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ABSTRACT: A novel organomodified montmorillonite
prepared by solid-state method and its nanocomposites
with natural rubber were studied. The nanocomposites
were prepared by traditional rubber mixing and vulcaniz-
ing process. The properties of solid-state organomodified
montmorillonite were investigated by Fourier-transform
infrared spectroscopy (FITR) and thermogravimetric analy-
sis (TGA). The dispersion of the layered silicate in rubber
matrix was characterized by X-ray diffraction (XRD) and
transmission electron microscopy (TEM). The results
showed that the nanocomposites consisting of solid-state
organomodified montmorillonite and natural rubber are
obtained. The solid-state organomodified montmorillonite
can not only accelerate the curing process, but also improve

the mechanical and aging resistance properties of NR.
The properties improvement caused by the fillers are
attributed to partial intercalation of the organophilic clay
by NR macromolecules. In addition, the dynamic mech-
anical analysis (DMA) results showed a decrease of
tandmax and increase of Tg when the organoclay is added
to the rubber matrix, which is due to the confinement of
the macromolecular segments into the organoclay nano-
layers and the strong interaction between the filler and
rubber matrix. � 2007 Wiley Periodicals, Inc. J Appl Polym Sci
107: 2786–2792, 2008
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INTRODUCTION

Polymer–clay nanocomposites are a rapidly develop-
ing class of composites, which is defined as mole-
cular composites of polymer and organophilic silicate
layers of clay mineral. Since Toyota group showed a
considerable enhancement of properties of nylon by
incorporating layered silicates, these polymer–clay
nanocomposites have recently aroused a significant
amount of interests from polymer scientists because
of the mutual interaction between the polymer and
clay, which afford interesting physical properties.1

The dispersion of small amount of clay in the poly-
mer matrix can impart radical improvement in
mechanical properties, solvent resistance, ionic con-
ductivity, flammability resistance, gas barrier proper-
ties, and biodegradability of polymers. Numerous
researchers have already worked on polymer–clay
nanocomposites based on a variety of polymers,
namely nylon,2,3 polypropylene,4,5 polyethylene,6,7

polystyrene,8,9 epoxy resin,10,11 polymethylmethacry-
late,12,13 polyurethane,14,15 natural rubber,16,17 styrene
butadiene rubber,18,19 epoxidized rubber,20 ethylene–
propylene–diene rubber,21 etc.

Montmorillonite, hectorite, and saponite are the
most commonly used layered silicates. These kinds
of clay are characterized by a moderate negative
surface charge, which is known as the cation ex-
change capacity (CEC). To confer these hydrophilic
clay more organophilic, the hydrated cations of the
interlayers can be exchanged with cationic surfac-
tants such as alkylammonium or alkylphosphonium.
When the exchangeable cations are ion-exchanged
with organic cations, which usually results in a
larger interlayer spacing and the organophilic modi-
fied clay, the surface energy of the clay is lowered
and become more compatible with organic polymers.
Therefore, the key to prepare polymer–clay nanocom-
posites is the organic modification of clay. Unfortu-
nately, the literature survey showed that most clay is
organically modified with long chain cation sur-
factant in solution state. The modification process
is complex and organophilic clay is expensive, so
it is difficult to apply in industry, which forced
researchers to have a look at alternative methods. If
a novel and cheap modifier is used to modify the
layered silicate in solid state, it will be advantageous
to the industrialization of polymer–clay nanocompo-
sites. Accordingly, in this article the modification of
montmorillonite with tetraethylene pentamine as a
cheaper modifying agent in solid state was studied,
which process is simple and can lower the cost
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of organoclay. Furthermore, the preparation and
characterization of natural rubber/solid-state organo-
modified montmorillonite nanocomposites were
investigated.

EXPERIMENTAL

Materials

Natural rubber ISNR-3 was used, [volatile matter,
1% (max.) by mass; ash, 1% (max.) by mass; dirt con-
tent 0.03% (max.) by mass; nitrogen content 0.6%
(max.) by mass; initial plasticity 30 (min.) and
plasticity retention index 60 (min.)]. Na-montmoril-
lonite (MMT), with a cationic exchange capacity of
90 meq/100 g, is supplied by Nanhai Inorganic
Factory (China, Guangdong). The tetraethylene
pentamine (TEPA) is purchased from Shanghai Rea-
gent Factory (China), CP grade.

Preparation of solid-state organomodified
montmorillonite

In a 0.5 L flask, 60 g of sodium montmorillonite was
blended with 7 g of tetraethylene pentamine,
followed by vigorously stirring at 1008C for 4 h.
After cooling, the product was sieved by a 200-
mesh-sized sieve (0.076 mm). The solid-state organo-
modified montmorillonite is abbreviated as SOM. No
solvent was used during the whole process.

Preparation of NR/SOM nanocomposites

NR (100 g) and 2 � 8 g solid-state organomodified
montmorillonite were mixed for 10 min at room
temperature with 1.5 g sulfur, 5 g ZnO, 2 g stearic
acid, 1.5 g accelerator CBS(N-cyclohexylbenzothia-
zole-2-sulfenamide), and 0.5 g accelerator DM
(Dibenzothiazole disulfide) in an u160 3 330 mm open
mill. The rotors operated at a speed ratio of 1 (front):
1.22 (back). The compounds were vulcanized in an
electrically heated press at 1438C for the optimum
cure time (t90), which is previously determined with
rubber process analyzer (RPA 2000, Alpha Techno-
logies), to obtain the sheets of natural rubber vulcan-
izates with 2 � 8 wt % SOM. The samples were
termed as NR/SOM (2 � 8 phr). To use as reference,
corresponding NR vulcanizate was prepared in a
same process described above by using 5 wt %
sodium montmorillonite (Na-MMT) as filler, which
termed as NR/MMT (5 phr). Compounds containing
the TEPA with MMT and containing TEPA only in
the absence of MMT were also prepared to deter-
mine the effect of the TEPA on the properties of
NR, which termed as NR/TEPA/MMT (5 phr) and
NR/TEPA. In these cases, the amount of neat TEPA
added to the recipe corresponds with that incorpo-
rated in the 5 g SOM.

Characterization

Wide-angle X-ray diffraction (XRD) was used to char-
acterize the montmorillonite and to study the nature
and extent of the dispersions of the montmorillonite
in the filled sample. X-ray diffraction patterns of
the samples were recorded on a D/MAX-III-
diffractometer (30 kV, 10 mA) by using Cu-Ka radia-
tion (k 5 1.5418 Å) with a scanning rate 28/min
at room temperature. Bragg’s law, defined as k
5 2dsinu, was used to compute the crystallographic
spacing (d) for montmorillonite, solid-state modified
montmorillonite and their rubber composites.

Fourier-transform infrared spectroscopy (FTIR)
was recorded on a Nicolet Fourier-transform infra-
red spectrophotometer. Clay powder was pressed
with KBr powder for FTIR measurement in transmis-
sion mode at a resolution of 4 cm21.

Thermogravimetric analysis (TGA) was carried out
in a TA2890 (TA Instrument, USA) thermogravimet-
ric analyzer over a temperature range from room
temperature to 9008C at a heating rate of 208C/min.
Nitrogen flow (80 mL min21) was utilized to remove
all corrosive gases involved in the degradation and
to avoid thermoxidative degradation.

Rubber process analyzer (RPA 2000, Alpha Tech-
nologies) was used to determine the curing charac-
teristics of rubber compound and measure the
mechanical loss factor of vulcanized rubber under the
frequency from 0.5 to 25 Hzwith 0.58 strain at 608C.

The dynamic mechanical spectra of the samples
were obtained by using TA 2890 (TA Instrument,
USA) dynamic mechanical analyzer (DMA). The spe-
cimens were analyzed in tensile mode at a constant
frequency of 1 Hz, a strain of 0.1%, and a tempera-
ture range from 280 to 208C at a heating rate of
28C min21. Mechanical loss factor (tand) and storage
modulus (E0) were measured as a function of tem-
perature for the samples under identical conditions.

Transmission electron microscopy (TEM) images
were taken with a JEM-100CXII at an accelerator
voltage of 120 kV. Thin sections (ca.100 nm) of the
samples were cut out with a diamond knife at ca.
21208C and used without staining.

Tensile stress-strain properties were measured
according to ISO 37-1997 specifications, on an U-can
dynamometer, at 258C with crosshead speed of
500 mm min21. Tensile strength, elongation at break,
tear strength, and modulus at 100 and 300% elonga-
tion were determined.

RESULTS AND DISCUSSION

Characterization of solid-state organomodified
montmorillonite

Figure 1 shows the X-ray diffraction pattern of (a)
MMT and (b) SOM. MMT shows a characteristic dif-
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fraction peak at 2u 5 6.908, which is assigned to the
interlayer platelet spacing (001 diffraction peak) of
montmorillonite, with a spacing of 1.25 nm. When
intercalating agent is added, the peak moves to
lower angles. The organoclay presents a peak at
2u 5 5.948, which as deduced by the Bragg equation
corresponds to an interlayer distance of 1.49 nm.
According to those results, it is assumed that the tet-
raethylene pentamine behaves as an effective interca-
lating agent, enlarging the interlayer spacing of
montmorillonite. When MMT was incorporated with
NR [(c) in Figure 1], a peak presents at 2u 5 2.128,
which corresponds to an interlayer distance of
4.15 nm. This result means that the NR can interca-
late partial MMT to some extent under the force of
mixing. It is interesting that a distinct peak appears
at 2u 5 9.048, which corresponds to an interlayer
distance of 0.98 nm. This maybe is caused by the
extraction of water in the interlayer of MMT during
the mixing and thermal setting process. After the
SOM incorporated with NR, the NR/SOM nanocom-
posite [(d) in Figure 1] shows the interlayer spacing
of SOM in NR increases to 4.45 nm because the long
chains of macromoleculer are intercalated into the
interlayers of organic clay. It is worth noting that
there is a weak diffraction peak of NR/SOM nano-
composites presents at 2u 5 5.948, which means that
there are still a small amount of organic clays have
not been intercalated by NR, so the intercalated and
unintercalated clay species coexist in the nano-
composites. Further more the peak corresponding to
the interlayer distance of 0.98 nm in the NR/MMT
disappears. From those results it can be deduced
that the modification of clay could lead more inter-
calation of NR into interlayers of clay.

Figure 2 shows the FTIR spectra of montmorillo-
nite and solid-state organomodified montmorillonite.
Montmorillonite presents two typical peaks. A strong

absorption band at 1063 cm21 is observed, corre-
sponding to the Si��O stretching vibration of the
silicate. The band observed at 1638 cm21 is assigned
to the deformation vibrations of the interlayer water
of the montmorillonite. Note that in the case of the
SOM, three new peaks appear in the FTIR spectrum.
Bands at 2928 and 2851cm21 are attributed to the
C��H asymmetric and symmetric stretching vibra-
tions of tetraethylene pentamine, respectively. The
band at 1474 cm21 corresponds to the ammonium
salt. Furthermore, the deformation vibration of the
interlayer water of the montmorillonite is shift to
1568 cm21, which is assumed that the intercalating
agent has reacted with the water in the interlayer.
These results further indicate that the tetraethylene
pentamine has been incorporated within the silicate
layers.

The thermal decomposition expressed in terms of
weight loss as a function of the temperature for

Figure 1 X-ray diffraction patterns of (a) MMT; (b) SOM;
(c) NR/MMT and (d) NR/SOM.

Figure 2 FTIR spectra of pristine montmorillonite (MMT)
and solid-state organomodified montmorillonite (SOM).

Figure 3 TGA thermograms of MMT and SOM.
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the montmorillonite and solid-state organomodified
montmorillonite is represented in Figure 3. When
the temperature is up to 2008C, the weight loss of
the montmorillonite is about 6%, which corresponds
to the escape of surface and interlayer adsorbed
water. Heating above 6008C begins to remove the
water resulting from the structural OH groups of
clay. At 8008C, the total weight loss of the clay is
about 8%. When an intercalating agent is added, the
decomposition of the organoclay is characterized by
two steps. The first one, which is the decomposition
of the surface and interlayer adsorbed water, de-
creases to 2% loss weigh below 1508C. The second
one has a total weight loss of � 18%, which is due
to the decomposition of intercalating agent. In the
second step, it is interesting to notice that the inter-
calating agent decomposes slowly and lasts to a very
high temperature, which is different to the normal
thermal decomposition. These results show that the
decomposition of TEPA requires a higher tempera-
ture, which confirm that the TEPA has been incorpo-
rated into the galleries of the MMT.

Vulcanization characteristics

The vulcanization curves of NR and its composites
with MMT, SOM, TEPA, and TEPA 1 MMT are

graphically represented, as obtained from the RPA
2000 measurements, in Figure 4. The curing charac-
teristics, expressed in terms of the vulcanizaiton
times, ts2 (scorch time) and t90 (optimum cure time),
as well as the maximum and minimum values of
the torque, Smax and Smin, respectively, and delta
torque 4S (4S 5 Smax 2 Smix), are deduced from
the curves. These parameters, along with the cure
rate index, CRI expressed as CRI 5 100/(t90 2 ts2),
are compiled in Table I.

Note that vulcanization time, ts2 and t90, were
sharply reduced by the incorporating of TEPA and
TEPA 1 MMT, showing accelerated vulcanization
with respect that of pure NR. It is deduced that the
TEPA behaves as an effective vulcanizing agent
for natural rubber. These results are conformed by
the cure rate index values, CRI, which shows a
significant increase with addition of TEPA and
TEPA 1 MMT. It can be attributed to the amine
functionalities. It is well known that amine groups
facilitate the curing reaction of nature rubber com-
pound. Nevertheless, it is important to note that a
further prominent effect on NR curing is observed in
the presence of the organoclay. In fact, the inter-
calation of TEPA within the silicate galleries facili-
tates the vulcanization reaction, showing a marked
decrease of the necessary time for vulcanizing NR
as compared to the blend with only TEPA and
TEPA 1 MMT.

On the other hand, the maximum torque and delta
torque increase by addition of SOM, showing the
strong reinforcing effect of this filler. These results
suggest that the natural rubber become more cross-
linked in the presence of the organoclay.

Morphology of the nanocomposites

The TEM images of NR/MMT and NR/SOM com-
posites are shown in Figure 5. The light regions
represent rubber and the dark regions are the silicate
layers. The image of NR/MMT (a) displays a clay
tactoid structure. This indicates that the clay cannot
be intercalated by NR macromolecular and not be
well dispersed in the matrix. Interestingly, large clay
tactoid are not observed in the TEM images of the
NR/SOM nanocomposites and the SOM layers

Figure 4 Vulcanization curves of the compounds at
1438C.

TABLE I
Curing Characteristics of Various Systems at 1438C

ts2 (min) T90 (min) Smin (dNm) Smax (dNm) DS (dNm) CRI (min21)

NR 3.47 5.97 0.02 10.58 10.56 40.00
NR/MMT (5 phr) 4.70 7.63 0.04 11.13 11.09 34.13
NR/TEPA 1.87 3.30 0.05 10.95 10.90 69.93
NR/TEPA/MMT(5 phr) 2.45 3.91 0.04 11.86 11.82 68.49
NR/SOM (5 phr) 1.51 2.95 0.05 12.16 12.11 69.44
NR/SOM (8 phr) 1.17 2.66 0.07 12.83 12.76 67.11
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are well dispersed in polymer matrix. As seen in
Figure 5, silicate layers are homogeneously dispersed
in the NR matrix with some orientation, and the
thickness of most silicate layers is below 100 nm and
the width about 200–400 nm. Moreover, there are
some exfoliated individual silicate layers. The orien-
tation deteriorates and stacks become bigger with the
increasing of SOM content because the dispersion
becomes worsen when more SOM is added.

According to the results of TEM micrographs and
XRD patterns in Figure 1 [(d), NR/SOM nanocom-
posites], it is believed that highly intercalated natural
rubber nanocomposites based on solid-state organo-
modified montmorillonite can be obtained by the
mechanical mixture method.

Dynamic mechanical properties

Dynamic mechanical analysis (DMA) measures the
responses of a given material to a cyclic deformation
as a function of the temperature. The dynamic
mechanical properties of pristine natural rubber and
its composites with clay were investigated over a

wide temperature range. The variations of mecha-
nical loss factor as a function of temperature for the
studied materials are showed in Figure 6.

Figure 5 TEM images of the NR composites. (a) NR/MMT (5phr); (b) NR/SOM (2phr); (c) NR/SOM (5phr) and (d)
NR/SOM (8phr).

Figure 6 Tand as a function of temperature for the vari-
ous systems.
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The glass transition temperature (Tg) shift slightly
towards higher temperature when SOM is incorpo-
rated, but MMT has no effect on it. Tg goes from
247.68C for natural rubber to 244.98C for the
composite with 5 phr SOM. These results suggest
that there exists a strong adhesion between the filler
and polymer. In general, the interaction between the
filler and the rubber is strong enough, Tg will shift
to a higher temperature. In this study, the obtained
results are in concordance with the general tendency
reported in the literatures.22,23

Furthermore, after the adding of clay, the tandmax
becomes smaller. It is known that the height of the
dynamic transition of a composite apparently reflects
the relative quantity of the component itself. The
decrease of tandmax is the result of a reduction
of the amount of polymer being deformed during
strain oscillation and thus reduces the amount of
dissipated energy in the dynamic transition because

the greater amount of polymer includes in inter-
calated stacks.

It is often believed that the mechanical loss factor
at 608C has apparently relation with rolling resistance
when the rubber is used for tire. The lower value of
mechanical loss factor at 608C indicates lower rolling
resistant. The frequency sweep of the NR and NR/
clay composite at 608C under 0.58 strain is reported
in Figure 7. The results show that pristine MMT
slightly increase the mechanical loss factor under
experiment conditions because the weak interaction
between the clay and matrix. On the contrary, SOM
decrease the mechanical loss factor. It is interesting
to point out that the decrement is much more in the
case of 5 phr SOM and with more SOM is incorpo-
rated the storage modulus increases again, but still
lower than pristine nature rubber vulcanizate. From
these results, it can be deduced that NR reinforced
with 5 phr SOM has the lowest rolling resistant. It is
assumed that at the experiment conditions the SOM
gets the best dispersion and morphology in the rub-
ber matrix, which lead to best dynamic mechanical
properties. When adding more inorganic fillers in the
matrix, the dynamic mechanical properties become
worse because the superabundant filler cannot de-
form and absorb energy during strain oscillation.

Mechanical properties

Table II lists the mechanical properties of NR and
their composites before and after heat aging in air.
From the obtained results, it can be deduced that
MMT can reinforce the NR in a limited degree at
the cost of decreasing the tensile strength and elon-
gation at break. The TEPA and TEPA 1 MMT can
also improve the mechanical properties of NR in a
limited degree, because TEPA can behave as vulcan-
izing agent for natural rubber. But the incorporation
of organic silicate gives rise to a noticeable increase

Figure 7 Frequency sweep of NR and NR/clay composite
at 608C.

TABLE II
Mechanical Properties of NR and Its Composites

Properties NR
NR/MMT
(5 phr) NR/TEPA

NR/TEPA/
MMT (5 phr)

NR/SOM
(5 phr)

NR/SOM
(8 phr)

Modulus, 100% (Mpa) 0.80 0.90 0.95 0.99 1.12 1.13
Modulus, 300% (Mpa) 1.98 2.31 2.28 2.41 3.54 3.76
Tensile strength (Mpa) 22.05 20.88 22.58 22.76 25.47 26.26
Elongation at break (%) 612 582 633 631 646 589
Tear strength (kN/m) 21.17 22.81 22.75 23.08 24.22 25.87
Hardness, Shore A 33 34 34 34 36 38
After heat aging in air (100 6 18C, 48 h)
Modulus, 100% (Mpa) 1.12 1.13 1.15 1.18 1.27 1.29
Modulus, 300% (Mpa) 4.19 4.31 3.95 4.04 5.28 5.7
Tensile strength (Mpa) 12.00 10.58 14.88 14.99 19.39 20.85
Elongation at break (%) 405 382 452 450 468 481
Properties descend ratio (%)a 63.99 66.74 52.94 53.68 44.85 35.16

a{[(tensile strength 3 elongation at break)before aging 2 (tensile strength 3 elongation at break) after aging]/(tensile
strength – elongation at break)before aging} 3 100%.
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in tensile strength, elongation at break and modulus,
which shows the strong reinforcing effect of the inor-
ganic fillers. The improvements of tensile strength
and tensile modulus in case of polymer-clay nano-
composites were given by some researchers.22,24,25

Their studies suggested that the increase of strength
and modulus is related to the degree of dispersion
of clay layers into the polymer matrix. Some explan-
ations were presented on the basis of interfacial prop-
erties and restricted mobility of the polymer chain.
From those references, it is deduced that the main
reason for the reinforcement in this case is the perfect
dispersion of SOM into polymer matrix and the
strong interface bonding between rubber chains and
silicate layers, which is provided by tetraethylene
pentamine through ionic or Van der Waals type inter-
action. The reinforcement is also associated with the
anisotropy and high aspect ratio of organoclay nano-
fillers, which act as short reinforcing fibers with nano-
scale architecture. Clay with high aspect ratio is more
efficient in restricting the rubber chains and in resist-
ing the development of cracks than spherical fillers.26

Furthermore, SOM can improve the aging resist-
ance properties of NR. After aging the tensile
strength and elongation at break of NR pure gum
vulcanizate decrease sharply while the tensile modu-
lus increase because of the oxidation and degrada-
tion of natural rubber. The SOM can reduce the
decrease of tensile strength and elongation at break
and enhance the modulus at the same time. The
studies on the improvement of aging resistance and
thermal stability by polymer–clay nanocomposites
have been extensively reported.27–29 Generally, the in-
corporation of clay into the polymer matrix is found
to enhance thermal stability by acting as a superior
insulator and mass transport barrier to the volatile
products generated during decomposition.

CONCLUSIONS

A novel preparation method of organoclay, which
modify the MMT with TEPA in solid state, is pro-
posed. The results showed that in solid state
the TEPA could intercalate into the interlayers of
montmorillonite and hence lead to the increase of
interlayer spacing and the improvement of the
compatibility between the filler and the rubber. On
the other hand, NR/SOM nanocomposites can be
prepared in mechanical mixing and vulcanizing
process. The structure and properties of NR/SOM

nanocomposites were investigated. In these nano-
composites, the silicate layers are homogeneously
dispersed in NR matrix at a nanometer scale with
some orientation. The SOM can not only accelerate
the curing process, but also improve the mechanical
and aging resistance properties of NR.
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