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Chemically modified sepiolite was used
as filler in silica based elastomeric com-
posites. The sepiolite was modified
through the reaction with silica (nano)
particles from silanes such as TEOS and
TESPD. Characterization of silica (nano)
particles and sepiolite was performed
by means of dynamic light scattering,
thermogravimetric, elemental analysis,
infrared spectroscopy and field emissi-
on scanning electron microscopy. Prepa-
red sulphur crosslinked rubber compo-
sites were characterized for vulcanizati-
on behavior and dynamic mechanical
properties. Recently, it has been an-
nounced the commercial development
of rubber compounds with sepiolite,
whose chemical modification allowed
the compatibilization, lower rolling re-
sistance and better wet grip.

Sepiolith als verstarkender
Fiillstoff fiir Kautschukkompo-
site: Von der chemischen Kom-
patibilisierung zur kommerzi-
ellen Nutzung

Elastomerkomposite - Sepiolith - chemi-
sche Modifizierung - Silane, TEOS -
Nautrkautschuk

Chemisch modifiziertes Sepiolith wurde
als Fullstoff in Kieselsaure-basierenden
Elastomerkompositen eingesetzt. Das
Sepiolith wurde durch die Reaktion mit
Kieselsdure-Nanopartikeln aus Silanen
wie TEOS und TESPD modifziert. Die
Charakterisierung der Kieselsaurenano-
partkiel und des Sepiolith erfolgten
durch dynamische Lichtstreuung, Ther-
mogravimetrie, Elementanalyse, Infra-
rotspektroskopie und Feldemissions-
rasterelektronenmikroskopie. Herge-
stellte mit Schwefel vernetzte Kaut-
schukkomposite wurden hinischtlich
des Vulkanisationsverhaltens und der
dynamisch-mechanischen Eigenschaf-
ten charakterisiert. Als neu ist die kom-
merzielle Entwicklung von Kautschuk-
mischungen anzukiindigen, deren che-
mische Modifzierung die Kompatibili-
sierung, niedrigen Rollwiderstand und
verbesserten NaRgriff erlaubt.
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Sepiolite as reinforcing Filler for
Rubber Composites: From the
chemical Compatibilization to
the commercial Exploitation

Reinforcing fillers are indispensable in-
gredients of rubber composites [1-2]
and, among them, inorganic oxides/hyd-
roxides play a fundamental role. Indeed,
since the end of the last century, silica in
the precipitated form, with appropriate
coupling agents [3-4], is the best filler for
tyre compounds with low dissipation of
energy and fuel consumption [1-2, 5-7].
Clays have been demonstrated and ap-
plied as efficient fillers in rubber compo-
sites, also in hybrid filler systems [8-12].

The size of afiller plays a fundamental
role for the mechanical reinforcement of
rubber composites: a nanosize means
large surface area and, in turns, large
polymer-filler interfacial area [30]. Fillers
are classified as nanometric or nanos-
tructured [1-2]. The ISO definition [13]
says that the nanoscale range is approxi-
mately from 1 nm to 100 nm and a nano-
material is a material with any external
dimension in the nanoscale or having
internal structure in the nanoscale. Silica
is known as a nanostructured filler: its
primary particles have at least one di-
mension below hundred nanometers
and are joined together to give aggrega-
tes with a size of at least 200 nm. Clays
are nanometric fillers and have a high
aspect ratio, that means a high ratio bet-
ween their largest and lowest dimensi-
on. Hence, clays have very large area/vo-
lume ratio and are ideal candidates to
promote large mechanical reinforce-
ment. However, such considerations hold
in case nanofillers, such as clays, are able
to give rise to a stable interaction with
the polymer matrix.

In this work, sepiolite was selected as
the reinforcing filler of elastomer compo-
sites. Sepiolite is a naturally occurring
clay, easily available, not expensive, with
high thermal and mechanical stability,
belonging to the sepiolite and paly-
gorskite group [14-16]. Indeed, it has the
typical TOT (tetrahedral-octahedral-te-
trahedral) layer-fibrous structure, with
magnesium atoms, octahedrally coordi-

nated, joining together two-dimensional
layers of tetrahedral SiO4 units, which
have unshared oxygen atoms facing each
other. The octahedral sheet is disconti-
nuous, whereas the tetrahedral sheet is
continuous. In the direction perpendicu-
lar to the layers, connections are based
on covalent bonds. This has an important
consequence: sepiolite cannot swell or
exfoliate. Hence, intercalation of poly-
mer chains in the interlayer space, assu-
med [8] or disputed [17-20] in the litera-
ture on clay-polymer nanocomposites,
cannot be hypothesized.

Sepiolite is nanosized and has high
aspect ratio, hence it could be a very inte-
resting reinforcing filler for elastomer
composites, provided that stable interac-
tion with the polymer chains is establis-
hed. Indeed, published data [21-23] de-
monstrate that sepiolite, either pristine
or modified with an organophilic cation,
when used in place of silica, leads to lar-
ger mechanical reinforcement. However,
also larger hysteresis is obtained, as it is
not possible to establish a chemical link
of sepiolite with the elastomer chains.
This prevents the use of sepiolite on a
large scale, for dynamic mechanical ap-
plications of rubber materials such as the
one in tyre compounds.

To favor at least the dispersion of sepi-
olite in polymer matrices, the surface
modification in water with methoxysila-
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nes was performed [24]. The chemical
reactivity of sepiolite has been improved
by extracting magnesium atoms with an
acidic treatment [21, 25]. However, self
assembly of sepiolite was observed [25]
and this appears as an indication of an
insufficient interaction with the polymer
chains.

Objective of the work here reported
was the chemical modification of sepioli-
te, in order to promote its chemical reac-
tivity with an elastomeric matrix, with
the aim to obtain rubber composites,
based on the chemically modified sepio-
lite, with larger mechanical reinforce-
ment and equal or even lower hysteresis.

Sepiolite was modified with silica par-
ticles, through the following methods:

(i) condensation on the sepiolite sur-
face, in situ, of the following silanes: tet-
raethyl orthosilicate (TEOS), bis(3-triet-
hoxysylilpropyl) disulfide (TESPD) and a
TEOS/TESPD mixture (1:1 as molar ratio).

(i) condensation of TEOS, TESPD,
TEOS/TESPD (1:1 molar ratio) ex ante
and successive sorption of the particles
on the sepiolite surface.

Condensation reactions were promo-
ted by ammonia, as described in the so
called Stéber method [26]. The conden-
sation products are indicated in the text
below as (nano)particles, because their
size was either below or above 100 nm.

Working hypothesis was that, upon
successfully applying procedures (i) and
(i), a sulphur containing silane, such as
(bis(3-triethoxysylilpropyl) tetrasulfide,
TESPT), added to the composite, could
behave as coupling agent between che-
mically modified sepiolite and an unsa-
turated rubber. Moreover, sulphur based
silica particles, obtained from TESPD, pre-
sent on sepiolite surface, could per se
promote the filler-rubber linkage. The
experimental procedures adopted for ap-
proaches (i) — (ii) are presented.

Characterization of particles from si-
lane condensation was performed by
means of dynamic light scattering. Cha-
racterization of pristine and chemically
modified sepiolite was carried out as
follows. The extent of sepiolite chemical
modification was evaluated by using
thermogravimetric analysis (TGA) and
elemental analysis, in particular for de-
termining the amount of carbon and
sulphur. The qualitative inspection of
functional groups was made through
Fourier Transformed Infrared spectrosco-
py in the attenuated total reflection mo-
de (ATR-IR). Field emission scanning elec-
tron microscopy (FESEM) was used to
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analyze the shape of sepiolite, before
and after chemical modification.

Composites were prepared via melt
blending and were based on a diene rub-
ber such as poly(1,4-cis-isoprene) from
Hevea Brasiliensis (natural rubber, NR).
Silica was the main filler. Aminor amount
of silica was replaced with sepiolite (Sp),
either pristine or chemically modified
(through the (i) — (ii) procedures explai-
ned above). Dynamic mechanical proper-
ties were investigated by applying sinu-
soidal stresses in the shear mode at 50
°C, determining G’, G” and Tan delta as a
function of the strain sweep, and in the
axial mode, determining E’, E” and tan
delta at 10 °C, 23 °C and 70 °C). Tensile
properties were studied with quasi static
measurements, at room temperature.
First preliminary results of this research
have been presented elsewhere [27]. Re-
cently, it has been announced the com-
mercial exploitation of chemically modi-
fied sepiolite for compounds for bike ty-
res [28, 29].

All reagents and solvents were commer-
cially available and were used without
further purification.

Sepiolite Pangel S9 (SepS9) was from
Tolsa and was extracted from the landfill
of Vallecas (Spain).

Chemicals for the modification of se-
piolite. Tetraethyl orthosilicate (molar
mass = 208,33 g/mol) (98%), ammonia
water solution (30 % vol/vol) and ethanol
were from Aldrich. Bis[3-(triethoxysilyl)
propyl]disulphide (TESPD) (molar mass =
474 g/mol) (Si266®) was from Evonik.

Ingredients for rubber composites.
Rubbers. Poly(1,4-cis-isoprene) from He-
vea Brasiliensis (natural rubber, NR) was
SMR GP, with 65 Mooney Units as Moo-
ney viscosity (ML(1+4)100°C), from Lee
Rubber. Chemicals. bis[3-(triethoxysilyl)
propyl]tetrasulfide [TESPT] (Si69®), ZnO
(Zincol Ossidi), stearic acid (Sogis), N-
(1,3-dimethylbuthyl)-N-phenyl-p-pheny-
lenediamine (6-PPD) (Crompton), sulp-
hur (Solfotecnica), N-ter-butyl-2-benzo-
thiazyl sulfenamide (TBBS) (Flexyis).

Chemical modification of sepiolite was
performed with TEOS, TESPD and a TEOS/

TESPD 1:1 mixture. The same experimen-
tal procedure was adopted to promote
the silane condensation. The reaction
with TEOS is reported as example.
Amounts used for the other silanes are
indicated.

In 250 mL two-neck round bottom flask
equipped with a magnetic stirrer were
poured in sequence: sepiolite (5.00 g),
ethanol (50 mL), ammonia water soluti-
on (2 mL at 30% vol/vol in water) and
deionized water (0.7 mL). The system
was sonicated for 1 hours. Afterwards,
the mixture was placed in the oil bath set
at the temperature of 60 °C. TEOS (3.22 g,
0.0154 mol) was poured into the system
drop by drop. The mixture was stirred for
5 hours at 500 rpm. At the end of the re-
action, the system was cooled at room
temperature and filtered using a Buch-
ner funnel. The filtered powder was
washed several times with ethanol and
dried in the oven at 90 °C for 10 hours.

4.891 g (0.0103 mol) of TESPD or 2.58 g
of TEOS (0.0124 mol) and 0.98g (0.0021
mol) of TESPD were used.

The same experimental procedure was
adopted to promote the condensation of
TEOS, TESPD and a TEOS/TESPD mixture
(1:1 molar ratio). The reaction with TEOS
is reported as example. Amounts used
for the other silanes are indicated.

A mixture of tetraethoxysilane (15 g;
0.0720 mol), deionized water (2.75 mL,
0.153 mol) and ethanol (32.25 mL, 0.554
mol) was poured in a 250 mL round bot-
tom flask with two necks equipped with
a magnetic stirrer. The mixture was then
stirred at 500 rpm for 15 minutes at
room temperature. Meanwhile, another
mixture containing ammonia solution
(0.51 mL of 30% vol/vol water solution;
0.0079 mol) and ethanol (32.25 mL,
0.554 mol) was poured in a round bot-
tom flask and mixed for 15 minutes at
500 rpm at room temperature. The se-
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cond mixture was then added in a drop-
wise fashion into the first mixture. The
system was then stirred for 5 days at 500
rpm at room temperature.

The same procedure was adopted for
the condensation of TESPD and the con-
densation of the TEOS/TESPD mixture. In
the former case was used 22.79 g (0.0480
mol) of TESPD in substitution of TEOS; in
the latter case a mixture formed by tetra-
ethoxysilane (12 g, 0.0576 mol) and
TESPD (4.55 g, 0.0096 mol) was used.

All the products were analyzed by Dy-
namic Light Scattering (DLS) in order to
confirm the formation of silica nanopar-
ticles.

Characterization of condensation pro-
ducts

Dynamic light scattering (DLS)

The nanoparticle size was analyzed with
a Zetasizer Dynamic Light Scattering sys-
tem (Malvern Instrument Ltd.) at room
temperature using a 632.8 nm He—Ne
laser. Each dispersion was prepared with
a concentration of 1mg/mL: 3 mL of solu-
tion were placed using a pipette Pasteur,
in a quartz cuvettes of 1 cm optical path
and analyzed immediately after centrifu-
gation and after 10, 60 and 100 minutes
of storage.

Functionalization of Sepiolite with silica
particles prepared ex-ante

The same experimental procedure was
adopted. The functionalization with sili-
ca particles from TEOS is reported as ex-
ample

Functionalization with silica particles
prepared ex-ante from TEOS.

In 250 mL two-neck round bottomed flask
equipped with magnetic stirrer were pou-
red in sequence: sepiolite (5.00 g) and
ethanol (50 mL). The mixture was then
sonicated for 30 minutes and subsequent-
ly placed into an oil bath set at tempera-
ture of 60 °C. A dispersion of silica nano-
particles in ethanol (41.86 mL), previously
prepared (see above), was added into the
mixture under stirring (500 rpm).

An additional amount of ammonia solu-
tion (2 mL of 30 % vol/vol solution in
water) was added drop by drop. The mix-
ture was then agitated for 5 hours at 500
rpm at the temperature of 60 °C. After-
wards, the solid part was filtered using a
Buchner funnel and was washed several
times with ethanol. The mass of the pro-
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duct was then measured after drying for
10 hat90°C.

Characterization of sepiolite and che-
mically modified sepiolite

Thermogravimetric analysis (TGA)

TGA was performed with a Mettler Tole-
do TGA/DSC Star-e System, in a tempera-
ture range from 150°C to 800 °C. The
measurements were carried out by using
the following temperature program: (i)
from 30°C to 850°C, 10°C/min, in N2 flow
60 mL min-1 (ii) at 850°C isotherm for10
min, in air, flow 60 mL min-1

Attenuated total reflectance infrared
spectroscopy (ATR-IR)

The analyses were carried out with a
Perkin Elmer Spectrum 100 (1 cm-1 reso-
lution, range of 650-4000 cm-1, 16
scans).

Field emission scanning electron micro-
scopy (FESEM)
It was performed by using a FESEM Ultra
Plus Zeiss microscope, Gemini column, in
Inlens mode, with excitation of the elec-
tron beam from 3.0 to 5.0 KV and wor-
king distance from 2.7 to 4.3 mm.
Samples to be analyzed were at-
tached to a metal target with adhesive
tape and sputtered with gold, to impro-
ve electron conductivity. Samples were
prepared as follows. 0.005 g of fibers
were dispersed in 50 mL of a solution
made by water and ethanol, in a mass
ratio 8:2, in the presence of 200 ppm of
the surfactant Nonidet P40. Treatment
with ultrasound in immersion was car-
ried out for 15 minutes. Fibers were se-
parated by centrifugation at 1000 g/m
for 20 minutes and dried in stove at
100°C for 3 hours.

Preparation and characterization of
rubber composites

Preparation of rubber composites

All the quantities of the ingredients are
expressed in phr = parts per hundred
rubber.

All the ingredients for the non-pro-
ductive mixing were mixed in an internal
mixer for about 5 minutes. As soon as
the temperature reached 145 °C £ 5 °C,
the composite was discharged. The com-
posite was then introduced into the mi-
xing chamber, sulphur and TBBS were
then added, maintaining the tempera-
ture below 60°C.

Dynamic-mechanical characterization
in the shear mode

Dynamic-mechanical measurements in
the shear mode were carried out with a
Monsanto R.P.A. 2000 rheometer. To can-
cel the thermo-mechanical history, a
first strain sweep (0.1-25% strain ampli-
tude) was performed at 50°C on un-
cross-linked samples. To achieve fully
equilibrated conditions, the samples we-
re then kept in the instrument at the
minimum strain amplitude (0.1%) for 10
min. A strain sweep (0.1-25% strain am-
plitude) was then performed with a fre-
quency of 1 Hz. Curing was carried out at
150°C with a frequency of 1.67 Hz and
an angle of 6.98%. Curing time was 30
min. On cross-linked samples, a first
strain sweep (0.1-25% strain amplitude)
was performed at 50°C, then the sample
was kept in the instrument at the mini-
mum strain amplitude (0.1%) for 10 min,
to achieve fully equilibrated conditions.
Finally, a strain sweep (0.1-25% strain
amplitude) was performed with a fre-
quency of 1 Hz.

Dynamic-mechanical characterization
in the axial mode

Dynamic-mechanical properties were
measured using an Instron dynamic de-
vice in the traction-compression mode
according to the following methods. A
test piece of the crosslinked elastomeric
composition having a cylindrical form
(length = 25 mm; diameter = 12 mm) and
kept at the prefixed temperature (10, 23
and 70 °C) for the whole duration of the
test, was compression-preloaded up to a
25 % longitudinal deformation with res-
pect to the initial length and then sub-
mitted to a dynamic sinusoidal strain
having an amplitude of £3.5 % with res-
pect to the length under pre-load, with a
100 Hz frequency. The dynamic-mecha-
nical properties are expressed in terms of
dynamic storage modulus (E’) and loss
factor (Tan Delta) values. The Tan Delta
value is calculated as a ratio between
loss (E”) and storage modulus (E’).

Tensile tests

Tensile measurements were determined
on samples of the elastomeric composi-
tions vulcanized at 150°C for 30 minutes.
Stresses at 10, 50, 100 and 300% of elon-
gation (010, 650, 6100 and 0300 respec-
tively), stress at break (ob) and elongati-
on at break (¢B) were measured according
to Standard ISO 37:2005.
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RESULTS AND DISCUSSION SECTION
Chemical modification of sepiolite with
silica particles prepared in situ from the
condensation of TEOS, TESPD, TEOS/
TESPD

Aim of the activity here described was
the chemical modification of sepiolite
with silica nanoparticles formed in situ,
on sepiolite surface, from the condensa-
tion of silanes such as TEOS, TESPD and a
TEOS/TESPD mixture (1:1 as molar ratio).
The use of TESPD and of the TEOS/TESPD
mixture was aimed at having a sulphur
based compound, reactive in vulcanizati-
on, chemically bound to sepiolite.

The preparation of nanosilica from TEOS,
with the help of either basic or acid cata-
lysts, is well documented in the literature
[30]. As mentioned in the introduction, in
the present work was applied the so
called Stober method, a sol gel process
[28] which allows to obtain silica particles
of controlled and uniform size [31-34].
Tetraethyl orthosilicate, the silica precur-
sor, is hydrolyzed in alcohol with ammo-
nia as the catalyst: a mixture of ethoxysi-
lanols and ethanol are produced. Silanols
can then condense with either other sila-
nols or TEOS, forming silica. In the litera-
ture [35], it was reported a kaolinite co-
vered with silane-grafted silica, used as
filler for styrene-butadiene rubber. Howe-
ver, documents on fibrillary silicates mo-
dified with sol-gel silica are not available.
Treatment of sepiolite with the selected si-
lanes was performed with the procedure
indicated in Figure 1.

Details are in the experimental sec-
tion. In brief, sepiolite, ethanol, ammonia
and water were mixed, then the silane
was added to this mixture. After 5 hours
at 60°C, the final solid product was filte-
red on a Buchner and washed with etha-
nol. The resulting modified sepiolite was
then characterized by means of elemen-
tal analysis, TGA, IR, FESEM analyses.

Data of C and S content in Sp/TEOS/
TESPD and Sp/TESPD samples are in Tab-
lel.

Carbon and Sulphur are present in all
the samples and the amount of Carbon is
higher than the amount of Sulphur. Lar-
ger amount of C and S was found in the
case of the Sp/TESPD sample, as expec-
ted on the basis of the chemical compo-
sition of the silanes.

Values of mass losses determined
from TGA analysis are in Table II.

The TGA graph of pristine sepiolite re-
vealed mass losses which can be interpre-
ted with reference to the published stu-
dies [36, 37]. Absorbed and coordinated
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Figure 1. Experimental

Sepiolite + EtOH
59 50 mL

mical modification of

procedure for the che-
] sepiolite with silica

Water
0,7 mL
v

Temperature =40 °C
Mixing time =1 h

Silane
15.5 mmol

J

Temperature =60 °C
Mixing time =5 h

[Sepiol ite/SiIane]

particles prepared in
situ from the conden-
sation of TEOS, TESPD,
TEOS/TESPD. TEOS/
TESPD mixture: 1/1 as
molar ratio.

Carbon and sulphur content (mass%) from elemental analysis in samples of sepiolite
chemically modified with silanes condensed in situ®

C S C S
TEOS/TESPD 3.39 0.56 3.13 1.27
TESPD 5.45 2.89 2.89 0.87

asilanes were sorbed on the sepiolite surface. *silane nanoparticles were sorbed on the sepiolite surface.

< see procedure in Fig.1 ¢ see procedure in Fig. 4

EA Mass losses for pristine Sepiolite and Sepiolite treated with a silane®®

T< 150 150< T« 450<T< 750< T< 900 T>900
450 750
Sp 8.1 3.3 2.7 2.0 83.6
Sp/TEOS 6.1 5.6 2.8 21 834
Sp/TESPD 5.6 8.2 4.4 2.3 79.5
Sp/TEOS/ 6.2 6.2 3.3 21 82.2
TESPD

water can account for the mass losses at T
<150°C and in the T range from 150°C to
400°C, respectively. Water trapped in the
channels is lost in the T range from 400°C
to 700°C. The de-hydroxylation of Mg-OH
groups accounts for the mass loss in the T
range from 700°C to 850°C.

The sepiolite/silane samples reveal
lower mass loss in the range 150°C < T <
400°C and larger mass loss in the range
between 150°C and 750°C. These diffe-
rences allow to hypothesize the pre-
sence of organic substance(s) in the se-
piolite/silane composite. Indeed, the
mass loss in such a range of temperatu-

res is typical of a silane grafted on silica
[38].

ATR-IR was performed on pristine sepioli-
te and on sepiolite/silane samples. The
spectra are in Figure 2.

In the spectra in Figure 2, peaks indi-
cated with dotted line are at the fol-
lowing wavelengths: about 3353 and
3249 cm-1 and about 2984 and 2896
c¢m-1. In the spectrum of pristine sepio-
lite (Fig. 2a), the peaks at 3353 cm-1 and
3249 cm-1 are due to H20 coordinated
to the octahedral layers of sepiolite, Re-
duction of the intensity of these peaks
can be observed in the spectra of sepio-
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Figure 2. ATR-IR spectra of (a) pristine sepiolite, (b) sepiolite/TEOS, (c) sepiolite/TESPD (d)
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Figure 3. FESEM micrograph of: pristine sepiolite (a) and sepiolite/TEOS (b)

Figure 4. Experimental

DI water
2,75 mL

Silane
72 mmol

procedure for the pre-
paration of silica (na-
no)particles from the

Ethanol
32,25 mL

Room temperature
Mixing time = 15 minutes

condensation of sila-
nes.

Dropwise addition of ammonia solution (30% vol/vol)
0,51 mL in 32,25 mL of Ethanol

Room temperature
Mixing time = 5 days

Silane:

TEOS,

TESPD l l
TEOS/TESPD Silica nanoparticles

lite/silane (Fig. 2b, ¢, d), whatever the sila-
ne is. In these latter spectra, peaks at
about 2984 cm-1 and 2906 cm-1 can be
attributed to the stretching of -CH2 co-
ming from TEOS.

Micrographs taken with FESEM on pris-
tine sepiolite and on sepiolite/TEOS are
Figure 3, Fig. 3a and Fig. 3b, respectively.

The typical fibrillary shape of pristine
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sepiolite can be observed in Fig. 3a. As it
can be seen in Fig. 3b, silica particles
from TEOS are prevailingly located on
sepiolite fibrils. Their size appears to be
larger than 100 nm. The condensation
products visible in Figure 3 are indeed
nanoparticles. It is indeed worth com-
menting that the structure of sepiolite is
not appreciably affected by the treat-

ment with TEOS.

Chemical modification of sepiolite
with silica (nano)particles prepared ex
ante from the condensation of TEOS,
TESPD, TEOS/TESPD

The aim of the activity described in this
paragraph was the chemical modification
of sepiolite with silica (nano)particles pre-
pared ex ante from the condensation of
the following silanes: TEOS, TESPD and a
TEOS/TESPD mixture (1:1 as molar ratio).
Silica nanoparticles are available on a
commercial scale and are suitable not only
for reinforcing rubber composites [39-40]
but also for reducing the calcium leaching
rate of cement paste [41] and for remo-
ving sulphur mustard from solutions [42].

Preparation of silica (nano)particles

The experimental procedure for the pre-
paration of silica nanoparticles, descri-
bed in detail in the Experimental Section
and shown in Figure 4, was inspired to
what reported in the scientific literature
[28, 43]. Experimental conditions were
tuned in order to have silica nanopartic-
les, with size lower than 100 nm.

Dynamic light scattering analysis was
performed on all the samples. Values of
average diameter and polydispersity in-
dex (PDI) (an estimate of the distribution
width) are in Table 3.

The average diameter was much lo-
wer than 100 nm for the nanoparticles
from TEOS and TEOS/TESPD whereas it
was significantly larger for the condensa-
tion product of TESPD. In this latter case,
it was not possible to have a reliable
measurement of the size.

The chemical modification of sepiolite
with nanoparticles was performed as
described in detail in the experimental
part and shown in Figure 5.

In brief, the silica (nano)particles (wit-
hout or with sulphur) were allowed to
react with the clay at 60°C for 5 hours.
After washing with ethanol, adducts of
sepiolite with silica nanoparticles were
obtained. As mentioned above, the con-
densation product of TESPD did not have
nanometric size. However, to avoid con-
fusion with the reaction products of se-
piolite with silica particles prepared in
situ, discussed in the previous paragraph,
all the condensation products are named
as nanoparticles and are indicated with
“Nps” suffix. The adducts were characte-
rized through elemental analysis, TGA,
ATR-IR and FESEM.

Results from elemental analysis of the
adducts with silica (nano)particles from
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TESPD and TEOS/TESPD are in Table 1.
Results from TGA analysis are in Table 4.

Results from elemental and thermo-
gravimetric analysis indicate that the
treatment of sepiolite with the silica
particles prepared ex ante led to a lower
amount of organic modifier in the final
adduct with respect to the treatment of
sepiolite with silica particles prepared in
situ, in particular with TESPD as the sila-
ne. It is indeed worth observing the low
amount of C and S in the Sp/TESPD Nps
adduct. It seems that larger amount of
sulphur is grafted on the sepiolite sur-
face by using the hybrid TEOS/TESPD
system.

FESEM analysis was performed on ad-
ducts of sepiolite with nanoparticles from
TEOS/TESPD and from TESPD. Pictures are
in Figure 6, Fig. 6a and 6b, respectively.

In the case of TEOS/TESPD as the sila-
ne, nanoparticles appear preferentially
but not exclusively close to sepiolite fi-
bers. In the case of TESPD, it is worth ob-
serving the larger size of the particles,
already indicated by DLS analysis.

Rubber composites based on diene
rubber and chemically modified sepi-
olite

Rubber composites were prepared, based
on NR as the diene rubber and silica as the
main filler. Formulations of the composi-
tes are in Table 5. Sepiolite, either pristine
or chemically modified, was used to repla-
ce a minor amount of silica. The same
mass content was used. As sepiolite has
higher density than silica (2.3 g/mL with
respect to 2.1 g/mL), a lower volume frac-
tion of sepiolite, with respect to silica, was
used. As described above, chemical modi-
fication of sepiolite was performed with
silica (nano)particles prepared from sila-
nes condensation either in situ on sepioli-
te surface or ex ante. The same content of
sepiolite based filler was used in all the
composites. The amount of sulphur was
pretty low in the samples of modified se-
piolite, from 0.6 to 2.9 as mass% (see Tab-
le 1), and thus it was very low in the
composites. Hence, such amount was ne-
glected for the preparation of the formu-
lations and the same phrs of orthorombic
sulphur and accelerators were used in all
the composites.

Sulphur based crosslinking

Sulphur based crosslinking was carried
out at 170 °C for 10 min. Data from the
rheometer curves are in Table 6.
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With respect to the composites with silica
as the only filler, the composite with pris-
tine sepiolite show lower ML and MH va-
lues. The lower value of ML is a clear indi-
cation of a lower composite viscosity and
suggests that, in the presence of sepiolite,
the filler network was formed to a lower
extent. This finding could be expected,
taking into consideration the lower volu-
me fraction of sepiolite with respect to
silica and the lower amount and reactivity
of polar groups (silanols) on the pristine
sepiolite surface. The lower amount of
filler network can also account, at least
partially, for the lower MH values. Indeed,
the extent of strain amplitude explored

network means lower M modulus values
in the whole vulcanization curve.
Composites with chemically modi-
fied sepiolite show (in most cases) ML
values similar (slightly higher) to those
of composites based on pristine sepioli-
te and lower than ML values of compo-
sites with silica as the only filler. Besides
the lower volume fraction of chemically

H Average diameter of silica (nano)par-
ticles from TEOS, TESPD and TEOS/TESPD

.

, ramn ( , TEOS 25.50 0.280
during the crosslinking experfment.ls not TEOS/TESPD 37.80 0.262
enough for the complete disruption of TESPD nd nd
the filler network. Hence, lower filler o o

5] Figure 5. Experimental

( - \| procedure for the che-

Sepiolite + ethanol ] [ Silane Nps mical modification of
in ethanol

)| sepiolite with silica

particles prepared ex
ante from the conden-

NH,OH

Temperature =60 °C
Reaction time =5 h

I Sepiolite/Silane Nps I

sation of TEOS, TESPD,
TEOS/TESPD. TEOS/
TESPD mixture: 1/1 as
molar ratio.

1 Mass losses for pristine sepiolite and adducts of sepiolite with silica (nano)particles?

T<150 150 < T< 450 <T < 750 < T < T>900
450 750 900

Sp 8.1 3.3 3.0 2.0 83.6

Sp/TEOS Np 6.8 3.4 3.2 16 85.0

Sp/TESPD Np 6.5 8.7 2.9 25 79.4

Sp/TEOS/ 6.6 6.5 3.1 25 81.3

TESPD Np

2 from TGA analysis

TEOS/TESPD, (b) TESPD.

Figure 6. FESEM micrographs of adducts between sepiolite and nanoparticles from: (a)
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H Formulations of NR based composites with silica and sepiolitea as the reinforcing
fillers®«

Silica + Silica + Silica + Silica +

Silica Sp Sp/TEOS Sp/TEOSPD | Sp/TEOS/
TESPD

NR 100 100 100 100 100
ZEOSIL 46.6 35 35 35 35
1165
Sp 0 11.6 0 0 0
Sp/TEOS 0 0 11.6 0 0
Sp/TESPD 0 0 0 11.6
Sp/TEOS/ 0 0 0 0 11.6
TESPD
TESPT 3.7 3.7 3.7 3.7 3.7

asepiolite: either pristine or chemically modified with silica (nano)particles formed either in situ or ex ante® The amount of the

ingredients is expressed in phr = parts per hundred rubber.

<Other ingredients: stearic acid (2) ZnO (3,6) 6PPD (2) sulphur (2) TBBS (1,8)

[ pata from sulphur based crosslinking of composites of Table 5

Silica Silica + Silica + Silica + Silica +
Sp Sp/TEOS Sp/TESPD Sp/TEOS/TESPD
in situ ex ante | insitu | exante | insitu | exante
MH 15.4 13.4 13.0 14.0 14.5 15.6 15.4 141
M, 1.3 0.8 0.8 1.4 1.1 0.9 1.1 1.0
t, 23 1.8 1.8 2.4 2.1 1.9 21 2.0
e 45 4.5 4.0 4.1 4.6 4.5 4.0 4.7

modified sepiolite with respect to silica,
the surface hydrophobization brought
about by silica (nano)particles which
contain organic moieties could contri-
bute to the viscosity reduction. Indeed,
the highest ML value in Table 1, even
higher than ML of the composite with
only silica as the filler, is for the compo-
site with silica (nano)particles from
TEOS prepared ex ante. In Table 4 it was
shown that these (nano)particles have
lower mass loss in the range from 150°C
to 400°C and this could be an indication
of a lower amount of organic substan-
ces on the sepiolite surface which leads
to a lower hydrophobization. Such re-
sult seems to indicate that (nano)partic-
les from TEOS prepared ex ante are able
to increase the reactivity of sepiolite
essentially with other filler particles.
Among the composites containing se-
piolite, the higher MH values can be ob-
served for the composites with sulphur
based sepiolite. It could be assumed that
the sulphur anchored on sepiolite sur-
face, though not in large amount, has an
effect on the crosslinking network.
Composites with sepiolite also reveal
(in most cases) a lower induction vulcani-
zation time (ts1 values) and similar or lo-
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wer optimum vulcanization times (t90
values), with respect to composites with
only silica. Lower induction vulcanization
times are not correlated with the pre-
sence of sulphur on the sepiolite surface.
Indeed, composites with sepiolite modi-
fied with sulphur containing silica (nano)
particles show lower induction vulcaniza-
tion time only in the case of particles
formed ex ante. Hence, to explain the lo-
wer ts1 values, one could hypothesize the
lower acidity of sepiolite surface as well
as the lower absorption of vulcanization
ingredients which could be thus more re-
active. Moreover, one could take into
consideration that, in the crosslinking

experiments, the increase of Modulus is
taken as the indication of crosslinking
network formation. It could be thus com-
mented that a high aspect ratio filler
such as sepiolite gives rise to a faster
network formation.

In conclusion, the use of sepiolite,
pristine ore chemically modified, appears
to have positive effects on the composite
viscosity and does not substantially alter
the vulcanization kinetics. In particular,
appreciable differences cannot be obser-
ved among results obtained by using se-
piolite modified with sulphur based sili-
ca (nano)particles formed in situ or ex
ante.

Dynamic mechanical properties
Dynamic mechanical properties were in-
vestigated by applying sinusoidal stres-
ses in the shear mode. Strain sweep tests
were performed on composites of Table
5.InTable 7, are reported values of: shear
modulus at minimum strain: G’ .., dif-
ference of G’ values measured at mini-
mum and maximum strain: AG’ ., ...,
normalized with respect to G’ value at
minimum strain: AG’(OA%,ZS%) / G’(M%), the
maximum value of the ratio between the
loss G” modulus and the shear G’ modu-
lus: Tan delta max.

The reduction of modulus as the
strain amplitude increases (AG’) indica-
tes the non linearity of the storage mo-
dulus. This phenomenon is known as
Payne effect [44] and is explained with
reference to various mechanisms [45]:
the reversible de-agglomeration of filler
aggregates [44, 46-48], the desorption of
polymer chains from the filler surface
[49-50], the reduction of the layer of po-
lymer immobilized on filler particles [47],
the increase of distance among filler
particles [48].

The replacement of silica with pristine
sepiolite led to a subtle reduction of Pay-
ne effect (from 0.46 to 0.43 as norma-
lized AG’), but to appreciable increase of

G'ymin, AG’/G’, Tan delta max for composites of Table 5
Silica | Silica + Silica + Silica + Silica +
Sp Sp/TEOS Sp/TEOSPD Sp/TEOS/TESPD
in situ ex ante | insitu | exante | insitu | exante

G ougs | 158 1.35 1.13 1.58 15 1.57 1.39 1.4
AG'(OA% 0.46 043 0.38 0.49 0.44 0.44 0.40 041
25%) / G'(0,4%)
Tan Del- | 0.162 0.177 0.153 0.197 0.157 0.162 0.155 0.159
ta max
2in MPa
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Tan delta, in spite of the lower volume
fraction of pristine sepiolite. This finding
confirms what already reported [21-23]
and commented in the introduction:
pristine sepiolite brings about the incre-
ase of composite hysteresis.

The composite with silica (nano)par-
ticles from TEOS prepared ex ante shows
Payne effect and hysteresis even larger
than those of composite with pristine
sepiolite. Also these results from strain
sweep experiments seem to suggest
that, in the composite based on ex ante
silica (nano)particles from TEOS, sepiolite
increases its reactivity prevailingly with
other filler particles rather than with the
elastomer chains. As commented above,
to account for the higher ML value of the
composite, such chemically modified se-
piolite revealed (see Table 4) lower mass
loss in the range from 150 °C to 450 °C
and could be thus characterized by a lo-
wer hydrophobization of its surface.

All the other composites with chemi-
cally modified sepiolite show lower Pay-
ne effect and Tan Delta. In particular,
better results were obtained with the in
situ procedure.

In conclusion, strain sweep tests indi-
cate that the chemical modification of
sepiolite with silica (nano)particles, car-
ried out through the appropriate proce-
dure, leads to the reduction of hysteresis

Temperatuss ["C]

K :
. \‘\ %\

1
Terspersturs [*C]

ne sepiolite. Data are in Table 8.

Figure 7. Tan Delta as a function of temperature for composites with silica and silica + pristi-

Tan delta

——silica
—=—Silica + Sp

«a-Silica + Sp/TEOS

005 1 L silica + SpTESPD

——Silica + Sp/TEOS/TESPD

0
0 10 20 30 40 50 60 70 80

Temperature [C]

Silica (nano)particles prepared in situ

——silica
—=—Silica + Sp

-4 Silica + Sp/TEOS
=X=Silica + Sp/TESPD

——Silica + Sp/TEOS/TESPD Silica (nano)particles prepared in situ

0 10 20 30 40 50 60 70 80
Temperature [C]

Figure 8. Tan Delta as a function of temperature for composites of Table 5, with silica (nano)
particles prepared in situ (a) or ex ante (b). Data are in Table 8.

H E’, E”, TAN DELTA FOR IR/BR BASED COMPOSITES OF TABLE XIIl AND TABLE XIV

of the composite based on silica/sepioli- = - - - ™
te as the reinforcing filler svstem Silica | Silica + Silica + Silica + Silica +
! ng ystem. Sp Sp/TEOS Sp/TEOSPD | Sp/TEOS/TESPD
Dynamic-mechanical properties were also — . -
. . K ) insitu | exante | insitu | exante | insitu | ex ante
determined by applying sinusoidal stresses
in the axial mode. Values of E' and Tan Del- |E @10°C |622  |835 |6.64 803 | 851 | 898 | 776 | 795
taat 10 °C, 23°Cand 70 °C are in Table 8. Tan 5 @ 0.199 0.220 0.198 0.213 0.201 0.206 0.202 0.210
Tan delta values, shown in Table 8, 10°C
were plotted as a function of tempera- E@23°C |5.72 7.51 6.05 7.29 7.71 8.21 7.01 7.20
ture in the graphs shown in Figure 7,in  Iran5@  |0164 [0.188 |0162 | 0177 | 0161 | 0167 | 0157 | 0176
Fig. 7a and in Fig. 7b for silica (nano)par- 23°C
ticles prepared in situ or ex ante, respec-  [p' @ 479 |6.03 |5.07 595 | 627 | 669 | 6.03 | 5.83
tively. For the sake of clarity the lines re- 70 °C
ferring to silica and pristine sepiolite  |tans@ [0.114 |0.141 [0112 | 0.142 | 0.0961 | 0.114 | 0.108 | 0.128
based composites are reported 70 °C
The partial replacement of silica with | AF’ (70°c- [1.43  [232 [157 208 | 224 | 229 | 173 | 212
pristine sepiolite led to larger rigidity 10°C)

(higher E’ values), at every temperature
(Figure 7). This finding confirms that a
high aspect ratio nanofiber such as sepi-
olite is suitable to promote larger me-
chanical reinforcement of elastomer
composites. However, pristine sepiolite
brought also about higher values of
AE’(70°C — 10°C) and a remarkable incre-
ase of Tan delta, at all temperatures and
in particular at 70°C. Graphs in Figure 8
clearly show that the line which refers to
the Tan Delta points of composites with
pristine sepiolite lies well above the lines

www.kgk-rubberpoint.de

due to all the other composites. The lar-
ger reduction of E’ with the increase of
temperature and the increase of hystere-
sis, particularly at high temperature, are
negative aspects of elastomeric compo-
sites for dynamic mechanical applica-
tions such as the one in tyre compounds
and prevent the scale up of pristine sepi-
olite as reinforcing filler.

Pretty similar dynamic-mechanical
properties can be observed in Table 8 for

the composites with sepiolite modified
with silica (nano)particles from TEOS
prepared ex ante. As already commented
above, these nanoparticles do not ap-
pear to promote the reactivity of sepioli-
te with the elastomer chains.

Silica (nano)particles from TEOS pre-
pared in situ promote composite proper-
ties pretty similar to those of the compo-
sites with only silica as the filler. It seems
that the chemical modification of sepio-
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Figure 11. Stress-strain curves for composites of Table 5: silica (nano)particles prepared in

lite with TEOS is not enough to establish
chemical links with the polymer chains.

Sepiolite modified with sulphur
based (nano)particles led to substantial
increase of E’, at every temperature. Par-
ticularly interesting results were obtai-
ned with (nano)particles prepared with
the in situ procedure: the dynamic rigi-
dity was appreciably larger than the one
of silica based composite and the hyste-
resis was similar at 10 °C and lower at
23 °C and 70 °C. Sulphur based (nano)
particles appear to promote the chemi-
cal linkage of sepiolite with the elasto-
mer chains. Indeed, the theory of rein-
forcement [1, 2] teaches that this is the
typical behavior of a filler chemically
bound to polymer chains. Results in Tab-
le 8 allow also to hypothesize that an
appropriate tuning of the sulphur con-
tent of sepiolite could lead to the beast
balance of rigidity as a function of tem-
perature and hysteresis.
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Tensile properties were determined with
quasi-static measurements. The depen-
dence of stress on strain is shown in Figu-
re 11, Fig. 11a and Fig. 11b for in situ and
ex ante silica (nano)particles, respectively.

The partial replacement of silica with
pristine sepiolite led to the enhance-
ment of the stresses at every elongation
and to lower stress and elongation at
break. These findings are in line with the
results of dynamic mechanical tests. Re-
markable enhancement of the static re-
inforcement was obtained by performing
the chemical modification of sepiolite
with the in situ procedure and the lar-
gest reinforcement was achieved with
sepiolite modified with particles from
TESPD condensation.

The comparative analysis of results
from axial dynamic mechanical and from
tensile tests allows to comment that the
in situ modification of sepiolite with Sulp-

hur based silanes leads to substantial en-
hancement of the mechanical reinforce-
ment and to similar or lower hysteresis.

This work demonstrates that sepiolite is
an efficient reinforcing filler for rubber
composites based on a diene rubber and
silica as the main filler, as it is able to
promote lower composite viscosity, lar-
ger dynamic-mechanical reinforcement
and lower dissipation of energy, provided
that the chemical reactivity of sepiolite
with the rubber matrix is established.
This work demonstrates that such reacti-
vity can be achieved through the chemi-
cal modification of sepiolite with
silica(nano)particles prepared via silanes
condensation, either in situ on the sepio-
lite surface or ex ante, preserving its fib-
rillary structure. This work confirms that
pristine sepiolite does enhance the me-
chanical reinforcement of a rubber com-
posite but leads as well to a remarkable
increase of the composite hysteresis. It is
shown that, to achieve the best composi-
tes’ properties, silanes containing sulp-
hur atoms bridges should be used and
that the ideal procedure is the formation
of silica nanoparticles in situ.

The commercial development of rubber
compounds based on chemically modi-
fied sepiolite has been recently an-
nounced [28, 29]. Mechanical reinforce-
ment, lower rolling resistance and better
wet grip were obtained. The research on
the chemical modification of sepiolite
and this first commercial success pave
the way for the large use of a naturally
occurring nanofiller.
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