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ABSTRACT: Polystyrene (PS)/ZnAl layered double-hy-
droxide (LDH) nanocomposites were synthesized via in situ
emulsion and suspension polymerization in the presence of
N-lauroyl-glutamate surfactant and long-chain spacer and
characterized with elemental analysis, Fourier transform in-
frared spectrum, X-ray diffraction (XRD), transmission elec-
tron microscopy (TEM), and thermogravimetric analysis.
The XRD and TEM results demonstrate that the exfoliated
ZnAl–LDH layers were well dispersed at molecular level in
the PS matrix. The completely exfoliated PS/LDH nanocom-
posites were obtained even at the 20 and 10 wt % LDH
loadings prepared by emulsion polymerization and suspen-

sion polymerization, respectively. The PS/LDH nanocom-
posites with a suitable amount of LDH showed apparently
enhanced thermal stability. When the 50% weight loss was
selected as a comparison point, the decomposition temper-
ature of the exfoliated PS/LDH sample prepared by emul-
sion polymerization with a 5 wt % LDH loading was about
28°C higher than that of pure PS. © 2006 Wiley Periodicals, Inc.
J Appl Polym Sci 101: 3758–3766, 2006
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INTRODUCTION

Recently, polymer/layered inorganic nanocomposites
(PLNs) have attracted great interest in the field of
material chemistry because of their novel mechanical,
thermal, and optical properties.1–5 Several methods
have been reported for the synthesis of PLNs with
good properties, including solution blending, melt
blending, and in situ preparation.6 Among these meth-
ods, in situ polymerization of monomers, especially
emulsion and suspension polymerization, has been
proved as a new and efficient method for the synthesis
of PLNs in recent years. Several PLN systems have
been successfully synthesized via in situ polymer-
ization, for example, poly(methyl methacrylate)
(PMMA)/montmorillonite (MMT), polystyrene (PS)/
MMT, polyacrylonitrile/MMT, and PS/graphite ox-
ide.2,7–13

Nowadays, polymer/layered double-hydroxide
(LDH) nanocomposites have become an emerging

class of materials; they may be used as flame retar-
dants, stabilizers, medical materials, and so on.14 Poly-
mer/LDH nanocomposites can be divided into two
main types, intercalated nanocomposites and exfoli-
ated nanocomposites, according to the different dis-
persion state of the LDH layers in the polymer frame-
work. Of course, there exists a partially exfoliated state
in some systems, namely, intercalated–exfoliated
structure. In the previous types, the exfoliated poly-
mer/LDH nanocomposites usually attract most inter-
est because they have a molecular dispersion of high-
aspect-ratio LDH layers in polymer nanocomposites
and thus give some improved properties over micro-
dispersed and conventional composites.8 Several syn-
thesis methods have been used to prepare exfoliated
polymer/LDH nanocomposites, including polyethyl-
ene-grafted-maleic anhydride/MgAl–LDH (LDH in
which the metal cations are Mg2� and Al3�) exfoliated
nanocomposites with up to 5 wt % LDH loading syn-
thesized by the refluxing of MgAl–LDH in a xylene
solution of polyethylene-grafted-maleic anhydride.15

Poly(styrene sulfonate)/ZnAl–LDH (LDH in which
the metal cations are Zn2� and Al3�) exfoliated nano-
composites were prepared by an exchange and tem-
plate reaction in aqueous media.16 However, as far as
we are aware, among all of the aforementioned meth-
ods used for synthesis of PLNs, only the in situ poly-
merization method has not been successfully applied
to the synthesis of exfoliated polymer/LDH nanocom-
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posites up to now. This may be due to the unique
structures and natural characters of LDHs. LDHs are
layered materials constituted by the stacking of posi-
tive hydroxylated layers [M2�

1�xM3�
x(OH)2]x� sepa-

rated by interlayered anionic species and water mol-
ecules [Xq�

x/q � nH2O], where M2� and M3� are diva-
lent and trivalent metal cations, respectively; Xq� is
the interlayer anion; and x is the molar ratio of M2� to
M3�. They are well known for their unique anion-
exchange properties and their rich chemistry. The high
charge density of the LDHs layers and the high con-
tent of anionic species and water molecules result in
strong interlayer electrostatic interactions between the
sheets and significantly hydrophilic properties. Such
dense interlamellar hydrogen bonding networks lead
to a tight stacking of the lamellae. The rigid spheroidal
sand rose morphology of intergrown platelets pre-
vents both swelling and exfoliation of the sheets in
water, wherein the swelling or exfoliation is one of the
key factors for the preparation of exfoliated PLNs.17

Thus, it is a challenge to eliminate the stronger elec-
trostatic interactions between LDH layers in an aque-
ous system and successfully synthesize exfoliated
polymer/LDH nanocomposites via in situ polymeriza-
tion.

In this article, we report the synthesis and charac-
terization of PS/ZnAl–LDH nanocomposites via in
situ emulsion and suspension polymerization with
two different surfactants, N-lauroyl-glutamate (LG)
and commonly used sodium dodecyl sulfate (SDS),
and a long-chain spacer. We found for the first time
that the LDH layers could be completely exfoliated in
the nanocomposites even at a content of ZnAl–LDH as
high as 20 wt % with emulsion polymerization and 10
wt % with suspension polymerization. The PS/LDH
nanocomposites with a suitable amount of LDH
showed apparently enhanced thermal stability.

EXPERIMENTAL

Materials

n-Hexadecane were purchased from Damao Chemical
Reagent Corp (Tianjin, China). LG was supplied by
Leasun Chemical Regent Co., Ltd (Shanghai, China).
The other chemicals, including Zn(NO3)2•6H2O,
Al(NO3)3, NaOH, potassium persulfate (K2S2O8), so-
dium sulfite (Na2SO3), benzoyl peroxide (BPO), ethyl
ether, SDS, and styrene, were obtained from China
Medicine (Group) Shanghai Chemical Reagent Corp
(Shanghai, China). Styrene was first washed with
NaOH solution to remove the inhibitor and then with
water and was then distilled under reduced pressure.
K2S2O8, Na2SO3, and BPO were recrystallized. All of
the other chemicals were used as received without
further purification. Distilled water was used through-
out.

Preparation

Polymerization with LG

LG (1.15 g) and n-hexadecane (3 g) were mixed in 12
mL of water at 40°C under stirring to form a transpar-
ent solution. Then, 11 mL of Zn–Al salt solution, in
which the concentration molar ratio of Zn(NO3)2 �
6H2O and Al(NO3)3 was 3:1, and 15 mL of 1 mol/L
NaOH solution were simultaneously added into the
previous solution with the help of a peristaltic pump
working at a discharge of about 2 mL/min. The pH
value of the system was adjusted to a range of 9.5–10.
Then, styrene at a calculated amount was added to
form an emulsion. Finally, initiators were added to
initiate polymerization at 80°C for 6 h in an oil bath,
where in the case of emulsion polymerization, the
initiators were K2S2O8 and Na2SO3, and in the case of
suspension polymerization, the initiator was BPO. The
prepared PS/ZnAl LDH nanocomposites were precip-
itated in methanol; filtered; thoroughly washed with
ethyl ether to remove the n-hexadecane and then al-
cohol and water; and dried at 80°C to obtain PS/LDH
powders with different LDH loadings. The samples
were labeled E-LG-Hx-y or S-LG-y, where E represents
the emulsion method, S represents the suspension
method, LG represents LG surfactant, H represents
n-hexadecane, x represents the dosage of n-hexade-
cane, and y represents the content of LDH loading. For
comparison, pure PS (without LDH loading) and
ZnAl–LG (with 100 wt % LDH loading) were also
synthesized with the previous method.

Polymerization with SDS

Zn(NO3)2 � 6H2O (2.23 g), Al(NO3)3 (0.94 g), SDS (2.22
g), and n-hexadecane (3 g) were mixed in 90 mL of
water. NaOH (1 mol/L) solution was simultaneously
added until the pH value was adjusted to the range
9.5–10. Then, styrene was added to form a uniform
solution. Finally, initiators were added to initiate po-
lymerization at 80°C for 6 h in an oil bath. The pre-
pared PS/ZnAl–LDH nanocomposites were treated as
described previously to obtain the PS/LDH powders.
The samples were labeled E-SDS-y or S-SDS-y, where
SDS represents SDS surfactant. For comparison,
ZnAl–SDS (with 100 wt % LDH loading) samples were
also synthesized with the same method.

Characterization

Zn elemental analysis was performed on an Autoscan
Advantage ICP-AES analyzer (Thermo Javvell Ash
Co, Franklin, MA). The Fourier transform infrared
(FTIR) spectrum was recorded on a Nicolet MAGNA-
IR 750 spectrometer (Nicolet Instrument Co., Madison,
Wisconsin, USA). The X-ray diffraction (XRD) data
were recorded at room temperature on a Philips X’
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Pert PRO SUPER apparatus (Panalytical Co., Almelo,
Netherlands) with Cu K� radiation with a Ni filter
(wavelength � 1.5418 Å) at a scanning rate of
0.0167°/s. The transmission electron microscopy
(TEM) images were obtained on a Hitachi H-800 trans-
mission electron microanalyzer (Hitachi, Ltd., Tokyo,
Japan) with an acceleration voltage of 200 kV. The
samples were ultramicrotomed with a diamond knife
on an LKB Pyramitome (LKB Instruments, Inc., Gaith-
ersburg, MD) to give 100-nm thick slices. The slices
were transferred from water to a Cu grid. The ther-
mogravimetric analyses (TGAs) were performed on a
Shimadzu TGA-50H thermoanalyzer (SHIMADZU
Co., Kyoto, Japan). The samples were examined under
an air flow rate of 2 � 10�5 m3/min at a scanning rate
of 10°C/min. The molecular weights of the samples
were determined from viscosity measurement carried
out as following. First, the nanocomposites were
solved in tetrahydrofuran and filtered to obtain poly-
mer free of the LDH. Then, the viscosity measure-
ments were performed. Finally, the molecular weights
were calculated from the result, which was an average
of three viscosity determinations, and Mark–Houwink
constants were obtained from published data.18

RESULTS AND DISCUSSION

Characterization of the PS/LDH samples

The contents of LDH in the samples were determined
by the elemental analysis. The results show that the
LDH loadings were in agreement with the designed
contents. For example, the Zn contents in the E-LG-
H1-y series samples with different ZnAl–LDH load-
ings were determined as 0.375, 4.35, and 12.2 wt %,

respectively, corresponding to [Zn3Al(OH)8](LG)0.5
contents of about y � 1, 10, and 30 wt %, respectively.

Figure 1 shows the typical FTIR spectra of PS, ZnAl–
LG, and PS/LDH samples prepared by emulsion and
suspension polymerization with LG surfactant. The
pure PS [Fig. 1(a)] had several characteristic absorp-
tion bands at 3100–2800 cm�1 (COH stretching vibra-
tion), 2000–1680 cm�1 (weak aromatic overtone and
combination band), 1604 and 1496 cm�1 (CAC stretch-
ing vibration), 1453 and 1368 cm�1 (CH2 bending vi-
brations), 757 and 698 cm�1 (CH out-of-plane bending
of the phenyl ring), and 540 cm�1 (out-of-plane defor-
mation of the phenyl ring). FTIR spectroscopy of the
ZnAl–LG samples [Fig. 1(b)] showed broad absorption
bands around 3500 and 1630 cm�1 due to OOH
stretching of the hydroxyl groups of LDH and corre-
sponding �(HOOH) vibration, respectively. The
MOO and OOMOO (M � Zn or Al) vibration bands
appear in the 400–800-cm�1 region. The presence of
LG was confirmed by the COH stretching vibration at
2957, 2923, and 2853 cm�1 and the NOH bending
vibration of the RCONHO group at 1582 cm�1. Ob-
viously, the FTIR spectra of the PS/LDH samples [Fig.
1(c,d)] showed the combination of the characteristic
absorption bands in Figure 1(a,b), which provided
evidence that the LDH layers were doped into the PS
matrix.

Figure 2 shows the FTIR spectra of PS, ZnAl–SDS,
and PS/LDH samples prepared by emulsion and sus-
pension polymerization with SDS surfactant. The re-
sults are similar to those shown in Figure 1. Figure
2(b) shows evidence of the presence of SDS instead of
NO3

� in the ZnAl–SDS sample by the COH stretching
vibration at 2848, 2920, and 2957 cm�1 and the stretch-
ing vibration of sulfate at 1218 and 1247 cm�1. The

Figure 1 FTIR spectra of the samples: (a) PS, (b) ZnAl–LG,
and the PS/LDH nanocomposites (c) E-LG-H1-10 and (d)
S-LG-10.

Figure 2 FTIR spectra of the samples: (a) PS, (b) ZnAl–SDS,
and the PS/LDH nanocomposites (c) E-SDS-5 and (d) S-
SDS-5.
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FTIR spectra of the PS/LDH samples [Fig. 2(c,d)]
showed the combination of the characteristic absorp-
tion bands in Figure 2(a,b), which indicated that the
LDH layers were dispersed into the PS matrix to form
the PS/LDH composites.

Further evidence for the presence of LDH in the PS
matrix was obtained from the XRD patterns recorded
for the PS/LDH samples. Figure 3 compares the typ-
ical wide-angle XRD patterns of pure PS and different
PS/LDH samples. Several new peaks were found in
the patterns of PS/LDH samples, wherein the peak at
2� � 60° was indexed as (110) in a hexagonal lattice
with a 3R stacking sequence of the LDH sheets. This
indicates that the layered framework is preserved in
the PS matrix. Similar results have been found in the
literature.19

The results obtained by the elemental analysis,
FTIR, and XRD give positive evidence that the LDH
layers were dispersed into the PS matrix.

Intercalated/exfoliated structures of the PS/LDH
nanocomposites

Low-angle XRD was often used to characterize the
types of the layered structures, that is, intercalated
and/or exfoliated polymer/LDH nanocomposites be-
cause the peaks changed with the gallery height of the
LDH. Figure 4 gives the low-angle XRD patterns of the
PS/LDH samples, which indicates the different struc-
tures of PS/LDH nanocomposites prepared by differ-
ent methods and surfactants. No peaks at 2� � 1.5–10°
were observed in Figure 4(a–c), which indicated the
exfoliated structures of these PS/LDH nanocompos-
ites. On the other hand, Figure 4(d,e) shows two peaks
in the range of less than 10°, corresponding to d values

of 2.52 and 1.26 nm, respectively. This means the
intercalated structures existed in the PS/LDH nano-
composites.19

Figure 5 gives the images recorded by TEM analysis
of the samples. Figure 5(a) presents the TEM image of
the E-LG-H1-1 sample with 1 wt % LDH loading. The
LDH layers [the dark part in Fig. 5(a)] combined with
LG surfactants were homogeneously dispersed in the
PS matrix (bright part). Moreover, this TEM micro-
graph was very different from those of polymers/
layered silicates exfoliation nanocomposites, in which
the exfoliated clay layers are often face–face orientated
because of the very high aspect ratio.20 In the case of
the exfoliated nanocomposite sample, the exfoliated
LDH sheets combined with surfactants were dis-
persed disorderly in the PS matrix and mostly parallel
to the grid, which was in good agreement with our
previous work.15 The arrow on the image points to
one of the individual exfoliated layers, which shows
that the thickness and lateral sizes of the exfoliated
LDH layers were about 1 and 70–100 nm, respectively.
Figure 5(b) shows the corresponding high-resolution
transmission electron microscopy (HR-TEM) image of
Figure 5(a), which permitted a more clear observation
of the dispersion and exfoliation state of the LDH
layers. Apparently, almost all of the LDH layers were
laid parallel to the Cu grid and only partially over-
lapped each other. These kinds of completely exfoli-
ated structures were in good agreement with the XRD
data shown in Figure 4(a).

The HR-TEM image [Fig. 5(c)] of the S-LG-10 sam-
ple prepared by suspension polymerization with 10%
LDH loading indicated the 30–50 nm lateral sizes of
the LDH layers and the similar dispersion state of
LDH layers in PS matrix with that of the E-LG-H1-1
sample, which gave positive evidence of the exfolia-

Figure 4 Low-angle XRD pattern of the PS/LDH samples
(a) E-LG-H1-1, (b) E-LG-H1-10, (c) S-LG-10, (d) E-SDS-5, and
(e) S-SDS-5.

Figure 3 Wide-angle XRD pattern of (a) pure PS and the
PS/LDH samples (b) E-LG-H1-10, (c) E-SDS-5, (d) S-LG-10,
and (e) S-SDS-5.
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tion structures, which was in good agreement with the
XRD data [see Fig. 4(c)].

Figure 5(d) gives the TEM image of the E-LG-H1-20
sample with 20 wt % LDH loading. The LDH agglom-
erates (gray ribbons) were homogeneously dispersed
in the PS matrix, in which the LDH layers (black lines)
were about 1 nm thick, had lateral sizes of 20–40 nm,
and were coated by LG surfactants (gray areas). The
LDH layers were almost perpendicular to the Cu grid

and parallel to each other, which was similar to the
TEM images of intercalated structures and quite dif-
ferent from those of the samples with low LDH load-
ings [Fig. 5(a–c)]. However, this kind of structure
could also be considered as exfoliated because the
distance of the two adjacent LDH layers was larger
than 10 nm, which was much larger than that of the
intercalated structures. Such morphology may have
been caused by the high LDH content in the sample.

Figure 5 (a) TEM image and (b) corresponding HR-TEM image of the E-LG-H1-1 sample, (c) HR-TEM image of the S-LG-10
sample, (d) TEM image and (e) corresponding ED (selected area electron diffraction) pattern of the E-LG-H1-20 sample, and
(f) HR-TEM image of the E-SDS-5 sample.
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The concepts of primary particles and crystallites, ac-
cording to the literature,21 were helpful in explaining
the submicrometer-sized agglomerates of these exfoli-
ated LDH layers. When at high LDH content in the
PS/LDH composite, the random dispersion of LDH
layers, or crystallites, with high aspect ratios became
more and more hindered because of geometrical con-
straints within the limited space remaining available
in the PS matrix. As a result, the LDH layers could
only agglomerate at a certain lever and be arrayed
parallel to each other to form the primary particles.
However, with careful observation, we found that
there were also individual exfoliated layers parallel to
the Cu grid, one of which is marked by the arrow in
this image. The corresponding ED (selected area elec-
tron diffraction) pattern is represented in Figure 5(e),
which revealed that the LDH sheets had a hexagonal
crystal structure with a crystallographic parameter a
of 0.308 nm.

A typical region of the intercalated structure of E-
SDS-5 sample with 5 wt % LDH loading prepared by
SDS surfactant is shown by the HR-TEM image in
Figure 5(f). Apparently, this image indicates several
LDH layers were stacked with each other, as shown by
the arrow.

To well understand how the exfoliated PS/LDH
nanocomposites were obtained in this study, the XRD
analysis for some special samples is very helpful. Fig-
ure 6 compares the wide-angle and low-angle (inset)
XRD patterns of the pristine ZnAl–NO3 sample with
interlayered anions NO3

� and the dried LG-modified
ZnAl–LG sample. The XRD pattern of ZnAl–NO3 [Fig.
6(a)] could be indexed in a hexagonal lattice with an
R-3m rhombohedral symmetry. The refined cell pa-
rameters were a � 0.311 nm and c � 2.627 nm

(�3•d003). Compared with the XRD pattern of the
ZnAl–NO3 sample, the location of some peaks of the
ZnAl–LG sample in Figure 6(b) were changed, as ob-
served in our previous work.15,19 Moreover, these
peaks became much broader and weaker, especially
for the (003) and (006) peaks, which almost disap-
peared. The low-angle XRD patterns (inset b of Fig. 6)
also showed that a very broad peak appeared at below
3°. All these results indicate that the LDH layers were
swollen or even exfoliated with the help of the LG
surfactant and long-chain n-hexadecane spacers in
these systems. Subsequently, when the styrene was
added and polymerized, the exfoliated LDH layers
were fixed in the PS matrix to form the exfoliated
PS/LDH nanocomposites. A similar exfoliation mech-
anism in the PMMA/MMT nanocomposite system
prepared by emulsion polymerization was reported in
the literature.22

Effects of the preparation methods and LDH
contents

Figure 7 gives the low-angle XRD patterns of the
PS/LDH samples with different contents of ZnAl–
LDH prepared by emulsion polymerization with LG
surfactant. No peaks at 2� � 1.5–10° were observed in
Figure 7(a–c), which means that the exfoliated struc-
tures of the PS/LDH nanocomposites were obtained
when the contents of LDH were less than 20 wt %.
However, a very broad peak below 3° appeared in the
E-LG-H3-30 sample when the LDH content reached 30
wt % [Fig. 7(d)], which indicated a mixed intercalated–
exfoliated structure, as reported previously.9

Figures 8 and 9 present similar trends for the PS/
LDH samples of the S-LG-y and E-LG-H1-y series,
respectively. As shown by the S-LG-y series samples

Figure 7 Low-angle XRD pattern of the PS/LDH samples
(a) E-LG-H3-5, (b) E-LG-H3-10, (c) E-LG-H3-20, and (d)
E-LG-H3-30.

Figure 6 Wide-angle and low-angle (inset) XRD patterns of
(a) ZnAl-NO3 and (b) ZnAl-LG.
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prepared by suspension polymerization, the exfoli-
ated PS/LDH nanocomposites were obtained when
the LDH loadings were less than 10 wt %. That is, the
completely exfoliated PS/LDH nanocomposites were
prepared by a decrease in the LDH loadings in the
PS/LDH nanocomposites. However, the emulsion po-
lymerization method was more efficient than the sus-
pension polymerization in the preparation of the ex-
foliated PS/LDH nanocomposites, which was re-
ported for the polymer/MMT system.9

Effects of the surfactants and spacers

To eliminate the stronger electrostatic interactions be-
tween the LDH layers and to obtain the intercalated or

exfoliated structures, the surfactants are usually ap-
plied to modify the surface property of the LDH lay-
ers, which has been proven to be an effective meth-
od.15,23 In this study, two surfactants were used, SDS
and LG. At the same time, they were the emulsifiers in
the emulsion polymerization. The type of the surfac-
tant had a remarkable effect on the structure of the
PS/LDH nanocomposites. When SDS was used as the
surfactant, it was very difficult to obtain the exfoliated
structure of the nanocomposites because both the E-
SDS-5 and S-SDS-5 samples, even only with 5 wt %
LDH contents [see Fig. 4(d,e)], showed the two low-
angle XRD peaks characteristic of the intercalated
structures. On the contrary, however, the LG surfac-
tant was in favor of the exfoliation of the LDH layers
in the PS/LDH nanocomposites because the exfoliated
structures were obtained even at 20 wt % LDH loading
for the emulsion polymerization and at 10 wt % for
suspension polymerization, as shown in Figures 7(c)
and 8(b), respectively.

The spacer also had an important effect on the ex-
foliation of LDH layers. Figure 10 shows the low-angle
XRD patterns of PS/LDH samples with 5 wt % LDH
loading prepared by different spacers of short-chain
n-octane [Fig. 10(b)] and long-chain n-hexadecane
[Fig. 10(c)] with emulsion polymerization and LG sur-
factants. For comparison, the low-angle XRD pattern
of the PS/LDH sample without a spacer is also shown
in Figure 10(a). Two sharp peaks characteristic of an
intercalated structure appeared, as shown in Figure
10(a), whereas a broad peak characteristic of an inter-
calated structure appeared in the sample prepared by
short-chain spacer n-octane [Fig. 10(b)]. However,
only the PS/LDH sample prepared by the long chain
spacer n-hexadecane had the completely exfoliated

Figure 8 Low-angle XRD pattern of the PS/LDH samples
(a) S-LG-5, (b) S-LG-10, (c) S-LG-20, and (d) S-LG-30.

Figure 9 Low-angle XRD pattern of the PS/LDH samples
(a) E-LG-H1-1, (b) E-LG-H1-5, (c) E-LG-H1-10, (d) E-LG-H1-
20, and (e) E-LG-H1-30.

Figure 10 Low-angle XRD pattern of the PS/LDH samples
with 5 wt % LDH loading by emulsion polymerization with
LG and different spacers: (a) none, (b) 1 g of n-octane, and (c)
1 g of n-hexadecane.
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structure because no peaks appear in Figure 10(c).
Thus, it was necessary for the use of long-chain spac-
ers to obtain the completely exfoliated nanocompos-
ites. However, by comparison with Figures 7 and 9,
we found that more than 1 g of amount of the spacer
had no remarkable effect on the exfoliation of LDH
layers.

Thermal properties

Figure 11 shows the TGA curves of pure PS and
PS/LDH samples with 5 wt % LDH loading prepared
with different methods. The thermal decomposition of
the pure PS sample occurred in the range 270–420°C,
and no residues were left above 420°C. The first step of
weight loss for the PS/LDH samples occurred at about
120–250°C due to the evaporation of physically ab-
sorbed water in the intercalated layers, the loss of
hydroxide on LDH layers, and the thermal decompo-
sition of the alkyl chains of surfactants. The second
step of weight loss took place at the temperature range
of 270–450°C due to the thermal decomposition of PS
chains and the formation of black charred residues.
When 50 wt % weight loss was selected as a point of
comparison, the thermal decomposition temperatures
for pure PS [Fig. 11(a)] and the PS/LDH nanocompos-
ite samples E-LG-H1-5 [Fig. 11(b)], E-SDS-5 [Fig.
11(c)], S-LG-5 [Fig. 11(d)], and S-SDS-5 [Fig. 11(e)]
were determined as 383.8, 411.8, 391.7, 375.3, and
386.5°C, respectively. These data indicate that the
E-LG-H1-5 sample had the highest thermal decompo-
sition temperature.

Figure 12 depicts the TGA curves of pure PS and
PS/LDH samples prepared by emulsion polymeriza-
tion with LG surfactant and n-hexadecane with differ-
ent LDH contents, that is, E-LG-H1-y series. All curves

of the PS/LDH samples showed similar thermal de-
composition behaviors as mentioned previously.
When 50 wt % weight loss was selected as a point of
comparison, the thermal decomposition temperatures
for pure PS and the PS/LDH nanocomposite samples
containing 1, 5, 10, 20, and 30 wt % LDH were deter-
mined as 383.8, 396.9, 411.8, 385.8, 385.7, and 354.7°C,
respectively. The thermal decomposition temperature
of the PS/LDH samples with 5 and 1 wt % LDH
loadings were 28.0 and 13.1°C higher than that of pure
PS, respectively. The thermal decomposition temper-
atures of the PS/LDH samples with 10 and 20 wt %
LDH loadings were comparable with that of pure PS.
Excess loading of LDH, such as 30 wt %, could lead
the thermal stability of the materials to decrease lower
than 29.1°C, which was lower than that of pure PS.
Among the previous samples, the PS/LDH nanocom-
posite with 5 wt % LDH loading had the best thermal
stability. Such thermal behavior could have been
caused by a change in the relative extents of exfoliated
LDH layers in the nanocomposites. It has been re-
ported that the beneficial effect of LDH on the thermal
stability of polymer matrix is due to the promotion of
the charring process of the polymer matrix and the
hindered effect of LDH layers for the diffusion of
oxygen and volatile products throughout the compos-
ite materials during the thermal decomposition of the
composites.15,19 Indeed, at low filler contents, exfolia-
tion dominated, but the amount of exfoliated LDH
layers was not sufficient to promote any significant
improvement of the thermal stability. A suitable LDH
content (5 wt %) increased the amount of exfoliated
individual layers and, thus, increased the thermal sta-
bility of the nanocomposites. However, when the LDH
content further increased to above about 5 wt %, the

Figure 12 TGA curves of pure PS and E-LG-H1-y series
samples with different LDH contents.

Figure 11 TGA curves of (a) pure PS and the PS/LDH
samples (b) E-LG-H1-5, (c) E-SDS-5, (d) S-LG-5, and (e)
S-SDS-5.
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thermal decomposition temperature did not further
increase; it even apparently decreased for the sample
with 30 wt % LDH loading. The most probably reason
was that the relatively large organic surfactant content
of the composites produced less stable charred layers
during the decomposition.24 Very similar behavior has
already been observed in some polymer/silicates1,25

and polymer/LDH19 nanocomposites.
It is well known that molecular weight has a re-

markable influence on the thermal properties of poly-
mers. Therefore, it is necessary to measure the molec-
ular weights of PS in various nanocomposites. The
results determined by the viscosity measurement
show that the molecular weights of the E-LG-H1-x
samples were 5.9, 7.4, 6.5, 6.3, and 7.1 � 105, corre-
sponding to x � 1, 5, 10, 20, and 30, respectively. The
molecular weight of the pure PS sample was mea-
sured as 5.5 � 105. These data indicate that the mo-
lecular weights of PS in the PS/LDH nanocomposites
were comparable to that of the pure PS sample, which
indicates that the PS molecular weights in the nano-
composite samples had no considerable effect on the
thermal properties of pure PS and the PS/LDH nano-
composites. The enhancement of the thermal proper-
ties of the PS/LDH nanocomposites were ascribed to
the introduction of the LDH layers into the PS matrix.

CONCLUSIONS

PS/LDH nanocomposites were synthesized success-
fully via in situ emulsion and suspension polymeriza-
tion with different surfactants and spacers. Com-
pletely exfoliated nanocomposites were obtained for
the samples with contents of ZnAl LDH no more than
20 wt % with emulsion polymerization and 10 wt %
with suspension polymerization when LG surfactant
and the long-chain spacer n-hexadecane were used.
TEM images showed that the exfoliated ZnAl–LDH
layers were well dispersed at the molecular level in
the PS matrix. However, when SDS surfactant or the
short-chain spacer n-octane was used, only interca-
lated or intercalated–exfoliated structures of PS/LDH
nanocomposites were obtained, wherein several LDH
layers were stacked on each other. The TGA data
show that the samples with only a suitable amount of
modified LDH had enhanced thermal stability com-

pared with the pure PS. When the 50% weight loss
was selected as a comparison point, the thermal de-
composition temperature of the exfoliated PS/LDH
sample E-LG-H1-5 with 5 wt % LDH was about 28°C
higher than that of pure PS. We believe that the in situ
technique used in this study could be applied to pre-
pare other exfoliated polymer/LDH nanocomposites,
such as poly(l-lactide)/LDH, polyacrylate/LDH, and
PMMA/LDH nanocomposites.
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