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INTRODUCTION

The potential of elastomer based nanocomposites has been
recognized in recent years, because of their enhanced perfor-
mance properties and numerous industrial applications [1,2].
The largest consumer of styrene butadiene rubber (SBR) is
tyre industry, which commonly utilizes carbon black as reinfor-
cing filler to improve wear and tear characteristics of the tyres.
However, it imparts black colour to the rubber, which limits its
applications for other industrial products. Moreover, production
and processing of carbon black causes serious environmental
problems, so there is a need to develop other reinforcing
materials with improved properties for the industry and least
environmental issues. Layered silicates, such as smectites,
bentonite, montmorillonite and kaolinite are widely used as
nano-fillers in rubber-based nanocomposites [3-6]. Recently,
sepiolite, a fibrous clay mineral, has gained increasing attention
as nano-filler for polymeric substances due to its high surface
area and grafting properties [7]. It is a natural phyllosilicate
composed of tetrahedral layers of SiO4 sandwiched between
octahedral sheet of magnesium hydroxides with unit cell
formula [Si12O30Mg8(OH)4](H2O)4·8H2O. It morphology is
needle like (2-10 µm long, 100-300 nm wide) with internal
structural channels of cross section (11 × 4 Å2) that are asso-
ciated with zeolitic water [8-10; Fig. 1]. Sepiolite contains
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significant number of silanol (Si–OH) groups, which can be
functionalized to achieve satisfactory dispersion and perfor-
mance properties of nanocomposites [11-15].

In this study, we have prepared nanocomposites by modi-
fying both polymer matrix SBR and nano-filler sepiolite
(Table-1). The former represents a low polarity polymer matrix
while latter is a hydrophilic clay hence an interpenetration
link between the two cannot be developed; therefore, SBR
was modified by tri-functional monomers: trimethylolpropane
trimethacrylate (TMPT) and trimethylolpropane triacrylate
(ATMPT), while sepiolite was modified by vinyl triethoxy
silane (VTES) coupling with main objective to create covalent
linkages on their surfaces as suggested previously [16-18].
The zeolitic water or hydroxyl groups present in the octahedral
magnesium layers offer favourable sites for the attachment of
organic molecule onto the inorganic framework, via organo-
silane grafting. Following the grafting, the original hydrophilic
surface of sepiolite becomes organophilic, which in turn
enhances the compatibility between SBR and modified sepiolite
[19-21].

EXPERIMENTAL

Styrene butadiene rubber (density: 0.926 g/mL; melting
point: 123 °C) was purchased from Exxon Mobil chemical
(Riyadh, Saudi Arabia), VTES: (density: 0.901 g/mL; mole-



cular weight: 190), stearic acid (density: 0.926 g/mL; molecular
weight: 284.48) and sepiolite (Mg4Si6O15(OH)2.6H2O; surface
area: 300 m2/g; molecular weight: 646) were purchased from
Sigma-Aldrich Chemie, (Steinheim, Germany). Other chemicals
e.g., zinc oxide, sulfur, paraffin oil, antioxidant, TMPT
(C18H26O6; density: 1.06 g/mL; formula weight: 338), ATMPT
(C15H20O6; density: 1.1 g/mL; formula weight: 296), poly-
ethylene wax, 2-bisbenzothiazole-2,2′-monosulfide (MBTM;
C14H8N2S3, cross linking initiator) and 2-bisbenzothiazole-2,2′-
disulfide (MBTS; C14H8N2S4, cross linking accelerator) were
purchased from local suppliers (Sigma-Aldrich) and were analy-
tical grade.

The VTES modified sepiolite (MS) was prepared according
to published method [21,22]. For the preparation of SBR base

material, zinc oxide (5 phr), stearic acid (1 phr), antioxidant
(1 phr) and polyethylene wax (5 phr) were mixed with SBR
(100 g) using roller rotter for 20 min at speed 60 rpm at 90 °C.
In second stage mixing was done for 15 min. at 60 rpm, 120 °C
utilizing banbury rotors. SBR base material thus obtained was
used to prepare different formulations. The codes and composi-
tions of nanocomposites are shown in Table-1.

The control formulations, CS, CS1, CS3 and CS5 were
prepared by in situ copolymerization of SBR with modified
sepolite (0, 1, 3 and 5 phr) at 120 °C in internal mixer at 60 rpm
for 15 min utilizing banbury rotors; control sample (CS) represents
neat SBR used for comparison purposes.

Trifunctional monomer formulations, TMS1, TMS3 and
TMS5, were prepared by blending SBR (100 g) with modified

TABLE-1 
CODES AND COMPOSITION OF CONTROL AND OTHER TRIFUCNTIONAL MONOMER FORMULATIONS 

Amount (phr) 
Sample 

code SBR SP VTES MS ZnO 
Anti-

oxidant 

Poly 
ethylene 

wax 

Stearic 
acid 

Paraffin 
oil TMPT ATMPT S MBTS MBTM 

Control 
CS 100 0 0 0 5 1 5 1 0 0 0 0 0 0 
CS1 100 0 0 1 5 1 5 1 7 0 0 0 0 0 
CS3 100 0 0 3 5 1 5 1 7 0 0 0 0 0 
CS5 100 0 0 5 5 1 5 1 7 0 0 0 0 0 

Polyfucntional monomer formulations 
*TMS1 100 1 0 0 0 0 0 0 0 0 0 0 0 0 
*TMS3 100 3 0 0 0 0 0 0 0 0 0 0 0 0 
TMS1 100 0 0 1 5 1 5 1 0 3.38 0 0 0 0 
TMS3 100 0 0 3 5 1 5 1 0 3.38 0 0 0 0 
TMS5 100 0 0 5 5 1 5 1 0 3.38 0 0 0 0 

ATMS1 100 0 0 1 5 1 5 1 0 0 2.96 0 0 0 
ATMS3 100 0 0 3 5 1 5 1 0 0 2.96 0 0 0 
ATMS5 100 0 0 5 5 1 5 1 0 0 2.96 0 0 0 

Sulfur cross-linked formulations 
MBT1 100 0 0 1 5 1 5 1 0 0 0 2 1 1 
MBT3 100 0 0 3 5 1 5 1 0 0 0 2 1 1 
MBT5 100 0 0 5 5 1 5 1 0 0 0 2 1 1 

Note: refer to section for definition of abbreviations; *Unmodified sepiolite was used in these formulations; phr = parts per hundred of rubber 
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Fig. 1. Crystalline structure of sepiolite [27,28] Fibre structure of sepiolite [29]
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sepiolite (1, 3 and 5 phr) followed by addition of TMPT (10
mmol or 3.38 phr) in all formulations. Mixing was done at
120 °C at 60 rpm for 15 min using banbury rotors. In formu-
lations *TMS1, *TMS3 (Table-1) sepiolite without modification
was used. Similarly formulations ATMS1, ATMS3 and ATMS5

were prepared following the above mentioned procedure
however ATMPT (10 mmol or 2.96 phr) was used instead of
TMPT.

Cross-linked sulfur formulations, MBT1, MBT3 and MBT5,
were prepared as per ASTM D 3182 and 3184 [23,24]. Briefly,
SBR (100 g) was mixed with modified sepiolite (1, 3 and 5 phr)
followed by addition of cross-linking initiator MBTM (1 phr).
The contents were cooled to room temperature before the
addition of accelerator MBTS (1 phr) and elemental sulfur (2
phr), was added. The operating conditions of internal mixer
were the same as that of trifunctional monomer formulations.

The formulations prepared above were molded to sheet
by hydraulic press (Gibitre Hot press) at 150 MPa and 100 °C.
The sheets were packed in air free polyethylene bags and
sent for radiations treatment at Pakistan Radiation Services,
Pakistan Atomic Energy Commission, Pakistan. The molded
sheets were irradiated using an accelerator ALIN-10 for 15-20
days. The accelerated electrons dose was 2.4 kGy/min in order
to accumulate 2.5 Mrad, 5 Mrad, 7.5 Mrad and 10 Mrad respec-
tively (1 Mrad = 10 kGy).

Analysis: The mechanical properties were determined
on a ‘Zwick’ universal testing machine (mode1 1445) at a
crosshead speed of 500 mm/min as per ASTM D 412-06 A
[25]. Dumbbell specimens were punched out of the molded
sheet using a die. The sample was held tight by the two grips
at 28 ± 2 °C and subjected to uniaxial tensile force which is
continuously increasing. The readings of tensile strength,
elongation at break (Eb) and tensile modulus, M100 (stress at
100 % elongation) were recorded by the microprocessor.

The hardness was determined using a Shore Durometer
type D Reed Hardness Tester (model RR12) according to
ASTM D D2240-05 [26]. The samples (30 mm dia and 1 mm
thickness) were subjected to load of 12.5 N. The readings were
taken after 10 seconds of indentation.

The procedures for Fourier transform infrared (FTIR)
analysis, thermal gravimetric analysis (TGA), X-ray diffraction
(XRD), scanning electron microscopy (SEM) and differential
scanning calorimetry (DSC) have been described in earlier
publications [21,22].

RESULTS AND DISCUSSION

Mechanical properties: The mechanical properties, such
as, ultimate tensile strength (UTS), Young’s modulus (E),

elongation at break (Eb), stress at break (σb) and yield stress
(σy) of neat SBR and its composites are summarized in Table-2,
while stress-strain curves are shown in Fig. 2. Ultimate tensile
strength of sepolite filled nanocomposites is slightly higher
than that of control sample (CS). The formulations with modified
or unmodified sepolite and co-agents, e.g. TMS1, TMS3, ATMS1

and ATMS3 show almost same ultimate tensile strength. There
is no change in ultimate tensile strength at low filler concen-
tration.
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Fig. 2. Hardness (shore D) of neat SBR and its nanocomposites

Young’s modulus of nanocomposites filled with modified
and unmodified sepiolite increases remarkably up to 352.3 MPa
and 377 MPa for TMS3 and TMS3 (unmodified) respectively
compared to control sample (268.5 MPa). The nanocomposites
with 3 phr sepiolite show the highest modulus within a given
formulation set suggesting increase in modulus with clay
content. The increase in modulus even at small sepiolite
concentration may be linked to the higher degree of filler
dispersion and increased interaction between filler and SBR.
The possible reason why Young’s modulus is less for modified
sepiolite nanocomposites might be that the VTES forms a lubri-
cative interface between filler and SBR chains, thus causing
stress relaxation.

The elongation at break decreases drastically-observed
values for TMS1 & TMS3 unmodified, TMS1, TMS3, ATMS1

and ATMS3 are: 10.1 %, 10.3 %, 16 %, 22.2 %, 7.5 % and
8.2 % respectively while same parameter for control sample

TABLE-2 
TENSILE PROPERTIES OF NEAT SBR AND NANOCOMPOSITES 

Properties CS *TMS1 *TMS3 TMS1 TMS3 ATMS1 ATMS3 

UTS (MPa) 13.2 ± 0.4 13.8 ± 0.3 13.5 ± 0.3 12.8 ± 0.4 13.3 ± 0.5 13.4 ± 0.2 13.3 ± 0.1 
E (MPa) 268.5 ± 3.8 320.0 ± 3.7 377.0 ± 4.6 225.4 ± 1.2 242.0 ± 3.6 343.9 ± 17 352.3 ± 2.7 
Eb (%) 105.1 ± 1.3 10.1 ± 1.2 10.3 ± 1.0 16.0. ± 0.7 22.2 ± 1.3 7.5 ± 1.0 8.2 ± 0.5 
σb (MPa) 4.8 ± 0.7 8.0 ± 0.8 7.6 ± 0.8 2.80 ± 0.7 7.0 ± 0.9 5.0 ± 0.5 7.9 ± 0.5 

σy (Mpa) 10.1 ± 0.2 8.0 ± 0.3 5.5 ± 0.4 3.7 ± 0.4 6.7 ± 0.3 5.8 ± 0.6 8.5 ± 0.5 

*Formulations prepared with unmodified sepiolite; ultimate tensile strength (UTS); Young’s modulus (E); elongation at break (Eb); stress at break 
(σb) and yield stress (σy) 
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is 105.1 %. This decrease may be ascribed to filler particles,
which restricts the motion of SBR and decrease Eb. These data
suggest a strong cross-linking between matrix and filler. More
cross-linking occurs upon irradiation. Stress at break (σb)
generally improves up to 8 MPa, 7 MPa and 7.9 MPa for
*TMS1, TMS3 and ATMS3 respectively compared to control
sample (4.8 MPa) suggesting that prepared materials can
withstand more stress/load compared to control.

The hardness of nanocomposites increases with clay
content compare to neat polymer (control sample; Fig. 2),
TMS3 and ATMS3 with 3 phr of sepiolite are the hardest among
the samples suite. The improvement in hardness of nano-
composites is attributed to high interfacial interaction between
the filler and SBR, high cross-linking density and reduced
resilience of the SBR with the addition of clay filler. The
hardness seams to follow Young’s modulus (Table-2), which
demonstrates that the improvement in hardness of the filled
nanocomposites is caused by an increase in the cross-link
density.

The mechanical properties like UTS, E, Eb and σb of the
nanocomposites have shown significant improvement. The
nanocomposites containing 1 and 3 phr of modified sepiolite
and 10 mmol of co-agents TMPT and ATMPT have shown
higher physical-mechanical characteristics than that of the
control samples. The study proves enhanced mechanical
properties of nanocomposites prepared from low cost materials
and potential for new industrial applications.

Fourier-transform infrared spectrometry: The FTIR
spectra of VTES modified sepiolite, control sample of neat
SBR and its nanocomposites filled with modified sepiolite (1,
3 and 5 phr) and co-agent TMPT (3.38 phr) are shown in Fig. 3.
In spectrum of modified sepiolite, low intensity bands in the
region 3700-3300 cm-1 are ascribed to utilization of O–H of
octahedral sheet of sepiolite in bond formation with VTES
[27]. Broad bands in the region 3370-3200 cm-1 are due to
H–O–H vibrations of zeolitic water (Fig. 3A). The absorption
bands at 500 cm-1 are mainly assigned to Si–O bonds in the
tetrahedral sheet. The wide band centered at 974 cm-1 is due to
Si–O–Si linkages. The reduced absorption bands at 787and
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Fig. 3. FT-IR spectra showing major absorption band in samples: VTES modified sepiolite (MS), control sample (CS) and nanocomposites
TMS1, TMS3 and TMS5, containing 1,3 and 5 phr of modified sepiolite and 3.38 phr TMPT (trimethylol propane triacrylate)

694, 644 cm-1 are ascribed to O–H deformation and bending
vibrations, respectively [28].

In Fig. 3B dominant peaks in spectrum of control sample
(neat SBR) are CH2 scissoring at 1449 cm-1, bands at 2916 and
2844 cm-1 due to C–H methylene stretches. Other significant
peaks related to the aromatic ring are at 1495 and 1452 cm-1

and peak at 650 cm-1 is due to C–H out of plane (oop) bending.
The prominent band at 697 cm-1 is due to C–H absorption of
styrene. The nanocomposites (TMS1, TMS3 and TMS5) exhibit
all the above mentioned C–H stretching and bending peaks;
plus bands at 1020 and 1080 cm-1 which are attributed to the
presence of siloxane-linkages. It is noteworthy that a broad
band in the range of 1660-1570 cm-1 characteristic of carbonyl
groups of , α,β-unsaturated ester, is observed in the nanocom-
posites, which suggest grafting of TMPT on polymer matrix.
The IR spectra revealed the polymer filler interactions and
co-agent linkages have been developed.

Scanning electron microscopy: Dispersion status of filler
and polymer matrix was examined by SEM. Fig. 4 shows the
SEM images of fractured surface of TMS3 at various magnifi-
cations. Figs. 4A and 4B exhibit the homogeneous distribution
and dispersion of nano-sized polymer-coated sepiolite particles.
The existence of diffused boundaries in high magnification
image indicates good compatibility between SBR and filler.
The good adhesion between the two is attributed to co-agents.

X-ray diffraction analysis: The X-ray diffraction patterns
of sepiolite, modified sepiolite, control sample of neat SBR
and its nanocomposites: TMS1 and TMS3 with 1 and 3 phr of
modified sepiolite and 3.38 phr TMPT are presented in Fig. 5.
The sepiolite displays an intense peak at 2θ = 7.27° (d-spacing
1.22 nm) which is a typical (110) peak representing internal
channel reflection of sepiolite [19]. The diffraction peak at 2θ
= 26.75° (d-spacing 0.33 nm) is also observed in XRD pattern
of sepiolite. The same peaks are observed in XRD pattern of
modified sepiolite. This indicates that the molecular framework
of sepiolite is unaffected during modification and modification
involves only the surface hydroxyl groups. Fig. 5B displays the
XRD pattern of neat SBR (control sample) and nanocomposites
TMS1 and TMS3. The strong diffraction peaks at 2θ = 21.5° (d-
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spacing 0.41 nm) and 2θ = 23.7° (d-spacing 0.37 nm) are
attributed to (110) and (220) crystallographic planes of SBR and
represent orthorhombic unit cell. In nanocomposites, the
diffraction peaks of sepiolite have reduced in intensity at 7.27°
due to small amount of filler as suggested previously [21,29-31].

Thermogravimetric analysis: The thermal stabilities of
pure SBR and SBR-sepiolite nanocomposites were exploited
by thermogravimetric analysis. Fig. 6 shows the thermograms
of modified and unmodified sepiolite (A) and neat SBR and
its nanocomposites (B) and data is summarized in Table-3.
The sepiolite undergoes step-wise weight loss with increasing
temperature. The first weight loss of 8.5 % is due to all types
of adsorbed water, which is completed up to 170 °C. Another
weight loss in the range 300-350 °C is due zeolitic water
associated with the internal structure of sepiolite. The total
weight loss of 14.9 % is observed up to 800 °C. The TGA
curve of modified sepiolite shows weight loss around 15 %,

TABLE-3 
THERMOGRAVIMETRIC ANALYSIS OF  

NEAT SBR AND NANOCOMPOSITES 

Sample code T10 % 
(°C) 

T50 % 
(°C) 

T90 % 
(°C) 

Tp
(a) 

(°C) 
Residue 

(%) 550 °C 
CS 472.9 485.9 500.4 490.0 2.3 

TMS1 474.4 487.0 502.4 490.1 3.7 
TMS3 470.1 490.9 506.2 493.8 4.0 

TMS3 unmodified 475.6 491.5 503.6 492.0 3.0 
(a)Peak temperature of mass loss. 

 
but not in steps similar to sepiolite, which might be due to the
presence of organic moiety in modified sepiolite.

It is demonstrated in Fig. 6 that nanocomposites exhibit
greater thermal stability than neat SBR, which could be due to
crosslinking which gives high tensile strength to nanocompo
sites, hence thermal stability is increased. Nanocomposites
containing sepiolite (Table-3) have high thermal stability than
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Fig. 5. XRD of pattern of sepiolite and modified sepiolite (A) control samples of neat SBR and its nanocomposites, TMS1 and TMS3 with 1 and
3 phr of modified sepiolite and 3.38 phr TMPT(B)

Fig. 4. SEM images of nanocomposite TMS3 at various magnifications
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SBR. A delay of 5.6 °C in the 50 % weight loss of TMS3

unmodified compared to neat SBR shows the higher thermal
stability resulted from the addition of sepiolite in polymer
matrix. Additionally, an increase of 5.8 °C in 90 % weight loss
of modified sepiolite nanocomposite (TMS3) compared to neat
SBR further confirms the higher thermal stability caused by
sepiolite. Furthermore, TMS3 modified shows higher thermal
stability than TMS1 above 10 % weight loss. The possible
reason for this behaviour might be that the nano-sized sepiolite
particles develop chemical bonds with VTES-grafted SBR
chains through their OH groups via condensation reactions.
Nanocomposite TMS1 exhibits higher thermal stability than
SBR. Table-3 shows that char yield (carbon or carbonaceous
material left at the highest temperature of TGA analysis) is
enhanced with sepiolite contents, which is attributed to heat
resistant properties of sepiolite. As expected, the residual mass
after pyrolysis increases with the filler content. The maximum
degradation temperature of TMS3 unmodified and TMS3

modified is higher than pure SBR due to high thermal stability
of former. Increased thermal stability of nanocomposites is

ascribed to the ability of sepiolite to form a protective inorganic
layer at the surface of polymer compared to SBR. Both the
powerful interactions and the defensive layer formation marginal
increase in thermal stability perceive for the nanocomposites.
The results of thermogravimetric analysis reveal that thermal
stability of nanocomposites TMS1, TMS3 modified and TMS3

unmodified is apparently improved in comparison with the
control sample.

Differential scanning calorimetric analysis: Differential
scanning calorimetry curves of control sample and nanocom-
posites TMS1, TMS3 and TMS3 unmodified are shown in Fig.
7. The values of melting temperature (Tm), crystallization
temperature (Tc) and per cent crystallinity (Xc) are presented
in the Table-4. The heating curves demonstrate that control
sample exhibits Tm: 123.8 °C, the value increases up to maxi-
mum 126.2 °C with incorporation of 1 phr modified sepiolite
(TMS1; Fig. 7B; Table-4); for TMS3 (3 phr modified sepiolite)
and TMS3 unmodified (3 phr sepiolite) increase is up to 125.6 °C
and 124.9 °C respectively. Cooling curves display that Tc of
TMS1 and TMS3 unmodified has shifted to higher temperature,
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i.e., an increase in Tc of 0.7 °C is observed for TMS1 and 1.7
°C for TMS3 unmodified, although, TMS3 shows a decrease in
Tc compared to control sample (Fig. 7A; Table-4). The
inclusion of the sepiolite may have induced heterogeneous
nucleation during the cold crystallization process and increased
the crystallinity of the nanocomposites.

TABLE-4 
MELTING AND CRYSTALLIZATION  

CHARACTERISTICS OF NANOCOMPOSITES 

Sample code Tm (°C) Tc (°C) Xm (%) 
CS 123.8 109.2 16.2 

TMS1 126.2 110.0 13.5 
TMS3 125.6 106.1 15.3 

TMS3 unmodified 124.9 110.9 14.7 

 
Conclusion

Nanocomposites composed of base material SBR, VTES
modified sepiolite as filler and co-agents TMPT and ATMPT,
exhibited improved mechanical properties and enhanced
thermal stability. The FTIR measurements confirmed grafting
of TMPT on SBR and development of polymer filler inter-
actions. The SEM images showed good cohesion between SBR
and filler. Differential scanning calorimetry results revealed
an increase in Tm and Tc with sepiolite content. The XRD
measurements indicated that interactions involved only the
surface groups while molecular framework of sepiolite and
SBR was unaffected.
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