLLA/COMMT composite exhibited
the best mechanical properties among the tested

composites. To our best knowledge, this study
reports for the first time that a completely exfoliated
morphology of PLLA/MMT composite can be ob-
tained even in the absence of chemical reaction
between MMT and PLLA.
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