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a b s t r a c t

A series of polystyrene/silica nanocomposites with different inorganic nanofiller content were prepared
by evaporating of toluene solvent. The weight fraction of silica nanoparticles of an average diame-
ter of 7 nm treated with hexamethyldisilazane was varied (2, 5, 10, 15 and 30 wt.%). The polystyrene
nanocomposite morphology was studied by scanning electron microscopy. The thermal stability of the
samples was determined using thermogravimetry, coupled with differential scanning calorimetry. The
eywords:
olystyrene
ilica
anocomposites
lass transition

influence of the filler content on glass transition temperature of polystyrene/silica nanocomposites was
followed by differential scanning calorimetry. It was found that the polystyrene glass transition temper-
ature was influenced by the hydrophobic silica content. A mathematical method to describe the glass
transition temperature dependence on the polystyrene/silica ratio is proposed. According to the experi-
mental results and calculations, the highest thermal stability of the nanocomposite belongs to 18% silica
hermal degradation
hermal stability

content.

. Introduction

Polymer nanocomposites are a novel class of composites derived
rom the ultrafine inorganic particles with large surface area per
olume unit and dimensions with a typical range of 1–1000 nm,
ispersed in the polymer matrix [1,2]. Organic/inorganic compos-

te materials combine the advantages of the inorganic materials
uch as rigidity, hardness, durability, thermal stability and those
f the organic polymers (flexibility and processability). Due to the
nique properties, these types of materials have attracted strong

nterest in many industrial processes [3]. The potential applications
f polymer nanocomposites are coatings, flame retardant materials,
ptical devices, electronical and optical packaging materials, etc.
4–6]. A lot of works deals with various types of nanosized fillers
nd various methods of polymer/nanocomposites technology
7–11]. Among the numerous organic/inorganic nanocomposites
he preparation, characterization, properties and applications of
olystyrene/silica systems have been reported as a great area of
ctive research [1,12]. The dispersion of nanometer-sized particles
n the polymer matrix has a significant impact on the properties of

anocomposites. A variety of methods have been used to enhance
he compatibility between the hydrophobic polystyrene and sil-
ca. The most frequently used method is to modify the surface of
ilica nanoparticles either by chemical or physical methods. The
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extremely large surface area and smooth nonporous surface of sil-
ica nanoparticles can intensify the effect of particle–particle and/or
polymer–particle interactions, which could promote strong phys-
ical contact between the silica and the polystyrene [13,14]. The
loading of inorganic particles within polymers is usually performed
by a wide range of methods, but unfortunately the simple mix-
ing of organic and inorganic components at the macroscopic level
is energy consuming and usually not very successful [1]. Thermal
stability is considered as an important factor from the scientific
and industrial point of view, playing role in the nanocomposite
structure and morphology formation [15]. A better understand-
ing of polymer degradation gives valuable data on the period of
the applicability time of the material [16]. It has been shown that
the thermal behavior of polymer nanocomposites depends on the
nanofiller type and content [17,18]. One of the properties of a poly-
mer, which can be profoundly affected by nanoparticles, is the glass
transition temperature Tg. It has been reported that polymers Tg

can be changed by the addition of nanofiller [19,20]. The temper-
ature range of the availability of hybrid materials depends, among
others, on their glass transition temperature. Therefore, it is of a
great importance to develop a method to predict the Tg of a new
material [21,22]. In this paper a simple method for nanocompos-
ite preparation in solution [23] was applied to prepare a series of

polystyrene/silica nanocomposite materials. In order to improve
nanocomposite homogeneity, silica with chemically modified sur-
face was dispersed by ultrasonic treatment. The aim of the work
was to study the influence of different silica content on thermal
properties of polystyrene hybrid materials prepared in the form

dx.doi.org/10.1016/j.tca.2010.12.006
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ig. 1. SEM micrograph of polystyrene nanocomposite with 15 wt.% of silica
anoparticles.

f film. The correlation between glass transition temperature of
olystyrene nanocomposites and filler content was described by
tted hyperbolic equation. The additional goal was to determine
he optimum silica content for the enhancement of the nanocom-
osites thermal stability.

. Experimental

.1. Materials

Polystyrene (PS), under the commercial name STYRON 678E,
btained from Dow Chemicals, USA, with molecular weight of
40,000, polydispersity index (Mw/Mn) of 2.5, density of 1.05 g/cm3

ISO 1183) and melt mass flow index of 11 (g/10 min) was used as
polymer matrix. Silica AEROSIL R812, kindly provided by Evonik

Degussa Chemicals), Germany, was used for the preparation of the
anocomposites under investigation. AEROSIL R812 is hydropho-
ic fumed silica after treated with hexamethyldisilazane (HMDS),

ith a specific surface area of 260 m2/g. The average primary parti-

le size is 7 nm. Toluene 99.8% (Sigma–Aldrich, Germany) was used
ithout further purification.

ig. 2. SEM micrograph of polystyrene nanocomposite with 30 wt.% of silica
anoparticles.
Fig. 3. Illustration of polystyrene structure with dispersed silica nanoparticles.

2.2. Sample preparation

Firstly, silica was dried in vacuum at 110 ◦C for 24 h. Then, it was
dispersed in toluene using magnetic stirrer for 4 h and ultrasonic
bath for 30 min. Polystyrene beads were added to prepared dis-
persion and then dissolved. In order to form films of about 2 mm
thickness, the viscous liquid was poured into Petri dish, dried in
oven at 100 ◦C for 12 h and after that at 150 ◦C for another 12 h.
The first temperature is slightly above polystyrene glass transition
temperature and the second one is above toluene boiling point. This
procedure guarantees the removal of toluene solvent. Five samples
of polystyrene nanocomposites with different silica percentage, x
(2, 5, 10, 15 and 30% per weight) were prepared in the form of
film. The pure polystyrene matrix was also analyzed. All obtained
samples were transparent.

2.3. Fourier transform infrared spectroscopy (FTIR)

Measurements were performed at room temperature using a
Thermo Nicolet Nexus 670 FTIR spectrometer. Single beam spec-
tra of the samples were obtained after averaging 40 scans between
4000 cm−1 and 500 cm−1 with a resolution of 2 cm−1, in a transmit-
tance mode.

2.4. Scanning electron microscopy (SEM)

The characterization of polystyrene nanocomposites was done
using scanning electron microscope JEOL JSM-6460 at magni-
fications from 103 to 2 × 106 at 25 kV. For SEM morphological
investigations, the surfaces were coated with gold using BAL-TEC
SCD 005 instrument. This “Sputter coater” procedure was applied
at 30 mA, under vacuum 10−6 Torr for 90 s, in order to avoid charg-
ing under the electron beam. The brightness and contrast of the
digitised SEM micrographs were adjusted using standard software.

2.5. Thermogravimetry coupled with differential scanning
calorimetry (SDT analysis)
Thermal stability of polystyrene and polystyrene/silica
nanocomposites films was determined using TA Instruments’
SDT Q600 TG/DSC thermal analyzer. Simultaneous TG/DSC mea-
surements were carried out up to 500 ◦C in nitrogen gas carrier
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Fig. 4. The simultaneous TG/DTG and the corresponding DSC curve of the un

100 cm3/min) employing an open ceramic crucible with a cor-
esponding empty referent crucible and sample masses of about
mg. The heating rate was 20 ◦C/min.

.6. Differential scanning calorimetry (DSC)

DSC measurements were carried out using Q20 TA Instruments
quipment in nitrogen atmosphere (50 cm3/min), in standard pans
ithout lid. In order to erase the previous thermal history, sam-
les with masses of about 3 mg were kept as melts at 250 ◦C for
0 min and cooled down to 60 ◦C. Finally, the samples were heated
p to 140 ◦C with a scan rate of 10 ◦C/min. The glass transition
emperatures were determined on the basis of the second heating.

. Results and discussion
.1. FTIR analysis

FT-IR is used to detect the incorporated silica in the struc-
ure of the filled polystyrene materials. The band observed at

Fig. 5. DSC curves of prepared polystyrene sam
polystyrene film and filled with 2 wt.% of silica. Heating rate was 20 ◦C/min.

1089 cm−1 is characteristic for Si–O–Si vibration. The peak area
related to this band for hybrid materials increases with increas-
ing nanosilica content. The other characteristic absorption bands
are (cm−1): �(C–H)ar, 3082w, 3060w and 3025w, �(C–H), 2925w,
2849w, �(C–C) 1492w, 1452w, �(C–H)ar 754m, �ring 695s (the
abbreviations s, m and w mean strong, medium and weak, respec-
tively; the sing ar refers to the C–H vibration of the aromatic ring).

3.2. SEM investigation of polystyrene/silica nanocomposites

Figs. 1 and 2 show the SEM images of polystyrene filled with 15
and 30 wt.% of silica, respectively.

In Figs. 1 and 2, where the scale bar corresponds to 1 �m, a
good dispersion of silica nanoparticles in polystyrene matrix can be
observed, but also agglomerates with varying size of the dispersed

phase are noticed. In the polystyrene with 15 wt.% of nanofiller, the
average particle size is of the order of 60 nm, but particles of about
30 nm are also detected with few agglomerates of a greater size.
For silica content of 30 wt.% the material exhibits a significant num-
ber of agglomerates with an average particle size of about 120 nm,

ples with different nanosilica content x.
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Table 1
Data collected from TG/DTG curves for obtained unfilled and filled polystyrene samples.

Sample Onset
temperature,
Tonset (◦C)

Weight loss at
Tonset (%)

DTG peak
temperatures,
Tmax (◦C)

Non-volatile
residue (%)

PS + 0 wt.% silica 392.0 11.5 423.1 0.22
PS + 2 wt.% silica 394.9 11.8 424.6 1.94
PS + 5 wt.% silica 395.3 14.2 428.7 4.91
PS + 10 wt.% silica 397.8 14.7 431.4 10.1
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The rate of change of polystyrene glass temperature is not
significantly influenced by large agglomerates which presence is
characteristic for the samples filled with higher silica content. This
is in a good agreement with the proposed fitted equation (Eq. (1)).
PS + 15 wt.% silica 401.2 14.9
PS + 30 wt.% silica 396.3 11.9

hich might lead to deterioration of nanocomposite thermal sta-
ility. These results are in agreement with the fact that available
anoparticles are generally in the form of agglomerates and it is
ather hard to be dispersed in their original dimensions, due to
he strong interaction among them [2]. On the basis of SEM micro-
raphs, the supposed polystyrene/silica nanocomposite structure
s given in drawings of agglomerated nanoparticles dispersed in a
olystyrene matrix (Fig. 3).

.3. Thermal stability of unfilled and filled polystyrene

As it is well known, TG/DTG and DSC are widely used methods to
nvestigate the thermal stability of the materials and to determine
he thermal properties of polymer nanocomposites. The thermal
tability of new materials and some times the mechanism of the
ecomposition is determined using TG/DTG data. DSC is utilized to
tudy the thermal transitions of the samples.

The mechanism of the thermal decomposition of polystyrene
s an important property from both of fundamental and techno-
ogical perspective. Investigation of thermal degradation processes
llows us to improve the design of the nanocomposite structure
nd to determine the optimal conditions for its processing. Setup
or simultaneous TG and DSC measurements enables us to study
he structural changes and the thermal decomposition at the same
ime. Examples of such an experiment are presented in Fig. 4 show-
ng TG/DTG and DSC curves for pure polystyrene matrix and for
ample reinforced with 2 wt.% of silica. In the temperature range
rom 175 ◦C to the onset temperature a mass loss is observed in TG
urve (11.5%) which is characteristic for the pure polystyrene [24].

For polystyrene films the decomposition onsets are 397 ± 5 ◦C
ith the corresponding DTG peak temperatures (Tmax) at 429 ± 6 ◦C

see Table 1).
The value of non-volatile residue determined by thermo-

ravimetry confirms the weight percent of silica incorporated in the
olystyrene matrix. The inspection of DTG curves refers to a single
ecomposition step in spite of the fact that it is a complex pro-
ess. The degradation of polystyrene begins with chain scission. It
s followed by depolymerization and formation of the main evolved
roducts (styrene monomer, dimer, and trimer) [25,26].

DSC curves show that the decomposition of all the samples
s accompanied by one endothermic reaction in the temperature
ange from 375 to 490 ◦C, probably as a consequence of the depar-
ure of polystyrene, as a volatile product.

It is found that the highest thermal stability of the polystyrene is
chieved at 18 wt.% of silica content. Due to nanoparticle agglom-
ration in the sample containing silica above the optimum loading,
he thermal stability of the samples is decreasing.
.4. The influence of nanosilica addition on polystyrene glass
ransition temperature

Investigation of the glass transition of nanocomposites can lead
o different results depending on the materials involved and the
434.6 15.0
429.3 29.5

method of mixing the nanoparticles with polymer matrix. The
influence of the nanoparticles in polymer composites on Tg is
controversial since Tg of nanocomposites depends on a variety of
factors such as degree of polymerization, polymer chemical struc-
ture, filler size, filler loading, dispersion conditions, etc. [27]. In
some cases polymer nanocomposites show an increase of the Tg

[28], but in other cases a decrease in Tg is observed [1,3,29,30]. Typ-
ical thermograms of total specific heat flow versus temperature for
polystyrene and five filled nanocomposites with silica particles are
presented in Fig. 5. The values of Tg, marked in Fig. 5, are determined
by middle point method.

All DSC curves exhibit the similar behavior: a slow decrease of
heat flow followed by a steeper descent, provoking a step corre-
sponding to the glass transition temperature. With the increase
of the filler content the glass transition temperature is increasing
from 94 ◦C (for pure polystyrene matrix) to 99 ◦C (for sample filled
with 30 wt.% of silica nanoparticles). However, the magnitude and
the width of the step remain constant with the increase of silica
fractions. The positive Tg shift value determined by DSC with the
addition of silica may be correlated with good interactions between
polymer and nanoparticles.

In order to find a correlation between Tg values and the silica
content of the polystyrene, Eq. (1) is proposed:

Tg(x) = Tg0 + x

1 + kx
(1)

where Tg is the glass transition temperature of the nanocomposites,
Tg0 is the glass transition of the pure polystyrene and x is the silica
content. The constant k depends on the silica type and it is obtained
using the method of least squares (k = 0.16).
Fig. 6. Dependence of glass transition temperature of polystyrene on silica content
x. Vertical errors bars are standard deviations from measurements (±0.5 ◦C).
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The proposed equation describes well the experimental data
ith a correlation factor of 0.99 and a residual sum of squares

alue of 0.073. In Fig. 6 it can be seen that the rate of polystyrene
lass temperature change is decreased with increasing silica
ontent.

. Conclusions

In this work a successful preparation of polystyrene/silica
anocomposites is described by evaporating of toluene sol-
ent. FTIR and SEM analysis confirmed the silica nanoparticles
ncorporation in polystyrene matrix. The presence of a large
umber of agglomerates in polystyrene material filled with
0 wt.% of silica led to the deterioration of nanocomposite ther-
al stability. Using thermogravimetry it was found that the

ighest thermal stability of the polystyrene belongs to the sam-
le with 18 wt.% silica content. According to the DSC data,

fitted hyperbolic equation was proposed, describing well
he glass transition dependence on polystyrene/silica ratio. The
ncrease of Tg value with increasing silica ratio was achieved
y good interactions between polystyrene and nanoparticles.
he rate of polystyrene glass temperature change is signifi-
ant up to about 20 wt.% of silica which is in accordance with
G/DTG and SEM results. The highest thermal stability of the
olystyrene/silica nanocomposite was achieved at 18 wt.% silica
ontent.
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