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ABSTRACT: In this work, organically modified layered
double hydroxides (OLDHs) were prepared and used to
make exfoliated polystyrene (PS) nanocomposites by sol-
vent blending method. First, Mg-Al, Co-Al, Ni-Al, Cu-Al,
Cu-Fe, and Cu-Cr LDHs were synthesized by coprecipita-
tion method at constant pH using their nitrate salts. The
organically modified LDHs (OLDHs) were synthesized
using sodium dodecyl sulfate (SDS). Then, PS nanocompo-
sites containing 5 wt % of the above modified LDHs were
developed by solvent blending method. The structural and
thermal properties of LDHs and their corresponding nano-
composites were characterized by X-ray diffraction (XRD),
scanning electron microscopy (SEM), transmission
electron microscopy (TEM), FTIR spectroscopy, and ther-
mogravimetric analysis (TGA). The formation of exfoliated

PS/OLDH nanocomposites is demonstrated by XRD and
TEM analysis. TEM analysis also confirms the nanoscale
dispersion of the LDH layers in the PS matrix. The pres-
ence of sulfate groups in the modified LDHs is confirmed
by FTIR spectroscopy. The entire PS/OLDH nanocompo-
sites exhibit enhanced thermal stability relative to pure PS.
When 50% weight loss is selected as point of comparison,
the decomposition temperature of the nanocomposites is
about 5–13�C higher than that of pure PS. Water uptake of
the PS nanocomposites is found to be less when compared
to pure PS. VC 2010 Wiley Periodicals, Inc. J Appl Polym Sci 120:
2485–2495, 2011

Key words: polystyrene; nanocomposites; thermal
stability; XRD

INTRODUCTION

Development of the polymer nanocomposites is one
of the latest evolutionary steps of the polymer tech-
nology due to dramatically improved properties
such as mechanical and thermal properties,1–4 gas
permeability,5,6 and fire retardance7 compared with
conventional composites. These enhanced properties
are realized only when clay particles are well
dispersed in the polymer matrix. Two types of nano-
composite structures can be obtained when the
nanoparticles are dispersed in a polymer matrix. The
intercalated nanocomposites are formed when there
is a limited inclusion of polymer chain between the
clay layers with a corresponding small increase in
the interlayer spacing of a few nanometers. On the
other hand, exfoliated structures are formed when
the clay layers are well separated from each other
and individually dispersed in the continuous poly-
mer matrix. Many researchers have reported that the
dispersion, or nanostructure, of the clay in the poly-
mer determines the properties of that polymer-clay

nanocomposite.8–11 However, it is not known what
level of clay dispersion (exfoliated or intercalated) is
necessary for a particular property of interest.8 It is
generally assumed that exfoliation of the clay is pre-
ferred for the greatest increases in nanocomposite
properties, but that may not always be correct. For
example, it appears that in certain systems exfolia-
tion is desired for mechanical properties, but not
necessarily for flammability properties.9–11

There are four known ways to prepare polymer
nanocomposites based upon the literature.2,12–28

These include melt compounding,12–15 in situ poly-
merization,2,16–21 emulsion/suspension polymeriza-
tion,22,23 and solvent blending.24–28 Among these
methods, solvent blending has been a widely used
technique, and it is one of the approaches that con-
sistently give exfoliated materials, provided the clay
organic treatment, solvent, and blending conditions
are considered.24–28

Several attempts to prepare polystyrene-clay com-
posites have been reported.29–36 Friedlander and
Grink29 reported a slight expansion of the 001 spac-
ing of clay galleries by in situ polymerization and
concluded that polystyrene was intercalated in clay
galleries; but Blumstein30 questioned intercalation by
polystyrene because he did not get any increase in
the basal spacing. Later, Kato et al.31 reported the
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intercalation of styrene into stearyl trimethyl-ammo-
nium cation exchanged MMT. Kelly et al.32 and
Akelah et al.33 reported the modification of MMT by
a variety of functional groups while making epoxy
composites. Akelah and Moet34,35 have also prepared
polystyrene nanocomposites using acetonitrile as a
solvent. They reported the intercalation in PS-clay
nanocomposites, with a maximum basal spacing of
2.54 nm. Vaia et al.36 prepared intercalated poly-
styrene-clay nanocomposites by melt-intercalation
method. Doh and Cho37 prepared polystyrene-clay
intercalated nanocomposites by polymerization of
styrene in the presence of organophilic clay. The
intercalated polystyrene-clay nanocomposites exhib-
ited thermal stability better than pure polystyrene.
Sohn et al.38 prepared polymer nanocomposites
based on an organophilically modified montmoril-
lonite (OMMT) and polystyrene (PS) by solvent
blending method using chloroform as a co solvent.
Formation of intercalation nanocomposites was con-
firmed from the increase in interlayer spacing. The
reactive cationic surfactant, vinyl benzyl dimethyl
dodecyl ammonium chloride, VDAC was used for
ion exchange with sodium ions in MMT. Then exfoli-
ated polystyrene-clay nanocomposites were prepared
by direct dispersion of organophilic MMT in styrene
monomer followed by free radical polymerization.39

Uthirakumar et al.40 prepared the exfoliated polysty-
rene (PS)/clay nanocomposites via in situ polymer-
ization using a cationic radical initiator-intercalated
montmorillonite hybrid. The exfoliated structure
resulted mainly due to the anchored radical initiator
inside the clay galleries. Zhang et al.41 prepared styr-
enic polymer/clay nanocomposites by melt blending
of the polymers with an oligomerically modified
clay. Bhiwankar and Weiss42 used quaternary ammo-
nium salts of sulfonated polystyrene (SPS) as compa-
tibilizers for melt intercalation of PS and pristine
Na-MMT.

The majority of previous studies have been
focused on the montmorillonite type of layered sili-
cate compounds,43 whereas the LDH systems have
much less studied because of the strong interlayer
electrostatic interactions, small gallery space, and
hydrophilic property of LDH. However, the highly
tunable properties of LDHs are considered as a
new emerging class of the most favorable layered
crystals for preparation of multifunctional polymer/
layered crystal nanocomposites.44 LDHs are the
materials consisting of positively charged metal
oxide/hydroxide sheets with intercalated anions
and water molecules.45,46 The intercalated anions
can be exchanged with wide variety of anionic
species both of organic and inorganic, indicating
that there is a wide field of potential applications of
LDH materials.47–52 One of the major advantages of

LDHs is that, they can be synthesized in a labora-
tory with high purity and tunable chemical
compositions.
Recently, a series of polymeric anions and water

soluble polymers, such as poly(acrylate),53 poly(amino
acid),54 poly(styrene sulfonate),55 poly(vinyl sulfo-
nate),56 poly(ethylene oxide),57 poly(vinyl alcohol),58,59

and polyaniline60 have been used for preparing
intercalated polymer/LDHs nanocomposites by ion-
exchange reaction or in situ polymerization. However,
the above methods are very difficult to use for the
preparation of exfoliated polymer/LDH nanocompo-
sites except for the organo-modified LDH layers.
O’Leary and coworkers43 have reported that the
delamination of the dodecyl sulfate-modified Mg/Al
LDH in polar acrylate monomers, with the help of
high shearing and subsequent polymerization of the
monomers containing the LDH dispersion gave exfo-
liated polyacrylate/LDH nanocomposites. Hsueh and
Chen61,62 have obtained polyimide/LDH and epoxy/
LDH nanocomposites from the amino benzoate-inter-
calated and amino laurate-intercalated Mg-Al LDH,
respectively.
In this work, we made an attempt to prepare poly-

styrene nanocomposites using organically modified
Mg-Al, Co-Al, Ni-Al, Cu-Al, Cu-Fe, and Cu-Cr
LDHs by solvent blending method and investigated
their structural and thermal properties.

EXPERIMENTAL

For the synthesis of polymer nanocomposites, pris-
tine LDH is not suitable because of its very small
interlayer spacing which makes the insertion of
polymeric chains very difficult. Hence pretreatment
of LDHs are necessary. This pretreatment involves
the insertion of organic anionic species having a
long hydrophobic tail. This causes expansion of the
interlayer distance and also it makes LDHs more
compatible with organic polymers. There are mainly
three methods for modification of LDHs, reported in
literature such as: coprecipitation in the presence of
organic species, ion exchange method, and regenera-
tion method. The regeneration method is most ad-
vantageous because, competing anions (NO�

3 ) is
absent or minimum in this case. Most of the LDH
clays can regenerate their original structures from
their oxide form when they are dispersed in an
aqueous solution containing the anion present in the
original material. Six different combinations of LDH
such as Mg-Al, Co-Al, Ni-Al, Cu-Al, Cu-Fe, and Cu-
Cr are prepared by coprecipitation method. The
LDHs are modified by sodium dodecyl sulfate
(NaC12H25SO4) using regeneration method and PS/
OLDH nanocomposites are prepared using these
modified LDHs by solvent blending method.
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Materials

Mg (NO3)2.6H2O, Cu (NO3)2.3H2O, Ni (NO3)2.6H2O,
Co (NO3)2.6H2O, Al (NO3)3.9H2O, Cr(NO3)3.9H2O,
Fe(NO3)3.9H2O, NaNO3, NaOH, xylene, and sodium
dodecyl sulfate (SDS) (NaC12H25SO4) were pur-
chased from Merck, India. Polystyrene was procured
from National Chemicals, India. All the chemicals
were used as received without further purification.
Millipore water was used throughout this work.

Preparation of LDHs

All the LDHs (Mg-Al, Co-Al, Ni-Al, Cu-Al, Cu-Fe,
and Cu-Cr) were prepared by coprecipitation
method. First, an aqueous solution of nitrate of a
bivalent metal (Mg/Co/Ni/Cu) (0.12 mol), Al
(NO3)3.9H2O, (0.06 mol) and NaNO3 (0.12 mol)
were prepared. A M2þ/M3þ ratio of 2 : 1 was
maintained for all LDHs synthesis. To this, an
aqueous solution of NaOH (2M) was added drop
wise with vigorous stirring until the required pH
is obtained. A pH of 10, 8.3, 10, 10.7, 9, and 10.2
were maintained for Mg-Al, Co-Al, Ni-Al, Cu-Al,
Cu-Fe, and Cu-Cr LDHs, respectively.5,6 The result-
ing slurry was aged at room temperature for 16 h.
Then the resultant precipitate was filtered, washed
thoroughly with Millipore water until the pH of
the filtrate was neutral, and subsequently dried at
80�C for 12 h.

LDH modification

All the LDHs were modified with SDS for better dis-
persion of LDH materials in the polymer matrix.
First, the LDH samples (2.5 g) were calcined at
500�C for 5 h in a muffle furnace (air atmosphere)
with a heating rate of 2�C min�1 to obtain the oxide
form. Then the calcined LDHs were dispersed into a
120 mL of aqueous solution containing 2.5 g of SDS.
This dispersion was refluxed for 12 h to ensure com-
plete regeneration of the host LDH structure. Finally
the residues were separated by centrifuging and
washed with Millipore water several times to get rid
of unreacted surfactant molecules. The solids were
dried at 80�C to produce organically modified
LDHs.

Preparation of polystyrene/LDH nanocomposites

The OLDH loading was kept constant at 5 wt %
(relative to PS) for all the PS/OLDH nanocomposite
systems. PS/OLDH nanocomposites were prepared
by solvent blending method in which xylene was
used as a solvent. A known quantity of polystyrene
was added to xylene with continuous stirring at
room temperature until the PS was completely

dissolved. After that, an organically modified LDH
was added into the above polymer solution and
ultrasonicated for better dispersion of LDH material
in the polymer matrix. Then it was spread over a
glass plate and left for 12 h in ambient temperature
yielding a viscous gel layer. Finally the film was
heated in an oven for 6 h to remove the remaining
solvent to obtain PS/OLDH nanocomposites. The
prepared nanocomposite films were characterized
for structural and thermal properties. The pure PS
film was also prepared by an identical procedure in
the absence of LDH.

Characterization and measurement

X-ray diffraction (XRD) profile of different LDHs
and nanocomposites samples were recorded under
air at room temperature using AXS D8 ADVANCE
Fully Automatic Powder X-ray Diffractometer
(Bruker). The patterns were acquired for 2y range
of 2�–50� with a 0.05� s�1 scan speed. XRD pattern
was used to interpret with respect to the position
of the basal peak, which depends on the distance
between two adjacent metal hydroxide sheets in
the LDH crystal lattice. The morphology of LDHs
powder was analyzed on a variable Pressure
Digital Scanning Electron Microscope (model LEO
1430VP). The transmission electron microscopy
(TEM) image of the PS nanocomposite was
obtained on a JEOL JEM-2100 transmission electron
micro analyzer with an accelerating voltage of 200
KV. The synthesized LDHs were analyzed using
Perkin–Elmer Fourier transform infrared spectro-
scope to confirm the presence of OH� groups and
sulfate bands in the modified LDH sample. The
thermogravimetry (TG) analysis for thermal stabil-
ity was performed under nitrogen atmosphere on a
TGA/SDTA851e/LF/1100 model (Mettler Toledo)
instrument using a heating rate of 10�C min�1

from 25 to 900�C. The particle size analyses of the
synthesized LDH were done using Dynamic Light
Scattering Particle Size Analyser LB-550 (Horriba).
Millipore water was used as a dispersing medium
in this process.
The water uptake test was considered as a stand-

ard method to evaluate water resistance of the nano-
composite films using gravimetric method. Water
uptake of the nanocomposite films were determined
by measuring the change in the weight before and
after the hydration. Three samples of each nanocom-
posite films (having dimensions 3 cm � 3 cm) were
dried at 100�C for 4 h to bring each sample to an
identical starting state. The nanocomposite samples
were then weighed to note the dry weight. Finally
the dried samples were soaked in millipore water
for 48 h. Then they were taken out, wiped with
tissue paper and weighed immediately. The water
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uptake of the nanocomposite films were calculated
using Eq. (1)

Water uptake ðwt%Þ ¼ Ww �Wd

Wd
� 100 (1)

where, Ww and Wd are the weights of wet and dry
nanocomposite films, respectively.

RESULTS AND DISCUSSION

Characterization of LDHs

The XRD pattern of pristine LDHs and organically
modified LDHs (OLDHs) in the 2y range of 2�–50� is
shown in Figures 1 and 2. The main diffraction peak
of Mg-Al, Co-Al, Ni-Al, Cu-Al, Cu-Fe, Cu-Cr LDHs
are obtained at 2y values 11.16�, 11.57�, 11.4�, 12.35�,
12.75�, and 9.55�, respectively, that correspond to a
(003) spacing of pristine LDHs. These peaks demon-
strate the formation of LDHs and exhibit some com-
mon features of layered materials such as narrow,
symmetric, strong peaks at low 2y values and
weaker, less symmetric lines at high 2y values. The
position of the basal peak of LDHs indicates the dis-
tance between two adjacent metal hydroxide sheets.
The d-spacing value of Mg-Al, Co-Al, Ni-Al, Cu-Al,
Cu-Fe, Cu-Cr LDHs is calculated as 0.790, 0.764,
0.762, 0.716, 0.69, and 0.926 nm by using Bragg’s
equation d ¼ k/2siny, where k is the X-ray wave-
length (1.5418 Å). This value is related to the thick-
ness of the brucite like layers as well as the size of
the anion and the number of the water molecules
existing in the interlayer. With such small interlayer
distance, it becomes necessary to modify the pristine
materials so that the crystal layers are moved apart
and penetration of polymeric chains becomes less
difficult. The rehydration method for intercalating
LDH materials with large molecules was pioneered

in late 1980s. This method is based on the principle
that the calcined LDH (which are mostly mixed
metal oxides) regenerates the crystalline structure of
the original materials when dispersed in an aqueous
solution of suitable anion under ambient conditions.
To eliminate the stronger electrostatic interactions
between the LDH layers and obtain the intercalated
or exfoliated structures, the surfactants are usually
applied to modify the surface property of the LDH
layers, which has been proven to be an effective
method.63,64 In this study, sodium dodecyl sulfate
(SDS) is used to modify the pristine LDHs. When
the LDHs are modified with SDS, the peak (003) is
shifted slightly towards the left, correspondingly
increasing the d-spacing, which confirms the interca-
lation of SDS molecules into the clay galleries65 (see
Fig. 2). The main diffraction peak of OMg-Al, OCo-
Al, ONi-Al, OCu-Al, OCu-Fe, OCu-Cr LDHs is
obtained at 2y values of 3.2�, 4.75�, 5.3�, 4.50�, 4.15�,
7.45�, respectively. The d003 spacing of OMg-Al,
OCo-Al, ONi-Al, OCu-Al, OCu-Fe, OCu-Cr LDHs is
found to be 2.757, 1.858, 1.667, 1.961, 2.126, 1.185
nm, respectively. The increase in d-spacing of
OLDHs indicates that the hydrophilic layer surface
changes into organophilic. Thus the PS chains can be
more easily intercalated into the space of the LDH
layers. We were also calculated the crystalline size
from the Scherrer equation:

D ¼ kk
b cos h

(2)

where k is a constant � 0.9, k is the wavelength of
the X-rays which is 0.15418 nm, b is the full width
of diffraction peak at half maximum intensity, and y
is the Bragg angle. The calculated crystalline sizes of
the modified LDHs (OLDHs) are found to be in the

Figure 1 XRD patterns of pristine LDHs.

Figure 2 XRD patterns of organically modified LDHs.
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range of 5–94 nm. The d-spacing and crystalline
sizes of pristine and modified LDHs are listed in
Tables I and II.

Figure 3 shows the SEM images of organically
modified LDHs. It can be seen clearly that all LDHs
are present in the form of agglomerates with having
sizes of 1–7 lm. For Cu-Al LDH, some agglomerates
are having sizes smaller than 1 lm. This observation
suggests that the nanoparticles are generally in the
form of agglomerates and it’s rather hard to be dis-
persed in their initial dimensions. However, this can
be eliminated by ultrasonication. The formation and
modification of LDHs are confirmed from EDX
analysis (figure is not shown here).

FTIR technique has been used to identify the
nature and symmetry of interlayer anions. The FTIR
spectra of the modified LDHs show two types of
bands: one corresponding to the anionic species
intercalated and the other corresponding to the host
LDH materials. FTIR spectra of organically modified
LDHs are similar as shown in Figure 4. The broad
band in the range of 3400–3500 cm�1is due to OAH
stretching vibration of water molecules, which may
be adsorbed during the sample preparation for FTIR.
The stretching band for aliphatic CH3A or ACH2A of
the long chain of SDS molecules appears at around
2840–2920 cm�1. The small band between 1200 and
1220 cm�1 corresponds to the symmetric vibration
(mS ¼ O) and the band between 1050 and 1100 cm�1

corresponds to the asymmetric vibration (moS ¼ O) of
sulfate band, which the LDHs acquired from SDS
after modification. The bands recorded at low fre-
quency region of 400–800 cm�1 are attributed to the
vibration of metal-oxygen bond in the brucite like
lattice and is typical of this kind of layered solids.

Generally, the thermal stability of LDH materials
depends on many factors such as the nature of the
cations, cationic compositions in the brucite-like
layer, the nature of interlayer anions, the crystallin-
ity of the materials, etc. The thermal behavior of
LDHs has been studied in details before. Many
researchers reported that the LDHs follow a two
stage decomposition process: first, at low tempera-
tures up to 225�C is assigned to the removal of
water physisorbed on the external surface of the
crystallites as well as water intercalated in the inter-

layer galleries; and the second at higher tempera-
tures around 500–600�C is due to dehydroxylation of
metal hydroxide layer along with simultaneous re-
moval of anions. The thermal characteristics of the
pristine LDHs are determined by TGA as shown in
Figure 5(a). The weight losses for Cu-Cr, Cu-Al, and
Ni-Al LDHs up to 250�C are 24, 23, and 18%, respec-
tively, while the weight loss for Co-Al, Mg-Al, and
Cu-Fe LDHs are up to same temperature are only
14, 15, and 16%, respectively. The reason for differ-
ence in the weight loss up to 250�C may be due to
the different in layer charge density of the LDH ma-
terial and the amount of the physically adsorbed
water present in the LDH sample in addition to the
water intercalated in the interlayer galleries. It is
reported in the literature that higher layer charge
density LDH material offers more combined hydrox-
yls, water molecules and nitrates.66 The main weight
loss occurs from 100 to 350�C that corresponds to
the decomposition of anions and desorption of
water produced from the dehydroxylation process.
When 10% weight loss is taken as point of compari-
son, the decomposition temperature of Mg-Al,
Cu-Fe, Cu-Cr, Cu-Al, Ni-Al, and Co-Al LDHs is
found to be 164, 216, 138, 141, 133, and 230�C,
respectively. The residues obtained at 900�C are
estimated as 51, 76.2, 64, 57.2, 57.8, and 69.1% for
Mg-Al, Cu-Fe, Cu-Cr, Cu-Al, Ni-Al, and Co-Al
LDHs, respectively.
The TGA curves of organically modified LDHs are

shown in Figure 5(b). After modification with SDS,
the thermal behavior of the LDHs is changed signifi-
cantly. The decomposition dodecylsulfate ions take
place in the range of 210–250�C. The loss of

TABLE I
Crystalline Size and d-Spacing of Pristine LDHs

Name of sample 2y (deg.) d-spacing (nm) Crystal size (nm) Matching JCPDS file no.

Cu-Al LDH 12.35 0.716 3.98 037-0630
Ni-Al LDH 11.4 0.762 2.48 022-0452
Co-Al LDH 11.57 0.764 15.98 051-0045
Mg-Al LDH 11.16 0.790 18.25 022-700
Cu-Fe LDH 12.75 0.690 20.74 –
Cu-Cr LDH 9.55 0.926 6.045

TABLE II
Crystalline Size and d-Spacing of Organically

Modified LDHs

Name of
sample 2y (deg.)

d-spacing
(nm)

Crystal
size (nm)

OCu-Al LDH 4.5 1.961 24.081
ONi-Al LDH 5.3 1.667 5.031
OCo-Al LDH 4.75 1.858 7.949
OMg-Al LDH 3.20 2.757 72.253
OCu-Fe LDH 4.15 2.126 20.377
OCu-Cr LDH 7.45 1.185 93.657
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remaining nitrate ions and dehydroxylation of the
host LDH layers take place at a slower rate at 250–
350�C. However, the major dehydroxylation process
of the OLDH materials starts around at 350�C. The
weight losses for OCu-Al, ONi-Al, and OCo-Al
LDHs up to 250�C are 7, 6, and 5%, respectively,
while the weight losses for OCu-Cr and OCu-Fe

LDHs up to same temperature are only 2.5 and
2.2%, respectively. The weight loss for OMg-Al LDH
is 23%, which is highest among all LDHs. When
10% weight loss is taken as point of comparison, the
decomposition temperature of OMg-Al, OCu-Cr,
OCu-Al, ONi-Al, and OCo-Al LDHs is found to be
216, 797, 329, 430, and 545�C, respectively.

Figure 3 SEM images of (a) ONi-Al LDH, (b) OCu-Al LDH, (c) OCu-Fe LDH, (d) OCo-Al LDH, (e) OCu-Cr LDH, and
(f) OMg-Al LDHs.
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Maximum degradation in case of Cu-Fe LDH at
900�C is found to be 5.4%. The residues obtained at
900�C are 49.5, 94.6, 89.2, 88.2, 83.7, and 86.5% for

OMg-Al, OCu-Fe, OCu-Cr, OCu-Al, ONi-Al, and
OCo-Al LDHs, respectively.
From the DLS particle size analysis data (Fig. 6), it

is pretty clear that the synthesized OLDHs have
more than 85% particles below 500 nm. DLS results
indicate that the particle sizes are bigger than those
indicated by XRD. However, it is to be noted that
DLS results are obtained in the liquid phase. Thus
aggregation cannot be ruled out and the measure-
ments may indeed be aggregated particles rather
than the individual primary particles. It is observed
that about 5% of the LDH particles are very close to
nano range, i.e., close to 100 nm.

Characterization of PS/OLDH nanocomposites

XRD analysis

XRD is an effective tool to characterize the types of
the layered structure, that is, intercalated and/or
exfoliated polymer/LDH nanocomposites because
the peaks changed with the gallery height of the
LDH. In the case of intercalated nanocomposite, a
XRD peak is seen at larger d-spacing than in the
pristine LDH where as in case of exfoliated struc-
ture, no peak is seen. However the XRD patterns of
PS/OLDH nanocomposites as shown in Figure 7 do
not exhibit any peak (d003) corresponding to the
OLDH, which indicates that the organically modi-
fied LDH layers are exfoliated in the PS matrix.67,68

These results demonstrate the successful formation
of PS/OLDH nanocomposites via solvent blending.
The nanocomposites demonstrate a slightly lower
degree of crystallinity compared to the neat polysty-
rene. The presence of LDH layers restricts large crys-
talline domains from forming due to limited space
and restrictions imposed on polymer chains by a
large number of disordered LDH platelets, this leads
to smaller crystallite structures and more defect-
ridden crystalline lamella.

Figure 4 FTIR spectra of organically modified LDHs.

Figure 5 (a) TG analysis of pristine LDHs. (b) TG analy-
sis of organically modified LDHs. Figure 6 Particle size distribution of synthesized LDHs.
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To study the influence of LDH loading on the
structure of PS nanocomposite, we have prepared
PS/OCo-Al LDH nanocomposites with 3, 5, and
20 wt % OCo-Al LDH content and their XRD results
are depicted in Figure 8. It is observed that the basal
spacing of OCo-Al LDH component in the nanocom-
posites increases to 2.76 nm from 1.86 nm of the
original OLDH layers with decreasing content of
OCo-Al LDH to 20 wt % from 100 wt % because of
the intercalation of PS molecules into the LDH
layers. When the loading of OCo-Al LDH is below
5 wt %, no diffraction peak is observed in 2y range
between 2� and 5�, as shown in Figure 8. These data
demonstrate that the equilibrium between exfoliation
and intercalation structures in the PS/OCo-Al LDH
nanocomposites can be driven towards to exfoliation
by decreasing the content of LDH. Finally, com-
pletely exfoliated PS/OCo-Al LDH nanocomposites

can be obtained by decreasing the LDH content to
below 5 wt %.

TEM study

The exfoliated structure of PS/OCo-Al LDH nano-
composite is further studied by TEM analysis. From
TEM image (Fig. 9), the dark lines represent the
LDH layers, whereas the bright areas represent PS
matrix. The photograph clearly shows the lamellar
structure of LDH exfoliated by the PS macromolecu-
lar chain; the lines of the layers are well shown
using the arrow marks and the exfoliated OCo-Al
LDH sheets are dispersed in the PS matrix, being
consistent with the XRD results presented in Figure
8. The OCo-Al LDH platelets might be broken into
smaller ones during ultrasonication.

Thermogravimetric analysis

Figure 10 represents the TGA curve of pure PS and
PS/OLDH nanocomposites. The thermal decomposi-
tion of pure PS sample occurs in the range of 350–
450�C. Generally, the PS/OLDH samples exhibit
three different types of weight losses. The first step
of weight loss at about 120–250�C is due to the evap-
oration of physically absorbed water in the inter-
layer and the loss of hydroxide on LDH layers. The
second step of weight loss between 250 and 450�C is
attributed to the thermal degradation of PS chains
and formation of black charred residues. The degra-
dation rate of PS nanocomposites in this step is
much slower when compared to pure PS. It may be
due to the hindrance of LDH layers to diffusion of

Figure 8 XRD patterns of OCo-Al LDH, pure PS and PS/
OCo-Al LDH nanocomposites with various loading of
OCo-Al LDH (3, 5, and 20 wt %) samples.

Figure 7 XRD patterns of PS/Organically modified LDH
nanocomposites.

Figure 9 TEM image of PS/OCo-Al LDH nanocomposite
with 5 wt % LDH.
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the volatile products produced during the heating of
PS/OLDH nanocomposites. The final step is the
decomposition of the charred residues which gener-
ally occur at around 650�C. When 10% weight is
chosen as a point of comparison, the decomposition
temperature are 387, 375, 370, 357, 385, 380, and
270�C for pure PS, PS/OCu-Al, PS/ONi-Al, PS/
OCu-Fe, PS/OCu-Cr, PS/OCo-Al, and PS/OMg-Al
LDH nanocomposites, respectively. It clearly demon-
strates that the thermal decomposition temperature
of nanocomposites is relatively lower than the pure
PS. This is because of two reasons; LDHs can cata-
lyze the degradation of PS and LDHs are dispersed
disorderly in the PS matrix which is more efficient
to catalyze the degradation of PS. However, the PS/
OLDH nanocomposites show better thermal stability
at high temperatures (above 400�C), which is con-
firmed by shifting the TGA curve of the PS/OLDH
nanocomposites towards right of the TGA curve for
pure PS (see Fig. 11). When 50 wt % is chosen as a
point of reference, the decomposition temperature of

PS/OCu-Fe, PS/OCu-Al, PS/OCo-Al, PSONi-Al,
and PS/OCu-Cr is found to be 415, 416, 419, 421,
and 423�C, respectively. This implies that at 50 wt %
loss, the PS/OLDH nanocomposites show a higher
thermal stability of 5–13�C in comparison with pure
PS. However, the decomposition temperature of PS/
OMg-Al is found to be 410�C, which is almost same
as pure PS. This may be due to the excess loading/
or instability of surfactant as evidenced from the
TGA data (see Fig. 5). Previous work has proved
that the LDH sheets can provide polymer good ther-
mal stability but too much LDH in the polymer ma-
trix can cause polymer to decompose quickly.69,70

The first TGA derivative curve for pure PS and PS/
OLDH nanocomposites is shown in Figure 12. The
peak indicates the maximum degradation tempera-
ture. All the first TGA derivative curves of PS/
OLDH nanocomposites are shifted toward right side
that of pure PS indicating higher thermal stability.
Therefore, an improvement in the thermal stability
will lead to the better service performance of the
nanocomposites at an elevated temperature. Similar
results have also been observed by other research-
ers.40 The TGA results for pure PS and PS/OLDH
nanocomposites are given in Table III.

Figure 11 TG analysis of PS/OLDH nanocomposites
between 350 and 500�C.

Figure 12 TGA derivative of PS/OLDH nanocomposites.

Figure 10 TG analysis of PS/OLDH nanocomposites
between 25 and 900�C.

TABLE III
TGA Results for Pure PS and PS/OLDH Nanocomposites

Name of sample

Temperature
at 10% (wt)
degradation
in �C (T10)

Temperature at
50% (wt)

degradation
in �C (T50) DT50 (

�C)

Pure PS 387 410 –
PS/OMg-Al LDH 270 410 0
PS/OCo-Al LDH 380 419 9
PS/ONi-Al LDH 370 421 11
PS/OCu-Al LDH 375 416 6
PS/OCu-Fe LDH 357 415 5
PS/OCu-Cr LDH 385 423 13
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Water uptake

The prepared PS/organically modified LDH nanocom-
posite films are tested for water uptake capacity and
the results are reported in Table IV. It is revealed that
the water uptake capacity of the nanocomposites is
decreased in comparison to pristine polystyrene. The
water uptake of pure PS film is found to be 2.89%,
while the water uptake for PS/OCu-Fe LDH nanocom-
posite becomes 0.6%. The hydrophiliicity of LDHs is
drastically reduced due to its treatment with SDS,
which has displaced the outer and inner hydration
shells that are coordinated to the inorganic cations.35 In
addition, the exfoliated LDH platelets present in the
polystyrene matrix act as barrier and increase the
mean effective path for the water molecules to travel,
and also lead to an increase in water absorption resist-
ance. From these data, we can conclude that the water
uptake is negligible in case of PS/OLDH nanocompo-
sites. Hence these nanocomposites are very much use-
ful in preparing water proof ink and paint industry.

Acid and alkali stability test

Three samples of each nanocomposite films (having
dimensions 3 cm � 3 cm) were dried at 100�C for 4 h
to bring each sample to an identical starting state.
The nanocomposite samples were then weighed to
note the dry weight. Finally, the dried samples were
individually soaked in 1M NaOH and 1M H2SO4 for
48 h. After that, the samples were taken out from
acid and alkali solution and wiped with tissue paper.
Then these samples were again dried in the oven at
100�C for 4 h and their dry weight was noted. No
weight change was observed in case of all nanocom-
posite samples, which confirms that the synthesized
PS nanocomposites are acid and alkali resistant.
However, the color change is observed in case of PS/
OCu-Fe LDH and PS/OCu-Cr LDH nanocomposites.

CONCLUSIONS

A series of PS/OLDH nanocomposites have been
successfully developed by solvent blending method.
The nano-dispersion of LDHs in the PS matrix for
exfoliated structure has been verified by the disap-

pearance of d003 (XRD) peak of LDHs. The thermal
decomposition temperature of PS/OLDH nanocom-
posites is increased around 5–13�C indicating higher
thermal stability compared to that of pure PS. The
water uptake of the nanocomposites is negligible
when compared with pure PS. The synthesized nano-
composites are stable in alkali and acid environment.

Authors are thankful to Centre for Nanotechnology, Central
Instrument Facilities, and Department of Chemistry, IIT
Guwahati for helping to carry out the XRD, TEM, SEM, and
FTIR analysis, respectively.
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