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In the preparation of polymer/clay nanocomposites, organoclay plays an important role in
lipophilizing and dispersing the clay into less polar polymer matrixes. Organic modifiers of
various chain lengths were examined in different types of clays, smectite, montmorillonite
(MMT), and mica, to prepare their corresponding organoclays. The layered structure and
gallery spacing of organoclays and polylactide (PLA) nanocomposites shows that, with a
modifier of the same chain length, the gallery spacing of the organoclay was largest for
mica and smallest for smectite because of the higher ion-exchange capacity of mica and
physical jamming of the modifier due to a restricted conformation at the core part of the
clay of larger size. The increment of the modulus in a smectite nanocomposite, compared to
that of PLA, is higher than MMT or mica nanocomposite due to better dispersion in a smectite
system for the same clay loading. Being a well-dispersed system, smectite nanocomposites
have better gas barrier properties than the MMT or mica systems, which are larger in size
but stacked in nature in their nanocomposites. A new idea for obtaining porous ceramic
material from layered silicate/polymer nanocomposites by burning is unveiled using various

clays and the mechanism of their formation is elucidated.

Introduction

An interesting aspect of poly(lactic acid) (PLA) is its
availability from a monomer/cyclic dimer (lactide) pro-
duced by fermentation of agricultural crops such as corn,
potato, and waste products. Because of this “green”
feature combined with its benign degradation behavior,
PLA is considered as a potential packaging material in
many fields. Biomedical uses of PLA have been wide-
spread, which include bioabsorbable surgical sutures
and implants,® controlled drug delivery,? and tissue
culture.® However, the strength and some other proper-
ties such as thermal stability, gas barrier, solvent
resistance, and flame retardance of the pure polymer
are often not enough for end use. Confinement of
polymer in a two-dimensional silicate gallery, so-called
polymer nanocomposite,*11 is one of the effective ways
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to improve material performance. Ogata et al.'? first
prepared blends of PLA and organically modified clay
by the solution casting method but they found only
tactoids, which consist of several stacked silicate layers.
As a result, the modulus of the blend is slightly higher
than that of PLA. In our previous article,!® we success-
fully prepared the ordered and well-dispersed nanocom-
posites of PLA using octadecylammonium-modified
montmorillonite (MMT). Uses of phosphonium salt as
a modifier has another advantage, higher thermal
stability than ammonium salt. Recently, Zhu et al.l4
reported one phosphonium modifier to improve the
firing properties of polystyrene/clay nanocomposites. An
organic modifier has the important role of making a
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Table 1. Name, Chemical Formula, and Designation of
the Organic Modifiers Used
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Table 2. Characteristics of Nanocomposites (Designation,
Type of Clay, Organic Modifier, and Clay Content)

name and formula designated as

[(C4H9)3F’(C8H;|_7):|Jr Br— Cs
n-octyl tri-n-butyl phosphonium bromide
[(CaHg)3P(C12H25)]" Br- Ci2
n-dodecyl tri-n-butyl phosphonium bromide
[(CaHg)3P(C16H33)]" Br- Cie
n-hexadecyl tri-n-butyl phosphonium bromide
[(C5H5)3P(CH3)]+ Br— Cph

methyl triphenyl phosphonium bromide

nanocomposite either by suitably mixing with a matrix
polymer and thus enhancing interaction with clay and
polymer in the gallery or by dictating the gallery spacing
by changing the chain length of the modifier, and hence
favoring intercalation. Considering the clay particles as
disk-shaped, the aspect ratio, defined as the ratio of
diameter to thickness, of clay particles play an impor-
tant role for the enhancement of properties. To the best
of our knowledge, there is no systematic report on how
the aspect ratio of clay affects the properties of nano-
composites. Another advantage of nanocomposites is
their improved barrier properties in the presence of a
few percent of high-aspect-ratio clay particles, retaining
the flexibility and optical clarity of pure polymer.1516
Porous materials/ceramic foams can be produced by
various methods!” and their unique behavior such as
high thermal stability, low thermal conductivity, low
density, high permeability, and chemical resistance is
reported in earlier works.18-20 A polymer layered silicate
nanocomposite might be a good source for preparing
porous ceramic material just by burning at high tem-
perature. There is no report of a comparative study of
dispersion and aspect ratio of clay affecting the final
properties of nanocomposites.

In this paper, first we present the effect of a phos-
phonium modifier of different chain lengths on the
properties of organoclay and how the different clays
behave differently having the same organic modifier.
Second, the effects of dispersion, intercalation, and
aspect ratio of clay on properties such as mechanical
strength, gas barrier, and porous ceramics of nanocom-
posites were examined.

Experimental Section

Materials and Preparation. Polylactide (PLA) (M,, = 1.87
x 10°%, My/M, = 1.76 and D content = 1.1—1.7%) used in this
study was supplied by Unitika Co. Ltd., Japan, and dried
under vacuum at 80 °C before the preparation of the nano-
composite. Four different types of organic modifier, having
different chain lengths, were used in this work and their
names, chemical formulas, and designations (as written in the
text) are presented in Table 1. Henceforth, we will term the
methyl triphenyl phosphonium bromide, n-octyl tri-n-butyl
phosphonium bromide, n-dodecyl tri-n-butyl phosphonium
bromide, and n-hexadecyl tri-n-butyl phosphonium bromide
as Cpn, Cg, C12, and Cgs, respectively. Three different natural/
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wt % of clay in

organic nanocomposites
type of clay modifier (inorganic part)
PLACN1 smectite Cis 1.2
PLACN2 smectite Cis 3
PLACN3 smectite Cie 4
PLACN4 smectite Cis 5
PLACNS5 MMT Cis 3
PLACN®G MMT Cis 3.8
PLACN7 MMT Cis 5
PLACNS mica Cis 2.8
PLACN9 mica Cis 3.8
PLACN10 mica Cis 5
PLACN11 smectite Ci2 3.2
PLACN12 smectite Csg 1.7
PLACN13 smectite Cph 3.5

synthetic clays were used, namely, montmorillonite (MMT)
(natural clay supplied by Shiraishi Ltd., Japan), smectite (as
called by the supplier, COOP Chemical Co. Ltd., Japan), and
mica (synthetic clays from COOP Chemical). Organoclays of
smectite with all four of the above-mentioned modifiers had
been prepared and organoclays of MMT and mica were
prepared with Cis modifier. Chloroform (Wako Chemical
Industries Ltd.) was used as a solvent for PLA and organic
modifiers.

The nanocomposites of PLA (PLACNSs) were prepared
through the melt extrusion method with PLA and different
organoclays using a twin-screw extruder (S-1 KRC, Kurimoto
Ltd.) operated at 190 °C after they were shaken in a bag. The
extruded and pelletized strands were dried under vacuum at
80.0 °C to remove residual water. The clay content in the
nanocomposites was varied by mixing different amounts of
organoclay with PLA. The nature of the clay, modifier, and
clay contents are summarized in Table 2. As usual, the
molecular weight of PLA decreased after the PLA was ex-
truded with clay at 190.0 °C but degradation is not severe (e.g.,
PLA (M, = 1.87 x 10°% and PLACN2 (M, = 1.5 x 109);
however, it has to be noted that degradation can be stopped
by using other types of clay as in our previous work.*® The
inorganic part of the nanocomposite was measured by burning
itat 950 °C in a furnace. PLACNSs were characterized by using
wide-angle X-ray diffraction (WAXD), transmission electron
microscopy (TEM) observation, and a dynamic mechanical
analyzer. Blends of PLA and organic modifiers (60:40) were
prepared by the solution casting method and their miscibility
was checked by measuring the T4 using a differential scanning
calorimeter (DSC).

Preparation of Porous Ceramic. A thick sheet of PLACN
was melted in a furnace in the presence of air from room
temperature to 350 °C, as thermogravimetric (TG) data show
degradation of PLA starts at 300 °C, at the heating rate of
10°/min, was maintained at that temperature for 1 h, and then
was heated again to 950 °C until its complete burning. White
or slight gray colored (depending on the clay used) flake-like
materials appeared on the crucible and the morphology of the
fracture surface of the ceramic was examined by using a
scanning electron microscope (SEM).

DSC. The samples were characterized by using a temper-
ature-modulated differential scanning calorimeter, operated
in the conventional DSC mode (TMDSC, TA2920, TA Instru-
ments), at the heating rate of 5 °C/min, to determine the glass
transition temperature (Tg), crystallization temperature (T¢),
and melting temperature (Tm) of PLA and PLACNSs. The
samples were heated to 200.0 °C, maintained at that temper-
ature for 5 min to remove the thermal history, and quenched
to —20 °C at the heating rate of 40 °C/min. The second run
was taken for the determination of T4, T, and Trn. The DSC
was calibrated with indium before use.

WAXD. X-ray diffraction experiments were performed using
a MXlabo diffractometer (MAC Science Co.) with Cu Ka
radiation and a graphite monochromator (wavelength, 1 =
0.154 nm). The generator was operated at 40 KV and 20 mA.
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Figure 1. DSC thermograms of blends of PLA with different
phosphonium salts indicated in the figure. The upper head
arrows show the Ty of the blends and the asterisks show the
cold crystallization temperatures.

The melt-quenched samples were placed inside a copper
sample holder at room temperature and were scanned at
diffraction angle 20 from 2° to 10° at the scanning rate of 0.5°/
min.

TEM. The dispersibility of the clay particles in the matrix
was checked by using TEM (H-7100 Hitachi Co.) operated at
an accelerating voltage of 100 kV without staining. A thin
layer, around 80-nm thick, from the crystallized sample was
sectioned at —80.0 °C using a Reichert ultra-microtome
equipped with a diamond knife.

Dynamic Mechanical Characterization. Dynamic me-
chanical measurements were performed on the samples 35 x
12 x 0.5 mm? in size, annealed at 120 °C for 1 h, using dynamic
temperature ramp tests, on a Rheometrics Dynamic Analyzer
(RDALII) in tension-torsion mode in the temperature range
between —20.0 and 150.0 °C at the heating rate of 2 °C/min,
keeping the strain amplitude of 0.05%. The angular frequency,
w, for the experiments was 6.28 rad/s.

Measurement of Gas Permeability. Oxygen gas trans-
mission rates of PLA and PLACNs were measured at 20 °C
and 90% relative humidity by the ASTM D 1434 constant
pressure method (Yanaco GTR-30XAU). Specimens were
prepared by compression molding (=200 um) and melt-
guenched amorphous samples were used for this study.

SEM. The morphology of the fracture surface of ceramic
material was examined with a JSM-5900LV (JEOL) instru-
ment operated at 10 kV. All the samples were gold-coated by
means of a JFC-1600 (JEOL) sputtering apparatus before
observation.

Results and Discussion

Miscibility. The first criterion for choosing the
organic modifier is that it should be miscible with the
matrix polymer. Figure 1 shows the DSC thermograms
of blends of PLA with different organic modifiers (60:
40) listed in Table 1. The arrows indicate the position
of the glass transition temperature (Tg) for each blend
and the asterisks show the cold crystallization temper-
atures (T.) of each system. It is clear from the figure
that Cpp, salt is immiscible with PLA and has the same
Ty as PLA and depression of T4 occurs with an increase
of chain length of the modifier from Cg to Csg; that is,
the miscibility increases with the chain lengths of the
modifiers. T also decreases with chain length, indicat-
ing pronounced nucleating behavior of a higher chain
length modifier. Accordingly, the melting temperature
(Tm) of PLA decreases gradually with increasing chain
length. All these phenomena suggest that Ci¢ salt has
one of the highest miscibilities with PLA and, hence, is
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Figure 2. WAXD patterns of organically modified clay: (a)
smectite clay modified with Cg, Ci2, and Ci5 phosphonium salt;
(b) smectite, MMT, and mica clay modified with C;s phospho-
nium salt.

the best choice as an organic modifier for preparing
organoclay.

Organoclays: Chain Length of Organic Modifier
and Aspect Ratio of Clay. Figure 2a shows WAXD
patterns of smectite organoclays with Cg, C;12, and Cig
as the modifiers. The peak angles are shifting toward a
lower 26 region with increasing chain length, indicating
higher gallery spacing for a modifier having a longer
chain. The gallery spacing, d(oy), is 1.69, 1.78, and 1.87
nm for Cg, C12, and Cy5 smectite organoclays, respec-
tively. Usuki et al.?! reported basal spacing of 1.34 nm
for Cg to 2.82 nm for C1g using MMT and amino acid as
the organic modifier, but we did not find such drastic
change, especially for the long-chain modifier in smectite
organoclay. Most likely, the reason lies in the aspect
ratio of clay, which will be clear in our subsequent
discussion. Anyway, the WAXD patterns of smectite,
MMT, and mica with the same C;5 modifier are pre-
sented in Figure 2b. It is obvious that d(oy) is in the
order smectite (1.87 nm) < MMT (2.13 nm) < mica (2.44
nm). The characteristics of clays/organoclays are pre-
sented in Table 3.

The d spacing (do1)) increases with modifier chain
length and for a fixed modifier it increases with increas-
ing lateral dimension of the clay particle. Here, it has
to be mentioned that the cation-exchange capacity
(CEC) of natural/synthetic clay is in the order smectite
< MMT < mica (Table 3). From the supplier’'s data it is
believed that Na‘* ion present in the clay is fully
replaced by phosphonium (P*) ion during the ion-
exchange process. So, from the CEC data, the amount
of P (modifier) present in the silicate galleries is in the
order smectite < MMT < mica. There is another factor,
which lies in the size of the clay. In mica, being larger
in size and having a greater number of modifiers,

(21) Usuki, A.; Kawasumi, M.; Kojima, Y.; Okada, A.; Kurauchi,
T.; Kamigaito, O. J. Mater. Res. 1993, 8, 1174.
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Table 3. Characteristics of the Clays Used (Natural, Organically Modified, and in Nanocomposites)

smectite MMT mica

size? (nm) 50—60 100—130 200—300
CEC (mequiv/100 g) 87 113 120
dooy® (clay) Na* (nm) 1.2 1.2 1.25
d(oo1)® (organoclay with Cy6 salt) (nm) 1.87 2.13 2.44
d(0o1)® in nanocomposites with Cys clay (=3 wt %) (nm) 2.27 2.55 2.69
crystallite size® of organoclay with Ci¢ salt (nm) 7 12 20
crystallite size® in nanocomposites (~3 wt %) clay (nm) 35 10 22

a Size of organically modified clay as observed in TEM micrograph of nanocomposite. ? Calculated from wide-angle X-ray diffraction
data. ¢ Calculated from Scherrer equation D = (K4)/( cos 0), where k is a constant, 4 is the wavelength, § is the half-width, and 6 is the

peak angle.
Scheme 1
Schematic representation of organoclays with C,¢ ion
200 nm
50 nm «20nm
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i

wu g
—>
wu '

Smectite

organic modifiers present at the core have restricted
conformation due to physical jamming. This physical
jamming is smaller in the case of smectite clay due to a
lower CEC and smaller size. Therefore, the situation
for organoclays, based on TEM and WAXD data, are
schematically represented in Scheme 1. Another impor-
tant factor is that the coherency of the organoclay
increases with increasing lateral size of the clay (Figure
2b), while for one clay system, smectite with a different
modifier, the coherency is almost the same (Figure 2a).
From the WAXD patterns the crystallite sizes of differ-
ent organoclays are calculated by using the Scherrer
equation and are reported in Table 3. It is evident from
the table that stacking of organoclay increases with the
size and CEC of clay and it is maximum in the case of
mica. It is believed that, out of two factors, the density
of organo-modification (CEC) plays the more important
role, determining the d-spacing/stacking of silicate
layers.

Microstructure of Nanocomposites. Figure 3 shows
the nature of the modifier and chain length dependency
on intercalation of PLA using smectite organoclays. The
dotted lines are the peak positions of the corresponding
organoclays. No intercalation of PLA occurs in the case
of Cpn- and Cg-clay nanocomposites. Cp, salt is im-
miscible with PLA, so the question of intercalation does
not appear.?2 But the space between silicate galleries
in Cg organoclay is not sufficient (~1.69 nm) for inter-
calation, even though interaction exists between PLA
and Cg salt. Slight shifting of peak occurs toward a lower
angle in the case of PLACN11 and C;, organoclay is the
borderline case where intercalation begins. The litera-
ture-reported value?! for making intercalated species is
also more than that for Cy; for an amino acid modifier
in MMT. With a further increase of modifier chain
length to Ci6 organoclay, the peak shifts significantly
to a lower angle in PLACNZ2, indicating well-dispersed
nanocomposites.

(22) We measured the do1) spacing using WAXD of oligo-poly(e-
caprolactone) (o-PCL, molecular weight = 500) suspension with
different types of organoclay. The Cpp system shows no intercalation
up to 25 wt % of organoclay loading while the Cg to Cy6 systems exhibit
intercalation in every clay loading. Even though it is small in size,
0-PCL cannot intercalate owing to its immiscibility with Cpp, salt but
it is miscible with Cg salt and higher homologues and thus can be
intercalated easily.
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Figure 3. WAXD patterns of smectite-organoclay nanocom-
posites having different organic components (chain length
dependency on intercalation). The broken lines represent the
peak position of the corresponding organoclay.

The morphologies of PLACN12 and PLACN2 are
shown in Figure 4. It is clear from the figures that
stacked silicates layers are evident in PLACN12 (Figure
4a), while good dispersion appears in PLACN2 (Figure
4b). From the morphology, we can explain well the
WAXD patterns of the nanocomposites. Due to a well-
dispersed morphology in PLACNZ2, the peak becomes
broad while for the nonintercalated stacked structure
in PLACN12, the peak position is the same as that of
the organoclay. Figure 5 shows the clay content depen-
dency on intercalation of smectite-C;5 nanocomposites.
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Figure 4. Bright field transmission electron micrographs of
(a) PLACN12 (Cs, 1.7 wt %) and (b) PLACN2 (Ci6, 3 Wt %).

The peak intensity increases with increasing clay
content, but in general, a less ordered structure appears
in the case of smectite nanocomposites, especially at low
clay content. On the other hand, nanocomposites of
MMT and mica are intercalated and well-ordered.
Figure 6 compares the WAXD patterns of nanocompos-
ites with different clay dimensions having the same clay
(C16-modified) content (=3 wt %). The verticle line on
each curve represents the peak position of the organo-
clay. Coherency of the nanocomposites is in the order
smectite < MMT < mica. The crystallite size, calculated
from the Scherrer equation, and do1) of the nanocom-

Maiti et al.
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Figure 5. WAXD patterns of Cis-smectite clay nanocompos-
ites: clay content dependency.
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Figure 6. WAXD patterns of smectite, MMT, and mica
nanocomposites with C,¢ organoclay and same clay content (3
wt %).

posites are reported in Table 3. The crystallite size of
smectite nanocomposites (3.5 nm) becomes half com-
pared to that of its corresponding organoclay (7 nm).
Broad peak and small crystallite size suggest that
smectite nanocomposites are well-dispersed and less
ordered. For MMT nanocomposites, the peaks are sharp
and crystallite sizes are slightly less than those of the
corresponding organoclay, indicating a more ordered
structure in MMT nanocomposites. The peaks of mica
nanocomposites are very sharp, similar to those of its
organoclay, and slightly larger crystallite sizes indicate
that the number of stacked silicate layers is the same
but some amount of PLA is intercalated between the
galleries, giving rise to a larger crystallite size. On the
basis of the diffraction pattern and crystallite size,
stacking of silicate layers in the organoclays and in
nanocomposites in three different organoclay systems
are shown in Scheme 2.

Now, it is necessary to discover the stacking behavior
of silicate layers in organoclays/nanocomposites together
with the intercalation mechanism. For a particular
organic modifier, the nature of interaction between
modifier and polymer matrix/silicate layer is the same,
considering the same chemical nature of the clays. The
only factor is the size of the clay, which determines the
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Scheme 2

Stacking of silicate layers in organoclay and in nanocomposites

Smectite jan- e
S~ TS ;
b =

MMT %

RRRAR
1

, p
Mica 7

nanocomposites

organoclays

stacking of layers especially in organoclay. Smectite
clay, being smaller in size (=50 nm), is easy to distort
by mechanical means and, therefore, has a broad peak
and smaller crystallite size. But it is difficult to distort
the stacking in mica because of its size (200—250 nm).
Similar things happen for nanocomposites. Even though
the extent of interaction is the same in all cases but in
mica, due to its nicely stacked nature, polymer chains
cannot penetrate up to the core of the silicate layers
(Scheme 2), while in the case of smectite clay the
polymer chain can easily penetrate, due to its smaller
size, in an already less ordered stacking of organoclay,
resulting in a well-dispersed, lesser ordered nanocom-
posite. This kinetic effect of the mobility of the polymer
chains into the silicate galleries should have some time-
dependent phenomena like polypropylene nanocompos-
ites.’I MMT always has the intermediate situation both
for organoclays and for nanocomposites; as a result,
moderately ordered and well-intercalated nanocompos-
ites appear.

Mechanical Property: Organoclay Dependency.
Figure 7a shows the storage modulus, G’, of PLA and
PLACN12 (Cg nanocomposite, clay content 1.7 wt %).
The G' of PLA and nanocomposites at 20 °C is measured
and presented in Table 4. At the same condition, a
13.9% increment of modulus occurs in the case of
PLACN12 compared to that in PLA. The G' of Cye
nanocomposites have been shown in Figure 7b. PLACN1
(clay content 1.2 wt %) and PLACNS3 (clay content 4 wt
%) exhibit a 46.7 and 65.5% increment of G’, respec-
tively. From the WAXD and TEM observation, it is
evident that Cg- and Cjs-smectite clay nanocomposites
are nonintercalated and intercalated (less ordered)
types, respectively. Being the conventional type of
composite, the Cg system exhibits a smaller increment
(13.9%) while the C;6 system shows better mechanical
property (46.7% increment for comparable clay content)
due to its nanoscale dispersion in a polymer matrix.

The increment of G' in MMT and mica nanocomposite
(PLACNG6 and PLACN9), both having the same clay
loading and same type of intercalated and well-ordered
structure, is 24.8 and 41.2%, respectively, compared to
that of PLA (Table 4). The higher increment in G’ of
mica nanocomposite is explained from its higher aspect
ratio. But if we compare G’ of the smectite and mica
system (PLACN3 and PLACNY9), having almost the
same clay content, the smectite system exhibits better
mechanical property (65.5% increment) than the mica
system (41.2%). Here, in the smectite system, the
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Figure 7. Storage modulus, G', of (a) PLA and PLACN12,
nanocomposite having Cg-smectite organoclay and (b) PLA and
nanocomposites with Cis-smectite organoclay and its clay
content dependency.

Table 4. Storage Modulus, G', of PLA and
Nanocomposites of Different Systems

% increment compared to

G' at 20 °C (GPa) PLA at same temperature

PLA 1.65

PLACN1 2.42 46.7
PLACN2 2.47 49.7
PLACNS3 2.73 65.5
PLACNG 2.06 24.8
PLACNS9 2.33 41.2
PLACN12 1.88 13.9

Table 5. Oxygen Gas Permeability of PLA and
Nanocomposites

0O, transmittance x 1073

sample (mL gm m~2 day~! MPa?
PLA 200
PLACN1 150
PLACNS3 120
PLACNG6 121
PLACN9 144

dispersion is good and that plays a significant role in
improving the property. The nature of stacked silicate
layers in MMT and mica nanocomposites is confirmed
from their respective TEM bright field images.

Finally, the combined effect of aspect ratio and
dispersion of clay particles ultimately control the me-
chanical property of the nanocomposite but dispersion
plays the major role.

Oxygen Gas Permeability: Clay Dependency.
Table 5 represents the oxygen gas permeability per unit
of micrometer thickness of PLA and nanocomposite
sample in the amorphous state. PLACNL1 (smectite clay
content 1.2 wt %) has the permeability 150 x 10 mL
um m~2 day~! MPa! while PLACNS3 (smectite clay
content 4 wt %) has 120 x 103 mL um m—2day~! MPa1.
As expected, the barrier property of the nanocomposite
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is higher than that of PLA, and with increasing clay
content it also increases. If we compare with the clay
dimensions, at the same clay loading the permeability
of the mica nanocomposite (PLACND9) is higher (144 x
10% mL um m~2 day~! MPa?!) than that of the smectite
nanocomposite (PLACN3). The MMT nanocomposite
has permeability similar to that of the smectite.

The barrier property depends on the particle size as
well as on the dispersion. When dispersion is on the
same order, it depends on the size of the particles and
vice versa. Smectite being a good dispersed system, its
barrier property is higher, but as the mica system has
stacked layers, the barrier property is smaller, even
though the size is greater. The size of the MMT
nanocomposite is greater compared to the smectite one
and moderately well-dispersed compared to that of the
mica system; as a result, the barrier property is almost
the same as the smectite one. Like mechanical property,
here, again dispersion has a stronger effect than the
aspect ratio, which is ultimately reflected on the final
property. Gusev and Lusti?® considered the barrier
property in two ways: (1) geometric factor that favors
the reduction in permeability by forcing diffusing mol-
ecules to take a long way around the platelets and (2)
changes in the local permeability due to molecular level
transformation in the matrix polymer in the presence
of silicate layers. The first factor depends only on the
size but the second factor is related to the molecular
level interaction of the matrix polymer with silicate
layers. The smectite system being well-dispersed, the
intimate interaction between PLA and silicate layers
may cause the local environment to be stiffer. As a
result, both the modulus and barrier property increase
compared to those of the mica system.

Porous Ceramic from Nanocomposite. The mor-
phology of the fracture surface of porous ceramic is
presented in Figure 8 obtained from (a) PLACN10, (b)
PLACNY7, and (c) PLACN4 after burning respective
PLACNSs at 950 °C. The clay content was the same in
all cases (5 wt %). The white part in the figures is the
edge of the stacked silicate layers. It is clear from the
figures that porous ceramic material obtained from mica
nanocomposite (PLACN10, Figure 8a) exhibits a distinct
platelet-like morphology while smectite nanocomposite
(PLACNA4) shows a continuous structure. Ceramic ma-
terial from MMT nanocomposite (PLACNY7Y) is of the
intermediate type. The thickness of the platelet of the
materials from PLANCN10 and PLACN7 are 0.5 £ 0.2
and 0.3 + 0.1 um, respectively. From WAXD and TEM
micrographs it is evident that stacking in MMT and
mica nanocomposite is high enough and that stacking
increased in porous ceramic due to the diffusion of
platelets while burning. In our previous publication,?
we report the open cell structure, morphology, and
stress strain behavior of porous ceramic materials
obtained from PLA nanocomposites. Now, it is necessary
to find a suitable mechanism for porous ceramic mate-
rial formation by burning and its clay dependency. The
degradation of PLA starts at 300 °C and we kept the
sample at 350 °C for 1 h, during which many of the PLA
molecules degrade and the viscosity of the system

(23) Gusev, A. A;; Lusti, H. R. Adv. Mater. 2001, 13, 1641.
(24) SinhaRay, S.; Okamoto, K.; Yamada, K.; Okamoto, M. Nano
Lett. 2002, 2, 423.

Maiti et al.

materials obtained after burning the nanocomposites with Ci¢
modifier and same clay content (5 wt %): (a) PLACN10 (mica),
(b) PLACN7 (MMT), and (c) PLACN4 (smectite).

gradually decreases. Then the silicate galleries can slip
and take shape depending on the nature and extent of
intercalation as the intercalated polymer chains degrade
at a slower rate compared to the polymer molecules in
bulk. The size being greater in mica, the slippage of
layers is a bit difficult due to the intercalated structure
and ultimately a platelet-like structure is formed. The
smectite clay particle size is small enough that it thus
flows easily in a well-dispersed system and finally takes
a continuous type of structure. MMT being the inter-
mediate type, layers can flow but the platelet structure
remained, resulting in a continuous platelet structure.
Anyway, this is the first time we are reporting the
formation of porous ceramic foam obtained from various
clays (clay dependency) from polymer/layered silicate
nanocomposites and its mechanism of formation.

Conclusion

Miscibility of an organic modifier (phosphonium salt)
and PLA is enhanced with a higher chain length of
modifier. For a particular type of clay silicate, gallery
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spacing (d(oy) increases with increasing chain length
of organic modifier, and for a certain organic modifier,
d(oy) increases with clay dimension due to the higher
CEC and restricted conformation of modifier inside the
core of the layers due to physical jamming. The incre-
ment of modulus of smectite nanocomposites compared
to that of PLA is high because of its better dispersion
of clay particles while this increment is smaller in the
case of mica nanocomposites, even though it has a
higher aspect ratio, as most of the silicate layers remain
stacked. The gas barrier property of the smectite nano-
composite is higher than the mica type as the dispersion
is better in the smectite type and hence the extent of
interaction between PLA and silicate layers is enhanced
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and those effects overcome the dimensional effect of the
mica system. Porous ceramic material obtained by
burning of PLA nanocomposites and its variation in
different clay particle sizes is reported for the first time
with the mechanism of its formation.
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