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ABSTRACT: Nanocomposites of blends of PMMA and
poly(styrene-co-acrylonitrile) (SAN) with natural (PM) or
organically modified montmorillonite clays (Cloisite 30B,
25A, and 15A) were prepared by solution mixing and the
effect of clay on the phase separation behavior along with
morphologies of nanocomposites was investigated. Nano-
composites containing clay C30B prepared from methyl
ethyl ketone showed the noticeable decrease in the cloud
points. None of the other nanocomposites showed the
increase in the cloud point. Location of clay particles in

the phase separated matrix is observed to be different
depending on the type of clays and solvents. The lowest
cloud point of nanocomposites containing C30B may arise
from the good dispersion of C30B where Clay C30B may
act as the nucleating agent inducing phase separation.
Dynamic mechanical and thermal analyses support above
observations. VC 2010 Wiley Periodicals, Inc. J Appl Polym Sci
117: 49–57, 2010
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INTRODUCTION

Polymeric nanocomposites containing organically
modified clays have been extensively studied due
to various excellent properties that can be achieved
compared with conventional composites.1–5 Al-
though polymer/clay nanocomposites have been
widely studied using different preparation methods,
such as, in situ polymerization, solution blending,
and melt mixing,6–10 a number of studies on the
nanocomposites of polymer blends with clays have
been recently reported in the literature.11–30 Various
properties of nanocomposites are largely related to
the interaction behavior of clays at the interface with
polymers. In this regard, it becomes more compli-
cated and even more interesting when it comes to
the nanocomposites of polymer blends with clays
because there are more interfaces involved in this
case than nanocomposites of a single polymer with
clays. Even in the case of the solution blending, vari-
ous dispersion state of clay in nanocomposites can
be obtained depending on the type of solvent used.

In the previous studies on nanocomposites of
polymer blends with clays, mainly the morphologies
of immiscible blend component polymers in the
nanocomposites were investigated and the clays

were reported to act as compabilizers for the immis-
cible blends in some cases20,24,25 but few studies are
found on the effect of clay on the phase separation
behavior, such as, on the cloud points of the misci-
ble blends. In this study, the effect of clays on the
cloud points and morphologies of nanocomposites
of blends of PMMA and SAN containing clays were
investigated. PMMA and SAN were known to form
a miscible blend.
In PMMA nanocomposites, clays are reported to

be intercalated or exfoliated depending on the prep-
aration methods.31–33 Studies on nanocomposites of
poly(styrene-co-acrylonitrile) (SAN) with clays are
also reported in the literature where clays are
observed to be intercalated in SAN matrices.34–36 It
is well-known that the mixture of PMMA and SAN
forms a miscible blend and the origin of miscibility
of PMMA/SAN blends has been suggested to be the
repulsion effect between styrene and acrylonitrile
units in SAN. It means that the miscibility of the
blend is not very strong compared with the ones
with specific interactions between the blend compo-
nents.37,38 PMMA is reported to be miscible with
SAN depending on the AN composition in the range
from 9.4 up to 34.4 wt % of AN in SAN.39–45

PMMA/SAN blends were reported to show the
lower critical solution temperature (LCST) behavior.
The cloud point for 50/50 blend is known to be
around 180�C.46

In our previous study,47 nanocomposites of
PMMA/SAN blends with nanoclays were prepared
by melt mixing in the twin screw extruder where
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the melt mixing temperature of nanocomposites
were above the LCST of the blend and the morphol-
ogy of the resulting phase separated blends were
reported.

In this study, nanocomposites of PMMA/SAN
blends with clays were prepared by solution blend-
ing, where the difference with our previous study is
that the nanocomposites can be prepared without
phase separation as they are mixed with clays at
room temperature below the cloud point of the
blend. Effect of clays modified with different organic
modifiers on the phase separation temperature and
the morphology of nanocomposites as well as the
effect of different solvent on clay dispersion in the
nanocomposites are investigated in this study. Clays
used were pristine montmorillonite CloisiteV

R

Naþ

(PM) in natural form and modified clays CloisiteV
R

30B (C30B), CloisiteV
R

25A(C25A), and CloisiteV
R

15A(C15A) with cationic–organic surfactants.
Two different solvents used in solution mixing

were methyl ethyl ketone (MEK) and chloroform.
MEK is reported to give a homogeneous miscible
blend of PMMA and SAN, but chloroform is not.
Phase separated blends are known to be obtained
due to so-called solvent effect when chloroform is
used in the solution of PMMA and SAN even at the
room temperature, but chloroform is also used in
this study because C25A and C15A are well dis-
persed in chloroform but not in MEK.

Various analyses were carried out using X-ray dif-
fraction (XRD), transmission electron microscopy
(TEM), differential scanning calorimetry (DSC), and
dynamic mechanical analysis (DMA).

EXPERIMENTAL

Materials

The polymers used in this study were PMMA (LG
Chem., melt index: 5.8) and SAN25 (AN content: 26
wt %, LG Chem., melt index: 10). Solvents used
were methyl ethyl ketone (MEK, Samchun Pure
Chemical Co.) and chloroform (Samchun Pure
Chemical Co.). Clays used in this study were pris-

tine montmorillonite CloisiteV
R

Naþ in natural form
(PM) and modified clays CloisiteV

R

30B (C30B),
CloisiteV

R

25A(C25A), and CloisiteV
R

15A(C15A) with
cationic–organic surfactants. Clays, PM (Cation
exchange capacity (CEC): 92.6 meq/100 g), C30B
(CEC: 90 meq/100 g), C25A (CEC: 95 meq/100 g),
and C15A (CEC: 125 meq/100 g) were obtained
from Southern Clay Products. C30B, C25A, and
C15A were clays modified with methyl, tallow, bis-
2-hydroxyethyl, quaternary ammonium; dimethyl,
hydrogenated tallow, 2-ethylhexyl quaternary am-
monium ion; and dimethyl, dehydrogenated tallow
quaternary ammonium ion, respectively. Clay C15A
has the highest hydrophobicity.

Preparation of PMMA/SAN/clay nanocomposites

PMMA and SAN were dried for 4 h at 80�C in the
drying oven and all clays were also dried before use
for 24 h in the vacuum oven to remove any mois-
ture. The clay loading of all nanocomposite samples
was set at 5 wt %. Solvents MEK and chloroform
were used without any further purification. A solu-
tion of 5 wt % clay in MEK or chloroform was soni-
cated before being added to the solution of PMMA/
SAN (50/50 by weight) in MEK or chloroform fol-
lowed by stirring for 24 h at room temperature. The
mixture was then cast onto aluminum foil and the
resulting films were dried at room temperature for
48 h followed by subsequent drying for 72 h under
vacuum. Samples, thus, prepared were listed in Ta-
ble I. Hereinafter, nanocomposites of PMMA/SAN
with clays prepared from MEK or chloroform solu-
tion will be described as P/S-clay abbreviation (M)
or P/S-clay abbreviation (C), respectively, such as,
PMMA/SAN with C15A prepared using MEK will
be described as P/S-15A (M).

Characterization and measurements

The change in gallery distance of silicate layers in
the clay was determined on X-ray diffractometer (D-
8 Advance) using CuKa radiation at 40 kV, 35 mA.
The samples were scanned at 2�/min. The basal

TABLE I
Sample Designation of PMMA/SAN/Clay Nanocomposites

Polymer and clay composition (wt %) Sample designation

PMMA SAN PMa C30B C25A C15A
Samples prepared

from MEK
Samples prepared
from chloroform

50 50 – – – – P/S (M) P/S (C)
47.5 47.5 5 – – – P/S-PM (M) P/S-PM (C)
47.5 47.5 – 5 – – P/S-30B (M) P/S-30B (C)
47.5 47.5 – – 5 – P/S-25A (M) P/S-25A (C)
47.5 47.5 – – – 5 P/S-15A (M) P/S-15A (C)

a PM, pristine montmorillonite.

50 LEE ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



spacing of the clay, d001 was calculated using the
Bragg’s law (k ¼ 2dsiny).

TEM images of nanocomposite specimens were
obtained using energy filtering TEM (LEO-912AB
OMEGA, LEO) with accelerating voltage of 120 kV
at the Korea Basic Science Institute. TEM specimens
were prepared by encapsulating nanocomposites in
the epoxy resin and ultramicrotoming using a dia-
mond knife at room temperature.

The cloud points of nanocomposite samples were
measured by visual inspection on a hot plate by
heating the samples from room temperature to
300�C at a heating rate of 2�C/min.

The glass transition temperatures were measured
by differential scanning calorimetry (DSC, TA Instru-
ment DSC2010). DSC samples of 10 mg masses were
heated in nitrogen atmosphere at a heating rate of
20�C/min. DMA was performed at a tension mode
using Seiko Exstar 6000 DMA/SS6100 (SEICO Instru-
ment, Japan). The temperature sweep mode was per-
formed in the interval between 30 and 180�C at the
heating rate of 5�C/min with 1 Hz frequency.

RESULTS AND DISCUSSION

Cloud points of PMMA/SAN/clay nanocomposites

To see the effect of clays on the phase behavior of
nanocomposites of polymer blends with clays, cloud
points were measured by heating nanocomposite
samples prepared at room temperature.

Blend samples of PMMA and SAN without any
clays prepared using MEK were transparent indicat-
ing a homogeneous miscible blend. The cloud point
of this PMMA/SAN [P/S (M): (M) indicates MEK]
was measured to be 186�C as shown in Table II. The
cloud points of P/S-PM (M) and P/S-C15A(M) were
observed to be 187�C and 185�C, which are almost
same as that of PMMA/SAN without any clays [P/S
(M)]. This exhibits that clays PM or C15A do not
give much effect on the phase behavior of PMMA/
SAN blends.

Cloud points of nanocomposites containing C30B
and C25A prepared from MEK were observed to be
181�C and 182�C, respectively, which are lower than
that of PMMA/SAN without any clays. This indi-

cates that clays C30B or C25A affect the phase sepa-
ration behavior of blends of PMMA/ SAN.
Because chloroform gave phase separated opaque

films at room temperature as previously reported in
the literature, cloud points could not be measured
for the samples prepared from chloroform including
samples without any clays or the ones containing
PM, C30B, C25A, and C15A.
In the previous studies on some nanocomposites

of immiscible polymer blends, clays are reported to
decrease the phase separated domain sizes.9,20,24,25 It
is noted that though the domain sizes of immiscible
blends decrease in those studies, clays do not make
the blends completely miscible and accordingly
cloud points cannot be measured. Also, whether the
reason for the decrease in domain sizes is due to the
clays acting as compatibilizers in the real thermody-
namic sense or due to the change in viscosity ratio
of two separated phases by the addition of clays is
still not quite clear.
This study deals with the clays not in the immisci-

ble blends but in the miscible blends of PMMA/
SAN. To analyze the results of cloud point measure-
ments in view of the morphology of the nanocompo-
sites, TEM pictures were taken.

Morphology of PMMA/SAN/clay nanocomposites

The morphology of nanocomposites were examined
by using TEM in order to observe the dispersion
state of silicate layers and the separated polymer
phases, if any. Figure 1(a–d) show TEM images of
nanocomposites prepared from MEK containing
5 wt % clays PM, C30B, C25A, and C15A, respec-
tively. Poor dispersion of clay PM was observed as
shown in Figure 1(a). In the meantime, clay C30B is
observed to be very well dispersed in PMMA/SAN
matrix close to exfoliation as shown in Figure 1(b).
TEM pictures for P/S/25A in Figure 1(c) also
showed a good dispersion of clays in the matrix of
PMMA and SAN.
These two nanocomposites with C30B or C25A

exhibiting good clay dispersion showed the lower
cloud point than PMMA/SAN without any clay.
This indicates that clays can induce phase separation
in miscible blends, whereas clays can reduce the
separated domain size in some of the previous stud-
ies on immiscible blends.
Because clay C30B or C25A is well dispersed in

the matrix as shown in Figure 1(b) or Figure 1(c),
C30B or C25A may be thought to have some interac-
tion with PMMA or SAN accelerating phase separa-
tion. In these nanocomposites, clay C30B or C25A
may be thought to act as a nucleating agent for
phase separation. Clays are reported in the previous
studies to act as nucleating sites in some nanocom-
posites containing polymer blends.11,16,18

TABLE II
Cloud Points of PMMA/SAN/Clay Nanocomposites

Nanocomposites
from MEK

Cloud point
(�C)

Nanocomposites
from chloroform

Cloud
point (�C)

P/S (M) 186 � 1.0 P/S (C) –
P/S-PM (M) 187 � 0.5 P/S-PM (C) –
P/S-30B (M) 181 � 2.0 P/S-30B (C) –
P/S-25A (M) 182 � 1.5 P/S-25A (C) –
P/S-15A (M) 185 � 1.0 P/S-15A (C) –
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Clays PM and C15A in Figures 1(a,d) show a poor
dispersion in PMMA/SAN matrix as expected
because PM and C15A were not well dispersed in
MEK during nanocomposite preparation as well as
their poor compatibility with PMMA or SAN. This
means that clays PM and C15A do not affect the
phase behavior of PMMA/SAN blend, which is con-
sistent with the result of little change in cloud points
of nanocomposites containing PM or C15A. To see
the different dispersion state of clay dispersion in
the different solvent, various clays were mixed with
MEK or chloroform by magnetic stirring. Among
various clays used in this study, only C30B was well
dispersed in MEK and clay C25A showed a fair dis-
persion in MEK as shown in Figure 2(a). In chloro-
form, only clay C15A showed a good dispersion as
shown in Figure 2(b).

Good dispersion of clay C30B in PMMA/SAN
nanocomposites was expected since increase in inter-
layer spacing of C30B in PMMA or in SAN was
reported in the previous studies on nanocomposites
of PMMA or SAN with various clays33–45 as well as
the fact that C30B is well dispersed in MEK during
nanocomposite preparation. Similar to C30B but less

degree of increase in interlayer spacing of C25A in
PMMA or in SAN than C30B was also reported in
the literature.33,34,36,48–57

Cloud points of P/S-PM (M) (187�C) and P/S-
C15A (M) (185�C) were about the same as that
(186�C) of PMMA/SAN without any clay indicating
that PM or C15A does not give much effect on phase
separation due to its poor dispersion in the matrix.
This is consistent with the poor dispersion of clays
PM or C15A in TEM pictures.
Figure 3(a–d) show TEM images of nanocompo-

sites prepared from chloroform containing 5 wt %
clays PM, C30B, C25A, and C15A, respectively. Mor-
phologies of nanocomposites containing C30B [Fig.
3(b)] and of the ones containing C25A [Fig. 3(c)] are
very similar to those of corresponding nanocompo-
sites prepared from MEK shown in Figure 1(b,c),
respectively, except that Figure 3(b,c) show the
phase separated structures due to the use of chloro-
form as a solvent.
Because C30B is not well dispersed in chloroform

during the nanocomposite preparation as shown in
Figure 2(b), the good dispersion of C30B in Figure
3(b) reveals that the dispersibility of clay in the

Figure 1 TEM images of nanocomposites prepared from MEK containing 5 wt % of (a) PM, (b) C30B, (c) C25A, and (d)
C15A.
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solvent during nanocomposite preparation is not a
prerequisite for good dispersion of clay in the final
nanocomposite. It rather indicates that the compati-
bility between matrix polymers and clays plays a
more important role in the dispersion of clay in the
final nanocomposites.

Phase separation induced by chloroform in P/S-
30B(C) was not clearly seen at the high magnifica-
tion picture in Figure 3(b) but microphase separated
structures are observed at a lower magnification pic-
ture shown in the inset of Figure 3(b).

Dispersion of PM in Figure 3(a) is again not as
good as that in Figure 1(a) and the macrophase sep-
aration in this nanocomposite is not seen at this
magnification.

For PMMA/SAN nanocomposites containing
C15A, very good dispersion close to exfoliation was
observed as shown in Figure 3(d), which is quite dif-
ferent from the one prepared from MEK shown in
Figure 1(d). Also, clear phase separation cannot be
observed in this TEM picture although the cloud
point cannot be measured due to the translucent na-
ture of the P/S-C15A(C) samples. This indicates that

the phase separation due to chloroform solvent is
somewhat retarded in this C15A nanocomposites
due to the dispersion of C15A. It is not quite clear at
this stage whether the good dispersion of C15A in
P/S-15A(C) originates only from the good dispersion
of C15A in chloroform solvent followed by the diffi-
culty in restacking of C15A clay layers during nano-
composite preparation due to the high viscosity of
nanocomposites or also from the good compatibility
between PMMA/SAN and C15A. But considering
that C15A nanocomposites prepared from MEK did
not show a good dispersion of C15A, whereas C30B
nanocomposites prepared from chloroform showed
a good dispersion of C30B regardless of solvents,
clays C15A are thought not to have a strong affinity
with either PMMA or SAN. It follows that good dis-
persion of C15A may be mainly due to the good dis-
persion of clay C15A in chloroform during nano-
composites preparation and more possibilities are
put on the viscosity issue than the compatibility one.
Although the weak interaction was reported to

exist from FTIR analysis between carbonyl groups in
PMMA and clays modified with tetra-alkyl di-tallow
ammonium salt which is similar to the organic
modifier of C15A in the literature,46 almost no
changes in the interlayer distance of clay C15A are
reported in PMMA/C15A or SAN/C15A nanocom-
posites.33,34 It indicates that the interaction between
PMMA/SAN and C15A may be rather very weak, if
any. As C15A has a fairly large amount of excess
hydrophobic modifiers covering the almost entire
clay surface as can be seen by the poor dispersion in
MEK in Figure 2(b), chances of interaction between
C15A and polar PMMA/SAN may be low. In the
cases of PMMA/SAN with C30B or C25A where the
compatibility between PMMA/SAN and clays may
be better than C15A nanocomposites, cloud points
became lower than that of PMMA/SAN without any
clay, where clays C30B or C25A are thought to act
as a nucleating agent for phase separation. Even if
clay C15A acts as a nucleating agent, its effect may
be much less than C30B or C25A that has higher af-
finity with PMMA or SAN although it cannot be
proved in P/S-15A(C), which has the phase sepa-
rated structure from the beginning due to the chloro-
form solvent. During nanocomposites preparation,
good dispersion of C15A in PMMA/SAN may
rather retard the phase separation due to the
increase in matrix viscosity although this cannot
completely prevent the phase separation in true
thermodynamic sense.
The phase separated structure in the P/S-30B(C)

sample as prepared was observed even by optical
microscope as shown in Figure 4. This again indi-
cates that more phase separation was induced by
C30B compared with other clays explaining the low-
est cloud point of P/S-30B(C).

Figure 2 Suspension state of PM, C30B, C25A, and C15A
in (a) MEK and (b) chloroform.
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XRD results of PMMA/SAN/clay nanocomposites

Figure 5(a,b) exhibit the XRD results of P/S-30B and
P/S-15A, respectively, prepared from both MEK and
chloroform. As expected from the TEM observations,
no noticeable peaks were observed for both P/S-
30B(M) or P/S-30B(C). Although some peaks were
observed in P/S-15A(M), XRD results for P/S-
15A(C) does not exhibit any peaks also as expected
from the good dispersion of C15A in PMMA/SAN
prepared from chloroform in TEM pictures. These
XRD results support the TEM results in terms of
clay dispersion.

Dynamic mechanical properties of PMMA/SAN/
clay nanocomposites

Dynamic mechanical properties of the PMMA/SAN
nanocomposites were measured to investigate the
effect of the clay on the dynamic mechanical behav-
ior. The storage modulus and tan d results for the
PMMA/SAN nanocomposites prepared from MEK
are shown in Figure 6(a,b), respectively. Nanocom-
posites P/S-30B(M) containing C30B exhibit the

highest dynamic mechanical storage modulus (E0) in
the temperature range studied as shown in Figure
6(a). This is consistent with the TEM results where

Figure 3 TEM images of nanocomposites prepared from chloroform containing 5 wt % of (a) PM, (b) C30B, (c) C25A,
and (d) C15A.

Figure 4 Phase separated structure of P/S-30B(C)
observed by optical microscope.
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C30B nanocomposites show the best dispersion of
clays throughout the entire matrix. Lowest modulus
of P/S-15A(M) was thought to be due to the low
molecular weight modifiers released from C15A
which has excess modifiers. Breadth of tan d in Fig-
ure 6(b) may be considered to indicate the homoge-
neity of the matrix phase. The wider tan d may be
the manifestation of less homogeneity in the matrix.
PMMA/SAN without any clay exhibit the narrowest
breadth of transition indicating the homogeneous
miscible blend. PMMA/SAN nanocomposites con-
taining clays show broader tan d than PMMA/SAN
without clays indicating that clays induce the phase
separation.

The storage modulus and tan d results for the
PMMA/SAN nanocomposites prepared from chloro-
form were shown in Figures 7(a,b), respectively.
Storage modulus of PMMA/SAN without any clays

show the minimum value exhibiting phase separa-
tion between PMMA and SAN when prepared from
chloroform. Storage modulus of P/S-15A(C) does
not show the lowest value among all nanocompo-
sites containing various clays in this case. This is
consistent with the TEM observation where C15A
clays were well dispersed in P/S-15A(C). This is
again manifested in Figure 7(b) in which the breadth
of tan d for P/S-15A(C) shows the minimum indicat-
ing some degree of retardation in phase separation
by well dispersed clays C15A in this nanocomposite.

Thermal properties of PMMA/SAN/clay
nanocomposites

The criterion for miscibility frequently used is the
appearance of a single glass transition temperature,
Tg in the blend.17 Figures 8(a,b) exhibit the DSC
results obtained from the first run for the PMMA/

Figure 5 X-ray diffraction patterns of PMMA/SAN/clay
nanocomposites containing 5 wt % of (a) C30B and (b)
C15A.

Figure 6 (a) Storage modulus and (b) tan d versus tem-
perature obtained from dynamic mechanical analysis
measurements for PMMA/SAN/clay nanocomposites pre-
pared using MEK.
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SAN/clay nanocomposites prepared from MEK and
chloroform, respectively. Because the glass transition
temperatures of PMMA and SAN used in this study
show similar values around 105�C, PMMA obtained
from Sigma-Aldrich Corporation having Tg around
120�C was used to prepare the nanocomposite sam-
ples for DSC analysis.

Nanocomposites prepared from MEK show the
only one glass transition temperature as shown in
Figure 8(a) which is the characteristic feature of mis-
cible blends. As can be seen from Figure 8(b),
PMMA/SAN without any clay prepared from chlo-
roform shows two distinct glass transition tempera-
tures indicating phase separated structures. PMMA/
SAN containing PM or C30B also exhibits two dis-
tinct glass transition temperatures which is consist-
ent with TEM results. Broad transition region was
observed for P/S-25A(C) indicating two microphase
separated structure. Almost single Tg was observed

for P/S-15A(C) indicating that clay C15A appears to
retard phase separation consistent with the DMA
results as well as the TEM picture.

CONCLUSIONS

PMMA and SAN form a miscible blend prepared
using MEK as a solvent and the cloud points can be
measured. All nanocomposites prepared using MEK
showed the decrease in the cloud points except the
one containing natural clay PM. Especially, noticea-
ble decrease in the cloud point was observed in
nanocomposites containing C30B and similar but
less degree of decrease was shown in the C25A case.
In both nanocomposites, good dispersion of clays in
the polymer matrix was observed in TEM results.
This indicates that well dispersed clays can facilitate
the phase separation resulting in lower cloud points.
Clays may be thought to act as a nucleating agent
inducing phase separation.
Nanocomposites prepared using chloroform as a

solvent exhibited the phase separated morphologies
due to the solvent effect and the cloud points cannot
be measured although clays C30B and C15A

Figure 7 (a) Storage modulus and (b) tan d versus tem-
perature obtained from dynamic mechanical analysis
measurements for PMMA/SAN/clay nanocomposites pre-
pared using chloroform.

Figure 8 DSC thermograms of PMMA/SAN/clay nano-
composites prepared from using (a) MEK and (b)
chloroform.
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exhibited a fairly good dispersion in TEM pictures.
From these observations, clay C30B turns out to
have the best compatibility with PMMA/SAN
among various clays tested because C30B exhibits a
good dispersion in PMMA/SAN nanocomposites
though C30B is not well dispersed in chloroform
during nanocomposites preparation.

Storage modulus and tan d results in DMA and
the breadth of transition in thermal analysis are con-
sistent with above findings.
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