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The present work deals with the development of polystyrene (PS) nanocomposites through solvent
blending technique with diverse contents of modified CoeAl layered double hydroxide (LDH). The
prepared PS as well as PS/CoeAl LDH (1e7 wt.%) nanocomposites were characterized by X-ray diffraction
(XRD), transmission electron microscopy (TEM), Fourier transform infrared spectroscopy (FTIR), rheo-
logical analysis, thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). The XRD
results suggested the formation of exfoliated structure, while TEM images clearly indicated the inter-
calated morphology of PS nanocomposites at higher loading. The presence of various functional groups in
the CoeAl LDH and PS/CoeAl LDH nanocomposites was verified by FTIR analysis. TGA data confirmed
that the thermal stability of PS composites was enhanced significantly as compared to pristine PS. While
considering 15% weight loss as a reference point, it was found that the thermal degradation (Td) tem-
perature increased up to 28.5 �C for PS nanocomposites prepared with 7 wt.% CoeAl LDH loading over
pristine PS. All the nanocomposite samples displayed superior glass transition temperature (Tg), in which
PS nanocomposites containing 7 wt.% LDH showed about 5.5 �C higher Tg over pristine PS. In addition,
the kinetics for thermal degradation of the composites was studied using Coats-Redfern method. The
Criado method was ultimately used to evaluate the decomposition reaction mechanism of the nano-
composites. The complex viscosity and rheological muduli of nanocomposites were found to be higher
than that of pristine PS when the frequency increased from 0.01 to 100 s�1.
© 2016 The Authors. Publishing services by Elsevier B.V. on behalf of Vietnam National University, Hanoi.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Layered double hydroxides (LDHs) are well characterized
anionic clays and utilized in wide range of technological appli-
cation such as catalysts, adsorbents, separation techniques and
ion-exchangers [1]. The general chemical formula of LDH is
[M2þ

1-x M3þ
x(OH)2]xþ(An�)x/n.mH2O, where, M2þ is a metal

divalent cations (Co2þ, Mg2þ, Zn2þ, Ni2þ), M3þ is a metal trivalent
cations (Mn3þ, Ga3þ, Al3þ, In3þ) and An� is an interlayer anions
(NO3

�, Cl�, CO3
2�, OH�). LDH consists of closely filled hydroxyl

anion planes, which lie on top of triangular lattice. The inter layer
spacing of LDH contains both water molecules and interlayer
anions. There is an intricate arrangement of hydrogen bonds
between anions, water molecules and layered hydroxyl groups
[2]. The recent progress in polymer/layered nanocomposites
(PLNs) has been the most important mile stone achievement in
i).
onal University, Hanoi.

y Elsevier B.V. on behalf of Vietnam
the polymer technology [1e3]. The PLNs have been used in
various applications due to their superior thermal, mechanical
and fire retardant properties over pristine polymer, [3].

The polymer nanocomposite can be prepared by several
methods, including melt compounding [4], emulsion polymeriza-
tion [5], in-situ polymerization [6], and solvent blending method
[7]. The solvent blending technique is widely used and it consis-
tently gives exfoliated nanocomposites [7]. The preparation of
various types of polymer nanocomposites was reported in
numerous literatures [8e15]. Liu et al. [8] synthesized CoeAl LDH
using various anions (acetate, chlorate and nitrate), and found that
the NO3-LDH gives greater degree of exfoliation as compared to
other modifiers. Guo et al. [9] prepared polyurethane (PU)/CoeAl
LDH composites by in-situ polymerization technique. They re-
ported that the decomposition temperature of PU/CoeAl LDH
nanocomposite with 5wt.% LDHwas found to be 36.4 �C lower than
the pristine PU. Qiu et al. [10] incorporated ZneAl LDH nanoparticle
in the PS matrix by solution intercalation method. They reported
that the thermal decomposition temperature of the nano-
composites is 17 �C more than that of pristine PS. In another study,
National University, Hanoi. This is an open access article under the CC BY license
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Table 1
Preparation chart for PS/CoeAl LDH nanocomposites.

Sample LDH Loading (wt.%) LDH (g) PS (g) Solvent (mL)

PS 0 0 5 109
PS 1 1 0.05 4.95 109
PS 3 3 0.15 4.85 109
PS 5 5 0.25 4.75 109
PS 7 7 0.35 4.65 109
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Paul et al. [11] also prepared PS/O-laponite nanocomposites using
solution intercalation technique and attained improvement in the
thermal stability (425 �C for pristine PS and 454 �C for PS/O-
laponite composites) due to the presence of O-laponite in PS ma-
trix. PS/Mg Al LDH nanocomposites containing 5 wt.% LDH pre-
pared by in-situ free radical bulk polymerization method displayed
about 18 �C enhancement in thermal stability over pristine PS [12].
A simple solution intercalation technique was adopted for the
preparation of polycaprolactone/CoeAl LDH nanocomposites [13].
TGA result clearly demonstrated that the nanocomposites had
around 18 �C lower thermal degradation temperature as compared
to pure polycaprolactone [13]. Recently, Kumar and co-workers [14]
investigated the effects of CoeAl LDH concentrations on the
properties of poly(methyl methacrylate) (PMMA) nanocomposites
which were prepared by solvent blending method. They reported
that the PMMA/CoeAl LDH nanocomposites with 7 wt.% LDH
exhibited improved thermal stability (25 �C) over pristine PMMA.
Limpanart et al. [15] followed melt compounding technique to
synthesis PS/clay nanocomposites. They observed that two major
types of composites namely, conventional and intercalated nano-
composites obtained depending on the modification of the orga-
noclay. Zang et al. [16] synthesised PS/clay nanocomposites by g-
ray irradiation technique. They found that the incorporation of clay
greatly improved the thermal properties of the PS nanocomposites.
The formation of exfoliated PS/clay nanocomposites via in-situ
polymerization was demonstrated by Uthirakumar et al. [17].
They reported that a delaminated structurewas obtained due to the
anchored radical initiator within the clay layers. Chen and Wang
[18] prepared polypropylene (PP) composites by melt blending
method and studied the thermal decomposition kinetics of the
nanocomposites. They utilized Coats-Redfern and Criado model to
measure the activation energy and determine the reaction mech-
anism of PP nanocomposites, respectively.

It is worth to point out that the most of the earlier studies on
polymer nanocomposites was based on montmorillonite type of
layered silicate clays. In recent years, LDHs have been considered as
efficient nanofiller for the preparation of PS nanocomposites due to
its tunable properties and higher chemical purity. Moreover, poly-
mer nanocomposites containing exfoliated LDH possessed more
exfoliated clay layers as compared to layered silicate based polymer
nanocomposite [19,20]. In this work, a facile route (solvent
blending) is chosen for the synthesis of PS/CoeAl LDH nano-
composites containing different concentrations of CoeAl LDH. The
effect of LDH content (1e7 wt.%) on the structural, thermal and
rheological behavior of PS nanocomposite films is examined. The
thermal degradation kinetics and reaction mechanisms of the
nanocomposites are also investigated.

2. Experimental

2.1. Materials

PS was acquired from National Chemicals Ltd., (Gujarat) India.
Cobalt nitrate (Co(NO3)2$6H2O), aluminiumnitrate (Al(NO3)3$9H2O),
xylene (C8H10), sodium hydroxide (NaOH) and sodium dodecyl
sulfate (SDS) were procured from Merck (I) Ltd., Mumbai, India.
Water used for this work was taken from theMillipore water system
(ELIX-3).

2.2. Synthesis of organomodified CoeAl LDH

CoeAl LDH was prepared using SDS through co-precipitation
method by following the procedure described elsewhere [21].
Initially, Cobalt nitrate, aluminium nitrate and SDS were dispersed
inwater (500mL) to form a solution containing Co2þ/Al3þ/SDS with
a desirable molar composition (2:1:1.5). An aqueous solution of 2 M
NaOH was further added drop by drop, which was accompanied by
dynamic stirring until to reach pH 8.5. Then, it was stirred for 16 h
to form precipitate at ambient conditions. The thick slurry was
collected on top of the filter paper during the filtration of the
precipitated solution. Finally, the precipitate was washed with
water until the pH of the residual filtrate becomes neutral. This final
purified product was kept in the atmospheric condition for 12 h and
consecutively dried at 70 �C for 16 h in a hot air oven. Then the
obtained CoeAl LDH powder was utilized for the preparation of PS
nanocomposites.

2.3. Synthesis of PS/CoeAl LDH nanocomposites

PS/CoeAl LDH nanocomposites were synthesized by solvent
blending process using xylene as a solvent. Initially, CoeAl LDH
and PS were dried at 70 �C and 60 �C, respectively, for 12 h in a hot
air oven to remove the moisture content. A required quantity of
CoeAl LDH (see Table 1) was weighed and dispersed in 109 mL of
xylene and continuously stirred for 24 h. The requisite amount of
PS was added to CoeAl LDH solution after 24 h of continuous
stirring, followed by 12 h of stirring of the PS/CoeAl LDH solution.
The resulting solution was poured on a flat Petri dish and kept it
for 16 h at ambient conditions. Finally, the filmwas heated around
60 �C to eliminate the residual solvent to get PS/CoeAl LDH
nanocomposite. A clean PS sample (without CoeAl LDH) was also
prepared in a same manner. To study the influence of LDH content
on the morphological, thermal and rheological behavior of the
prepared PS nanocomposites, PS/CoeAl LDH nanocomposites
were prepared with different weight loadings (1, 3, 5, and 7 wt.%)
of LDH. Note that, all the compositions are designated as pristine
PS, PS 1, PS 3, PS 5 and PS 7 for pure polystyrene, PS/CoeAl LDH
1(wt%), PS/CoeAl LDH 3 (wt%), PS/CoeAl LDH 5 (wt%), and PS/
CoeAl LDH 7 (wt%), respectively. The experimental procedure
used for synthesis of nanocomposites is schematically presented
in Fig. 1.

2.4. Characterization

The interlayer distance of various PS/CoeAl LDH nano-
composites were primarily investigated by XRD analysis. The XRD
profiles were recorded using X-ray diffractometer (Make: Bruker,
Model: D8 ADVANCE) with Cu-Ka radiation and Ni filter at room
temperature. Further, the structural morphology of the nano-
composites was done using transmission electron microscopy
(TEM) (Make: JEOL, Model: JEM 2100) operated at 200 kV. Fourier
transform infrared (FTIR) spectroscopy (Make: Shimadzu, Model: IR
Affinity-1) was employed to identify the existence of LDH in the PS
matrix and different functional groups present in the LDH in the
wave length ranging between 4000 and 400 cm�1. In order to
assess the thermal stability of the nanocomposites, TGA was done
under nitrogen atmosphere using high temperature thermogravi-
metric system (Make: Mettler Toledo, Model: TGA 851e/LF/1100).
The heating ramp was maintained at 10 �C/min in the temperature



Fig. 1. Flowchart for the preparation of modified CoeAl LDH and PS/CoeAl LDH
nanocomposites.

Fig. 2. XRD patterns of (a) pristine PS, (b) PS 1, (c) PS 3, (d) PS 5, (e) PS 7 and (f) CoeAl
LDH.
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range of 30e700 �C for all the samples. The DSC measurements
were performed using an instrument (Make: Mettle Toledo, Model:
1) with acquisition ranging from 25 �C to 200 �C at a heating rate of
5 �C/min. The rheological characteristics of the nanocomposites
samples were determined using Rheometer (Make: Anton Paar;
Model: MCR 301) with oscillation mode at temperature of 190 �C.
Parallel plate geometry (50 mm diameter disc, 1 mm of thickness)
was employed for the analysis.
3. Results and discussion

3.1. XRD analysis

The structural properties of the nanocomposites are highly
influenced by the degree of dispersion of LDH in the PS matrix.
When layered nanofillers used as reinforcing material, generally
either intercalated or exfoliated structure are formed. This pri-
marily depends on the synthesis method, content of the filler and
chemical nature of the organic modifier used in the filler. If an
intercalated composite is formed, there will be an increment in the
d-spacing value as compared to original LDH. The exfoliated
nanocomposite is produced when the LDH layers are well sepa-
rated from one to another and well distributed in the polymer and
no peak corresponding to basal plan (003) of LDH is observed.
Generally, in the polymer/clay nanocomposite systems, the state of
dispersion and the interlayer spacing of the clay platelets are
typically examined by XRD and TEM. TEM is time demanding, and
merely provides qualitative information on the sample in total,
whereas XRD gives quantification of changes in layer spacing,
however, without providing information on high layer spacing
(>7 nm) and/or relatively disordered structures. Hence, both these
techniques (XRD and TEM) are generally used to assess the nano-
composite structures [22]. Fig. 2 shows the XRD results of CoeAl
LDH, PS and PS nanocomposites in the 2q range of 2�e50� with a
scan speed of 0.02 s�1. The d-spacing value of the CoeAl LDH is
determined as 2.8 nm from the reflection peak (003) at 3.14�
through Bragg's equation, d ¼ nl/2sinq; here, l ¼ 1.5406 Å and
n ¼ 1. In Fig. 2 (bee), the characteristic peak (003) of CoeAl LDH
layers is completely disappeared in the PS nanocomposites sug-
gesting that LDH layers might be exfoliated or delaminated in the
PS matrix. As mentioned, XRD technique alone is not sufficient to
conclude the kind of nanocomposite structures formed and it
should be used together with TEM to obtain the assessment of
dispersion [22].

3.2. TEM analysis

TEM is more useful technique for evaluating the distribution of
LDH in the polymer matrix as compared to XRD and FESEM tech-
niques [22]. TEM images of PS1, PS 3, PS 5 and PS 7 nanocomposites
are presented in Fig. 3 (aed). The TEM images can provide a qual-
itative understanding of dispersion of the LDH and the type of
nanocomposites formed, i.e., intercalated or exfoliated. One can see
from Fig. 3 (aeb) that in the case of PS 1 and PS 3 samples, a better
dispersion of CoeAl LDH layers in PS matrix is noticed. The dark
lines show the LDH galleries and the bright region signifies the PS
matrix. These images (Fig. 3 (a) and (b)) indicate that the LDH layers
have lost their ordered stacking structure, and are totally delami-
nated in the PS matrix. The galleries lines are illustrated by arrow
marks. However, the PS nanocomposite with 5 wt.% CoeAl LDH is
found to have partially exfoliated and intercalated structure (see
Fig. 3 (c)). The arrow and circle marks represent the exfoliated and
intercalated structure, respectively. Fig. 3(d) illustrates the inter-
calated morphology of PS nanocomposites at higher loading of LDH
(7 wt.%) in the PS matrix. A similar behavior was also reported for
PS/MgeAl LDH nanocomposites prepared by solution intercalation
route [6]. Based on the attained results, it can be confirmed that the
delaminated PS/LDH nanocomposites are formed at lower loading
of nanofiller (<3 wt.%).

3.3. FTIR analysis

A typical FTIR spectrum of CoeAl LDH, pristine PS and PS 5
nanocomposite is illustrated in Fig. 4. Apparently, for CoeAl LDH
sample (Fig. 4 (a)), the medium sharp peak at 1063 cm�1 and an
intense peak at 1218 cm�1 are designated as asymmetric and
symmetric vibration of sulfate from dodecyl sulfate anion, respec-
tively [14]. The characteristic peaks at 2957 cm�1, 2920 cm�1 and
2848 cm�1 are ascribed to CeH stretching vibration. Bending mode
of water molecule is found through a prominent peak at 1630 cm�1.



Fig. 3. TEM images of (a) PS 1, (b) PS 3, (c) PS 5 and (d) PS 7 nanocomposites.
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A very strong and broader peak attained at 3500 cm�1 is attributed
to the OeH stretching of the metal hydroxide layer and interlayer
water molecules of CoeAl LDH. For pristine PS sample (Fig. 4 (b)),
an intense peak is appeared at 698 cm�1, which is assigned as
mono substituted benzene. Vibrational mode of CH2 bending is
located at 1453 cm�1 and 1368 cm�1. There is two peak appeared
at 1504 cm�1 and 1496 cm�1 that are designated as C]C bending
vibration [21]. The medium sharp peak at 2930 cm�1 and
3070 cm�1 correspond to aliphatic CeH stretching vibration and
aromatic CeH stretching vibration, respectively. In comparison
with pristine PS sample (Fig. 4(b)), PS 5 nanocomposite (Fig. 4(c))
shows few new additional absorption prominent peaks; one is at
Fig. 4. FTIR spectrum of (a) CoeAl LDH, (b) pristine PS and (c) PS 5 nanocomposite.
1218 cm�1 that corresponds to symmetric vibration of sulfate from
dodecyl sulfate anion, another one located at 1630 cm�1 is assigned
to bendingmode of water molecules and a broader peak attained at
3500 cm�1 indicates the existence of OeH stretching modes of
interlayer water molecules. These peaks elucidate the occurrence of
CoeAl LDH in the PS nanocomposites. When the content of CoeAl
LDH increases in the PS matrix, the intensities of LDH bands lead to
be stronger in the FTIR spectra (Fig. 5). Wang et al. [23] also ob-
tained similar results with increasing the loading of MMT on
polymer nanocomposites.
Fig. 5. FTIR spectra of CoeAl LDH, pristine PS and PS/CoeAl LDH nanocomposite
samples.
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3.4. Thermal properties

3.4.1. TGA analysis
TGA analysis is primarily utilized to examine the degradation

temperature as well as thermal stability of the polymer matrix. The
TGA curve of CoeAl LDH, pristine PS and its PS/LDH nano-
composites are presented in Fig. 6. TGA profile of CoeAl LDH shows
a complex thermal degradation behavior. For CoeAl LDH ((Fig. 6
(a)), the mass loss before 200 �C is attributed to the loss of physi-
cally adsorbed and interlayer water [2]. The mass loss between 200
and 350 �C corresponds to the decomposition of the interlayer
dodecyl sulfate [24]. The mass loss above 350 �C is attributed to the
decomposition of LDH sample up to the formation of CoeAl oxides.
The main degradation of pristine PS takes place in the temperature
range of 350e450 �C (see Fig. 6 (b)) In the case of PS/LDH nano-
composites, two types of degradation profile are observed. The first
stage of weight decrement at 140e330 �C is due to the vaporization
of physisorbedwater molecules in the intercalated galleries and the
thermal degradation of alkyl chains of surfactant molecules [12].
The second stage decrement at 330e460 �C is due to the thermal
decomposition of PS macromolecules and the creation of black
char. Only inorganic residues are present beyond the temperature
of 460 �C. From these TGA results, it is evident that the thermal
stability of the PS nanocomposites is enhanced by the incorporation
of LDH nanofiller. This is attributed to the barrier effect of LDH
layers that hinders the heat and the diffusion of volatile compo-
nents generated by thermal degradation. Considering mass decre-
ment of 15% as a reference point, the decomposition temperature
(Td) for pristine PS and PS/CoeAl LDH nanocomposites containing
1, 3, 5 and 7 wt.% of LDH is found to be 360, 370.5, 378.2, 384.6 and
388.5 �C, respectively. The Td value for PS/CoeAl LDH samples with
1, 3, 5 and 7 wt.% LDH loading is 10.5, 18.2, 24.6 and 28.5 �C higher
in comparison with pristine PS, respectively (see Table 2). Among
the investigated nanocomposites, the nanocomposite with 7 wt.%
LDH content has better thermal stability. This finding clearly signify
Fig. 6. TGA profiles of (a) CoeAl LDH, (b) PS, (c) PS 1, (d) PS 3, (e) PS 5 and (f) PS 7
nanocomposites (Inset shows the TGA profiles between 330 and 460 �C).

Table 2
Thermal degradation temperatures of PS and PS/CoeAl LDH nanocomposites.

Sample Temperature at 15% weight loss (T15) �C DT15% (�C) Tmax (�C)

PS 360.0 e 417.0
PS 1 370.5 10.5 419.9
PS 3 378.2 18.2 422.4
PS 5 384.6 24.6 423.9
PS 7 388.5 28.5 424.5
that the improvement in thermal stability is observed even with
small (1 wt.%) addition of LDH and the effect is more pronounced in
the nanocomposites samples with higher loading of LDH (>5 wt.%)
[23]. It is also noticed from the Fig. 6(cef), that the char residue of
nanocomposites gradually increases with increasing the concen-
tration of LDH in the polymer matrix [25]. Interestingly, similar
trend was noticed for PS/O-laponite nanocomposites by Paul and
co-workers [11]. In their work, thermal stability enhanced gradu-
ally in the case of PS/O-laponite composites with an increment in
the nanofiller loading. It is noteworthy tomention that the addition
of CoeAl LDH in polyurethane (PU) [9] and polycaprolactone/(PCL)
[13] decreased the thermal stability of the polymer. However, in the
present work, the thermal stability of the PS is enhanced by 28.5 �C
with the addition of 7 wt.% CoeAl LDH content. This improvement
is significantly higher than that of any other polymer/CoeAl LDH
systems [9,13,14].

In the first derivative of TGA graph (Fig. 7), the peaks indicate
the temperature corresponding to the maximum rate of mass
decrement (Tmax). It is apparent that all the derivative curves of the
nanocomposites (Tmax) are shifted to the right hand side of pristine
PS, which represents better thermal stability of the composites. The
Tmax value of pristine PS is 417 �C and PS 7 nanocomposite is
424.5 �C, indicating 7.5 �C enhancement with only 7 wt.% of LDH
content. Table 2 presents the TGA results of pristine PS and its
nanocomposites.

Generally around 10e30 wt.% of inorganic materials such as
glass fiber used to reinforce the polymer in order to enhance the
properties of the polymer [26]. Nevertheless, it is noticed that a
small quantity (even 1 wt.%) of LDH is sufficient to augment the
properties of PS due to molecular level dispersion as well as high
aspect ratio of the LDH. It is well documented in the literature [27]
that the effect of improving the properties increases when the
aspect ratio of the filler increases.
3.4.2. DSC analysis
To examine the movement of PS macromolecular chains in the

clay galleries in term of its glass transition temperature (Tg), DSC
analysis of PS/LDH nanocomposites and PS sample without LDH
was performed and the obtained results are presented in Fig. 8. The
Tg is evaluated at the inflection point between the onset and the
end set temperatures. The Tg value is found to be 69.3, 71.8, 73.3,
74.4 and 74.8 �C, for pristine PS, PS 1, PS 3, PS 5, PS 7 sample,
respectively. The highest enhancement of Tg (5.5 �C more than
pristine PS) is achieved with PS nanocomposite containing 7 wt.%
CoeAl LDH content. As a whole, the Tg of PS is improved with the
Fig. 7. TGA derivatives of (a) pristine PS, (b) PS 1, (c) PS 3, (d) PS 5, (e) PS 7
nanocomposites.



Fig. 8. DSC analysis of pristine PS and PS nanocomposites.
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addition of LDH. This is due to the strong linkages between CoeAl
LDH and PS, which hinders the supportive movement of the PS
primary chain fragments. Similar phenomenon was also observed
for PS/O-laponite nanocomposites by Paul and co-workers [11].

3.5. Coats-Redfern method for kinetic analysis

Coats-Redfern [28] method, also called as integral method, is
generally applied to study the kinetics of solid state system. The
thermal degradation kinetics is studied using following equations:

Y ¼ ln
�
� lnð1� aÞ

T2

�
¼ ln

�
AR
bEa

�
1� 2RT

Ea

��
� Ea
RT

; for n ¼ 1

(1a)

Y ¼ ln

 
1� ð1� aÞ1�n

ð1� nÞT2
!

¼ ln
�
AR
bEa

�
1� 2RT

Ea

��
� Ea
RT

; for ns1

(1b)

Here, n represents order of reaction, A indicates pre-exponential
factor, T denotes the temperature, R represents gas constant, Ea
refers to activation energy, and b represents the heating rate.
Usually, the logarithmic term on the right hand side of eq. (1) can be
considered as constant. The order of reaction (n) is evaluated by
linear fitting of the left hand side (Y) of eq. (1) versus 1/T. The value
of n obtained at the best correlation coefficient (R) is the actual
order of reaction, and Ea and A can also be evaluated.

Coats-Redfern method deals with the major decomposition
stage of the thermal behavior of the PS nanocomposites. The
thermal degradation data at a single heating rate is sufficient to
calculate the respective parameters (A, Ea, and n). Initially, it is
assumed that a thermal decomposition reaction comprises a spe-
cific order of reaction and it is substituted in eq. (1). To evaluate the
best correlation coefficient (R), the graph of left hand side (Y) of eq.
(1) is fitted against to 1/T. The stated route is replicated to obtain
the best R value. Consequently, A and Ea are evaluated from the
intercept and slope of the plotted linear line, respectively. Fig. 9
illustrates the linearly fitted plot of pristine PS and various PS
nanocomposites. The obtained kinetic parameter values including
n, Ea and A for the prepared samples are enlisted in Table 3. The Ea of
pristine PS, PS 1, PS 3, PS 5 and PS 7 nanocomposites is determined
as 89, 109, 126, 134 and 138 kJ/mol, respectively. The Ea of PS 7 is
found to be 49 kJ/mol higher than the pristine PS (see Table 3). Chen
and Wang [18] also showed an enhancement in Ea for PP nano-
composites in comparison with pristine polymer.
3.6. Criado method for the reaction mechanism analysis

The degradation reaction mechanism was evaluated by Criado
model with the help of kinetic variables (A, Ea, and n) obtained from
Coats-Redfern method [29]. This method can precisely find out the
reaction mechanism in the solid reactions. This is defined by a Z (a)
type function.

ZðaÞ ¼ b

A
gðaÞda

dt
e
Ea
RT (2a)

ZðaÞ ¼ da
dt

Ea
R
e
Ea
RTPðxÞ (2b)

The master Z(a)-a curve can be plotted using Eq. (2a) according
to the various reaction mechanisms, reported in details elsewhere
[30]. The Eq. (2b) is used to plot the experimental Z(a)-a curve. By
comparing these two curves, the type of mechanism involved in the
thermal degradation process can be identified. The Z(a)-a master
and experimental curve of pristine PS and its nanocomposites is
shown in Fig. 10. It is apparent that the pristine PS nearly follows
the the master curve of Z(F1), demonstrating that the thermal
decomposition process of pristine PS is associated to F1 reaction
mechanism. According to literature, this degradation mechanism
refers to random nucleation with one nucleus on the individual
particle [30]. In this type of mechanism, the degradation is initiated
from random points, which act as growth center for the progress of
the degradation reaction. After adding CoeAl LDH, for all PS/CoeAl
LDH nanocomposites samples, involved system holds F1 reaction
mechanism at lower a value (a ¼ 0.15e0.4). Nevertheless, at higher
conversion (a ¼ 0.7e0.9), the development of the thermal degra-
dation reaction tends towards A4 mechanism, which corresponds
to nucleation and growth.

3.7. Integral procedural decomposition temperature

To evaluate the nanocomposites thermal stability, integral pro-
cedural decomposition temperature (IPDT) method was employed
by considering the overall shape of the TGA curve. According to
Doyle's method [31], the estimation of IPDT value is done using the
following expression:

IPDTð�CÞ ¼ K� S�
�
Tf � Ti

�
þ Ti (3)

where, S¼ (A1þA2)/(A1þA2þA3); K¼ (A1þA2)/(A1); S is the area
ratio of total experimental curve specified by the total TGA ther-
mogram. Tf and Ti are the final and initial experimental tempera-
ture. As shown in Fig. 11, A1, A2, and A3 are partition of three
different areas of the typical TGA thermogram graph. For all the
prepared samples, the IPDT values are determined using Eq. (3).
The IPDT values of pristine PS and PS/CoeAl LDH nanocomposites
containing 1, 3, 5 and 7 wt.% of LDH is found to be 380.4, 388.5,
402.6, 410.7 and 415.8 �C, respectively (see Table 3). As expected,
the IPDT value of nanocomposites increases with increasing LDH
concentration, which confirms the increment of thermal stability of
nanocomposites. The IPDT value of PS 7 is higher than that of other
samples indicating better thermal stability. Similarly, Kim et al. [32]
showed the enhancement in IPDT values for nanocomposites over
pristine polymer.

3.8. Rheological properties

3.8.1. Storage modulus
Rheological analysis of the polymer composites is very effec-

tive tool to study the variation of microstructure and an



Fig. 9. Determination of kinetic parameters by plots of the left part in eq. (1) against 1/T using Coats-redfern methods.

Table 3
Thermal degradation kinetics of pristine PS and PS/CoeAl LDH nanocomposites
obtained from Coats-Redfern method.

Sample Ea(kJ/mol) A n R2 IPDT (�C)

PS 89 8.88 � 105 0.2 0.993 380.4
PS 1 109 5.09 � 107 0.5 0.998 388.5
PS 3 126 6.19 � 108 0.5 0.998 402.6
PS 5 134 2.84 � 109 0.5 0.997 410.7
PS 7 138 4.05 � 109 0.5 0.997 415.8
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interactive force between the polymer and nanofiller. The analysis
was done with varying frequency between 0.01 and 100 s�1 at a
constant temperature of 190 �C (see Fig. 12). As evident in Fig. 12,
the storage modulus of pristine PS is the lowest among all the
nanocomposite samples in the entire range of frequency and the
storage modulus also increases with increasing LDH concentra-
tion. The increase of storage modulus at lower frequency is the
characteristic of pseudo-solid like behavior due to the formation
of network percolating LDH lamellae. At higher frequency value of
100 sec�1, the storage modulus curves overlap with each other for
all the nanocomposite samples. The increment of filler content in
the nanocomposites makes it from liquid-like nature to solid-like



Fig. 10. Determination of the thermal degradation mechanism by plotting Z(a) versus a using Criado model.
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nature. This transition concentration is called the rheological
percolation threshold. The appearance of rheological percolation
threshold in the nanocomposite samples can be attributed to the
formation of continuous network of LDH and polymer chain. The
same phenomena have been reported for PE/MgeAl LDH nano-
composites [33] and polymer/layered silicate nanocomposites
[34].

3.8.2. Loss modulus
The rheological parameter used to indicate the viscous effect

of the given viscoelastic material is ‘loss modulus’. Fig. 13 shows
the plot of loss modulus versus frequency in the range of
0.01e100 s�1 at a temperature of 190 �C. On comparison with
the storage moduli of samples, it is apparent that the loss
modulus is always higher than the storage modulus at lower
frequency indicating the dominance of the viscous part. In the
lower frequency region, the rise of loss modulus for the nano-
composite samples is more than the increase observed at higher
frequency region, despite the fact that the nature of all the
curves is similar. It is apparent that with the addition of LDH,
the loss modulus is altered especially at lower frequency region,
since it is quite resistive to flow [33]. In the higher frequency
region, the relaxation time for the polymer nanocomposites is
reduced. It signifies a more flowing situation, which cancels out
the resistance caused by LDH and the curves come closer to that
of pristine PS.



Fig. 11. Schematic diagram of Doyle's method for determining IPDT.

Fig. 12. Storage modulus versus angular frequency of pristine PS and its
nanocomposites.

Fig. 13. Loss Modulus versus angular frequency of pristine PS and its nanocomposites.

Fig. 14. Loss factor versus angular frequency of pristine PS and its nanocomposites.

Fig. 15. Complex viscosity versus angular frequency of pristine PS and its
nanocomposites.
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3.8.3. Loss factor
Fig. 14 shows the loss factor as a function of frequency in the

range of 0.01e100 s�1 at 190 �C. It is observed that the loss factor of
the nanocomposites is lower than that of pristine PS and decreases
with increasing LDH concentration in the polymer matrix. This is
due to the fact that elastic nature of the nanocomposites increases
with increasing the LDH content [33]. Majid et al. [35] also obtained
a similar trend of loss factor for PP nanocomposites with ZnO
nanofiller.

3.8.4. Complex viscosity
Fig. 15 portrays the behavior of complex viscosity with angular

frequency in the range of 0.01e100 s�1 at 190 �C. The nano-
composites show a rise in complex viscosity values with increasing
the concentration of LDH in the lower frequency region, which is
slowly quenched as the frequency increases. The primary cause for
this trend is the adhesion between the LDH and PS and the cohesive
interactions in the LDH layers. This also explains that the addition
of LDH influences more frictional interactions. A transition from
Newtonian behavior to a shear thinning nature is also observed
with increasing frequency. This is due to the fact that polymer
chains have less time to entangle and the direction of randomly
dispersed nanofiller is also turned according to themacromolecular
chains at higher frequency. As a result, PS nanocomposites are
move to near PS curve and all samples exhibit similar trend at
higher frequency.

4. Conclusions

The current investigation successfully demonstrated the fabri-
cation of CoeAl LDH based PS nanocomposites with improved
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thermal properties via simple solvent blending method. XRD pro-
files of PS nanocomposites showed no diffraction peak corre-
sponding to basal plane (003) of CoeAl LDH, indicating the
formation of exfoliated nanocomposite. TEM micrographs exhibi-
ted that the CoeAl LDH platelets were disseminated well within PS
matrix. The FTIR results verified the existence of CoeAl LDH in the
PS nanocomposites. The DSC results revealed a noticeable
improvement in glass transition temperature with the addition of
LDH in PS matrix.

TGA results demonstrated that the thermal stability of PS/
CoeAl LDH nanocomposites was considerably increased as
compared to pristine PS. When 15% mass loss was considered as a
point of reference, the thermal decomposition temperature of PS
nanocomposites was 10e28.5 �C higher than the pristine PS. The
activation energy of PS/CoeAl LDH nanocomposites is about
20e49 kJ/mol higher than that of pristine PS. The obtained IPDT
and activation energy data completely correlated with the
improvement of the thermal stability of the PS nanocomposites
with LDH concentration evidenced by TGA analysis. The findings
of thermal degradation kinetics clearly indicated that the nano-
composites initially followed F1 reaction mechanism (random
nucleation with one nucleus on the individual particle), while
thermal decomposition proceeds, the reaction mechanism shifted
to A4 mechanism (nucleation and growth). The results of rheo-
logical analysis revealed that the storage modulus and loss
modulus increased as content of LDH increased and also less
dependent at higher frequency for a fixed temperature.
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Nomenclature

q Angle of diffraction
l Cu-Ka radiation wavelength
Td Decomposition temperature
Tmax Maximum degradation temperature
Tg Glass transition temperature
a Fractional conversion
b Rate of heating
R Universal gas constant
Ea Activation energy
A Pre-exponential factor
n Order of reaction
t Thermogravimetric analysis reaction time
Tf Final temperature of thermal degradation reaction
Ti Initial temperature of thermal degradation reaction
S Thermogram area ratio
K Thermogram area ratio coefficient
G0 Storage modulus
G00 Loss modulus
h Complex viscosity
u Angular frequency
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