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Abstract

Our study was to clarify the intercalation of polymer chains to organoclays and to improve the thermo-mechanical properties. Two
organoclays were synthesized. One was a montmorillonite modified with hexadecylamine (C,c-MMT); the other was a fluorinated-mica
modified with hexadecylamine (C;¢-Mica). Dispersions of organoclays with poly(lactic acid) (PLA) were by using the solution intercalation
method at different organoclay contents to produce nano-scale composites. The maximum ultimate tensile strength was observed for blends
containing 4 wt% of either of the two organoclays and decreased with further increases in the organoclay content. The initial modulus
increased with increasing organoclay content up to 4 wt% for C1,-MMT. When the C;4-MMT content was greater than this critical wt%, the
modulus of the hybrids started to decrease. In contrast, the initial modulus of the hybrids using C;¢-Mica increased continually with
increasing clay content from 2 to 8 wt%. The tensile properties of the C;s-Mica hybrids were higher than those of the hybrids containing C¢-
MMT. The optical translucency was not affected by the organoclay content up to 6 wt%; however, the films containing 8 wt% organoclays

were slightly more cloudy.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Poly(lactic acid) (PLA) is a linear aliphatic thermoplastic
polyester. Generally, commercial grades of PLA are
copolymers of poly(L-lactide) and poly(DL-lactide). PLA
is produced from renewable resources, has excellent
properties which are comparable to many petroleum-based
plastics, and is readily biodegradable. Consequently, it has
been proposed as a renewable and degradable plastic for use
in service ware, grocery bags, waste-composting bags,
films, and controlled release materials for pesticides and
herbicides [1-4]. PLA has high mechanical properties,
thermal plasticity, fabric ability, and biocompatibility [5,6].
However, PLA is more expensive than the majority of
commodity polymers. Moreover, the processibility of PLA
is rather poor, and its biodegradation rate is not easy to
control of PLA [7,8]. In spite of these difficulties,
considerable efforts have been made to improve the
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properties of PLA so that it can as to compete with low-
cost, flexible commodity polymers. These attempts modi-
fied PLA with biocompatible plasticizers or blended PLA
with other polymers [9—13].

Nanocomposites are class of composites derived from
ultrafine inorganic particles with sizes in the order of
nanometers that are homogeneously dispersed in a polymer
matrix. Because of their nanometer sizes, nanocomposites
possess properties that are superior to those of conventional
composites because of the interfacial adhesion being
maximized. Recently, nano-scale composites of polymers
with clays or organoclays have been studied extensively
[14-18].

Clays have sandwich types of structures with one
octahedral Al sheet and two tetrahedral Si sheets, the so
called philo-silicate. There are many types of philo-
silicates: kaolinite, montmorillonite, hectrite, saponite,
synthetic mica, etc. For our purposes, montmorillonite and
synthetic mica were chosen for syntheses of the nanocom-
posites. These clays consist of stacked silicate sheets with
lengths of about 218 nm for montmorillonite and 1,230 nm
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for synthetic mica. They have the same sheet thickness of
I nm. Therefore, the only difference among them is the
lengths of the silicate sheets [19—-20].

In this study, hexadecylamine was used as an alkylamine
in organoclays in a starch-blended PLA matrix. This paper
deals with the influences of organoclays, such as hexadecy-
lamine-montmorillonite (C;,-MMT) and hexadecylamine-
synthetic mica (C;4-Mica), on the thermo-mechanical
properties, morphologies, and film translucencies. These
properties of PLA/C;c-MMT hybrid films compared with
those of similar films prepared from C;¢-Mica. We also
describe the properties of PLA hybrids films as functions of
the organoclay content.

2. Experimental
2.1. Materials

The source clay, Kunipia-F (Na+—montm0rillonite), was
obtained from Kunimine Co. By screening the Na™-
montmorillonite (Na™-MMT) with a 325-mesh sieve to
remove impurities, we obtained clays with a cationic
exchange capacity of 119 mequiv./100 g. Na*-type fluori-
nated synthetic mica (Na™-Mica) with the free OH group of
the mica replaced by fluorine was supplied by CO-OP Ltd.,
Japan. Its cationic exchange capacity was in the range of
70-80 mequiv./100 g.

The hexadecylamine was purchased from Aldrich
Chemical Co. and was used as received. All reagents were
purchased from TCI and Aldrich Chemical Co. Commer-
cially available solvents were purified by distillation. N,V -
dimethylacetamide (DMAc) was purified and dried over
molecular sieves before use. Common reagents were used
without further purification. The PLA had a high starch
content (43%). This resin was supplied by Kolon Company,
Korea, with a weight-average molecular weight of 160,000.
The pure PLA films were characterized by a broad intensity
maximum, indicating an amorphous structure, appearing
approximately at 26 = 16-17° in Wide-angle X-ray
diffraction (WAXD).

2.2. Preparation of organophilic-MMTs and
PLA/organophilic-MMT hybrid films

Dispersions of Na*-MMT and Na*-Mica were added to
solutions of ammonium salts of hexadecylamine (Cig4-).
Organophilic clays were obtained through a multi-step
process and were called C;,-MMT [21] and C,¢-Mica [19],
respectively.

In a 500 ml beaker, 4.0 g of hexadecylamine, 2.5 ml of
concentrated HCI, and 200 ml of water were placed. This
solution was heated at 80 °C. In 400 ml of water, 10 g of
clay was dispersed at 80 °C. This dispersion of clay was
added to the ammonium salt of the hexadecylamine
solution, and the mixture was stirred vigorously for 1 h.

The precipitate was isolated by filtration, placed in a 250 ml
beaker with 300 ml of hot water, and stirred for 1 h. The
product was then filtrated and freeze-dried. C,4-Mica was
made using the same procedure of that used for C;c-MMT.

Since the synthesis procedures for polymer/organoclay
nanocomposites with different weight percents (wt%) of
organoclays are very similar, only a representative example
for the preparation of PLA/C4-MMT (2 wt%) is given [10,
18,22]. A mixture of 50.0g of a DMAc dispersion
containing 0.08 g of C;c-MMT, 4.0 g of a PLA solution,
and excess DMAc was stirred vigorously at room
temperature for 4 h. The solution was spread onto a
10 X 10 cm? glass plate, and the solvent was evaporated in
a vacuum at 70 °C for 1 day. The films were then cleaned in
an ultrasonic cleaner three times for 5 min each. These
films, with the solvent removed, were dried again in a
vacuum oven at 70 °C for 1 day. The thickness of the film
were 10—15 pm.

2.3. Characterization

Thermogravimetric analyses of the hybrids were carried
out with a Du Pont model 910 thermogravimetric analyzer
(TGA) at a heating rate of 20 °C/min under a N, flow. Wide-
angle X-ray diffraction (WAXD) measurements were
performed at room temperature using a Rigaku (D/Max-
IIIB) X-ray diffractometer with Ni-filtered Co Karadiation.
The scanning rate was 2°/min over a range of 26 = 2—15°

The tensile properties of the solution cast films were
determined using an Instron Mechanical Tester (Model
5564) at a crosshead speed of 5 mm/min at room
temperature. The specimens were prepared by cutting strips
5 mm wide by 70 mm long. The experimental uncertainties
in the tensile strength and the modulus were =2 and
* 10 MPa, respectively. An average of ten individual
determinations was obtained.

The samples for the transmission electron microscope
(TEM) were prepared by putting PLA hybrid films into
epoxy capsules and then curing the epoxy at 70 °C for 24 h
in vacuum. After that, the cured epoxies containing the PLA
hybrids were microtomed into 9 mm thick slices, and a layer
of carbon, about 3 nm thick, was deposited on each slice on
a mesh 200 copper net. TEM photographs of ultrathin
sections of the polymer/organoclay hybrid samples were
taken on an EM 912 OMEGA transmission electron
microscope at an acceleration voltage of 120 kV.

3. Results and discussion
3.1. Dispersibility of organoclay in PLA

The XRD results for the PLA/Cs-MMT hybrid films are
shown in the Fig. 1. The measured dgy;-spacing of Na*-

MMT is 11.99 A (26 = 8.60°). After cation exchange with
hexadecylamine (C;¢), the dyp;-spacing is 25.96 A (20 =
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Fig. 1. WAXD patterns of Na*-MMT, C;,-MMT, PLA, and their hybrids.

3.95°). It appears that Na cations are replaced exactly by Ci¢
cations in the organic modification and that the C;,c-MMT
prepared in this study is well dispersed in water. When PLA/
C6-MMT hybrids are formed, an organoclay peak at 20 =
3.68° (d = 27.64 A) appears in the diffraction pattern of
PLA/C;s-MMT. Further increases in the basal interlayer
spacing imply that polymer chains are intercalated within
the clay galleries [23-25]. With increasing organoclay
content from 2 to 8 wt%, PLA/C;,-MMT hybrid films
showed the same diffraction pattern.

Fig. 2 shows the XRD curves for PLA/C,¢-Mica hybrid
films. The dyy; reflection for the mica was found at 26 =
10.64°, which corresponds to an interlayer distance of
9.65 A. It is clear that the XRD data shift to smaller angles
for the modified clay. Surface modification by alkylamine
afforded substantially increased interlayer distances for
mica. The XRD peak for the surface-modified clay was
found at 26 = 2.77°, corresponding to an interlayer distance
of 37.03 A. As would be expected, the ion exchange
between the clay (Na*-Mica) and the alkylamine (C;q)
results in an increase in the basal interlayer spacing in
comparison with pristine Na™-Mica and leads to a big shift
of the diffraction peak toward lower values of the 20
compared to C;-MMT. The dgo,; reflection of Na™-Mica at
260 = 10.64° is seen in the modified clay (C;¢-Mica), as well
as in the hybrids with the organoclay. This means that
pristine mica remains in the final materials, as well as in the
PLA/C,4-Mica hybrids, for C,¢-Mica contents up to 8 wt%.
In all samples, the peaks observed around d = 19, 17, and
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Fig. 2. WAXD patterns of Na™-MMT, C6-Mica, PLA, and their hybrids.

11 A or 26 = 5.33° 6.17°, and 9.14°, respectively, correlate
to the 002 and the 003 planes of the clay layers.

From the above results, a substantial increase in the
intensities of the XRD peaks is observed for clay loading
from 2 to 8 wt%. The presence of the organoclay, however,
had no effect on the location of the peak. This indicates that
perfect exfoliation of the clay layer structure of the
organoclay in PLA does not occur. Organoclay dispersion
in PLA will be cross-checked further by using the TEM
data, which are discussed in the next section.

3.2. Morphology

WAXD is a conventional method to determine the
interlayer spacing of clay layers in the original clay and in
the intercalated polymer/clay nanocomposites. On the other
hand, the internal structures of the nanocomposites on a
nanometer scale are observed by using TEM. TEM allows a
qualitative understanding of the internal structure through
direct observation.

Typical TEM photographs for the hybrids with organo-
clays are displayed in Fig. 3. Fig. 3(a) and (b) are for PLA
hybrids containing 4 wt% organoclays. The dark lines in the
pictures are 1 nm thick clay layers, the spaces between the

(b)

Fig. 3. TEM photographs of PLA hybrids containing 4 wt% organoclay: (a)
CIG-MMT and (b) CIG—Mica.
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dark lines are interlayer spaces, and the gray bases are the
PLA matrix. For the C;-MMT hybrid films in Fig. 3(a),
some of the clay is dispersed well in the PLA matrix, and
some of it is agglomerated to a size of approximately 5—
10 nm.

In the case of the nanocomposite containing the same
wt% C,¢-Mica, the TEM micrograph, Fig. 3(b), show region
with individual dispersion of partially delaminated sheets in
the matrix and regions where a regular stacking of sheets
being maintained with a layer of polymer between the
sheets. This is consistent with the XRD results shown in
Figs. 1 and 2.

3.3. Thermal stabilities

The thermal stabilities of pure PLA and its hybrids are
listed in Table 1. In the cases of the C;,-MMT and the C,¢4-
Mica hybrids, the initial degradation temperatures (7},) (at
2% weight loss) of the PLA hybrid films decreased with
increasing amount of organoclay, with a maximum decrease
of 49 °C from the value for pure PLA for 8 wt% C;s-MMT
and of 16 °C for the same wt% loading of C;4-Mica. Based
on the fact that inorganic species have good thermal
stabilities, it is generally believed that the introduction of
inorganic components into organic materials can improve
their thermal stabilities. This increase in the thermal
stability can be attributed to the high thermal stability of
clay and to the interaction between the clay particles and the
polymer matrix [26—29]. Ogata et al. [12] reported that the
clays seemed to hinder the deformation of the crystalline
structures of PLA hybrids at low temperatures, but they also
observed that the clays acted as deformation accelerators at
higher temperatures. In any event, in contrast to pure PLA,
the onsets of initial decomposition for PLA/C,-MMT and
C ¢-Mica shift towards lower temperatures with increasing
clay content, indicating a lowering of their thermal
stabilities upon intercalation at higher temperatures. Similar
results have also been observed in other studies of polymer
nanocomposites [30].

A comparison of the thermal stabilities leads to the
conclusion that the C;¢-Mica hybrids are thermally more
stable than the C;-MMT hybrids because the free OH
groups in the pristine mica are replaced by fluorine atoms in

Table 1
Thermogravimetric analyses of PLA/organoclay hybrid films

Clay wt% Ce-MMT C¢-Mica
Th* (°C) wi*® (%) T} (°C) Wi (%)
0 (pure PLA) 370 2 370 2
2 343 4 363 3
4 336 6 361 5
6 331 6 356 7
8 321 8 354 7

 Initial weight reduction onset temperature.
® Weight percent of residue at 600 °C.

synthetic mica. This effect increases the initial decompo-
sition temperature of the mica hybrid, leading to a higher
relative thermal stability. However, the thermal insulation
effect did not occur in our system at higher temperatures.

The weight of the residue at 600 °C (wtd) linearly
increased, ranging from 2 to 8% for clay loadings from O to
8 wt%, for all PLA/organoclay hybrids (see Table 1). The
onset of initial degradation of the hybrids decreased, but the
char residue at 600 °C increased, due to the incorporation of
the organoclay. This enhancement of the char formation is
ascribed to the high heat-resistance due to the clay itself
[31]. Only representative examples of the TGA curves for
the PLA hybrids with 4 wt% organoclay content are shown
in Fig. 4.

3.4. Tensile properties

Fig. 5 shows the mechanical property of hybrid films
with different organoclay contents. The ultimate strengths of
the hybrids increased remarkably with the organoclay
content and possessed a maximum value for clay content
loading of 4 wt%. The ultimate tensile strengths of the
hybrids increased from 19 to 28 MPa with increasing C¢-
MMT content up to 4 wt% and from 19 to 44 MPa with
increasing C;¢-Mica content up to 4 wt%. Above the critical
wt% clay loadings corresponding to the ultimate strengths,
the strength values of all the hybrids started to decrease due
mainly to the agglomeration of clay particles, as we
described in other articles [10,22,31]. Dispersion is very
important because failure to disperse can induce agglom-
erations. Failure initiated many clay agglomerates, which
meant that cracks were initiated on and propagated inside
the agglomerates [32]. In short, a high organoclay content
leads to agglomeration of clay particles, which reduces the
tensile strength.

Fig. 6 shows the dependence of the initial modulus on the
organoclay content. The modulus increased linearly with
increasing organoclay content up to a critical value of
4 wt% for Ci-MMT. When the organoclay content was
greater than this critical value, the modulus started to

\ﬁ pure PLA

100

80

X
e H
£ 60 1 4 wt% organoclay
2 t in PLA
= {
20 40— Cis-MMT
o
3 C6-Mica
20 -
0 T T T
0 100 200 300 400 500 600

Temperature, C

Fig. 4. TGA thermograms of PLA and its hybrids containing 4 wt%
organoclay.
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Fig. 5. Effects of the clay loading on the ultimate tensile strength of the
hybrid films.

decrease. In contrast, the initial modulus of the hybrids
using Cj¢-Mica increased linearly with increasing clay
content from 2 to 6 wt%. As the amount of organoclay was
increased to 8 wt%, the modulus of the hybrid significantly
increased to 633 MPa, a three-fold increase over pure PLA
(Table 2) (208 MPa). Compared to the C;c-MMT hybrids,
this big enhancement of the modulus is ascribed to the
resistance exerted by the clay itself, as well as to the
orientation and the higher aspect ratio of the mica layers
[19]. Additionally, the stretching resistance of the oriented
backbone of the polymer chain in the gallery also
contributed to enhancing the modulus.

The elongation at breaks of the hybrid films with
organoclays are shown in Fig. 7. The elongation at breaks
of PLA is clearly seen to increase with the introduction of an
organoclay and with increasing organoclay content. How-
ever, a certain wt% of organoclay loading corresponds to a
maximum value, giving a 36—49% increase in the
elongation at break. Thus, it can be concluded from the
above observations that in a certain organoclay content
range, the introduction of organoclay will lead to both a
strengthening and a toughening of the PLA matrix. This
may be regarded as a feature of nanocomposites. A further
increase in the organoclay content leads to a decrease in the
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Fig. 6. Effects of the clay loading on the initial tensile modulus of the hybrid
films.

Table 2
Tensile properties of PLA/organoclay hybrids films

Clay wt% Ce-MMT C,¢-Mica

Ult. str.  Ini. mod. E.B. Ult. str. Ini. mod. E.B.

(MPa) (MPa) (%)* (MPa)  (MPa) (%)
0 (pure PLA) 19 208 845 19 208 845
2 27 254 981 41 252 1272
4 28 285 1146 44 270 1150
6 26 276 1054 38 311 1100
8 25 274 1060 31 633 569

# Elongation percent at break.

elongation at break, with the elongation break of 8 wt% C4-
MMT being much higher than that of pure PLA and that of
8 wt% C,¢-Mica being much lower than that of pure PLA.

From the above results, it appears that there is an optimal
amount of organoclay needed in a hybrid to achieve the
greatest improvements in its properties. The properties of
the C;¢-Mica hybrids were better than those of the C4-
MMT hybrids in ultimate tensile strength and initial
modulus. We suggest that C;s-Mica in nanocomposites
not only induces a stronger interfacial interaction between
PLA and the organoclay but also imparts the higher rigidity
of the clay structure.

3.5. Optical translucency

Optical nanocomposites are translucent so as to reduce
light scattering and to obtain high values of optical purity.
For high translucency, the dispersed phase should have an
average size smaller than the wavelength of visible light (i.e.
400-800 nm) [16].

The PLA/organoclay hybrid films prepared by using a
solvent—casted process were off-white in color, but highly
translucent. Moreover, the levels of translucency were not
affected by the organoclay contents up to 6 wt% as shown in
Fig. 8. Because hybrid films may have phase domains
smaller than these wavelengths of light, the materials may
be translucent even though the clay loading is increased.

1300 -

1100 -

900 -

Elong. at Break (%)

700 - —e— C16-MMT
—v— C16-Mica

500

0 2 4 6 8
Clay contents (wt, %)

Fig. 7. Effects of the clay loading on the elongation at break of the hybrid
films.
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Fig. 8. Translucency of PLA hybrid films containing (a) O (pure PLA), (b) 4,
(c) 6, and (d) 8 wt% organoclays.

However, the translucency slightly decreased with increas-
ing organoclay content because of agglomerations of the
clay particles. Compared to the films with 4-6 wt%
organoclays, the films containing 8 wt% were cloudier in
Fig. 8, but there was still no problem in reading a letter
through the film. The translucency of the hybrid films was
due the degree of dispersion of the clay particles in the
matrix polymer.

4. Conclusions

Considering effort has been expended to improve the
thermo-mechanical properties of common thermoplastics
by blending them with organoclays. In this investigation, we
tried to clarify the structural effect of alkylamine-type
organoclay reinforcement in a PLA matrix in the form of
films. We demonstrated that a small amount of added
organoclay was enough to improve the tensile properties of
the PLA films. This suggested that so-called nanocompo-
sites were attained.

By comparing the two tested organoclays, we found that
C¢-Mica was more effective in improving the physical
strength of PLA films. C¢-Mica is believed to enhance the
interfacial interaction between the clay and the PLA matrix.
In this study, the combination of the high aspect ratio of the
mica and the improved interaction between the clay and the
PLA certainly made C;¢-Mica a better reinforcing filler than
C16-MMT. Also, this observation agreed with the tendency
for the tensile properties of these hybrids to change with the
organoclay loading.
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