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Abstract
Chlorinated styrene butadiene rubber (Cl-SBR)/ zinc sulfide (ZnS) nanocomposites were prepared by a simple two-roll mill
mixing technique. The interaction between the ZnS nanoparticles and Cl-SBR was assessed using Fourier transform infrared
(FTIR) and UV-Vis spectroscopy, transmission electron microscopy (TEM), scanning electron microscopy (SEM), energy
dispersive X-ray (EDX), X-ray diffraction (XRD), and thermogravimetric analysis (TGA). The dielectric constant, oil resistance,
flame retardancy and the transport properties of nanocomposites with aromatic hydrocarbons were also analyzed with special
attention to the loading of nanoparticles. The spectroscopic studies revealed the existence of a strong interfacial interaction
between rubber chain and ZnS nanoparticles. TEM analysis showed the attachment of ZnS nanoparticles in the chlorinated SBR
having nanosize region. SEM and XRD showed the uniform arrangement of nanoparticles in the elastomeric network. The
presence of ZnS nanoparticles in the rubber matrix was confirmed through EDX spectroscopy. The thermal stability, flame
retardancy and oil resistance properties of the nanocomposites were significantly enhanced by the addition of nanoparticles.
Composite with 7 phr loading showed the maximum dielectric constant and beyond this loading, the dielectric property decreased
due to the agglomeration of nanoparticles. Transport behavior of nanocomposites in benzene, toluene and xylene were analyzed
in the temperature range of 27 to 70 °C. Swelling parameters such as rate constant, sorption, diffusion, and permeation coefficient
were estimated. The mechanism of transport of the aromatic solvents in the filled Cl-SBR was found to be following anomalous
mode. Temperature dependence of diffusion was used to study the activation parameters of the prepared samples.
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Introduction

Elastomeric materials and composites have served modern
society for decades. These materials are used in various indus-
trial applications including transportation, construction, elec-
trical cables, oil seals and packaging materials [1, 2].
However, the poor dispersion of filler particles in the polymer-

ic composites may corrode when exposed to moisture, haz-
ardous solvents, UV radiation etc. This leads to the loss of
mechanical properties and reduction in the lifetime of com-
posite materials [3, 4]. The deterioration of the mechanical
properties of the conventional polymeric composites can be
overcome by incorporating nano-sized particles within the
polymer matrix. The deterioration of mechanical properties
depends on the size, the aspect ratio, degree of dispersion,
and orientation of the nanoparticles in the rubber and the de-
gree of adhesion of nanoparticles to the polymer chains [5–7].
One of the unique properties of nanocomposites, especially
metal nanoparticles filled polymers is the low penetration of
solvents and gases into the matrix. The solvent resistant poly-
meric films have strong potential applications in various
fields. The properties of the solvent resistant membrane de-
pend on the transport in polymers, their molecular properties,
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nature of penetrates, solubility, and polymer morphology of
the interface. Various research works were carried out to verify
the importance of nanoparticles in diffusion studies. It is gen-
erally found that the incorporation of filler with polymer ma-
trix reduces the diffusion and permeation process of hydrocar-
bons into polymer matrices [8–11].

Hybrid composites as a way to enhance the properties of
composites have received considerable attention from re-
searchers. The addition of inorganic nanoparticles to rubbers
allow the modification of rubber in physical properties as well
as the implementation of new features in the polymer matrix.
The dielectric properties of the polymer can be improved by
proper mixing of semiconducting materials with rubbers
which is important for the fabrication of flexible electronic
material in various applications such as microwave absorbers,
automobile, and in chemical industries [12]. Metal nanoparti-
cles play an important role in the damping of mechanical
vibrations in machine bearings and in vehicle base frames.
The use of metal nanoparticles reduces the vulcanization time
of the rubber nanocomposites which is due to the easy thermal
conductivity of the polymer matrix [13, 14]. Among the semi-
conducting metal sulfide nanoparticles, ZnS shows remark-
able properties which can be used for various applications
such as electroluminescence, field emitters, electro catalyst
and biosensors [15].

SBR is the widely used rubber in the production of tires,
footwear, belts, conveyor, hoses, adhesives, and flooring [16,
17]. Usually, the reinforcement of SBR with polar fillers leads
to poor mechanical properties due to the poor interaction
(polar- nonpolar interaction) between rubber and filler parti-
cles. Moreover, SBR vulcanizates have very poor resistance to
oil, ozone, and tensile strength, which restrict their use in such
fields. Modified forms of SBR and polar rubbers play a vital
role in enhancing interaction between the filler particles and
the elastomeric matrix. Chemically modified SBR with ran-
domly distributed dichlorocarbene groups in the backbone of
polymer reduces the degree of unsaturation in SBR [18, 19].
The introduction of chloro groups into the rubber showed an
elevation of the glass transition temperature. The
dichlorocarbene reaction using the alkaline hydrolysis of chlo-
roform is stereospecific and hence the resultant chlorinated
SBR (Cl-SBR) shows superior tensile strength compared to
the pure SBR. Moreover, the oil resistance and flame
retardancy of styrene butadiene rubber have been drastically
enhanced by the dichlorocarbene reaction [20].

The present study was motivated by a desire to know how
metal sulfide nanoparticles affect the thermal stability, flame
retardancy, conductivity and transport properties of sulfur vul-
canized chlorinated SBR. To the best of our knowledge, no
report on the preparation and properties of Cl-SBR/ZnS nano-
composite is available. The present study focused on the de-
velopment of a new class of sulfur vulcanized Cl-SBR/ZnS
nanocomposites through a simple, inexpensive two roll mill

mixing technique. The nature of nanoparticles in the Cl-SBR
matrix was determined by X-ray diffraction (XRD), transmis-
sion electron microscopy (TEM), scanning electron microsco-
py (SEM), and infrared spectroscopy. Here the effect of the
nature of penetrant molecules, loading of nanoparticles, and
the temperature on transport of solvent through Cl-SBR/ZnS
matrix were evaluated. Also, the electrical properties, at vari-
ous frequencies, will be discussed thoroughly. The thermal
stability, dielectric properties, oil and flame resistance of the
nanocomposites have been studied with respect to the differ-
ent loading of nanoparticles.

Experimental

Materials and methods

Zinc sulphate, sodium sulfide and cetyl trimethyl ammonium
bromide (CTAB), benzene, toluene and xylene were pur-
chased from Merck India. SBR (Synaprene 1502) was pur-
chased from Synthetics and Chemicals Ltd., India. Rubber
ingredients such as zinc oxide (ZnO), stearic acid, 2, 2, 4-
trimethyl-1,2-dihydroquinoline (TDQ), N-cyclohexyl-2-
benzothiazole sulfenamide (CBS), tetramethyl thiuram disul-
fide (TMTD), processing oil and sulfur were used for fabrica-
tion of sulfur vulcanized Cl-SBR/ ZnS composites.

Preparation of zinc sulfide nanoparticles

ZnS nanoparticles were prepared using a hydrothermal meth-
od [21]. An equimolar ratio of ZnSO4.5H2O and Na2S.7H2O
powder was dissolved separately in de-ionized water. The
sodium sulfide solution was then added drop by drop to the
ZnSO4 solution with constant stirring. The white precipitate
formed was charged into the Teflon-lined stainless steel auto-
clave and maintained at a temperature of 220 °C for 12 h., then
cooled down to room temperature. De-ionized water, then
alcohol was used to remove the impurities in the precipitate.
The washing procedure was also repeated several times to
remove impurities from samples. After washing the precipi-
tate, it was dried at 60 °C in a vacuum oven for 12 h.

Preparation of chlorinated SBR

Chlorinated SBR with 15% chlorine content was prepared
from SBR by the in situ reaction of chloroform with aqueous
caustic soda using phase transfer catalysis (CTAB), as report-
ed earlier [22]. Briefly, SBR was dissolved in toluene. The
phase transfer catalyst (CTAB) was added to this and the so-
lution was stirred well. CHCl3 was added drop by drop
followed by an aqueous NaOH solution. The chlorinated
SBR was separated from the solution by coagulating it with
isopropyl alcohol and dried.
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Preparation of Cl-SBR/ZnS nanocomposites

Chlorinated SBR/ ZnS nanocomposites were prepared at
room temperature using a two mill mixing technique.
Compounding of Cl-SBR with different loadings of ZnS
nanoparticles (0, 3, 5, 7, 10, and 15 parts per hundred parts
rubber (phr) were carried out in an open two roll mixing mill.
The rotors operated at a speed ratio of 1:1.4. Rubber compos-
ites were prepared by adding 5.0 phr ZnO, 2.0 phr stearic acid,
1.0 phr TDQ, processing oil (1/20th of nanoparticles), 1.2 phr
CBS, 0.8 phr TMTD, 2.2 phr sulfur to rubber. The vulcaniza-
tion ingredients were added to the rubber before the addition
of the nanoparticles. Finally, the sulfur was added. The
compounding was carried out in accordance with the ASTM
method with paying special attention to maintaining the uni-
form distribution of nanoparticles. The sample codes used for
this study are CSZ0 for Cl-SBR without ZnS, CSZ3, CSZ5,
CSZ7, CSZ10, and CSZ15 are polymer composites with 3, 5, 7,
10 and 15phr of ZnS nanoparticles, respectively.

Characterizations

JASCO (Model 4100) Fourier Transform Infrared spectropho-
tometer was used to collect the Fourier Transform Infrared
(FT-IR) spectra of the Cl-SBR and Cl-SBR/ZnS nanocompos-
ites in the region of 4000–400 cm−1 by casting the
unvulcanized sheet of rubber samples from toluene solutions
between KBR windows of size 25 × 4 mm with 72 scans of
4 cm−1 resolution. The ultraviolet-visible (UV-vis) absorption
spectra of unvulcanized Cl-SBR/ZnS nanocomposites in tol-
uene were recorded by a Perkin Elmer Lambda 650 spectro-
photometer. The X-ray diffraction patterns of the composite
materials were collected using Bruker AXS D X-ray diffrac-
tometer using CuKα radiation (k = 1.5406 Å) with an accel-
erating voltage of 30 KV. The diffractograms were recorded in
the range of 2θ = 10 to 80° with 2 °/min step. The structure of
composite was analyzed by a transmission electron microsco-
py (TEM). Ultra-thin sections of the specimen for the TEM
were prepared by cutting the rubber samples with a Reichert
Ultracut E ultramicrotome at about −100 °C and the images
were collected from a TEM Libra 200 model. The surface
morphology and percentage elements composition of the sam-
ples were carried out by Field Emission Scanning Electron
Microscope (FESEM) with Energy Dispersive X-ray
Spectroscopy (EDX) (FEI- NOVA NANOSEM-430). The
sample preparation was done putting the nanocomposite films
on a carbon supported grid using a conductive carbon tape and
a thin gold layer was coated on it by using sputter coating
instrument (EMITACH). The thermal decomposition behav-
ior of the nanocomposite was analyzed by Perkin Elmer ther-
mogravimetric analyzer at a heating rate of 10 °C min−1 in a
nitrogen atmosphere. The dielectric constant of the elastomer-
ic materials was analyzed by automatic Hewlett Packard LCR

meter (HP: 4284A) in the frequency range 102 to 106 Hz. The
flame retardancy of the composites was carried out by the
limiting oxygen index (LOI) test using a Stanton Redcroft
FTA flammability tester, under nitrogen–oxygen atmosphere
as per ASTMD-2863.The thin sheets of the vulcanized sam-
ples with an overall length of 80 mm and width of 30 mm
were used for the LOI analysis. The minimum concentration
of the oxygen in the oxygen–nitrogen mixed gas environment
just sufficient to sustain the flame for 30s is taken as the LOI:

LOI ¼ volume of oxygen

volume of oxygenþ volume of nitrogen
� � 100

�
ð1Þ

The sulfur vulcanized samples of ZnS/chlorinated SBR com-
posites were immersed in ASTM # 1, 2 and 3 oils at different
temperatures. After 72 h of oil immersion, the samples were
removed, then dipped in acetone and wiped off with filter paper
to remove excess oil from the surface. From the relative weight
difference of the samples, the oil resistance of Cl-SBR compos-
ite was assessed. The solvent penetration and transport behavior
of Cl-SBR/ZnS nanocomposites were carried out by cutting
circular-shaped samples from the vulcanized sheet. The sample
thickness was measured accurately. Before the test, samples
were weighed and then immersed in various solvents like ben-
zene, toluene, and xylene in the diffusion flask. The weight of
the samples was taken at different time intervals and again
immersed in the corresponding solvents. The weighing process
of rubber vulcanizate was continued until an equilibrium stage
was obtained. The solvent uptake measurements were repeated
with the same solvents at various temperatures.

Results and discussion

FTIR spectra

Fourier transform infrared spectroscopy (FTIR) has been
employed for examining the interaction of nanoparticles with
the functional groups in the elastomer. Figure 1 presents the
FTIR spectra of ZnS, chlorinated SBR, and SBR/ ZnS compos-
ite. The different spectral assignments obtained from the infra-
red bands of polymeric materials are summarized in Table 1.
The IR spectra of ZnS showed a strong absorption peak at
615 cm−1, corresponding to the ZnS particles. The spectra of
ZnS also showed two additional peaks at 3487 cm−1 and
1619 cm−1, corresponding to the stretching and bending vibra-
tion of -OH group on the surface of metal sulfide particles [23].
The spectrum of Cl-SBR showed the C-H stretching at 2930
and 2853 cm−1. Also, the CH2 in-plane deformation and the
trans C=C stretching of SBR has observed at 1443 and
968 cm−1, respectively. Moreover, the aromatic stretching vi-
bration appears at 700 cm−1. The absorption band at 804 cm−1

and 1067 cm−1 are the corresponding C-Cl stretching and the
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cyclopropyl ring of chlorinated SBR, respectively [22]. The Cl-
SBR/ ZnS composite exhibited all the absorption peaks of elas-
tomer with the typical stretching of ZnS particles. The compos-
ite showed the typical ZnS absorption at 588 cm−1 suggests the

insertion of nanoparticles in the polymer. Moreover, the
stretching vibration of C-H groups in SBR (at 2930 and
2853 cm−1) are overlapped and merged to a broad absorption
band at 2926 cm−1 as a result of ZnS particles insertion. In
addition to this, the CH2 absorption peaks (1443 cm−1) of
SBR is slightly shifted to lower frequencies (1419 cm-1). The
shift in peaks and the broadness of absorption bands in Cl-SBR/
ZnS composite is due to the strong interfacial interaction be-
tween the polymer and nanoparticles, suggesting that the ab-
sorption frequencies of nanocomposites are strongly influenced
by the insertion of nanoparticles. This result is in good agree-
ment with our previous studies [24, 25]. The mechanism of the
interaction of nanoparticles with the chlorinated SBR is given
in Scheme 1.

UV-Vis spectra

The UV-Vis spectrum of Cl-SBR and different contents of
ZnS/ Cl-SBR nanocomposites are shown in Fig. 2. The UV
spectra of Cl-SBR observed at 287 is due to the π to π*
transition of the polymer [26]. However, the n-π* transition
of Cl-SBR is found to shifting to a higher wavelength region
for all the composites. Interestingly, the intensity and broad-
ness of all the composites are significantly higher than that of
pure Cl-SBR. This is another evidence for the insertion of
nanoparticles into the elastomeric system. Additionally, the
absorption edge of all nanocomposites is higher than Cl-
SBR in the entire range of UV absorbance from 200 to
700 nm. Among the nanocomposite, the intensity and broad
of UV peak is maximum at 7 phr loading. This means that the
interfacial interaction between filler and polymer is maximum
at this loading. The decrease in broadness and intensity of UV
peak beyond 7 phr loading is due to the agglomeration of
nanoparticles, which prevents the easy passage of light energy
through the polymer matrix and these results are in accordance
with the recent studies [24, 25].

X-ray diffraction analysis (XRD)

X-ray diffraction patterns of ZnS, Cl-SBR and Cl-SBR/ZnS
nanocomposites are displayed in Fig. 3. The XRD pattern of
ZnS exhibits the crystalline peaks at 29.6°, 48.23° and 56.97°
corresponding to the diffraction of (111), (220), and (311) crys-
tal planes of pure ZnS respectively [27]. All peaks are indicative
of ZnS without any impurity indicating the high purity of the
synthesized compound. The XRD of Cl-SBR vulcanizate
showed strong diffraction peak at 2θ = 21.2o in addition to the
crystalline peak at 2θ = 29.36o. The XRD of nano- ZnS embed-
ded Cl-SBR vulcanizate exhibited the characteristic peaks of
polymer with the crystalline peaks of ZnS. It is evident from
the figure that the addition of nanoparticles to Cl-SBR affected
the structure of the composite, which was clearly reflected
through the shift in diffraction peak to a lower diffraction angle

Fig. 1 FTIR spectra of ZnS, Cl-SBR and ZnS filled Cl-SBR

Table 1 Assignments of the infrared bands of Cl-SBR, ZnS and Cl-
SBR/ZnS nanocomposite

Materials Wavenumber (cm−1) Assignments

Cl-SBR 2930 and 2853 υ(CH3–, –CH2, >CH–)
asymmetric stretching

1566 δ(–CH2–) bending vibration

1443 trans −CH=

1067 cyclopropyl ring

968 trans −CH=

912 vinyl 1,2 content

804 C-Cl stretching

752 C–H out of plane deformation
of vinyl

700 aromatic stretching vibration

ZnS 3487 OH stretching

1619 OH bending

615 Zn-S stretching

Cl-SBR/ZnS 3480 OH stretching

2926 CH2 stretching

1419 trans −CH=

1060 cyclopropyl ring

970 trans −CH=

918 vinyl 1,2 content

808 C-Cl stretching

700 aromatic stretching vibration

588 Zn-S stretching
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compared to that of pure ZnS. It is evident from the figure that
the broadness of the amorphous peak of Cl-SBR is greatly
reduced by the addition of ZnS nanoparticles.

Transmission electron microscopy (TEM)

Figure 4 shows the TEM images of ZnS, rubber nanocompos-
ite with 7 and 15 wt.% of ZnS particles. The TEMmicrograph
(Fig. 4a of the prepared ZnS powder shows several spherical
shaped nano-crystals with an average size of 2 to 15 nm. The
Fig. 4b shows the uniform distribution of metal sulfide parti-
cles with various sizes ranging from 30 to 60 nm within the
chlorinated SBR matrix. The uniform nature of nanocompos-
ite is due to the strong interfacial adhesion between the chlo-
rinated SBR and ZnS nanoparticles. However, the morpholo-
gy of the composite (Fig. 4c) is remarkably changed into an
elongated structure with the aggregation of nanoparticlesFig. 2 UV spectra of Cl-SBR with different contents of ZnS nanoparticles

Scheme 1 The mechanism of
interaction between nanoparticles
and Cl-SBR
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Fig. 3 XRD pattern of ZnS,
Cl-SBR with different contents
of ZnS

Fig. 4 TEM images of (a) ZnS (b) Cl-SBR/7 phr ZnS and (c) Cl-SBR/15 phr ZnS
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indicating the poor interaction between of nanoparticles with
the rubber matrix.

Scanning electron microscopy (SEM)

Figure 5 shows the SEM photographs of Cl-SBR and the
different loading of ZnS-filled Cl-SBR. The SEM image of
Cl-SBR has a rough morphology with frequent ridgelines in-
dicating the direction of crack propagation. The irregular mor-
phology of the chlorinated SBR is completely changed into a
very smooth surface with embedded nanoparticles as shown
in Fig. 5b. These particles are uniformly distributed in the Cl-
SBR matrix with an average size ranging from 60 nm to
90 nm. The uniform dispersion of nanoparticles in the poly-
mer matrix is due to the strong interfacial interaction between
the filler and the polar segments of Cl-SBR.When the loading
of nanoparticles reaches to 15 phr (Fig. 5c), the domain size of
the dispersed phase remarkably increased due to the poor in-
teraction of nanoparticles with Cl-SBR. This leads to the ag-
glomeration of fillers within the macromolecular chain of Cl-
SBRmatrix. The percentage of chemical elements of Cl-SBR/
15 wt.% ZnS nanocomposite in a particular area of SEM im-
age (Fig. 6) is given in Table 2. Presence of C, Cl, Zn and S
elements in EDX spectrum indicates that ZnS nanoparticles

are dispersed in the Cl-SBR matrix. The presence O may be
due to the -OHmoieties present in the surface of ZnS particles.

Thermogravimetric analysis (TGA)

The thermal behavior of Cl-SBR nanocomposites with vari-
ous loadings of ZnS was investigated using TGA and the
results are presented in Fig. 7. It can be seen that all the sam-
ples showed two plateaus, suggesting two stages of weight
losses. The initial weight loss below 250 °C is due to the
ingredients of the compound and the removal of HCl from
the elastomeric chain. The second thermal degradation from
380 °C to 560 °C is a continuous weight loss, which can be
attributed to the decomposition of the SBR chain [28]. It is
also clear that the initial and final decomposition temperatures
of Cl-SBR/ZnS nanocomposites are higher than that of the
parent polymer, which reveals the high thermal stability of
the fabricated composites. The thermal stability usually de-
pends on the crystalline nature of the filler particles and the
uniform dispersion of nanoparticles in the polymer matrix.
The increased thermal stability with the filler loading is due
to the interaction between the nanoparticles and polymer seg-
ments. Moreover, the metal sulfide nanoparticles retarded the
motion of the elastomeric chains, acting as a protective layer

Fig. 5 SEM images of (a) Cl- SBR (b) Cl-SBR with 7 phr and (c) Cl-SBR with 15 phr ZnS
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on the surface of the matrix, which prevents the thermal
degrading of the polymer and enhanced the thermal stability
of the nanocomposites. The final char residue obtained at
600 °C for Cl-SBR is only 6.87% whereas the composite with
5, 10 and 15 phr nanocomposite shows the final char residue
around 11.26, 17.03 and 21.92%, respectively, at the same
temperature. The char formed after the thermal decomposition
of the polymer matrix is an important factor which significant-
ly improves the flame retardant behavior of the nanocompos-
ite [29]. Here, the increased char residue of the nanocomposite
with the increase in concentration of nanoparticles indicates
the enhanced flame resistance of the composite materials [24,
25]. This result will be further substantiated with the help of
the LOI values of the composites.

Flame retardancy

Limiting oxygen index (LOI) is one of the major qualitative
methods to analyze the flame resistance behavior or fire perfor-
mance of elastomeric materials. LOI is the minimum content of
oxygen required in a nitrogen/ oxygenmixture of a self-sustained
combustion of any material [30]. The LOI value of Cl –SBR and
its nanocomposites with different loadings of ZnS nanoparticles
are given in Fig. 8. The presence of dichloro groups in Cl-SBR

affected the flammability and this is due to the intumescences
effect. The chlorine containing heavy gases produced during
combustion of Cl-SBR reduced the access of oxygen and conse-
quently suppresses the flame propagation of the polymer matrix.
Halogen-containing species usually act in the vapour phase by
capturing the radicals to interrupt the oxidative flame chemical
processes and thus suppress the combustion of the polymer. It is
well known that the fire resistance of polymeric composites de-
pends on the nano-filler distribution and the synergistic interac-
tion between the nano-filler and polymer. In the present study, the
increased LOI value with the addition of nanoparticles is due to
the strong interfacial interaction between the polar units of Cl-
SBRwith the ZnS nanoparticles. Also, themetal particles present
in the nanoparticles reduces the carbonization of rubber

FFFull Area 2 - DDet 1

Fig. 6 EDX and the SEM image of Cl-SBR/15 phr ZnS composite

Table 2 Percentage of
element composition in
Cl-SBR/ZnS
nanocomposite

Element Weight % Atomic %

C K 51.67 75.69

O K 3.52 3.87

Zn L 10.15 2.73

S K 9.71 5.33

Cl K 24.95 12.38 Fig. 7 TGA curve of Cl-SBR and Cl-SBR with different contents of
ZnS nanoparticles
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generating more protective char layer, which resists the transfer
of heat and fuel and thereby inhibiting flammability [31].

Dielectric constant

The dielectric properties of polymer composites are deter-
mined by its molecular structures. Dielectric constant recorded
as a function of frequency, at room temperature, for Cl-SBR/
ZnS nanocomposites is plotted in Fig. 9. It can be observed
that the dielectric constant of all the composites is greater than
the pure chlorinated SBR. This means that the nanocompos-
ites are greatly polarized more than that of Cl-SBR. The en-
hancement in dielectric constant is ascribed to the interfacial
polarization phenomenon developed in the heterogeneous ma-
terials that have different conductivity stages. The interfacial
polarization of composite usually decreases with increasing

the frequencies. The charge carriers developed by the applica-
tion of electric field are completely oriented in a uniform di-
rection, which results in interfacial polarization and conse-
quently the dielectric constant is high at lower frequencies.
However at higher frequencies, the electron exchange among
the charge carriers cannot be oriented in the direction of the
applied field and, therefore, the resultant dielectric constant is
always lower, indicating the poor interfacial polarization in
polymer composites [32]. The dielectric constant of polymer
composites is directly related to the molecular structures, po-
larizations, and interfacial interactions between the filler par-
ticles and polymeric chain. The dielectric constant of 7 phr Cl-
SBR/ZnS composite is significantly higher than that of other
four composites in the entire range of frequencies. The high
dielectric value is due to the formation of uniform clusters. A
cluster may be considered as a region where the nanoparticles
and the elastomer stick together uniformly or are very close to
each other because of the interfacial interaction or polar-polar
interaction between the filler and the polymer matrix. In the
present study, the average polarization associated with the
uniform cluster is maximum in 7 phr loading. The increased
interfacial interaction facilitates the orientation of dipoles,
thereby leading to an increase in the dielectric values. The
decrease in the dielectric constant of the composite beyond 7
phr loading can be explained by the poor interaction of filler
and polymer and also with the agglomeration of nanoparticles.
It is well known that the segmental mobility of the polymer
decreases with the loading of nanoparticles and therefore the
dielectric property decreases at higher loading.

Oil resistance

Transport of oil and fuel through elastomers is the major con-
trolling factor in many of the barrier applications in the auto-
mobile industry, since a variety of spare parts may be exposed
to oils, fuels and greases [31]. Figure 10 shows the resistance of
the chlorinated SBR and its nanocomposites to ASTM oil. It
can be observed that the percentage of oil uptake is significantly
decreased after the addition of ZnS nanoparticles to chlorinated
SBR. The oil resistance of rubber depends on the electro-
negativity of rubbers, crystallinity, crosslink density in the ma-
trix, and polarity of the solvent. The oil resistance of the com-
posites decreases with the loading of nanoparticles up to 7 phr
loading. This can be attributed to the fact that the effective
interaction of crystalline ZnS with chlorinated rubber restricts
the penetration of oil into the intermolecular spaces and hence
decreases the swelling percentage [32]. On increasing the load-
ing of nanoparticles (above 7 phr), the oil resistance is found to
be decreasing and this is due to the loosely bound filler particles
in the polymer matrix. The oil resistance of all the vulcanizates
is found to be increasing with the increases in temperatures, as
more solvent could penetrate inside the polymeric matrix.

Fig. 9 Dielectric constant of Cl-SBR and different contents of nano-ZnS
filled Cl-SBR

Fig. 8 Flame resistance of Cl-SBR and Cl-SBR/ZnS nanocomposites
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Diffusion experiments

The diffusion studies were done using the sulfur vulcanized
samples; both weight and thickness of these samples were
measured accurately. Initially, samples were soaked in about
20–25 ml of solvents in diffusion bottles, and were closed and
put in the thermostatically controlled oven for particular time
intervals. The samples were weighed out at regular intervals
and put back in the bottles. Samples were weighed until equi-
librium weight was obtained [33].

The diffusion of different solvents through various nano-
composites was studied. The percentage uptake of solvents
was calculated using:

Qt mol%ð Þ ¼ Mass of solvent sorbed=Molar mass of solvent

Mass of polymer
� 100 ð2Þ

The percentage uptake (Qt %) of different solvents were plot-
ted against the square root of the time. The mol uptake of
solvents depends on the filler content, temperature and molec-
ular weight of solvents.

Effect of ZnS concentration on mol uptake

The influence of ZnS nanoparticles on the mol uptake of ben-
zene through Cl-SBR/ZnS nanocomposites at room tempera-
ture is presented in Fig. 11. All the solvents show the same trend
and the decrease in diffusion and sorption of the nanocompos-
ites is due to the increased interfacial interaction between the
nanoparticles and the macromolecular chain of the polymer.
Upon addition of fillers, the local mobility of polymer segments
are restricted, thus the flexibility of polymer gets lowered,
which leads to the decreased sorption [34]. The better distribu-
tion of ZnS nanoparticles in the Cl-SBR matrix enhances the
surface area of the reinforcing phase. At lower concentrations of

loading, the penetrant molecules can pass through the matrix
very easily due to the homogeneous distribution of filler parti-
cles. The composite with 7 phr of ZnS showedminimum swell-
ing and the unfilled matrix showed the highest sorption. The
solvent uptake of polymer matrix varies with reference to the
free volume inside the matrix. By the addition of filler, free
volume inside the matrix lowers, which in turn decreases the
equilibrium uptake of solvent.

The nature of solvent on sorption behavior

The effect of penetrant size was studied using aromatic solvents
like benzene, toluene and xylene and the results are summa-
rized in Fig. 12. It is seen that benzene shows themaximum and
xylene shows the minimum sorption and the toluene lies in
between. As penetrant size increases, the diffusivity values

Fig. 10 Oil resistance properties of Cl-SBR and Cl-SBR/ZnS nanocom-
posites at different temperatures

Fig. 11 Sorption curves of different loading of ZnS in Cl-SBRwith benzene

Fig. 12 Solvent uptake of Cl-SBR with 7phr of ZnS in different aromatic
solvents
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decreases, which can be explained on the basis of free volume
theory [35]. According to the free volume theory, the rate of
diffusion depends on the ease of exchange of polymer segments
and their positions with the penetrant molecules. As the molar
volume of solvent increases, the exchange of polymer segments
becomes difficult. It is well recognized that the solvent uptake
decreases with increase in reinforcement of filler particles in the
polymer matrix. The activation energy needed for the sorption
of large molecules is very high, which is the reason for a de-
crease in the solvent uptake.

Mechanism of sorption

The transport mechanism can be calculated using the equa-
tion [36].

log
Qt

Q∞
¼ logkþ nlogt ð3Þ

where Qt is the mole percent uptake of solvent, k is a constant,
which depends on the structural parameters and the interaction
between solvent and matrix, n represents the mode of trans-
port. On regression analysis, the value of n and k are obtained.
The transport is called Fickian, when the value of n = 0.5,
where the chain relaxation of the polymer chain is higher than
that of the rate of diffusion of the solvent. If n = 1, the mode of
transport is called non-Fickian, in which the penetration of the
solvent is higher than that of polymer chain relaxation [37]. In
this study, the value of n is in between 0.5 and 1, hence the
mode of transport is called anomalous. The anomalous mode
of transport can be due to: (1) the occurrence of a slow and
viscous polymer chain relaxation upon reinforcement with the
filler and (2) the coupling between Fickian and non-Fickian.
From the Table 3, it is found that the value of n is approaching
1, which means the transport mechanism changed anomalous
mode to non-Fickian mode [38]. The structural property of the
polymer is obtained from the value of k. It also provides an
idea about the interaction between a polymer matrix and pen-
etrant molecules. Nanocomposites have a lower value of k as

compared to the pure matrix, indicating the interaction be-
tween the solvent and the penetrant. A composite with 7 phr
ZnS showed the lowest k value, which is due to the uniform
distribution of nanoparticles in the polymer matrix.

Diffusion (D), sorption (S) and permeation (P)
coefficients

Table 4 summarizes the coefficient of diffusion, sorption, and
permeation of Cl-SBR ZnS nanocomposites in aromatic sol-
vents. The coefficient of diffusion is a kinetic parameter relat-
ed to the segmental motion of the polymer matrix, from which
the rate of diffusion can be evaluated. According to Fickian
law, the coefficient of diffusion can be calculated as the ratio
of the diffusing substance per unit area of cross-section to the
space gradient of the concentration using [39]

D ¼ π
hθ
4Q∞

� �2
ð4Þ

where h is the thickness of the polymer sample, θ is the slope of
the linear portion of the graphs of Qt against square root time.
The diffusion coefficient decreases with the loading of nano-
particles and the lowest value have obtained for composite with
7 phr of ZnS nanoparticles. The reduction of free volume by the
addition of the filler is due to the decrease in free volume within
the matrix and a better distribution of nanoparticles in the poly-
mer matrix. It is also seen that the diffusion coefficient values
decrease when going from benzene to xylene. Generally, high
activation energy is needed for large molecules to create free
volume in the polymer matrix [40].

Diffusivity and sorption govern the permeation of solvent
molecules into the polymer chain. The sorption coefficient can
be calculated as the ratio of mass of solvent at equilibrium
(Ms) to the mass of polymer sample (Mp), i.e., S =Ms/Mp.
Permeation coefficient (P) is obtained by multiplying sorption
and diffusion coefficients, i.e., P = DS. Permeation coefficient
provides an idea about the solvent permeated into the uniform
area of a polymer sample in one second. The coefficient of

Table 3 n and k values of
Cl-SBR/ZnS with different filler
loadings in aromatic solvents at
room temperature

Samples Benzene Toluene Xylene

n Kx102(min−1) n kx102(min−1) n Kx102(min−1)

CSZ0 0.54 0.16 0.63 0.12 0.72 0.11

CSZ3 0.57 0.14 0.69 0.11 0.79 0.09

CSZ5 0.62 0.12 0.76 0.09 0.83 0.07

CSZ7 0.79 0.04 0.89 0.05 0.96 0.03

CSZ10 0.73 0.09 0.84 0.07 0.89 0.05

CSZ15 0.71 0.11 0.81 0.08 0.87 0.06
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sorption, diffusion, and permeation of all the solvents through
nanocomposite with different contents of ZnS show a similar
trend as summarized in Table 4.

Effect of temperature on sorption behavior

The effect of temperature on diffusion studies is done at three
different temperatures, 27, 50 and 70 °C. Composite with 7
phr of ZnS is shown in Fig. 13. The sample CSZ7 (Cl-SBR/
7phr ZnS) has selected to study the effect of temperature on
benzene because it possesses the highest solvent resistance at
room temperature. The mol uptake increases as the tempera-
ture increases. This is due to: (1) the increase in free volume
inside the matrix and (2) the increase in the kinetic energy and
segmental motion of the polymer chain [41]. Using the values
of D and P in these three temperatures, the activation energy of
diffusion and permeation was calculated and summarized in
Table 5. According to Arrhenius equation

X ¼ X0exp
−EX

RT

� �
ð5Þ

where X is D or P, and X0 is D0 or P0 and Ex is the activation
energy of diffusion (ED) and permeation (EP). ED and EP cor-
respond to the slope of the straight lines obtained by plotting
log P and log D versus 1/T, respectively.

As the filler concentration and penetrant size increase, the
activation energy also increases. For larger molecules, more
space is needed to penetrate into the polymer matrix. The
higher amount of energy is required to create free voids within
the matrix and therefore the activation energy of diffusion and
permeation increases. In the present study, CSZ0 (pure matrix)
showed the lowest and CSZ7 (Cl-SBR with 7 phr of ZnS)
showed the highest value of EP and ED values. The activation
energies of diffusion and permeation are low at higher loading
of nanoparticles, and this mainly due to the agglomeration of
nanoparticles in the polymer.

Thermodynamic parameters

The thermodynamic properties such as enthalpy (ΔHs) and en-
tropy (ΔSs) of sorption can be calculated from the Van’t Hoff’s
relation [40]

logKs ¼ ΔSs
2:303R

−
ΔHs

2:303RT
ð6Þ

where Ks is equilibrium sorption constant, which is the ratio of
the number ofmoles of sorbed solvent at equilibrium to themass

Fig. 13 The mole uptake of 7 phr ZnS/ Cl-SBR at different temperatures
in benzene

Table 5 ED, and EP values of CSBR/ZnS nanocomposites in aro-
matic solvents

Samples Benzene Toluene Xylene

ED EP ED EP ED EP

CSZ0 6.24 5.26 6.42 5.28 6.67 5.46

CSZ3 6.34 5.29 6.53 5.34 6.79 5.54

CSZ5 6.48 5.32 6.64 5.47 6.89 5.63

CSZ7 6.64 5.57 6.79 5.64 6.99 5.72

CSZ10 6.59 5.54 6.76 5.59 6.96 5.68

CSZ15 6.53 5.49 6.69 5.56 6.91 5.65

Table 4 D, S and P values of Cl-SBR/ ZnS nanocomposites in aromatic solvents

Samples Diffusion coefficient
D × 105 (cm2/s)

Sorption coefficient
S (mol %)

Permeation coefficient
P × 105(cm2/s)

Benzene Toluene Xylene Benzene Toluene Xylene Benzene Toluene Xylene

CSZ0 1.72 1.61 1.38 1.18 1.13 1.09 2.03 1.81 1.50

CSZ3 1.57 1.51 1.32 1.15 1.09 1.06 1.81 1.64 1.39

CSZ5 1.48 1.39 1.27 1.11 1.06 1.02 1.64 1.47 1.29

CSZ7 1.15 1.13 1.07 1.04 1.01 0.92 1.19 1.14 0.98

CSZ10 1.37 1.24 1.19 1.09 1.04 0.97 1.49 1.28 1.15

CSZ15 1.39 1.29 1.21 1.11 1.05 0.99 1.54 1.35 1.19
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of the polymer sample. The values ofΔHs andΔSs are obtained
by regression analysis of log Ks against 1/T. The values of
ΔHsobtained from EP and ED (ΔH=EP-ED) values are in ac-
cordance with these values and are shown in Table 6. It can be
seen that all the samples show positive values ofΔHs, which is a
clear indication of endothermic sorption. The entropy changes in
all the samples are also positive, and are found to be decreasing
upon the increase of filler loading. At higher loading, an increase
in filler polymer contact occurs and causes a decrease in solvent
diffusion. The free energy of sorption (ΔGs) can be calculated
fromΔHs andΔSs values. The sample without the filler showed
the minimum free energy of diffusion and CSZ7 shows the
maximum ΔGs. It reveals that the diffusion of the matrix with-
out filler is more spontaneous on comparing with its composites,
that is, on adding the filler theΔGs values become less negative.
This is a clear indication of the increase in the tortuosity of
sorption through the polymer [42].

Conclusions

Cl-SBR/ZnS nanocomposites were prepared by a two-roll mill
mixing method with different loading of ZnS nanoparticles and
characterized by FTIR, UV, XRD, TEM, SEM, EDX, TGA,
and impedance analyzer. The interfacial interaction between
nanoparticles and Cl-SBR was confirmed from FTIR and UV
spectrum by the shift in the absorption peaks of the polymer
matrix. The XRD results indicated that the amorphous nature of
Cl-SBR was decreased with the addition of nanoparticles. The
TEM and SEM images revealed the presence of ZnS nanopar-
ticles which were uniformly distributed in the elastomer at 7 phr
loading. The attachment of ZnS nanoparticles in the chlorinated
SBR was confirmed from EDX analysis. The thermal stability
and flame retardancy were greatly enhanced with the addition
of ZnS nanoparticles. Maximum dielectric constant was ob-
served in samples with 7 phr of ZnS in Cl-SBR. Transport
behavior of sulfur vulcanized composites in benzene, toluene
and xylene were analyzed in the temperature range of 27 to
70 °C. Composite with 7 phr loading absorbed less solvent

and oils compared to those of other composites and with pure
Cl-SBR, indicating a better interaction between filler and rub-
ber. Transport properties such as diffusion coefficient, sorption
coefficient and permeation coefficient have been estimated with
respect to the loading of nanoparticles, nature of solvent and
temperature. Diffusion coefficient decreases regularly in the
order of xylene > toluene > benzene. The mechanism of diffu-
sion was found to be Fickian in nature for Cl-SBR, while in the
nanoparticles filled composites, it was anomalous.
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