
1. Introduction

Proton-exchange membranes are critical components
of fuel cells. Their properties strongly affect the per-
formance of the cells. An ideal fuel-cell membrane
should exhibit properties such as good mechanical
and chemical durability, high proton conductivity at
low temperatures, low fuel permeability from anode
side to cathode side during operation and low cost [1].
Unfortunately, there is no membranes available to ful-
fill all of these characteristics. Nonetheless, several
of the commercially available membranes satisfy
most of the industry requirements for a feasible fuel
cell production. Among them, the Nafion® is well
recognized but expensive one and thus significant
efforts have been targeted at the development of cost-
effective counterparts [2]. Among them, polybenz-

imidazole based proton exchange membranes such
as sulfonated oxy-polybenzimidazole (S-OPBI) with
controlled swelling characteristics and comparable
ion exchange values for room temperature applica-
tions can be mentioned [3]. Phosphoric acid doped
polybenzimidazole polymers can be used also at
high temperature up to 170–200°C however some dis-
advantages such as phosphoric acid doping limita-
tion caused by molecular structure, prerequisite for
using phosphoric acid resistive, very expensive noble
metal catalyts, mechanical drawbacks and phosphor-
ic acid leaching during operation [4, 5] are waiting
to be improved although some promising studies
have been realised in the past few years [6, 7].
Polystyrene-block-poly(ethylene-ran-butylene)-block-
polystyrene (SEBS), a three-block copolymer, is a
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potentially cheaper alternative to Nafion® owing to
its abundance, low cost and its ability of exhibiting
elastomer/thermoplastic duality for an easy pro-
cessing [8]. Although SEBS allows high proton
conduction through the sulfonation of the styrene
units, difficulties in film casting of its pure form
and the high water uptake of sulfonated SEBS in
the presence of water hinders the efforts to convert
it to a proton-exchange film [9, 10]. Nonetheless,
several studies observed low water uptake and good
mechanical properties by blending SEBS with hy-
drophobic polymers such as polyvinylidene fluo-
ride (PVDF) or high-density polyethylene [11, 12].
However, these studies failed to provide evidence
for the stability of such blends, which results in
highly incompatible components, before and after
sulfonation.
SEBS can actually form compatible blends other
than PVDF and high density polyethylene (HDPE),
and one such well-known industrial blend of the
SEBS consists of polypropylene and wax which is
used in household devices and automobile parts due
to its superior properties over SEBS or PP, i.e. easy
processability, high compatibility and mechanical
stability [13]. Venestra et al. [14] showed that such
blends maintain a co-continuous morphology when
SEBS content is more than 20%, and a droplet–ma-
trix morphology if the SEBS content is less than
20% at 190°C annealing temperature. Mae and Omiya
[15] showed that blends with less than 20% SEBS
content exhibit crazing, whereas crazing is absent for
SEBS content higher than 20% owing to morpholo-
gy changes. Ohlsson et al. [16] observed that blends
with co-continuous morphology have elastomeric
behaviour but fail to maintain this behaviour when
the droplet–matrix morphology is dominant. A more
detailed analysis of the characteristics of such blends
has been performed by Sengupta and Noordermeer
[17] who prepared all possible combinations of SEBS/
PP/WAX blends and found that tensile strength de-
creased as the wax content increased. In contrast,
the tensile strength and E-modulus increased by ad-
dition of PP up to 35–40%. However, this was not
observed at higher PP content. The effect of SEBS
content strongly depended on the dimensions of
SEBS domains in the matrix and the amount of ap-
plied shear stress exerted in the preparation steps.
An increase in shear stress reduces the domain size,
which results in higher elongation and higher tensile
strength.

To the best of our knowledge, no study has focused
on the possibility of using the low cost and readily
available blends of SEBS with PP in proton-ex-
change film preparation. Hence, we examined these
blends as promising proton-exchange films that
might be used in fuel cell applications. For this pur-
pose, we produced two blends differing in SEBS, PP
and wax composition. The first, SEBSL consisted of
35% SEBS, 10% PP, 54% wax and 1% stabilizer,
whereas the second, SEBSH consisted of 70%
SEBS, 5% PP, 24,5% wax and 0.5% stabilizer.  PP
used to increase solvent resistance, mechanical
strength and optical transparency. The purpose of
using wax in the blend was the processing aid. The
stabilizer was used for preventing thermo-oxidative
degradation.

2. Experimental

2.1. Materials

SEBS (kinematic viscosity: 1500 cP) consisting of
31.5% (w/w) styrene and 68.5% (w/w) ethyleneb-
utylene obtained from Kraton Performance Poly-
mers Inc., Texas, USA with a molecular weight of
95000 g/mol. Wax (Finewax EI) was purchased from
Fine Organics, Mumbai, India. Polypropylene PP
(MH 418) was purchased from Petkim Petrokimya
Holding A.Ş, İzmir, Turkey,  having 4–6 g/10 min
melt flow index. Stabilizer (Irganox) which is made
up of pentaerythritol tetrakis(3-(3,5-di-tert-butyl-4-
hydroxyphenyl)propionate) in the form of granules
with a melting point of 85 °C was purchased from
BASF S.A. Chlorosulfonic acid and 1,2-dichloro -
ethane was purchased from Sigma-Aldrich Co. LLC.
and Merck & Co., respectively.

2.2. Preparation of films

Components of the blends were mixed mechanically
and extruded into films by using a Reomex OS
model (Thermo–Haake) laboratory-type twin screw
extruder at 80 g/min feeding speed, and the average
retaining time in the extruder barrel was adjusted to
1 min [13–15]. The temperature of the extruder was
kept at 180°C at the entrance, 210°C in the middle
and 180°C at the exit. The maximum die slit distance
at the exit was 500 µm. To obtain further thinner
films a rolling-stretching unit was placed in front of
the die at 30 cm distance and therefore films could
further be drawn to 300 µm. Eventually 125 µm thick-
ness was obtained by using hot-press machine at
4.107 Pa and 190°C for 1 min [18].
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2.3. Preparation of sulfonated films

Sulfonation of the styrene side-units means that the
replacement of (–H) atoms with the (–SO3) groups
on the benzene rings in SEBS chains as much as pos-
sible. This creates proton conduction sides for the pro-
tons. SEBSL and SEBSH films were thus sulfonated
by immersing in 0.9 M chlorosulfonic acid solution
in 1,2-dichloroethane for several durations at 4 °C
without sunlight. Films were then neutralized as soon
as taken out of from sulfonation solution by immers-
ing into methanol–water mixture and then washed
throughly with excess deionized water. The sulfonat-
ed films were kept in water for subsequent analysis
[11]. Figure 1 illustrates the structural formula of sul-
fonated SEBS (S-SEBS). Names of the sulfonated
films bear a (S-) prefix for indication of sulfonated
films and a number as a suffix showing their sulfona-
tion durations in minutes. Representative photograps
of dried sulfonated films are given in Figure 2, as the
sulfonation degree increased, the color of the films
become darker.

2.4. Proton conductivity measurements

Proton conductivity was measured in a fuel-cell test
device (Teledyne Medusa) by using a setup including
Solartron SI 1260 frequency gain analyzer, a So-
lartron SI 1287 electrochemical interface and a four-
probe in-plane conductivity test cell. The sulfonated
films were equilibrated in deionized water for 24 hours
and then placed in test cell which is kept at 100%
humidity level by circulating humidified nitrogen
gas. Conductivity was measured between 0.1 and

100 Hz where the applied AC voltage was maintained
at 10 mV [9–12] at 25 and 80°C.

2.5. Thermal stability measurements

Thermal stabilities of the films were evaluated by
thermal analysis via Perkin Elmer (Pyris 1 TGA) by
heating in nitrogen atmosphere at 20 °C/min up to
600°C.

3. Results and discussion

3.1. ATR–FTIR characterization

FTIR spectra of the membranes were collected by
using a Nicolet 6700 spectrometer with an ATR mod-
ule from 400 to 4000 cm–1 in 64 scans. Figure 3 shows
the FTIR spectrum for the SEBSH blend.
The absorbance at 696 cm–1 represents the out-of-
plane bending of C–H bonds in the aromatic ring
[14]. The absorbance at 1455 cm–1 is attributed to
the asymmetric stretching of C–H bonds in the CH3

groups of the ethylene–butylene blocks in SEBS and
PP. The peak at 1372 cm–1 represents the deforma-
tion vibrations of the C–H bonds in the CH2 groups
[19, 20]. The absorptions at 2850 and 2921 cm–1 be-
long to the symmetric and asymmetric vibrations of
the C–H bonds in the CH2 groups, respectively [21].
After sulfonation, several new peaks are observed,
as shown in Figure 4 for the S-SEBSH2. The ab-
sorbance at 6721, 1124 and 1164 cm–1 is due to the
vibrations of the sulfonic acid groups in the aromatic
rings following the sulfonation reaction. The peaks
at 1006 and 1035 cm–1 represent the vibrations of the
substituted aromatic ring [9]. The wide absorbance
peak between 3200–3600 cm–1 is attributed to the
O–H bond vibrations [22]. The assessment of the
FTIR spectra suggests that the sulfonation was suc-
cessfully carried out.

3.2. Mechanical characterization

The mechanical properties of the films were tested
by means of Zwick Z010 tensile tester and a Zwick
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Figure 1. Structure of S-SEBS

Figure 2. Photographs of sulfonated films



B.005 (ISO 37) specimen cutting mold. The length
of specimen cutting mold was 2 cm. Mechanical test
results for the samples were given in Table 1.
As shown in Table 1, E-modulus value for SEBSL
is almost two times greater than SEBSH due to the
rigidity enhancement introduced by higher PP con-
tent. There is a linear increase in the E-modulus
(rigidity) values with increasing sulfonation in all of
the films except S-SEBSH60 in which the value is
less than expected. Some degradation is believed to
be responsible for this drop at longer sulfonation du-
rations due to the very corrosive nature of the chloro-
sulfonic acid. The same situation is valid for the frac-

ture stress. E-modulus values of SEBSL and SEBSH
films drastically increased when they sulfonated.
Sulfonation increases the E-modulus values approx-
imately ten times when compared to the non-sul-
fonated forms of the films, S-SEBSL2/3/4/5 films
showed higher E-modulus values than that of S-
SEBSH2/3/4/5/45/60 films although their sulfona-
tion degrees are lower, which shows that contribu-
tion of PP was not overcome by sulfonation. The
possible reason might be moisture absorption from
air since highly sulfonated films are expected to ab-
sorb much moisture, which softens them and under-
mines the mechanical strength. It was observed that
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Figure 3. FTIR spectrum for the SEBSH

Figure 4. FTIR spectrum of the S-SEBSH2



fracture stress influenced also in the same way. As
we look at the elongation values, there is a descend-
ing relationship with sulfonation. For SEBSL and
SEBSH blends, we see high elongation owing to their
elastomeric nature. Unfortunately, the rigidity intro-
duced by sulfonation caused some loss of elastomer-
ic character of the films reducing the elongation val-
ues almost to half of SEBSL and SEBSH films have.
This situation can also be associated with the forma-
tion of phase segregation tunnels between hydro -
philic sulfonated styrene groups and hydrophobic
aliphatic chains of PP that weakens the mechanical
durability [23].

3.3. Sulfonation degree, water uptake,

ion-exchange capacity (IEC) and thermal

stability

Sulfonation degree is calculated by using available
styrene groups in the membranes and weight in-
crease after sulfonation. Sulfonated styrene groups
is determined by weight increase (SO3 group is re-
sponsible for weight increase) as described in the
Equation (1):

(1)

where Mbs membrane weight before sulfonation,
Mwas membrane weight after sulfonation.
Membranes were kept in deionized water for one
day and then re-weighed to determine the water up-
take [9–12]. The film water uptake is the amount of

water absorbed by the dry film and is calculated
using Equation (2):

(2)

where φ represents the water uptake percentage of
the film, Wl is the weight of the soaked film and Wk

is the weight of its dry form.
The films were immersed in 1 M KCl solution for one
day and titrated with 0.0084 M NaOH solution to de-
termine the ion-exchange capacity (IEC). IEC is the
mole number of sulfonic acid groups per unit weight
of the film and calculated by using Equation (3):

(3)

where MNaOH is the concentration of the NaOH so-
lution, VNaOH is the volume used in the titration of
the sample and Wmemb is the weight of the dry film.
Corresponding data listed in Table 2. As suggested
in the table, water uptake values of the S-SEBSL2/3/
4/5 films show a regular increment from 28.1 to 45.9%
with sulfonation, which is verified by an increase in
percentage sulfonation values. However, this trend
seems to be not supported by a regular increase in IEC
values, which displays first an increase up to 3 min-
utes of sulfonation and then a decrease in going from
4 to 5 minutes of sulfonation. This decreasing trend
in IEC values attributed to the unwanted diffusion of
some sulfonated polymer chains into the NaOH so-
lution into which films immersed for ion-exchange
measurement, consequently ion exchange calcula-
tion gave lower values. In this point SEM EDX fig-
ures (Figure 6) were collected from the cross section
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Table 1. Mechanical properties

Film names
SEBS

[%]

PP

[%]

Wax

[%]

Sulfonation

[min]

Sulfonation

[%]

E-modulus

[MPa]

Elongation at break

[%]

Fracture stress

[MPa]

S-SEBSL2 35 10 54.0 2 8.55 51.5 575 25.5

S-SEBSL3 35 10 54.0 3 9.51 54.4 595 27.1

S-SEBSL4 35 10 54.0 4 11.40 67.8 537 27.6

S-SEBSL5 35 10 54.0 5 12.40 78.0 477 30.8

S-SEBSH2 70 5 24.5 2 40.80 20.2 789 24.3

S-SEBSH3 70 5 24.5 3 64.50 27.0 593 18.8

S-SEBSH4 70 5 24.5 4 65.20 29.0 554 19.0

S-SEBSH5 70 5 24.5 5 97.50 33.0 504 18.1

S-SEBSH45 70 5 24.5 45 87.30 35.0 406 21.8

S-SEBSH60 70 5 24.5 60 76.40 32.0 311 13.7

SEBSL 35 10 54.0 – – 6.0 1406 14.9

SEBSH 70 5 24.5 – – 3.4 1461 18.2

Pure SEBS 100 0 0 – – 2.7 1148 42.0

PP 0 – 0 – – 1800.0 150 30.0



of the membranes in order to eliminate the possibil-
ity of surface sulfonation. Green color represents sul-
fur atoms and red color shows carbon atom from
cross-section of the membranes. As can be observed
from the EDX figures, sulfonation showed a depth
profile rather than only surface sulfonation.
Although similar behaviour is valid for the films of
S-SEBSH2/3/4/5/45/60, there is an additional effect
of possible degradation by means of benzene sulfon-
ic acid group’s elimination in S-SEBSH60 at longer
durations due to the corrosive nature of chlorosul-
fonic acid therefore decreasing the amount of de-
tectable acid sides. This situation results in lower
percentage sulfonation values, IECs and lower water
uptake values than expected as seen in the Table 2.
Another point to be indicated here is that the IEC
values obtained for all of the films are close or su-
perior to those of Nafion 112 and Nafion 117 mem-
branes. Despite their high sulfonation level water up-
take values of the films showed much smaller values
than the reported one (400%) of pure SEBS in the
study of Serpico et al. [24] and comparable to the
Nafion 117 which could make them promising alter-
native in this respect.
Thermal stability which is another valuable indica-
tion of functional durability for high temperature ap-
plications in which elimination temperature of sul-
fonic acid groups and the maximum temperature of
decomposition can be determined. In Table 3, ther-
mal behaviours of some selected films are given. As
can be observed from the first column of the table,
degradation start temperature were between 380–
425 °C which is far beyond the normal operating
temperatures in fuel cells (about 25 or 80°C). Ther-
mograms of representative films are given in Fig-

ure 5 in which benzene sulfonic acid elimination tem-
perature is seen for all membranes at about 294°C.
Benzene sulfonic acid elimination is the main mech-
anisms of thermal degradation in these kinds of poly-
mers. This reveals that prepared membranes will show
a high thermal stability.

3.4. Proton conductivity of sulfonated films

Proton conductivity is an important characteristic of
fuel-cell membranes and has to be maintained at high
operating temperatures where the membrane mois-
ture greatly decreases. Typical operating tempera-
tures for a common fuel cell are 25 and 80°C. There-
fore proton conductivites of selected films were
measured at 25 and at 80°C. As seen in Table 4, all
films show proton conductivities at 25°C, which in-
crease from 5.8 to 20.2 mS/cm for S-SEBSL2/5 films
and 115 to 405 mS/cm for S-SEBSH45/60 films.
Sulfonation produces a great number of sulfonated
side groups and facilitates the proton hopping be-
tween adjacent (SO3

–) units which supports higher
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Table 2. IEC and water uptake [%] for sulfonated membranes

Film names
Sulfonation

[min]

Sulfonation

[%]

IEC

[meq/gr]

Water uptake

[%]

S-SEBSL2 2 8.55 0.59 28.1

S-SEBSL3 3 9.51 0.78 32.9

S-SEBSL4 4 11.40 0.66 33.3

S-SEBSL5 5 12.40 0.61 45.9

S-SEBSH2 2 40.80 0.82 76.3

S-SEBSH3 3 64.50 1.16 102.0

S-SEBSH4 4 65.20 1.29 118.0

S-SEBSH5 5 97.50 1.62 112.0

S-SEBSH45 45 87.30 1.55 114.0

S-SEBSH60 60 76.40 1.35 121.0

Nafion 112 [6] – – 0.74 –

Nafion 117 [6, 19] – – 0.90 80.0

SEBS [19] 55.00 400.0

Table 3. Thermal properties of the films

Film names

Temperature of

degrdation start

[°C]

Temperature of

maximum degredation

[°C]

S-SEBSL2 399 436

S-SEBSL3 398 442

S-SEBSL4 383 416

S-SEBSH2 432 461

S-SEBSH5 425 452

S-SEBSH60 425 461

SEBSL 320 347

SEBSH 302 432

Pure SEBS 309 342

PP 390 427

Wax 270 339



proton conductivities [23]. Conductivities of the films
were disappeared at 80°C. Only S-SEBSH45 and S-
SEBSH60 films showed proton conductivity as a re-

sult of large number of benzene sulfonic acid groups,
which attract water molecules and increases mois-
ture content. Styrene sulfonic acid groups are not flex-
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Figure 5. Thermograms of selected films a) S-SEBSL2, b) S-SEBSH60, c) S-SEBSL5, d)Comparison of benzene sulfonic
acid elimination temperature for representative membranes

Figure 6. EDX analysis from the cross section of the membranes (green: sulfur atoms, red: carbon atoms), a) S_SEBSL4,
b) S-SEBSL5, c) S_SEBSH45, d) S_SEBSH60



ible side chains and do not make bending motion un-
like the ether sulfonic acid groups in the Nafion,
which easily bend and convey the protons although
the membrane losses its whole moisture content. For
this reason, if styrene sulfonic acid groups had a
chance to bend, zero conductivity would not be the
case from shifting 25 to 80 °C for S-SEBSL2, S-
SEBSL5 and S-SEBSH2 [25].

3.5. Scanning electron microscope (SEM)

images

SEM images of the films were taken by using JSM
5610 scanning electron microscope at 10 kV beam
voltage. As seen in the Figure 7, no microcrack for-
mation due to high rigidity or possible phase segre-
gation regions between hydrophobic PP/wax and hy-
drophilic sulfonated SEBS domains were observed.
This situation suggest that sulfonated films may have

a co-continuous morphology in which structurally
unlike domains lies together.

4. Conclusions

In this study it was shown that film casting difficulty
of pristine SEBS was overcome by using its blend
with PP and wax. SEBS/PP blends were successfully
prepared by using a twin screw extruder and were
converted to very thin films for use as a potential
proton-conducting membranes as 125 µm thickness.
By using hydrophobic PP and wax as process aid in
the blend reduced the water uptake values signifi-
cantly from the reported level. Young’s modulus (E-
modulus) of the films showed an increasing tenden-
cy with sulfonation but due to moisture absorption,
S-SEBSH2/3/4/5/45/60 films exhibited less rigidity
than S-SEBSL2/3/4/5 films. Elongation values were
found to be inversely proportional to the degree of sul-
fonation owing to phase segregation tunels and mois-
ture absorption. A similiar tendency like E-modulus
was observed in fracture stress values when sulfona-
tion degree is increased in the range S-SEBSL2/3/4/5.
However a meaningfull change was not obtained for
S-SEBSH2/3/4/5/45/60 films due to high water ab-
sorption from air during measurement. A proton con-
ductivity 405–432 mS/cm at 25°C is recorded but it
dramatically reduced to 27.2-44.3 mS/cm when the
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Table 4. Proton conductivities of sulfonated films

Film names

Sulfonation

degree

[%]

Sulfonation

time

[min]

Proton conductivity

[mS/cm]

25°C 80°C

S-SEBSL2 8.5 2 5.8 –

S-SEBSL5 12.4 5 20.2 –

S-SEBSH2 40.8 2 115.0 –

S-SEBSH45 87.3 45 432.0 27.2

S-SEBSH60 76.4 60 405.0 44.3

Figure 7. SEM images of the films given in Table 4, a) S_SEBSL2, b) S_SEBSL5, c) S_SEBSH2, d) S_SEBSH45,
e) S_SEBSH60



temperature was elevated to 80°C due to the unabil-
ity of films to retain their moisture content. It can be
concluded that with improved water uptake values
and higher proton conductivities, prepared films of
SEBS blends seem to be promising low cost alter-
native. However in situ fuel cell tests have to be car-
ried out in order to examine the cyclic thermo-me-
chanical durability and thermo-chemical resistance
for making more precise conclusion about their us-
ability as proton exchange membrane.
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