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Introduction

Academic and industrial research works have paid
great energy and money to the fascinating field of
polymer nanocomposites. The main reason for this is
obviously the superior performance to weight ratio,
which is unique for these materials [1-3]. Polymers
reinforced with nanomaterial exhibited mechanical
strength, modulus, high thermal stability, improved
barrier properties and flame resistance [4-6]. They
offer superior performance and durability compared
to conventional composites. This wide range of
properties is determined by various factors of the
reinforcing filler, such as size, shape, surface mor-
phology and the effectiveness filler particles distri-
bution in the polymer matrix [7-9]. In other words,
the polymer-nanofiller interface plays the major role
in deciding these useful properties. The large inter-
facial area per unit volume and low weight will
impart the distinguished reinforcement of nanocom-
posites [10]. In the literature, much attention has been
focused on the electrical properties, namely the con-
ductivity and the dielectric properties [11-13]. Owing
to the requirement of the market for novel semicon-
ducting material with easy processability, polymeric
insulating material filled with electrically conducting
metal nanoparticles has gained much attraction in
recent years [14]. Researchers, in specific cases [15],
revealed that the electrical conductivity of the poly-
mer nanocomposites depends on nature of filler and
polymer, loading of filler, dispersion of filler and
crystallinity of nanoparticles. In this scenario, the use
of elastomers, which are of low modulus, easily
processable, curable and compliant, is most promis-
ing. Several polymers have been used for preparing
polymer nanocomposites such as natural rubber,
epoxidized natural rubber, SBR and chloroprene
rubber [16-19]. Among these, SBR is unique due to its
purely synthetic nature and resulting well-defined
properties and possibilities for further chemical
modification due to the unsaturation of the butadiene
repeating unit.

Styrene butadiene rubber (SBR) is widely
employed in the tire industry, healthcare products
and cables [20, 21]. Despite its high abrasion resis-
tance, SBR suffers from poor tensile strength, flame
retardancy and very low oil resistance. Research
focusing on the reinforcement of SBR with nanopar-
ticles also did not give fruitful results due to the poor
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mechanical properties resulting from the weak
interface formed between the elastomer and
nanoparticles. One of the many strategies to enhance
the interfacial interaction between SBR and nanofiller
is by the incorporation of the polar functional group
in the rubber. Our previous research showed that
chemically modified SBR (chlorinated SBR) has
excellent tensile strength, tear property and flame-
retardant behavior. Chlorination improved its oil
resistance superior to that of chloroprene rubber and
equal to that of nitrile rubber [22, 23].

Polymer nanocomposites can be prepared by many
methods such as solution mixing, melt mixing or by
using simple and efficient two-roll open mill mixer.
Solution mixing gives a uniform dispersion of nano-
filler in the elastomer matrix, but the occlusion of sol-
vent in the matrix reduces the glass transition
temperature of the nanocomposite, plasticizes the
sample and deteriorates its properties, so as to affect
health, thereby limiting industrial applications. The
problem with melt mixing is the possible rupture of the
polymer chain and the resulting reduction in molecu-
lar weight and degradation in the random mode.
Compared to these methods, simple two-roll mill
mixing method is relatively quick and easy and results
in a superior performance of the final product [24, 25].

In this study, we report the novel elastomer
nanocomposites based on chlorinated SBR and
MnWO,. A simple open two-roll mixing mill is used
for the preparation of the sample. The main objectives
of the present investigation are to analyze the effect of
MnWO, nanoparticles on the curing properties,
structural, morphological, thermal, mechanical and
electrical properties of the resulting nanocomposite.
This study is also focused on the effect of manganous
tungstate nanofiller on the absorption of ASTM oils
and on the transport of petroleum fuels through
vulcanized chlorinated SBR at different temperatures,
thus calculating the overall performance of the
nanocomposites. Also, the extent of reinforcement
has been correlated with a theoretical model.

Experimental
Materials and methods

Chloroform, manganous chloride, sodium tungstate,
sodium  hydroxide, isopropyl alcohol and
cetyltrimethylammonium bromide (CTAB) were
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purchased from Merck, India. The solvents like petrol
(mol wt 100), kerosene (mol wt 170) and diesel (mol
wt 230) were of reagent grade procured from Bharat
Petroleum Corporation Limited, India. SBR (Sy-
naprene 1502) was procured 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-benzothia-
zole sulfenamide (CBS), tetramethylthiuram disulfide
(TMTD), processing oil and sulfur were used for the
fabrication of CI-SBR/MnWO, composites. Oil resis-
tance of the vulcanized samples was tested by ASTM
oils No. 1, 2 and 3.

Preparation of chlorinated SBR

Chlorinated SBR with 15% chlorine content was
prepared from SBR by the situ reaction of chloroform
with aqueous caustic soda using phase transfer
catalysis (CTAB), as reported earlier [23]. Briefly, SBR
was dissolved in toluene, the phase transfer catalyst
(CTAB) was added to this, and the solution was
stirred well. To this, CHCl; was added dropwise
followed by an aqueous NaOH solution. The chlori-
nated SBR was separated from the solution by coag-
ulating it with isopropyl alcohol and dried.

Preparation of MnWO, nanoparticles

MnWO, nanoparticles were prepared by the chemi-
cal co-precipitation technique [26]. Equimolar ratios
of manganous chloride and sodium tungstate were
dissolved in distilled water separately. Then,
cetyltrimethylammonium bromide in aqueous solu-
tion was added to the manganous chloride solution
with constant stirring. Sodium tungstate solution was
added dropwise to the above mixture with continu-
ous stirring. The precipitated product was washed
with water several times and dried. The dried pow-
der was then calcined at 800 °C for 5 h.

Preparation of C1-SBR/MnWO,
nanocomposites

Chlorinated SBR/MnWO, nanocomposites were
prepared at room temperature by a mill mixing
technique. Compounding of CI-SBR with different
loadings of MnWO, nanoparticles [0, 3, 5,7, 10 and 15
parts per hundred parts rubber (phr)] was carried out
in an open two-roll mixing mill. The rotors operated
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at a friction ratio of 1:1.4. Rubber nanocomposites
were prepared by mixing rubber with 5.0 phr of ZnO,
2.0 phr of stearic acid, 1.0 phr of TDQ, 1. 2 phr of
CBS, 0.8 phr of TMTD and finally 2.2 phr of sulfur.
The vulcanization ingredients were added to the
rubber before the addition of the nanoparticles, and
finally, the sulfur was added. The compounding was
carried out at room temperature in accordance with
the ASTM D-15-627 (1994) method, with a special
attention to maintain the uniform distribution of
nanoparticles. Here we use the sample code as CSM,
is CI-SBR with no filler loading CSM;, CSM;s, CSMy,
CSM;y and CSM;5 are polymer composite with 3, 5,
10 and 15 phr of MnWO, nanoparticles.

Characterizations

X-ray diffraction studies of the nanocomposite sam-
ples were carried out using Rigaku MiniFlex 600
diffractometer. The XRD was recorded in terms of 20
in the range 10°-80°. The surface morphology of the
fabricated polymer nanocomposites was analyzed by
a Hitachi S-3000 H scanning electron microscope.
Differential scanning calorimetry (DSC) was done by
Mettler-Toledo DSC 22e at a heating rate of 10 °C/
min (atmosphere Ny; flow 40 ml/min). The alternat-
ing current (AC) and dielectric loss of the gum and
elastomeric nanocomposites were determined by a
fully automatic Hewlett-Packard LCR meter (HP:
4284A) from the frequency range of 10°-10°Hz.
Vulcanization properties were studied by a Monsanto
Rheometer R-100 at 150 °C according to ASTM D
2705. The rubbery materials were molded to their
respective optimum cure times in an electrically
heated (150 °C) hydraulic press at a pressure of
40 MPa. From the wvulcanized sheets, dumb-bell-
shaped and angle-shaped specimens were punched
out and the tensile strength and tear resistance of the
elastomer composite vulcanizates were carried out at
a crosshead speed of 500 mm/min using a Zwick
Universal Testing Machine (UTM) at room tempera-
ture as per the ASTM D 412-80 and ASTM D 624-81,
respectively. In this work, an average of five samples
was used to study the tensile and tear properties. The
hardness of the nanocomposite vulcanizate was
measured according to ASTM D 2240-95 using a
Shore A-type durometer. Using a Dunlop tripsome-
ter, the rebound resilience was measured as per the
ASTMD 1054. Heat buildup of the vulcanized sam-
ples was determined by Goodrich flexometer
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according to ASTM D 623. The abrasion resistance of
the samples was carried out in a DIN abrader
according to DIN 5351 standard. For oil resistance
studies, the vulcanized samples of MnWO,/chlori-
nated SBR composites were immersed in ASTM # 1, 2
and 3 oils at room temperature (25 °C). After 72 h of
oil immersion, the samples were taken out, dipped in
acetone and wiped off with filter paper to remove
excess oil from the surface. The oil uptake was
assessed gravimetrically. The solvent imbibing and
transport mechanism of Cl-SBR/MnWOQO, nanocom-
posites were carried out by cutting the circular-
shaped samples from the vulcanized sheets. The
thickness of the samples was measured using a screw
gauge, and the weighed samples were immersed in
different hydrocarbon solvents like petrol, diesel and
kerosene taken in the diffusion bottles. Weigh the
samples in particular time intervals and again put in
the solvents. The weighing of the sample was con-
tinued up to equilibrium weight obtained. These
studies were carried out at different temperatures at
which nanocomposite samples are expected to serve
in service life. The diffusion experiments were con-
ducted duplicates or triplicates in most cases, and the
standard deviation was within 4 0.08-0.1 mole per-
centage (mol%).

Results and discussion
X-ray diffraction analysis (XRD)

X-ray diffraction patterns of MnWO,, CI-SBR and ClI-
SBR/MnWO, nanocomposites are displayed in
Fig. 1. Many crystalline peaks of MnWO, are
observed from the XRD which corresponds to mon-
oclinic wolframite tungstate structure, and this is
consistent with values taken from the literature [27]
(JCPDS Card Number: 80-0133). The average crys-
tallite size of MnWQO, powder has been estimated
automatically from corresponding XRD data using
Scherrer formula, D = 0.94//f cosf, and the average
crystallite size is 28 nm. The XRD pattern of CI-SBR
shows the broad peak centered at 20 = 21.2° indicat-
ing the amorphous nature of the polymer and a weak
XRD peak at 20 = 29.36° associated with the crys-
talline unit of the CI-SBR. The prepared CI-SBR/
MnWO, composite contains most of the diffraction
peaks of MnWO, and CI-SBR. It is clear from the
figures that the amorphous nature of CI-SBR has
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decreased with the addition of MnWO, nanoparti-
cles. In addition to this, it can be seen from a com-
parison of nanocomposite with the CI-SBR that the
diffraction peak of MnWOy in the polymer matrix is
slightly shifted from lower diffraction angle to higher
one. This indicates the structural changes of com-
posites by the interaction of elastomer with the
nanoparticles, and these results are in good agree-
ment with the previous studies [28, 29].

Scanning electron microscopy (SEM)

The degree of MnWO, nanoparticles dispersion in Cl-
SBR with its varying loadings is examined by SEM,
and images are given in Fig. 2. From Fig. 2a, it can be
seen that the SEM image of CI-SBR presents a weak
matrix with some irregular shape and domain size of
the elastomer. This irregular morphology of CI-SBR is
totally changing with the addition of 7-phr MnWO,
nanofiller (Fig. 2b). It can be deduced that insertion of
MnWO, imparts uniform dispersion of nanoparticles
in the polymer matrix. The uniform nature of the
composite is due to the strong intermolecular inter-
action between MnWOQO, nanoparticles and the CI-SBR
chain. As shown in Fig. 2c, at higher loading of
MnWO, (15 phr), the uniform morphology of
nanocomposite changes its characteristics to a highly
branched and interlinked morphology with slight
agglomeration of nanoparticles.

Differential scanning calorimetry (DSC)

Glass transition temperature (T,;) obtained from DSC
analysis is important in deciding the range of service
temperature of polymeric materials and is used for
evaluating the flexibility of a polymer molecule. The
DSC thermograms of CI-SBR and CI-SBR with dif-
ferent contents of MnWQO, nanoparticles are given in
Fig. 3. All the samples show two glass transition
temperatures. The first thermal transition observed at
— 53 °C is attributing to the glass transition temper-
ature of SBR, and second T appearing at — 35.1 °C is
assigned to the chlorinated segment of SBR [22].
Chlorinated moieties in SBR have lower flexibility,
and this causes an increase in Tg of SBR from — 53 to
— 35.1 °C. It is well recognized that the T, of polymer
composite depends on the overall flexibility of the
chains resulting from the interfacial interactions
between the nanofiller and the polymer, crystallinity
and polarity of filler particles. It is clear from the
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Figure 1 XRD pattern of MnWOQ,, CI-SBR and different contents of MnWO,/CI-SBR.

figure that the glass transition temperatures of all
nanocomposites are higher than that of pure CI-SBR.
This confirms the reduced flexibility of Cl-SBR chains
resulting from its reinforcement by MnWO,
nanoparticles. The composites with 5, 10 and 15 phr
samples showed the T, at — 339, — 328 and
— 29.39 °C, respectively. The rise in Ty of nanocom-
posites is due to the strong intermolecular interac-
tions between the nanoparticles and the polymer
chains. At higher loading, the segmental movement
of polymer chains is restricted, which causes an
enhancement in the Ty of polymer composites [30]. It
is important to mention here that the loading of
nanoparticles does not affect the glass transition
temperature of SBR units at — 53 °C. This suggests
that the efficient interfacial interaction is taking place
between the chlorinated polar units of SBR with
MnWOQO,.

Cure characteristics

The cure characteristics of the different CI-SBR/
MnWO, nanocomposites are shown in Table 1. The
minimum torque value M; is considered as the
measure of viscosity resulting from the filler content
in the polymer matrix. It is always expected to
increase with the loading of nanoparticles, and the
same observation can be seen here [26]. The maxi-
mum torque value (Mpy) is the measure of the com-
bined effect of physical reinforcement of filler in
polymer and the cross-link density of the vulcanizate
[31]. It can be seen that both maximum and minimum
torque values of the uncured CI-SBR/MnWOQO, com-
posites increase with the loading of nanoparticle up
to 7 phr. This indicates the maximum polymer filler
adhesion at 7-phr loading of nanofiller, due to strong
intermolecular interactions. The decrease in
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Figure 2 SEM images of a CI-SBR, b CI-SBR with 7 phr and ¢ 15-phr MnWO, nanoparticles.
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Figure 3 DSC thermograms of CI-SBR and CI-SBR with
different contents of MnWOQ,.

rheometric torques with further loading is attributed
to the diluent effect and agglomeration of nanopar-
ticles resulting in poor cross-links between the Cl-
SBR and MnWOQ, nanoparticles. Scorch time is the
time required for the torque value to increase by 5
units above the minimum torque value, and it is a
direct measure of the scorch (premature vulcaniza-
tion time) safety of the nanocomposite samples. The
optimum cure time tg9y is the time for the
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vulcanization form 90% of the cross-links to get better
physical properties. It can be seen from the table that
both scorch and optimum cure time decrease regu-
larly with an increase in the concentration of MnWO,
nanoparticles. This is because of the dual role of
metal nanoparticles primarily as co-activators and
secondarily facilitating the heat transfer in the system
creating more interaction with the curing agent.
These factors ultimately lead to better cross-linking in
the CI-SBR matrix. The reduction in optimum cure
time is advantageous because it can enhance the
production rate of articles made from these elastomer
nanocomposites.

Mechanical properties

The incorporation of nanoparticles into a weak elas-
tomer matrix such as SBR is a highly effective tech-
nique to improve its mechanical properties. The
tensile strength, modulus, elongation at break, tear
resistance, hardness, abrasion loss, resilience and
heat buildup of CI-SBR with different loadings of
MnWO, nanoparticles are given in Table 2. The ten-
sile properties of polymer/nanofiller vulcanizates
depend on several factors such as the uniform dis-
persion of nanoparticles, the compatibility between
filler and polymer, polarity and crystalline nature of
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Table 1 Processing characteristics of CI-SBR and CI-SBR with different loadings of MnWO, nanofiller

Sample code Cure time, foo (min) Scorch time, ¢, (min)

Maximum torque, My (dNm) Minimum torque, M; (dNm)

CSM, 14 4.0

CSM; 12.7 3.82
CSM; 11.8 3.60
CSM, 11.0 3.48
CSMo 10.0 3.29
CSM; 5 9.2 3.05

34 9.25
36.5 10.2
404 11.3
45.0 12.2
43.6 11.6
42.8 10.3

fillers [32]. For CI-SBR/MnWO, nanocomposites,
tensile strength, modulus at 300% and tear resistance
increased with the increase in the concentration of
MnWO, reaching the maximum value up to 7-phr
loading. Further addition of nanofillers reduces these
values. The higher tensile, tear and modulus values
at 7-phr loading of MnWO, are due to the uniform
dispersion of the nanofiller and the strong interaction
of nanoparticles with the elastomeric chains. The
optimization of interaction between the chlorinated
moieties in CI-SBR and MnWO, filler particles brings
excellent compatibility between the chain segments
and nanoparticles. The decrease in tensile and tear
properties beyond 7-phr loading is due to the com-
bined influence of the clustering tendency and a
possible dilution effect. These results are in good
agreement with several reported works [33-35]. The
force applied to pull the vulcanizate apart is mea-
sured to determine the elongation at break (EB), and
the values of EB are given in Table 2. The EB
decreases with the addition of nanoparticles in all the
systems, and it is well recognized that the decreased
EB is an indication of the higher reinforcement of
nanoparticles in the polymer matrix [36]. Shore
hardness becomes an important property when the

surface property of nanocomposite becomes relevant.
The hardness of the CI-SBR/MnWO, nanocomposite
is also given in Table 2. It shows a progressive
increase in hardness of compound with the loading
of nanoparticles. This is usual to expect from the
addition of a high modulus material to a low mod-
ulus material such as CI-SBR. Abrasion resistance is
the material property to prevent the rubbing or
scraping that tends to remove material from its sur-
face, and the abrasion resistance value of elastomeric
composite is given in Table 2. Nanoparticles incor-
porated polymer has lower abrasion loss than the
pure CI-SBR. Rebound resilience is the compound
ability to retain its original dimensions and shape
after temporary deformation. Resilience values of Cl-
SBR with different loading MnWO, filler are given in
Table 2. The resilience decreases with the loading of
nanoparticles as expected. Heat buildup is the
increase in temperature of the specimen when it is
subjected to an oscillating compressive stress cycle in
a controlled environment. The heat buildup values of
CI-SBR and CI-SBR/MnWO,; nanocomposites are
shown in Table 2. The heat buildup of composite

Table 2 Mechanical
properties of CI-SBR and CI-
SBR with various contents of
MnWO, nanoparticles

increases with the increase in loading of

Properties Loading of MnWO, nanoparticles (phr)

0 3 5 7 10 15
Tensile strength (MPa) 7.45 9.66 13.21 18.01 16.34 13.02
Elongation @ break (%) 398 366 348 335 319 292
Modulus (300%) 2.44 3.16 5.72 8.02 7.69 6.51
Tear strength (kN/m) 27.3 29.3 329 37.0 359 34.4
Hardness (Shore A) 35 36 37 38 41 43
Heat buildup (°C) 12.3 13.0 14.4 15.5 16.6 17.0
Compression set (%) 12.6 13.8 15.1 15.5 15.1 14.3
Abrasion loss (mm?) 77.0 76.1 75.6 75.2 74.7 74.0
Resilience (%) 36.3 347 31.9 29.6 28.1 26.5
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nanoparticles due to more extensive cross-linking
achieved through better thermal conductivity.

Oil resistance

Fuel and oil-resistant elastomeric compounds and
nanocomposites are promising materials for auto-
motive industry. Without coming in contact with
fuels, greases and oils, the life cycle of an automotive
product will not be completed. The solvent and oil
resistance properties are inherent rubbers containing
polar functional groups. These include chloroprene,
chlorinated SBR and NBR. The oil resistance (ASTM
oil # 1, 2 and 3) shown by CI-SBR and its nanocom-
posites at various temperatures are given in Fig. 4.
All the composite shows higher oil resistance values
than the CI-SBR control sample. Among the
nanocomposites, vulcanizate containing 7-phr
MnWOQO, nanofiller shows the maximum oil resistance
at 25 and at 100 °C. Various factors such as the elec-
tro-negativity of rubber compounds, cross-link den-
sity and crystallinity play an important role in
deciding the oil resistance of samples [22]. The higher
oil resistance of nanocomposite in the present study
is due to the uniform dispersion of crystalline
MnWO, particles. The clustering of nanoparticles in
CI-SBR matrix beyond 7 phr decreases cross-link
density of the polymer matrix. The oil resistance of all
the samples decreases with increasing temperatures
due to easy penetration of oil into the thermally
relaxed polymeric matrix. It is clear from the

%0 EEOil -1 at RT
@ Oil -2 at RT
3 0il-3atRT
B Oil -1 at 100°C
[CJoil -2 at 100°C
[ Oil -3 at 100°C

40

30

20

Percentage swelling (%)

104

CM(0) CM(3) CM(5) CM(7)
Loading of MnWO, (phr)

CM(15)

Figure 4 Oil resistance of CI-SBR with different contents of
MnWO4.
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figure that the penetration of oil is more pronounced
in ASTM oil # 3 than oil # 1 and oil # 2. This is because
the aniline point of ASTM oil # 3 is significantly
lower, and therefore, it diffuses more easily into the
nanocomposites.

AC conductivity studies

In certain uses such as electrical insulation of
household items using polymer, polymer blend or
composites, the polymer material needs to withstand
only low-frequency AC. However, if the polymer
needs to be used for insulating high frequency for
example, as in radars, different polymers such as
polyethylene must be employed. Therefore, the
variation of AC conductivity as a function of fre-
quency deserves much importance. Also during ser-
vice, polymeric materials may have to perform under
various frequencies. Figure 5 represents the fre-
quency dependence of alternating current (AC) con-
ductivity of CI-SBR and CI-SBR/MnWO,
nanocomposites with different filler loadings. The
conductivity shows an increase in trend with an
increasing frequency for all the samples. It is clear
that the conductivity of nanocomposites is greater
than that of pure CI-SBR. The randomly oriented
macromolecular chains of CI-SBR (confirmed from
XRD) provide a poor compactness of the polymer,
leading to its low conductivity. The conduction
mechanism of polymer composite normally occurs in
two ways: (1) tunneling effect between the conduc-
tive fillers separated by the polymer layer and (2)

-8.0 -
—a— CI|-SBR

—O—CI-SBR/ 3 phr MnWO,
i CI-SBR/ 5 phr MnWO,
904 —¥—CI-SBR/7 phr MnWO,

-8.5 4

'g | —%—CI-SBR/ 10 phr MnWO4
S s CI-SBR / 15 phr MnWO,
e -10.0 4

o

°

105 4 WVYVWHN
SEBLLH

-11.0

115 pmmm - —

4
Log F (Hz)

Figure 5 AC conductivity of CI-SBR and CI-SBR/MnWO,4
nanoparticles.
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through the flow of electrons through the conductive
network. In the present study, the tunneling mecha-
nism is the major factor affecting the conductivity of
the elastomeric materials and these results are in
accordance with the earlier study [37]. Moreover,
uniform dispersion of nanoparticles in the polymer
and the interfacial polarization between the
nanoparticles and polymer chain are also affecting
the electrical conductivity of polymer composites.
Also, the conductivity increases with the loading of
nanoparticles up to 7-phr loading. The higher con-
ductivity of nanocomposite at 7-phr loading is due to
the strong intermolecular interaction between the
nanoparticles and the chlorinated segments of SBR.
Due to these strong interactions, the crystalline
MnWOQO, imparts a structural order in the composites,
thereby leading to a higher conductivity. As the
loading of nanoparticles increased above 7 phr, the
AC conductivity of nanocomposite is found to be
decreasing. At higher loading, the nanoparticles are
oriented irregularly making the linkage between the
polymer matrixes very poor which leads to poor
conductivity. This is clear from the SEM photographs
presented earlier.

Dielectric loss tangent (Tan 6)

The amount of dissipated energy or the electrical loss
by an insulating material when a voltage is applied to
the material can be represented by means of dielectric
loss factor (Tan 0¢). Usually, this occurs due to two
main reasons such as relaxation effect and resonance.
The variation of dielectric loss as a function of fre-
quency for CI-SBR and Cl-SBR/MnWO, nanocom-
posites at room temperature is shown in Fig. 6. It has
been observed that the values of Tan ¢ decrease in the
low frequency region from 10® to 10* Hz and remain
constant for all the composites up to the applied
frequency above 10* Hz. Generally, more energy is
required for the polarization of grain boundaries at a
lower frequency and therefore the energy loss is
higher for the composite materials [38]. However, the
polarization between the grain boundaries is mini-
mum at higher frequencies which lower the Tan §
values. It can be seen from the figure that the tangent
loss increases with the loading of nanoparticles up to
7-phr loading due to the strong interaction between
the polymer and the nanoparticles. Generally, the
maximum tangent loss (Tan 6) occurred when the
migration and accumulation of charge carriers are
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Figure 6 Dieclectric loss tangent plots of CI-SBR and CI-SBR
MnWO, nanocomposite.

maximum at the interface between nanofiller and the
polymer matrix. Nanoparticles undergo agglomera-
tions at higher loading (above 7 phr), which resist the
migration and accumulation of charge carriers lead-
ing to a poor interfacial polarization. Therefore, the
dielectric loss tangent decreases at higher loading of
fillers.

Diffusion studies

The sorption results were expressed as mol percent-
age uptake of solvents by 100 grams of sample (Q;
mol%)

Q¢ (mol%)

mass of solvent sorbed /molecular weight of penetrant

initial weight of polymer sample
x 100

(1)

The effect of filler contents on swelling properties
of CI-S5BR and CI-SBR/MnWO, in petrol at 27 °C is
shown in Fig. 7. It can be seen that all the plots are
sigmoidal in nature signifying the initial high uptake
of the solvent followed by the slow uptake that
slowly reaches the equilibrium. As the filler concen-
tration increases, the solvent uptake decreases as
expected from the reinforcement [39]. The composite
with 7 phr of MnWOQO, possesses very low rate of
uptake. The free volume inside the CI-SBR matrix
decreases with the addition of nanoparticles; hence,
the mobility of solvent inside the polymer chain is
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restricted and this decreases the mol uptake [40]. At a
higher loading of nanoparticles above (7 phr), the
solvent uptake increases due to agglomeration of
MnWOQO,. All the curves at room temperature, in
petrol, diesel and kerosene show the same trends.

The effect of solvent on sorption mainly depends
on the structure, molecular weight and polarity of
solvent molecules. Figure 8 shows the effect of vari-
ous solvents such as petrol, diesel and kerosene in the
uptake of CI-SBR/7 phr MnWO,. It is clear that the
solvent uptake decreases with increasing the size of
the penetrant molecules, i.e., from petrol to diesel
solvent uptake decreases. This can be explained on
the basis of free volume theory, according to which
the diffusion [41] rate of penetrant molecules
depends on the ability of polymer segments to
exchange their voids to the penetrant molecules.
Owing to the presence of reinforcing fillers, the
exchange of positions in the macromolecular chain
becomes very difficult for large penetrant molecules
which agree with many previous studies [42—44].

The increase in temperature as expected can
enhance the solvent uptake. Figure 9 shows the effect
of temperature on mol uptake of petrol at 27, 40 and
50 °C, respectively. The composite having maximum
solvent-resistant property (7 phr of filler) is selected
to analyze the effect of temperature. An increase in
solvent uptake with the increase in temperature can
be observed; it is due to the gain in kinetic energy of
polymer chain, which causes increased segmental
mobility of matrix.
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Figure 7 Sorption curves of CI-SBR/MnWO, nanocomposite
through petrol at room temperature.
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Figure 8 Solvent uptake of CI-SBR with 7 phr of MnWO, in
different industrial solvents.

Extent of reinforcement by theoretical
modeling

The extent of reinforcement of fillers in the compos-
ites can be calculated by using Lorentz and Park
equation [45]

Q
Qe

where Q¢ and Q, denote the amount of the solvent
sorbed by the nanocomposite and the pure sample,
z denotes the weight of filler per unit weight of the
matrix, and a and b are the constant. The Q;/Q, of
samples is investigated using petrol as the solvent,

=ae *+b (2)
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Figure 9 The mol uptake of CI-SBR and SBR with 7 phr of
MnWOy in petrol at different temperature.
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and the ratios reflect the restriction of samples
toward solvents. The ratio directly related to the
extent of reinforcement and the solvent resistance of
the sample. From Fig. 10, it is clear that on plotting
Qf/ Qg versus filler loading, the ratio decreases with
increase in the amount of MnWOQO, nanoparticles. The
sample with 7-phr nanoparticles shows the lowest
value of Q/Q,, indicating the strong matrix-filler
interaction. The sample containing the lower amount
of filler shows higher ratio indicates its poor matrix
filler interaction.

Diffusion coefficient (D)

The kinetic parameter of the solvent sorption, the
diffusion coefficient, D, is influenced by many factors
such as segmental mobility of polymer matrix, nature
of penetrant and amount of filler. It can be calculated
using the equation [46]

D= n<£)2 (2)

where ‘i’ indicates the thickness of the sample, ‘0’ is
the slope of the initial linear portion of the curve
which is obtained on plotting Q; versus square root
time, and ‘Q..” is the equilibrium absorption. From
Table 3, it is seen that the D values decrease with the
increase in the amount of MnWO, nanofiller. Upon
the addition of nanofillers to CIl-SBR matrix, the
compactness of the sample increases, and the
improvement in interfacial interaction between the
polymer and filler restricts the local movement of
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Loading of MnWO, (phr)

Figure 10 The extent of reinforcement of the composite using
Lorentz and Park equation.
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polymer chains. This reduces the equilibrium uptake,
and hence, diffusion coefficient decreases with the
increase in filler loading [47]. The CI-SBR/7 phr
MnWO, nanocomposite has the minimum solvent
uptake and hence the minimum D value due to the
strong and effective interaction between CI-SBR
matrix and MnWOy nanofiller. Diffusion coefficient
also shows the variation in the nature of solvents, i.e.,
petrol has maximum and diesel has the least pene-
trating effect. The decrease in D values in accordance
with the molar volume of solvents can be explained
on the basis of free volume theory. For large mole-
cules, higher activation energy is needed for the
exchange of voids in between the macromolecular
chain of CI-SBR and selected solvent [48].

Sorption coefficient (S)

The sorption coefficient S is calculated from the
equation [49]

S=—= 3)

here W, is the mass of the penetrant at equilibrium
point and W, is the weight of CI-SBR used for the
diffusion study. The sorption coefficient also registers
a decrease with the addition of MnWO, nanoparti-
cles, and the composite containing 7 phr of filler
shows the minimum value of sorption coefficient.
From Table 3, it is clear that the sorption coefficient
shows the same trend as that of diffusion coefficients
in petroleum fuels.

Permeation coefficient (P)

The amount of solvent permeated through the unit
area of polymer matrix per second is the permeation
coefficient. It signifies the solvent transport through
successive layers in a polymer sample. It is obtained
by the multiplication of sorption coefficient and dif-
fusion coefficient. Table 3 depicts the decrease in
permeation coefficient values with increasing the
MnWO, nanofiller loading. Mathematically, this is
due to the decrease in D and the physical reason is
the restriction to the permeation process of the sol-
vent created by a strong interface in filled CIl-SBR
samples. The composite containing 7 phr of MnWO,
and the gum sample (CI-SBR without filler) exhibits
the minimum and maximum permeation coefficients,
respectively.
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Table 3 D, S and P values of CI-SBR and CI-SBR/MnWO, nanocomposites

J Mater Sci (2018) 53:9861-9876

Samples  Diffusion coefficient D x 10> (cm%/s) Sorption coefficient S (mol%) Permeation coefficient P x 10°(cm?/s)
Petrol Kerosene Diesel Petrol Kerosene Diesel Petrol Kerosene Diesel
CSM, 1.46 1.41 1.32 1.15 1.12 1.09 1.68 1.58 1.44
CSM; 1.41 1.37 1.22 1.12 1.07 1.06 1.58 1.47 1.29
CSM; 1.35 1.32 1.18 1.08 1.03 1.01 1.46 1.35 1.19
CSM, 1.21 1.19 1.08 1.01 0.91 0.86 1.22 1.08 0.93
CSMi 1.25 1.23 1.14 1.05 0.96 0.89 1.31 1.18 1.01
CSM;5 1.27 1.25 1.16 1.06 0.99 0.92 1.34 1.23 1.06

Activation energy of diffusion (Ep)
and permeation (Ep)

The activation energy of diffusion and permeation
can be calculated from the Arrhenius equation

X = Xoe EVRT (4)

The values of D or P obtained at 27, 40 and 50 °C
are substituted instead of X to get enthalpy of diffu-
sion or permeation, respectively. In order to take
place diffusion or permeation of solvents, there
should be free volume inside the matrix, or a diffu-
sional jump occurs in the presence of free voids
inside the matrix [50]. It requires high activation
energy and is obtained from the slopes of the curve
plotted as log D versus 1/T. From Table 4, the Ep and
Ep values are found increasing in accordance with
the filler loading and penetrant size. Due to the large
molecular size diesel requires more activation energy
to penetrate. The free volume of the polymer
decreases with increasing the filler content due to
high compactness which results in higher activation
energy. From the table, it is clear that the CI-SBR
without filler has the minimum activation energy of
diffusion and permeation, and the composite with
7 phr of MnWO, shows highest activation energy.
There is a decrease in activation energy upon further
addition of nanoparticles beyond 7 phr.

Thermodynamic parameters

Enthalpy (AH,) and entropy (ASs) of sorption of
petroleum fuels in MnWO,-filled CI-SBR composites
have been studied using the equilibrium sorption
constant (K), which is obtained by dividing the
number of moles of solvent sorbed at equilibrium
with the weight of the polymer sample. Thus,

@ Springer

Table 4 Ep and Ep values of CI-SBR and CI-SBR/MnWO,
nanocomposites

Samples Petrol Kerosene Diesel
ED Ep ED EP ED EP

CSM, 6.52 5.29 6.64 5.38 6.82 5.52
CSM; 6.58 5.34 6.69 5.43 6.94 5.58
CSM; 6.73 5.41 6.77 5.49 6.99 5.63
CSM;, 6.92 5.59 7.08 5.69 7.23 5.77
CSMi, 6.81 5.47 6.89 5.56 7.12 5.71
CSM;5 6.77 5.45 6.81 5.51 7.08 5.67

substituting the values of K, in Van't Hoff’s equation
the enthalpy and entropy of sorption can be calcu-
lated as [51]

AS; AH,
02K = 3303k ~ 2.303RT ®)
Plots of log K against 1/T give a straight line where
the slopes and intercept yield AHg and AS,, respec-
tively. These values are shown in Table 5. All the
composites in three solvents show an endothermic
enthalpy change (positive AH,). The enthalpy change
increases from petrol to diesel, and the results
obtained are in good agreement with the values
obtained from Ep and Ep (AH = Ep — Ep). The
entropy change of diffusion is also found positive,
and on increasing filler loading the entropy change
decreases. The composite filled with 7 phr of MnWO,
has strong interfacial interaction between polymer
and filler; hence, it shows minimum entropy. By
using the values of AH; and AS; the Gibbs free energy
can be calculated (AGs = AHg — TASy). It is found
that the free energy of diffusion enhanced by
increasing the amount of MnWOy,; hence, the CI-SBR
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without filler and with 7 phr of filler shows the
minimum and maximum free energy of sorption. The
values obtained reveal the fact that the spontaneity in
the diffusion solvent decreases upon reinforcement
with nanoparticles [52].

Transport mechanism

The mechanism of transport can be calculated from
the equation [53]

Qo
Qwe

where Q; and Q. are the mol uptake of solvents at
time ¢ and at the equilibrium. The polymer—solvent
relationship can be investigated by using the constant
k which depends on the structural characteristics of
the polymeric material and is given in Table 6. The
value of n indicates the mode of transport, and when
the value of n is 0.5, mode of transport is said to be
Fickian; if it is in between 0.5 and 1, then it is in
anomalous mode. It may be due to the coupling of
Fickian and non-Fickian mode of transport [54]. Here
reinforcement of CI-SBR matrix with nanoparticles
makes the chain relaxation very slow due to the high
viscosity of the system. Hence, the mode of transport
becomes anomalous as indicated by ‘n’ values in
Table 6. It is very clear from Table 6 that the struc-
tural parameter k is decreased with increase in
MnWO, nanofiller loading which is a clear evidence
for reinforcement and this result is in accordance
with our previous study [55]. From the k values
obtained, we can see that in the presence of
nanoparticles the solvent matrix interaction becomes
very weak as compared to the pure CI-5BR matrix.
The lowest value of k is shown by the composite with
7 phr of MnWO, nanoparticles which can be a strong
support for uniform distribution of nanoparticles.
This is supported by SEM micrographs also. It also

log =logk + nlogt (6)

Table 5 AH, AS and AG of
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ensures the compactness of the samples upon rein-
forcement. Owing to the same reason, the values of k
decrease with increasing the molar mass of the sol-
vents [56]. In the present study, petrol shows the
maximum and diesel shows the minimum value of k.

Conclusions

Chlorinated styrene butadiene rubber with different
contents of MnWQO, nanocomposites was prepared
by a simple two-roll mill mixing. The curing behav-
ior, mechanical, thermal, electrical, oil resistance,
solvent sorption and transport properties of CI-SBR/
MnWO, nanocomposite vulcanizates were analyzed
with respect to the different loading of nanofillers.
The addition of nanofiller to CI-SBR reduces the
amorphous nature of CI-SBR. The increased com-
pactness of or reduced flexibility of the samples
increased the glass transition temperature of CI-SBR
from — 35 to — 29 °C. The reduction in optimum cure
time of CI-SBR noted with the increasing loading of
nanoparticles proved to be beneficial to enhance the
production rate of articles using these compositions.
The improved tensile strength, modulus and tear
strength values with the loading of nanoparticles up
to 7 phr were attributed to the formation of a strong
interface with the large interfacial area. The uniform
distribution of nanoparticles in CI-SBR matrix (7-phr
loading) was evident from SEM analysis. In addition,
the electrical conductivity was also found to be
highest at this loading, thus opening the possibility to
use these materials as future semiconducting mate-
rials with easy processability. The studies based on
the absorption of ASTM oils as well as petroleum
fuels support the excellent reinforcement of CI-SBR
matrix at 7-phr loading of MnWO, particles, mean-
while reflecting the reduced absorption of solvent
with higher molecular weight and size. Overall, an

CI-SBR and CI-SBR/MnWO, ~ Samples  AH AS AG

nanocomposites Petrol Kerosene Diesel Petrol Kerosene Diesel Petrol Kerosene Diesel
CSM, 1.24 1.29 1.36 0.051 0.046 0.037 14.06 12.51 9.74
CSM3 1.27 1.36 1.47 0.048 0.037 0.031 13.13 9.74 7.83
CSM; 1.32 1.43 1.52 0.042  0.032 0.025  11.28 8.17 5.98
CSM; 1.54 1.69 1.73 0.021  0.018 0.012 4.76 3.44 1.87
CSM; 1.44 1.56 1.66 0.032 0.024 0.019 8.16 5.64 4.04
CSM, 5 1.39 1.51 1.62 0.039  0.029 0.021 10.31 7.19 4.68
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Table 6 7 and k values of CI-

J Mater Sci (2018) 53:9861-9876

SBR and CI-SBR/MnWO, Samples Petrol Kerosene Diesel
nanocomposites n kx 102 (min™")  n kx 10 (min™")  n k x 10? (min™")
CSM, 0.75 0.22 0.76 0.21 0.82 0.19
CSM; 0.77 0.21 0.83 0.19 0.86 0.18
CSM; 0.78 0.18 0.81 0.17 0.89 0.16
CSM, 0.78 0.16 0.87 0.14 0.94 0.12
CSM; 0.73 0.17 0.86 0.16 0.93 0.14
CSM;5 0.75 0.18 0.79 0.17 0.92 0.15

anomalous diffusion mechanism was revealed from
the study of solvent transport in CI-SBR and its
nanocomposites. The Lorentz and Park model sup-
ports the high reinforcing ability of MnWO,
nanoparticles in CI-SBR, and the extent of reinforce-
ment was higher in 7-phr composite.
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