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Biodegradable Poly(Lactic Acid)/Clay
Nanocomposites by Melt Intercalation: A Study of
Morphological, Thermal, and Mechanical Properties

Parakalan Krishnamachari, Jian Zhang, Jianzhong Lou,
Jizhong Yan, and Leonard Uitenham
Department of Mechanical and Chemical Engineering, North Carolina A&T
State University, Greensboro, North Carolina, USA

Abstract: Biodegradable polymer nanocomposites of poly(lactic acid) (PLA)
and several organically modified montmorillonites (nanoclays), namely, Cloisite
30B, Cloisite Nat, Cloisite 25A, Cloisite 20A, Cloisite 93A, and Cloisite 15A
were prepared by melt compounding using a Brabender twin-screw extruder.
An exfoliated morphology was observed using both X-ray diffraction analysis
(XRD) and transmission electron microscopy (TEM) for the combination
of PLA and Cloisite 30B (the montmorillonite modified with a quaternary
ammonium salt). The first XRD peaks for all the other nanocomposites were
observed to shift to lower angles, indicating that intercalation occurred. The
extent of intercalation depended on the type of organic modification on the
Cloisite organoclay and was exhibited in the sequence of Cloisite Na®™ > 25A >
20A > 93A > 15A. Further studies were carried out to compare the properties
of the PLA-30B nanocomposites with those of the neat PLA at clay loading
levels of 1%, 2%, 3%, 4%, and 5% (w/w). Thermal stability of the nanocom-
posites was studied using thermogravimetric analysis (TGA). An increase in
thermal stability was observed with a high at a loading level of 3% (w/w).
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Glass transition data were collected and analyzed using differential scanning
calorimeter (DSC). An optimum in the glass transition temperature (7,) of the
nanocomposites was observed at 3% (w/w). Improvement in the mechanical
properties of the nanocomposites was also observed.

Keywords: Biodegradable; Nanocomposite; Poly(lactic acid)

INTRODUCTION

In general, synthetic polymers that are produced from petrochemical
products have low recovery/reproduction rates and are not easily
degraded in the environment. The rapid growth of municipal waste
drives efforts toward biocompatible/biodegradable polymers that can
be used as renewable resources for polymer manufacturing and reduce
the waste volume of plastics. Among various biodegradable polymers,
poly(lactic acid) (PLA), a biodegradable aliphatic polyester, has attracted
the most attention due to the fact that it can be derived from 100%
renewable resources, such as corn and sugar beets. PLA is widely used
in medical applications such as wound closure, surgical implants,'!
resorbable sutures,??! tissue culture,”*! and controlled release systems.*7]

While biodegradable polymers are environmentally benign and
are often produced from sustainable agricultural raw materials, the
penetration of biodegradable polymers in the marketplace has encoun-
tered various barriers including cost and performance issues. For
example, some of the properties such as brittleness, low heat distortion
temperature, high gas permeability, and low melt viscosity for further
processing restrict their use in a wide range of applications.®] Therefore,
modification of the biodegradable polymers through innovative
technology is a formidable task for materials engineers.

The field of polymer nanocomposites, primarily based on layered
silicates, such as montmorillonite (nanoclay), has drawn increasing
attention from industry. The dispersion of the high-aspect-ratio nanoclay
in the host polymers has been shown to impart substantial improvement
on the mechanical, fire retardant, rheological, gas barrier, and optical
properties, especially at low clay loading levels (as low as 1% (w/w)) in
comparison with more conventional microcomposites (e.g., 30% (w/w)
of microscale fillers).P!

Many researchers have been involved in working on PLA nanocom-
posites. Sinha Ray et al.l'>!3] extensively studied the effects of organic
clay modifiers on the properties (biodegradability, melt rheology, etc.)
of PLA-clay nanocomposites prepared by melt compounding with a
twin screw extruder. Pluta et al.'¥l compared the structure and several
physical properties of PLA/clay nanocomposite loaded with organ-
oclay and PLA /clay microcomposite containing sodium montmorillonite
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prepared by melt compounding using a mixer. Ogata et al.l'>] and Maiti
et al.'®l have also reported on property enhancement of PLA through
the addition of nanoclay.

There are three main techniques for preparing polymer nanocom-
posites: mixing the nanoclay with the monomer followed by polymer-
ization (in situ polymerization),l'”-"l mixing the nanoclay in the solution
of a polymer followed by solvent evaporation (solution mixing),**! and
blending the nanoclay with a molten polymer (melt compounding).!]

Recently, the melt compounding technique has become the method
of choice because it is the most industrially viable approach that can lead
to commercialized processes using existing infrastructure in the plastics
industry. The absence of solvent makes it an economically and environ-
mentally sound method. In this method, a dry mixture of the polymer
pellets and the nanoclay powders is blended under shearing action of a
twin screw, at a temperature above the melting point of the polymer. As
a result of the organic modification, the clays are intercalated with alkyl
ammonium cations bearing long alkyl chains, which increase the inter-
layer spacing and can improve the compatibility of nanoclay with the
polymer matrix. The shearing action helps to facilitate the diffusion of
the polymer chains from the bulk polymer melt into the galleries between
the silicate layers of the nanoclay.*!

The research in this study represents our most recent effort
of preparing biodegradable nanocomposites of PLA and organically
modified nanoclay by melt compounding using a Brabender twin-screw
extruder. Several nanoclays were incorporated into PLA at 1% (w/w)
loading level to form the nanocomposites. The morphology of the nanos-
tructure was characterized using two complementary techniques: X-
ray diffraction analysis (XRD) and transmission electron microscopy
(TEM). Thermal stability of the nanocomposites was studied using
thermogravimetric analysis (TGA). Glass transition temperature (7,)
data were collected and analyzed using differential scanning calorimetry
(DSC). Mechanical properties of the nanocomposites were measured
using the Instron universal testing machine. Improvement of the practical
mechanical properties like mechanical property and thermal stability
is compared with that of neat PLA. We also investigate the effect of
nanoclay loading level on the T, of the polymer nanocomposite.

EXPERIMENTAL SECTION
Materials

PLA under the commercial name PLA 4060D (poly-D/L-lactide or
PDLLA) was supplied by NatureWorks (Minnetonka, Minn.). The resin
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Table I. Nanoclay commercial names and surface treatments

Nanoclay CEC (meq/100g clay) Surfactants
Cloisite® Na* 92.6 None
Cloisite® 15A 125 (HT),N*(CH3),
Cloisite® 20A 95 (HT),N*+ (CH3),
Cloisite® 25A 95 (CH3),(CSH17)N*(HT)
Cloisite® 30B 90 TN*+(CH3)(C2H4OH),
Cloisite® 93A 90 (HT),HN*(CH3)

HT = hydrogenated tallow amine; T = tallow amine.

was provided in the form of pellets. PLA 4060D has about 11 to 13%
D-lactide content and a density of 1.24g/cc.

The various grades of nanoclay, under the commercial names of
Cloisite 30B, 15A, 20A, 25A, 93A, and Na*t were supplied by Southern
Clay Products Inc. (Gonzalez, Tex.). The surface treatment of the various
nanoclay products is listed in Table 1.

Nanocomposite Preparation

The pellets of PLA and the powders of the nanoclay were dry-mixed
at room temperature followed by feeding into a C.W. Brabender twin-
screw extruder. The melt temperature of the twin screw was maintained
at 190°C. The rotation speed was set at 20rpm. The Brabender twin
screw extruder contains two 42mm (1 5/8") diameter, counter-rotating
(toward each other) intermeshing screws. The barrel of the extruder is
equipped with two heater/cooler collar zones of 2300 watts each. There
are a total of three temperature-controlled zones in the barrel in addition
to the feeding zone.

Characterization

The morphology of the PLA-clay nanocomposites was studied using
XRD and TEM. The interlay spacing d,, was examined using a
Bruker D8 Discover Series 2 X-ray diffractometer. The measure-
ments were carried out using reflection geometry and CuKo radiation
(wavelength 4 = 0.154nm) operated at 40kV and 100mA. The d-spacing
of clay in nanocomposites was calculated from Bragg’s equation using
the XRD results, which is the common procedure for polymer-clay
nanocomposites.?l TEM images were obtained using a Philips FEI
CM12 electron microscope operated under 100kV accelerating voltage
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with a Gatan CCD camera. All samples were prepared with a diamond
knife on a Leica Ultracut UCT microtome at room temperature to give
sections with a nominal thickness of 70 nm.

Thermal analyses were carried out using DSC and TGA. A TA
Instruments DSC Q100 was used to obtain the glass transition data.
The samples were characterized in a temperature-modulated mode at a
heating rate of 5°C/min in an inert atmosphere. A Perkin-Elmer TGA-7
was used for the thermogravimetric analysis at a heating rate of 5°C/min
in an inert atmosphere from 40° to 600°C.

An Instron model 5566 Universal Testing Frame was used to
measure the mechanical properties, including Young’s modulus and
ultimate tensile strength. The test was conducted at a constant rate of 2
inch/min at room temperature per ASTM D638 standard.

RESULTS AND DISCUSSION
Exfoliation in Melt Compounding

The XRD diffractograms for the PLA-clay nanocomposite samples of
different clays are shown in Figure 1. The d-spacing information from
the clay manufacturer is given in Table II. If the nanoclay retains its
original layered structures and the original d-spacing when it is dispersed
inside the polymer matrix, the position of the Bragg peak corresponding
to the d-spacing in the XRD diffractogram will remain unchanged. If the
layered structure is maintained and the d-spacing is increased, the Bragg

PLA-Na*

Ww

PLA-20A

W%

PLA-25A

Wm

PLA-30B

5 10 15 20 25 30
2 Theta angle (degrees)

Intensity (a.u.)

Figure 1. XRD diffractograms: PLA with 1% (w/w) of Na', 15A, 20A, 25A,
93A and 30B.
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Table II. d-Spacing information for the
nanoclays (Source: Southern clay products)

Nanoclay d-spacing (nm)
Na*t 1.17

15A 3.15

20A 242

25A 1.86

93A 2.36

30B 1.8

peak will remain and it will be shifted to the left (lower 26 value). If the
layered structure is disrupted, the Bragg peak will disappear. It can be
seen from Figure 1 that PLA-30B nanocomposite did not show a peak
corresponding to the d-spacing of the nanoclay (30B). In contrast to
the PLA-30B nanocomposite, the other PLA-nanoclay nanocomposites,
namely PLA-Na*t, PLA-15A, PLA-20A, PLA-25A, and PLA-93A, were
found to retain a Bragg peak corresponding to the clay d-spacing. It
can be concluded that except for PLA-30B nanocomposite, none of the
other PLA-nanoclay combinations achieved exfoliation. However, the
first XRD peaks for all the other nanocomposites were observed to shift
to lower angles, indicating that intercalation occurred. Krikorian and
Pochan®! also observed a similar phenomenon in their research with
poly (L-lactic acid) nanocomposites.

The d-spacing of the nanoclay in the PLA nanocomposites was
calculated from Bragg’s equation:

Je ni
" 2sind

where d is the spacing between layers of the clay, 4 is the wavelength
of the X-ray, which was equal to 0.154nm, 0 is the angle at the
maximum point of the first peak (lowest 0) in the spectra, and » is a
whole number, representing the order of diffraction, taken as one in
our calculations. Table III summarizes the d-spacing values as calcu-
lated from the 20 from the XRD measurement for the nanoclay and the
PLA-nanoclay nanocomposites. It is apparent that the d-spacing values
for the nanocomposites were greater than those of the nanoclay (data
provided by the clay manufacturer in Table I), indicating an intercalated
morphology when the polymer chains penetrated into the inter-gallery
spaces to cause an increase in d-spacing. The extent of intercalation
depended on the type of organoclay and was exhibited in the sequence
of Cloisite Na™ > 25A > 20A > 93A > 15A. It is interesting to note that
the unmodified Cloisite Nat shows the highest increase in d-spacing. Lee
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Table III. d-Spacing for the PLA-nanoclay nanocomposites

PLA-nanoclay d-spacing
nanocomposites 20 (nm)
PLA-Na* 2.8 3.15
PLA-15A 2.66 3.31
PLA-20A 2.7 3.26
PLA-25A 2.62 3.36
PLA-93A 2.78 3.17
PLA-30B None None

et al.l”’! also observed a similar sequence in their research with tapioca
starch-poly (lactic acid)-based nanocomposites.

In Figure 2, the XRD diffractograms of the nanoclay 30B and PLA-
30B nanocomposites with 1%, 2%, and 3% (w/w) of 30B are compared.
The Bragg peak for the 30B nanoclay (without polymer) was located
at 20 = 4.9°, which corresponds to the d-spacing of dy,, = 1.8nm. The
control sample of PLA (without nanoclay, but subjected to the same
twin-screw extrusion process), labeled as 0%-30B, showed only the
background scattering with low intensity. For the PLA-30B nanocom-
posites of different nanoclay loading levels, there were no noticeable
XRD peaks of 30B observed at low-angle range, confirming that the
exfoliation of silicate layers of 30B in the PLA matrix was obtained as a

3% - 30B

5 2% - 30B
s
2
7 1% - 30B
C
Q
=S
0% - 30B

W

AL Cloisite 30B (nanoclay)

T T T T T T T T T T
5 10 15 20 25 30
2 Theta angle (degrees)

Figure 2. XRD Diffractograms: Cloisite 30B and PLA with 0%, 1%, 2% and
3% (w/w) of Cloisite 30B. Notice that there is no evidence of a nanoclay (30B)
d-spacing peak for all nanocomposite compositions.
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Figure 3. TEM Images: 2% 30B (w/w) in PLA (A), 3% 30B (w/w) in PLA (B)
and 5% 30B (w/w) in PLA (C).

result of melt compounding. This lack of inter-gallery clay diffraction is
due to the disorderly and random distribution of the clay platelets within
the PLA matrix.

Following the observations from the XRD study, TEM analysis was
done on the PLA-30B nanocomposite to visualize the clay dispersion
on the nanoscale. Selected TEM images of the PLA-30B nanocomposite
(2%, 3%, and 5% (w/w) of nanoclay 30B) are shown in Figure 3. It
is generally observed that the extent of exfoliation is not necessarily a
function of the loading level of the nanoclay 30B. The TEM images
displayed here were selected out of several images of various magnifica-
tions over two or three sections of each sample to ensure that analysis
was based on a representative region of the sample. While there are areas
of exfoliation, there are regions in the images where tactoids of nanoclay
are visible, indicating that the exfoliation was not as complete as we
desired.

Following this morphological study, DSC, TGA, and mechanical
property studies were done only on the PLA-30B nanocomposites with
varying loading levels of the nanoclay 30B.

Thermal Analyses

The DSC thermograms of the PLA-30B nanocomposites are shown in
Figure 4 and the values for the T, in Table IV. The T, increased by
the addition of the 30B nanoclay. The 7, of the control sample of PLA
(labeled 0%-30B in Figure 4) is 47.4°C. An increase of 6°C was observed
by the addition of 1% 30B. At a loading level of 3% (w/w), the T, is
51.4°C, which is still higher than that of the control sample of PLA but
lower than that of the T, of the 2%-30B sample.

The glass transition is a complex phenomenon depending on a
number of factors such as chain flexibility, molecular weight, branching,
cross-linking, intermolecular interactions, and steric effects.?*?’l The



15: 33 21 January 2011

Downl oaded At:

344 P. Krishnamachari et al.
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Figure 4. DSC thermograms for PLA with 0%, 1%, 2%, 3%, 4% and 5% (w/w)
of Cloisite 30B. PLA with 0%-30B denotes the control sample of PLA. Experi-
ments carried out in a temperature-modulated DSC operated at heating rate of
5°C/min. Arrows indicate the trend of the T,.

increase in 7T, at the lower loading levels of the nanoclay 30B could
be attributed to the decrease in free volume in the polymer matrix due
to the cross-linkings caused by the hydrogen bond between the diols of
the organic modifier of the nanoclay (Cloisite 30B) and the carbonyl
group (C=0) in the PLA.?*l If the surface of the organically modified
nanoclay has a favorable interaction with the polymer chains, it should
help immobilize the polymer chains that are adjacent to the clay surface
and thus cause an increase in 7,.

The decrease in 7, by the addition of the nanoclay has also been
observed by Lee et al.®®! At higher loading levels it is likely that
the population of the nanoclay particles is large enough to provide
steric effects that prevent the chains from packing compactly. This
could increase the free volume of the polymer matrix and lead to the

Table IV. T, values of various PLA-30B nanocomposites

Nanocomposite (PLA-30B) Glass transition temperature (°C)
0%-30B (control of PLA) 474
1%-30B 53.2
2%-30B 55.2
3%-30B 51.3
4%-30B 49.9

5%-30B 48.9
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decrease in T,. It is also possible that the plasticizing effects of the
organic modifier used for the nanoclay becomes significant at higher
loading levels. Xu et al.”’! also observed this trend of limiting factor in
their research with PVC nanocomposites. Zhu and WoolP*®! observed a
similar phenomenon in their research with nanoclay reinforced bio-based
elastomers. While on one hand the clay bundles restrict the molecular
motions and enhance the 7, on the other hand the organic modifier has
the potential to bring some plasticizer effects to reduce the T,.

Optimization of the loading levels in a filled polymer is very critical.
In conventional fillers (micro fillers) it is generally observed that the
addition of filler beyond the optimum limit leads to an increase of
the filler-filler interaction instead of the more desirable filler-matrix
interaction.’") An increase of these filler-filler interaction beyond the
optimum limit will lead to formation of aggregates. Ismail et al.’?! in
their research with fillers for natural rubber compounds also found out
that aggregation of the filler particles leads to a reversal in the properties
of the filled polymer. The over-population of the filler leading to agglom-
eration is observed in the nanocomposites also. It has been reported*3*]
that even nanoclays have the tendency to form aggregates when their
loading is beyond a certain level.

An increase in thermal stability with the increase in nanoclay loading
level was observed from the TGA traces, as shown in Figure 5, with
a high obtained for a loading of 3% (w/w). This increase in thermal
stability could be attributed to an ablative reassembling of the silicate

100 ==
90
80 -
70
60-
50
40
30
20+
10

Weight %

100 200 300 400 500
Temperature °C

Figure 5. The TGA thermograms of Cloisite 30B (a) and PLA with 0% (b), 1%
(c), 2% (d) and 3% (e) (w/w) of Cloisite 30B. Tests conducted at heating rate
of 5°C/ min under inert conditions from 40°C to 600°C.
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Derivative weight %

200 300 400
Temperature °C

Figure 6. Derivative weight loss from TGA for Cloisite 30B (a) and PLA with
0% (b), 1% (c), 2% (d), and 3% (e) (w/w) of Cloisite 30B. Note that the weight
loss in the curve (a) — Cloisite 30B is due to the loss of the surface modifier of
the nanoclay.

layers, which may occur on the surface of the nanocomposites, creating
a protective physical barrier. In addition, the decomposition might also
be delayed by the labyrinth effect of the silicate layers exfoliated in the
nanocomposites.’

The d-TGA curves (derivative weight loss curves) are a fair
indication of the temperature at which the maximum weight loss is
triggered (see Figure 6 and Table V). It was observed that there was a
shift towards the positive direction with the increase in the loading levels
of the nanoclay. The increase in thermal stability could also be attributed
to the high thermal stability of clay and to the favorable interactions
between the surface of nanoclay particles and the polymer matrix.[36-3!

Table V. Temperature at which maximum weight loss
occurred for PLA-30B nanocomposites

Nanocomposite Temperature at max
(PLA-30B) weight loss (°C)
Cloisite 30B 281.4
0%-30B (control of PLA) 349.3
1%-30B 376.7
2%-30B 386.3

3%-30B 393.8
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Table VI. Mechanical properties of PLA and PLA-30B nanocomposite

0%-30B (Control of 1%-30B (PLA-30B

Property PLA) nanocomposite)
Ultimate tensile strength (MPa) 34.0 38.0
Young’s modulus (GPa) 0.81 0.94

Mechanical Properties

An Instron model 5566 Universal Testing Frame was used to measure
the tensile properties for the PLA-30B nanocomposites. The tests were
conducted at a constant rate of 2 inch/min in room temperature under
ASTM D638 standard. In Table VI, the property of the control of PLA
was compared with the nanocomposite of 1% (w/w) of 30B. There was
an increase in the mechanical properties of the PLA-30B nanocomposite
compared to the unfilled PLA.

CONCLUSION

Polymer nanocomposites of biodegradable PLA and organically
modified nanoclay were prepared by melt compounding using a
Brabender twin-screw extruder. An exfoliated morphology was achieved
for PLA-Cloisite 30B as evidenced by XRD and TEM measurement
and an intercalated morphology for the other Cloisite nanoclays. The
extent of intercalation depended on the type of organic modification on
the Cloisite organoclay and was exhibited in the sequence of Cloisite
Nat > 25A > 20A > 93A > 15A. Further studies were done on the
PLA-Cloisite 30B nanocomposite. An increase in thermal stability was
observed by TGA, with a high obtained at a clay loading level of 3%
(w/w). T, measured by DSC also showed an increase. There was a
reversal in the trend at higher clay loading levels. There was a decrease
in the T, above 3% (w/w). Improvement in the mechanical properties of
the nanocomposites was also observed.
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