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ABSTRACT: Ionomeric composites based on sepiolite and
hydrogenated poly(styrene butadiene) block copolymer
were obtained and characterized from a microstructural and
electrical point of view. Before blending, because of the high
silanol group concentration in the sepiolite, the latter could
be organophilized with suitable coupling agents. The result-
ing materials were easily processed into thin films or mem-
branes 0.2–0.4 mm thick, their conductivity in some cases

approaching 10�1 S/cm. Their suitability for film formation
and good electrical properties indicate potential applications
as electrolytes in polymer fuel cells. © 2002 Wiley Periodicals,
Inc. J Appl Polym Sci 86: 3512–3519, 2002
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INTRODUCTION

Sepiolite is a magnesium hydrosilicate with a micro-
fibrillar morphology that is structured in discontinu-
ous octahedral layers, which form open channels in
the fiber direction.1,2 This generates a microporous
structure with a large surface area, to which water or
other sorbables with suitable dimensions have access
without causing structural swelling. Figure 1 shows a
sample of a sepiolite structure with channels aligned
in the fiber direction.

An important structural characteristic of this min-
eral is its surface structure, which is covered with
silanol groups spaced every 5 Å along the fiber edges;3

this may explain the material property-enhancing ef-
fects exerted by sepiolite in blends. The surface posi-
tion makes the silanols easily accessible for coupling
reactions, thereby increasing their polymer affinity,
which, last but not least, improves the mechanical
properties of the end product.4–6 In a previous article,5

it was reported that sepiolite, particularly when
treated with silane coupling agents, reached reinforce-
ment levels even higher than those of amorphous
silica.

Exploiting the excellent reinforcing properties of
sepiolite, as well as the presence of large numbers of
silanol groups in its crystalline structure, we report on
the synthesis and characterization of new ionomer
composites that possess high proton conductivity and
that, adequately designed, can be used as solid elec-

trolytes in polymer fuel cells for mobile telephony and
automotive applications. In the pursuit of these aims,
our first step consisted of sepiolite organophilization
with suitable coupling agents, followed by the incor-
poration of the reaction product into a polymer ther-
moplastic system with high thermochemical and di-
mensional stability. The composite materials so ob-
tained and conveniently processed into thin films
were then structurally and electrically characterized.

EXPERIMENTAL

Materials

The hydrogenated poly(styrene butadiene) block co-
polymer (HSBR) used was Calprene CH-6120 from
Repsol (Spain); it contained 30 wt % styrene units. The
sulfonating reagent was acetyl sulfate prepared by the
reaction of acetic anhydride and concentrated sulfuric
acid (96%). 1,2-Dichloroethane (DCE) was previously
dried with molecular sieves. The sepiolite was a Tolsa
(Spain) product marketed under the trade name Pan-
sil2. Bis-[3-(triethoxilyl)-propyl] tetrasulfane (Si-69)
was provided by Degussa (France).

Homogeneous HSBR sulfonation procedure

For the preparation of acetyl sulfate, first acetic anhy-
dride was cooled below �10°C, with a respective vol-
ume of 96% sulfuric acid being added. The solution
was stirred, and DCE was added. The product ob-
tained was maintained at 0°C in an ice bath until its
addition to the reaction medium.

The HSBR sulfonation reaction was carried out ac-
cording to the procedure described by Makowski et
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al.7,8 The polymer was dissolved in DCE in a reactor
and under constant stirring at 52–56°C. Then, it was
purged with nitrogen. The addition of acetyl sulfate,
prepared as previously described, ensued. For the en-
tire duration of the sulfonation reaction, the solution
was continuously stirred and purged with nitrogen.
Samples were removed at the desired reaction times
and precipitated in methanol or deionized water (1

L/10 g of polymer). The highly sulfonated polymer
was partially soluble in methanol or water. It was then
recovered by steam stripping and vacuum-dried at
50–60°C for a few days.

The complete removal of residual acid from the
composite after sulfonation is important because the
acid can interfere with the properties of the end prod-
uct. The dried polymer was cut into small pieces and
washed once with boiling deionized water and repeat-
edly with cold water until a neutral pH of the sewage
was obtained. It was eventually vacuum-dried at 50–
60°C and was then ready for testing.

The titration of the polymer against a standard po-
tassium hydroxide solution (0.1N) with phenolphtha-
lein as an indicator showed a sulfonation level greater
than 15%.

Sepiolite sulfonation procedure

First, the sepiolite was treated in a 0.5N hydrochloric
acid (HCl) solution for 30 min under stirring, the
mineral/solvent ratio being 90 g of sepiolite to 1 L of
solution. Subsequently, the solid matter was filtered
and washed several times with distilled water to a
neutral reaction. The solid matter, when relatively dry,
was dispersed in a methanol/water solution (90/10)
under stirring with a Silverson instrument for 30 min,

Figure 1 Schematic structure of a sepiolite crystal.

Figure 2 Scheme of the sulfonation reaction of sepiolite.
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but the stirring was interrupted every 10 min so the
sedimentation could be checked. Then, the dispersion
was ultrasound-treated for final sedimentation checks.
After these treatments, total desegregation of the se-
piolite agglomerates was assumed to have been
achieved.

At the same time, silane Si-69 was dissolved in
methanol and then added under stirring to the sepio-
lite dispersion. The silane/sepiolite ratio was 0.2 g of
silane to 1 g of sepiolite. Thirty minutes of stirring was
considered to be enough for complete dispersion.
Then, a 30/70 oxygenated water (H2O2)/methanol so-
lution was added, the silane/H2O2 ratio to be
achieved being 1/5. The solution was left to react for
60 min. The solid was filtered and washed in methanol
several times.

Blending procedure

An open two-roll mill was used to blend HSBR/se-
piolite (SEP-1), HSBR/sepiolite–SO3H (SEP-2), and
HSBR–SO3H/sepiolite–SO3H (SEP-3). A conventional
mixing procedure was used at ambient temperature,
the blending time being 20 min for maximized inter-
mixing of the polymers.

Heterogeneous sulfonation procedure

The samples SEP-1 and SEP-2 were immersed in 0.2M
chlorosulfonic acid in a 1,2-dichlorethane solution for
various sulfonation times (3, 6, 9, and 24 h). The re-
spective samples were superficially dried and washed,
first in acetone and then in deionized Milli-Q water,
and were allowed to dry for 8 h.

Figure 3 DSC thermograms of SEP and SEP–SO3H.

Figure 4 TGA curves of SEP and SEP–SO3H.
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Figure 5 FTIR spectra of SEP and SEP–SO3H.

Figure 6 Chemical mechanisms of the sulfonation reaction of HSBR.
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Analyses

Thermogravimetric analysis (TGA) was performed
with a PerkinElmer TGA7 from 50 to 550°C at a heat-
ing rate of 10°C/min.

A Nicolet 520 Fourier transform infrared (FTIR)
spectrometer was used to record the infrared spectra
of sepiolite and HSBR before and after sulfonation. A
resolution setting of 4 cm�1 and 32 scans were used.
Samples were KBr pellets.

A Mettler 4000 differential scanning calorimeter was
used for the thermal analysis of the different samples.
The temperature range was �100 to 250°C for the
polymer composites and 60 to 540°C for the sepiolite
samples. Thermograms were recorded before and af-
ter sulfonation. The heating rate was 10°C/min for all
the samples.

Dynamic mechanical analysis (DMA) measure-
ments were performed with a Metravib RA C815A
viscoanalyzer. Specimens were compression-molded
in a Collin press at 130°C and 200 bars, and thin films
were obtained with a thickness of 0.2–0.4 mm. They
were analyzed in the compression mode at a deforma-
tion frequency of 5 Hz from �100 to 200°C.

Complex impedance spectroscopy was carried out
with a Hewlett–Packard 4192A impedance analyzer at
room temperature. The frequency range was 0.01–
10,000 kHz.

RESULTS AND DISCUSSION

Sulfonated sepiolite: characterization

Both the pure (SEP) and sulfonated sepiolites (SEP–
SO3H) were characterized with differential scanning

calorimetry (DSC), TGA, and FTIR spectroscopy. The
sepiolite sulfonation reaction occurs according to the
scheme indicated in Figure 2 when the procedure
described in the Experimental section is applied.

Figure 3 shows the DSC thermograms obtained for
SEP and SEP–SO3H, with notable differences between
the untreated and the sulfonated samples. For both
samples, a broad transition is found between approx-
imately 75 and 200°C, marking the elimination of ab-
sorbed water from the material. With further heating,
SEP shows another transition around 300°C, corre-
sponding to the elimination of crystallized water. This
latter transition does not appear in SEP–SO3H, con-
firming sepiolite sulfonation in good agreement with
the scheme proposed in Figure 2.

Figure 4 shows TGA curves for SEP and SEP–SO3H.
For both samples, a loss of water (absorbed and crys-
tallized) takes place over the entire temperature range.
However, the weight loss is higher for SEP (�4%) than
for SEP–SO3H (�1.5%). These results indicate a
change in the properties: crystallization water absorp-
tion is avoided and sepiolite sulfonation is confirmed.

The FTIR spectra (Fig. 5) of natural and modified
sepiolite show � (OOH) stretching vibrations of the
functional SiOOH groups present on the mineral sur-
face, as well as those of the coordinated water mole-
cules and zeolites in the region between 3700 and 3200
cm�1. For natural sepiolite, the latter are not visual-
ized because of the presence of physically absorbed
H2O, thereby forming hydrogen bridges with the
SiOOH surface groups. The bands at 1655 and 1635
cm�1 are assigned to zeolitic and coordinated water
deformation vibrations. The region between 900 and
1100 cm�1 is assigned to � (SiOO) stretching vibration

Figure 7 FTIR spectra of HSBR and HSBR–SO3H.
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bands. The surface-treated sepiolite spectrum shows
significant differences in comparison with that of the
untreated sample. The zone between 3700 and 3200
cm�1 shows clearly differentiated bands that were
masked by the presence of physically absorbed water
in the untreated sample but now become visible be-
cause of sulfonation. The intense band at 1400 cm�1 is
attributed to a sulfonic group stretching vibration.

Sulfonated HSBR: characterization

As indicated in the Experimental section, HSBR was
likewise sulfonated and characterized. The reaction
develops according to the scheme reproduced in Fig-
ure 6. FTIR was used to confirm the sulfonation of the
styrene groups in the HSBR polymer. Figure 7 com-
pares a series of FTIR spectra before and after sulfon-
ation. The changes in the combination vibrations (fin-
ger bands) between 1950 and 1650 cm�1 cannot be
overlooked and are particularly characteristic of the
phenyl group. The band centered at 1200 cm�1 is
characteristic of the OASAO asymmetric stretching
vibration. Absorbencies at 1005 and 1126 cm�1 result

from the vibrations of the phenyl ring with substitu-
tions by a sulfonated group and a sulfonated anion
attached to the phenyl ring, respectively.

Microstructural analysis of the membranes

A microstructural analysis of the experimental films
was based on DSC and DMA. Table I and Figure 8
show the transitions observed with DSC. The transi-
tion occurring at the lower temperature (T1) corre-
sponds to the glass-transition temperature of the hy-
drogenated polybutadiene (Tg

HPB), defined as the in-
flexion point of the transition. It appears unaltered in
all the samples and is, therefore, indicative of the fact
that sulfonic group incorporation does not affect
Tg

HPB.
At higher temperatures, there appear certain endo-

thermal transitions (T2 and T3). In the absence of sul-
fonated sepiolite (SEP-1), there appears only a single
transition at 171°C that is assigned to the inorganic
filler. For the sample containing sulfonated sepiolite

Figure 8 DSC thermograms of the different samples. Figure 9 DMA relaxation spectra of the different samples.

TABLE I
DSC and DMA Transition Temperatures

Sample

COMPOSITION DSC DMA

HSBR
wt %

HSBR–SO3H
wt %

SEP
wt %

SEP–SO3H
wt %

T1
(°C)

T2
(°C)

T3
(°C)

T1
(°C)

T2
(°C)

T3
(°C)

SEP-1 70 — 30 — �41.9 171.1 — �43.0 113.5 —
SEP-2 70 — — 30 �41.8 169.1 206.5 �43.5 112.1 181.0
SEP-3 — 70 — 30 �41.8 163.6 — �44.0 137.5 —

IONOMER COMPOSITES BASED ON SEPIOLITE/HSBR 3517



(SEP-2), this transition drops slightly, becomes wider,
and actually branches into two transitions, the second
one (206.5°C) being related to the cluster phase result-
ing from the advent of ionic groups triggered by elec-
trostatic forces. When the sulfonated sepiolite is incor-
porated into a polymeric HSBR–SO3H matrix (SEP-3),
the content of ionic groups increases, and this latter
transition is not visible in the temperature range used.

DMA yields relatively comparable results. Table I
compiles the relaxation temperatures observed,
whereas Figure 9 shows the dynamic mechanical spec-
tra of the three samples. The first relaxation (T1) to be
observed relates to Tg

HPB, which does not vary when
the unsulfonated polymer is blended with either sul-
fonated or natural sepiolite, nor does it vary for the
respective blends with the sulfonated polymer, as ob-
served for DSC analysis.

At higher temperatures, there appears a second re-
laxation T2 (and, in one case, even a third T3) that
corresponds to the glass-transition temperature of the
polystyrene component (Tg

ps), a transition that DSC is
unable to detect. This relaxation increases by 24°C for
SEP-3, that is, the sample consisting of a sulfonated
matrix and a sulfonated filler (HSBR–SO3H � SEP–
SO3H � SEP-3), because of the increment in the ion

content in the system. Sulfonic group incorporation
into the system restricts the segmental movements of
the styrene block in the copolymer. In one of the
samples (SEP-2) and at a considerably higher temper-
ature (181°C), a third relaxation is observed that does
not present for the other two samples. This last relax-
ation, similar to what was observed in DSC analysis, is
assigned to the presence of clusters in the composite as
a result of the ionic aggregates.

Electrical analysis of the membranes

Ion conductivity was measured with complex imped-
ance spectroscopy for the three samples, and consis-
tently low values (ca. 10�9 S/cm�1) were obtained that
were characteristic of insulating materials.

For the purpose of improving these results, the ki-
netics of heterogeneous sulfonation were determined
for samples SEP-1 and SEP-2, with their ionic conduc-
tivity measured at different sulfonation times. Figure
10 shows complex impedance diagrams for different
sulfonation times. The conductivity results obtained
are compiled in Table II. Several findings ought to be
highlighted. First, heterogeneous sulfonation is effec-
tive at short sulfonation times; that is, conductivity

Figure 10 Impedance plots at different sulfonation times for SEP-1 and SEP-2.

TABLE II
Sulfonation Kinetics of the Samples and Conductivity Analysis

Sample

COMPOSITION

Sulfonation
time (h)

Conductivity
(S cm�1)

HSBR
wt %

SEP
wt %

SEP–SO3H
wt %

SEP-1 70 30 — 0 �10�9

3 1.81 � 10�2

6 1.41 � 10�2

9 1.50 � 10�2

24 4.33 � 10�3

SEP-2 70 — 30 0 �10�9

3 6.94 � 10�5

6 2.22 � 10�4

9 1.21 � 10�4

24 5.07 � 10�5
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improves up to 7 orders of magnitude with 3 h of
sulfonation. Second, the highest values are obtained
for sample SEP-1, that is, the sample that initially does
not contain sulfonic groups in the sepiolite. Finally, at
the longest sulfonation time (24 h), conductivity does
not only not improve but, on the contrary, diminishes
remarkably (Fig. 11). This loss in conductivity goes
hand in hand with a considerable deterioration of the
samples themselves.
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Figure 11 Ionic conductivity as a function of the sulfon-
ation time for SEP-1 and SEP-2.
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