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Phosphonated polysulfones in the acid form (PPSU-As) with degree of phosphonation
(DP) 5 0.4, 0.75, and 0.96 were successfully synthesized and utilized for the preparation of
polymer blend with sulfonated poly(ether ether ketone) (SPEEK) having a degree of sulfonation
(DS) 5 75. The resulted blend membranes were characterized and investigated as new poly-
electrolyte membrane for fuel cells applications. SPEEK/PPSU-A blend membranes formed ionic
networks through hydrogen bonding bridges between the strong sulfonic acid groups and the
amphoteric phosphonic acid groups. These ionic interactions resulted in enhanced membrane
properties in terms of water swelling, methanol uptake, methanol permeability, mechanical
strength, and thermal stability, without significant loss of proton conductivity. All the blend
membranes were transparent to visible light with presence of microphases in the order of 10–20 nm.
When compared to parent SPEEK membranes, the new SPEEK/PPSU-A blend membranes showed
slightly lower methanol permeability compared to neat SPEEK membrane. Membranes with
30 wt% phosphonic acid content with DP 5 0.75 and 0.96, exhibited slightly higher proton
conductivities at temperatures above 50 °C in comparison with Nafion membrane.

I. INTRODUCTION

Direct methanol fuel cell (DMFC) is an attracting
technology that can provide power sources for micro and
portable devices utilizing methanol as fuel without any
fuel processing beforehand.1 The main technical barriers
for commercialization of DMFC are slow methanol
oxidation and methanol crossover through polymer elec-
trolyte membrane (PEM). The latter results in significant
decrease in cell potential and fuel efficiency due to oxi-
dation of methanol at the cathode side.2–4

Sulfonated poly(ether ether ketone) (SPEEK) is one of
the major potential PEMs for the DMFC,5–15 which due
to its high thermal stability, high mechanical strength, low
methanol permeability, and moderate proton conductivity.
However, SPEEK membranes exhibit high swelling in

water when reaching critical degree of sulfonation (DS)
(.70%); or when reaching critical temperature (.60–80 °C),
which leads to poor mechanical properties and low ion
permselectivity. An extensive approach utilized for swelling
reduction of SPEEK membranes is through blending with
another swelling-tolerant materials such as inorganic addi-
tives7,10,16–21 and hydrophobic/hydrophilic polymers.6,8,22–24

However, in most cases, polymer blends are immiscible due
to their high molecular weights, the difference in their
chemical structure, and the hydrophobic/hydrophilic nature
of their backbone.

To enhance the miscibility of the polymer blend, it is
important to insure the existence of favorable specific
intermolecular interactions between the two components
of polymer blendmatrix, such as dipole–dipole, p–p, charge
transfer, or hydrogen bonding interactions.25 Among the
different intermolecular interactions, the interassociated
hydrogen bonds were utilized as a strategy for compatibi-
lization of many polymer blend systems,25–28 including
developing miscible polymers with superior properties as
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alternative membranes for fuel cells applications.29–33

SPEEK was blended with different polymers that are
capable of forming intermolecular hydrogen bonds, and in
most cases, the resulted blend membranes showed en-
hanced swelling reduction and better thermal stabilities,
without critical loss of their proton conductivities. This
includes basic polymers containing (–N–H) functionality
such as aminated polysulfone (PSU),34,35 polyvinylidene
fluoride,36–39 and polybenzimidazole40,41; acidic polymers
containing (–SO3H) functionality such as sulfonated poly-
phenylsulfones42; polymers containing hydroxyl (–OH)
functionality such as polyvinyl alcohol43; polymers bearing
both proton donor and proton acceptor sites such as
poly(amide imide),44 sulfonated polybenzimidazole,45

and phosphonated polyethers containing pyridine basic
functionality.46

Recently, phosphonated ionomer membranes gained
more attention as alternative materials for developing
new polyelectrolyte membrane for fuel cells applications
(PEMFCs).46–52 In comparison to sulfonated ionomer
membranes, phosphonic acid functionalized membranes
showed number of superior properties such as higher
thermal stability, lower methanol crossover, and low water
swelling at higher temperatures.53

Indeed, polymers with amphoteric phosphonic acid
functionality (–PO3H2) are capable of forming strong
hydrogen bonds with acidic polymers such as SPEEK and
hence can be utilized for preparation of blend membranes
for PEMFCs, targeting swelling reduction with minimum
scarification of proton conductivity. Therefore, the objec-
tives of this studyare toprepare blendmembranes composed
of SPEEK and phosphonic acid functionalized polysulfones
(PPSU-As), with different degrees of phosphonation, and
evaluation of the blend membranes characteristics for
possible use in the area of PEMFCs.

II. EXPERIMENTAL

A. Materials

Sulfonated poly(ether ether ketone) (SPEEK)was supplied
byFumatech company (St. Ingbert,Germany); PSU(Aldrich,
Milwaukee,WI; 35 kg/mol) was dried overnight at 60 °C un-
der vacuum. Triethyl phosphite (Fluka, Buchs, Switzerland;
.97%), paraformaldehyde (Fluka), chlorotrimethylsilane
(Aldrich; 199%), stannic chloride fuming (Fluka; .98%),
diethyl carbitol (Fluka;.98%), methanol (Aldrich; 99.8%),
chloroform (Aldrich; .99%), dimethylacetamide (DMAc)
(Aldrich; .99%), and N-methyl-2-pyrrolidinone (NMP)
(Aldrich; 98%) were used as received.

For the sake of clarity, the following polymers will be
referred to by their acronyms: sulfonated poly(ether ether
ketone) as SPEEK; polysulfone as PSU; phosphonated
polysulfone (PPSU) in the ester form as PPSU-E; PPSU
in the acid form as PPSU-A (Fig. 1).

B. Synthesis of PPSUs

The detailed procedure for the synthesis and charac-
terization of phosphonated polysulfones in the acid form
(PPSU-A) with different degree of phosphonation (DP)
can be found in our previous published work.54

C. Preparation of blend membranes

Since SPEEK and PPSU-A polymers are soluble in
DMAc at room temperature, DMAc was selected as the
casting solvent. A desired weighed amounts of the used
polymers SPEEK/PSU or SPEEK/PPSU-Awere dissolved
together in DMAc to form 10–15 wt% solutions. The
solutions were stirred overnight and then kept for 24 h to
release air bubbles. The solutions were poured into Petri
dishes and the solvent was evaporated at 60 °C. The formed
membranes were dipped in ultrapure deionized water for
few hours to be released out. Then, the membranes were
dried under vacuum at 90 °C for 3 h and stored in ultrapure
deionized water for subsequent use.

D. Characterization
1H nuclear magnetic resonance (NMR) spectra of the

blend polymers were recorded for structural characterization.
Data were collected on a JEOL LA 500 MHz spectrometer
using deuterated dimethyl sulfoxide (DMSO-d6). Infrared
spectra were recorded for the dried membranes using
NICOLET 6700 FTIR equipped with Smart Orbit (Thermo
ElectronCorporation,Madison,WI); 32 scanswere collected
for each sample in the range of 400–4000 cm�1.

E. Solvent uptake, ion exchange capacity and
lambda (k)

To study the water and methanol uptake (Wsolvent),
the prepared membranes were first dried under vacuum at
80 °C overnight to obtain their dry weights (Wdry) and then

FIG. 1. Structures of (a) SPEEK and (b) Phosphonated PSU.
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immersed in deionized water/pure methanol for 3 h at the
desired temperatures. Excess water/methanol was quickly
removed fromboth surfaces before theweights of the swollen
membranes (Wwet) were obtained. The solvent uptake was
then calculated as:

Wsolvent¼ ½ðWwet �WdryÞ=Wdry� � 100% : ð1Þ

For the determination of ion exchange capacity (IEC)
of the polymer blend, the membrane in the acid form
(;0.5 g) was immersed in 1 M NaCl solution for 3 days to
allow complete release of HCl from the membrane sample.
Then, the released H1was back titrated with 0.1 M NaOH
solution using phenolphthalein as indicator. The IEC is the
amount of acid equivalents per gram of dry polymer and
can be calculated as following:

IECðmeq=gÞ ¼ ðVNaOH;mLÞ � ð0:1 MNaOHÞ
g dryweight

: ð2Þ

Lambda (k) represents the average number of water
molecules for each acid group (sulfonic/phosphonic). It can
be calculated using the value of IEC and water uptake (WU)
as shown in Eq. (3).

k ¼ ððWU=100Þ=18g=moleÞ � 1000

IECðmmole=gÞ : ð3Þ

F. Thermal stability

Thermogravimetric analysis (TGA) experiments were car-
ried out using Shimadzu DTG-60H equipment (Shimadzu
Corporation, Kyoto, Japan). All the prepared membranes
were vacuum dried at 120 °C for at least 1 h before the
analysis. The samples were heated from 25 to 800 °C at
10 ° C/min under air.

G. Proton conductivity measurements

The proton conductivity of the blend membranes was
measured by electrochemical impedance spectroscopy
technique. It was performed over the frequency range
0.1–1.2 � 106 Hz with 10 mV amplitude. A potentiostat
(Model 283) and lock in amplifier (Model 5210) connected
to a PC through general purpose interface bus (GPIB) card
were used to measure the impedance data. Membrane
samples of around 1.5 � 1.5 cm were neatly cut and put
between the stainless steel electrodes of the conductivity
cells. Before the test, all the blend membranes were soaked
in deionized water at 60 °C for 30 min and the final thick-
ness of the resulted membranes were used in calculations.
The conductivity (r) of the blend membranes was calcu-
lated from the impedance data, using the relation r5 t/RA,
where t is the thickness of the membrane, A the face area,
and R is derived from the impedance data.

H. Methanol permeability measurements

Methanol permeability experiment was carried out
using a test cell, which included two compartments
separated by the tested membrane. The volume of each
compartment was 100mL and the effectivemembrane area
was 5.10 cm2. The feeding compartment (A) was filled
with 1 M methanol solution and the permeate compart-
ment (B) was filled with ultrapure water. Both compart-
ments were continuously stirred by magnetic stir bars
during permeability measurements. The methanol concen-
tration in compartment (B) was determined at different
time intervals by high performance liquid chromatography
(HPLC; Waters 2695, Milford, MA) using a lBondapak
C18 125 Ao column (3.9 � 300 mm).

Methanol permeability (P) through the PEM was then
calculated from the slope of the time–concentration curve
of methanol in compartment (B) as expressed in the
following equation:

P¼ðm�VB� LÞ = ðS�CAÞ ; ð4Þ
wherem is the slope of the linear plot ofCB versus t (dCB/dt);
VB is the volume of compartment B; CA is the concentration
of methanol in compartment A; L is the thickness of the
membrane; S is the effective area of the membrane.

I. Scanning electron microscopy

The morphology of the blend membranes was inves-
tigated by scanning electron microscopy (SEM) using
Oxford system for energy-dispersive x-ray spectroscopy
analysis system. The specimens for the SEM were pre-
pared by freezing the dried membrane samples in liquid
nitrogen and by breaking them to produce a cross-sectional
fractured surface. Individual membranes were mounted on
aluminum specimen stubs with double-sided carbon adhe-
sive tape and sputter-coated with a gold layer to provide a
conductive layer to reduce the buildup of charges on the
surface of the sample. Morphology was analyzed by the
image analyzer program Tescan Lyra-3 (Tescan, Brno,
Czech Republic).

J. Mechanical analysis

Tensile tests were conducted using Lloyd LF-Plus tensile
instrument (Lloyd Instruments Ltd., West Sussex, UK),
equipped with a 100-N load cell and pneumatic grips, in
accordance with ASTM D-882 standard.55 Five samples
were tested for each membrane composition and the
average values of the properties were reported. All tests
were conducted at a constant grip separation speed of 5
mm/min and a gauge length of 15 mm. The slope of the
initial curve of stress versus strain was used for obtaining
the modulus. The area under the stress strain curve was
used to determine the toughness.
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III. RESULTS AND DISCUSSION

A. Synthesis of PPSUs

In our recent paper,54 we have successfully synthesized
phosphonated polysulfones by two-step procedure, chlor-
omethylation of PSU backbone followed by phosphontion
utilizing Michaelis–Arbuzov reaction. The degree of chlor-
omethylation and phosphonation was controlled from
0.4 up to 2 without crosslinking side reactions. Then, the
PPSUs in the ester form were quantitatively hydrolyzed to
the corresponding acid form by refluxing in aqueous
hydrochloric acid. Phosphonic acid functionalized poly-
sulfones with DP # 1 were soluble in common organic
solvents such as DMAc, NMP, and DMSO. The obtained
membranes were characterized by low proton conductivity,
high thermal stability, and insignificant change in their
WU at temperatures around 100 °C.

B. Preparation of the blend membranes

All the blend membranes were casted using DMAc as
solvent. The phosphonic acid content in the blend mem-
branes was controlled by varying both the DP and the
percentage of PPSU-As in the blend membranes. Both
sulfonic andphosphonic acid functionalities, located on the
polymeric backbones, are expected to exhibit strong in-
termolecular interactions through formation of hydrogen
bonding bridges and ionic networks between SPEEK-75
and PPSU-As polymers as illustrated below:

X� Polymer� SO3HþY� Polymer� PO3H2 !
StrongAcid WeakAcid

fX� Polymer� SO3H . . . . . .OH� PðOÞðOHÞ � Y� Polymerg
IonicNetworks

All the resulted blend membranes were flexible and
transparent to visible light, which indicates the successful
formation of ionic networks through strong hydrogen
bonding interactions between the amphoteric phosphonic
acid groups and strong proton donor SPEEK containing
aryl sulfonic acid moieties, as illustrated in Fig. 2.

C. FTIR and 1H NMR analysis for the blend
polymers

Different polymer compositions of SPEEK-75 and
PPSU-A-96 were dissolved in DMSO-d6 and

1H spectra
were recorded as shown in Fig. 3. The recorded spectrum
clearly shows the distinct peaks for PPSU-A-0.96 at d 1.6
and 2.9 ppm. Likewise, the presence of SPEEK-75 was
obvious from its distinct peak at d 7.5 ppm.

FTIR spectra of the utilized polymers are shown in
Fig. 4. There is a clear overlap between the FTIR bands of
pure SPEEK and pure PSU membranes in most of their

characteristic peaks, which can be attributed to structure
similarity of both polymers [Figs. 4(a) and 4(b)].

Comparison of the FTIR spectra of the PPSU-E with the
FTIR spectra of neat PSU, three new absorption bands at
1018, 746, and 956 cm�1 can be identified [Fig. 4(c)].
These bands are overlapped with SPEEK peaks in the
same range. The former three bands are disappeared after
the quantitative hydrolysis of the PPSU-Es to the corre-
sponding acid form PPSU-As [Fig. 4(d)]. The character-
istic absorption bands at 2871, 2942, and 2965 cm�1,
which is attributed to CH-stretching of the bisphenol-A
(CH3)2 moiety of PSU, PPSU-E, and PPSU-A polymers,
confirm the presence of the phosphonated polymers in the
blend membranes.

Figure 5 shows the FTIR spectra of the pure SPEEK
membrane (a), SPEEK/50PPSU-E-0.75 (b), and SPEEK/
PPSU-As (c–e) blend membranes. Compared to pure
SPEEK membrane, all phosphonated membranes in both
ester and acid forms clearly display the characteristic FTIR
bands in the range of 2870–2970 cm�1. In addition, new
FTIR absorption bands for the polymer blends were ob-
served at 1103, 830, 688, and 555 cm�1. Furthermore, the
intensity of SPEEK absorption bands in the polymer blends
at 1011, 902, 764, and 609 cm�1 is decreased.

Moreover, when the percentage of SPEEK polymer is
above 40%, sulfonic acid –OH stretching band, around
3400 cm�1, became invisible. This could be attributed to
the high level of ionic crosslinking in the corresponding
polymer blend as well as the low concentration of free
SO3H groups.

D. Properties of the blend membranes

1. WU and methanol uptake

WU is considered to be a critical property for the
membranes intended to be used as PEMFCs. There is an

FIG. 2. Formation of ionic networks between SPEEK and PPSU-A
polymer blends through hydrogen bonding interactions.
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established relationship between the type of the acid func-
tionality and the WU capability for the corresponding
membrane. For example, sulfonic acid group (PKa, 1)53

can be easily solvated by the surrounding water molecules
and causes the membrane to swell because of adequate
WU levels. In comparison, the protons of amphoteric
phosphonic acid group (PKa1; 2.3 and PKa2; 7.6)53 are
stabilized by self hydrogen bonding (autoprotolysis), and
as a result, phosphonic acid ionomers are known to have
much lower WU values compared to the sulfonic acid
ionomers with similar IEC. Hence, blend membranes with
mixed sulfonic and phosphonic acid functionalities are

expected to show reasonable and average amounts of WU
levels, without excessive swelling of the blendmembranes.

Table I shows the WU values for the prepared blend
membranes. It is evident that the incorporation of PPSUs
reduced the WU levels in the blend membranes as they
becamewater insoluble up to 80 °C. The blendmembranes
showed WU values in the range of 15–36 wt% at room
temperature and 14–200 wt% at 80 °C.

This reduction in WU levels can be attributed to the
formation of interpolymeric sulfonate–phosphonium
complexes. However, when the phosphonic acid content

FIG. 3. 1H NMR spectra of neat PPSU-A-0.96 (a), polymer blends (b and c), and neat SPEEK-75 (d).

FIG. 4. FTIR spectrum of (a) neat SPEEK DS 5 75%; (b) neat PSU;
(c) PPSU-E-0.75; and (d) PPSU-A-0.75.

FIG. 5. FTIR spectrum of (a) neat SPEEK DS 5 75%; (b) 50PPSU-
E-0.75; (c) 50PPSU-A-0.4; (d) 50PPSU-A-0.75; and (e) 50PPSU-
A-0.96.
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exceeds certain limit, self hydrogen bonding between the
PPSUs predominates, and as a result, the access of water
molecules turns out to be more hindered, providing lower
WU values for the blend membranes.

Figure 6 represents the IEC and lambda values for
the SPEEK/PPSU-A-0.75 blend membranes. Although
the value of the IEC decreases as the percentage of the
PPSU-A-0.75 increases in the polymer blend, reasonable
lambda values were maintained at room temperature in
the range of (8–10) water molecules per acid functionality,
which could be attributed to the presence of adequate
number of highly dissociated sulfonic acid protons in the
blendmembranes.When the temperature increased to80 °C,
lambda values were dramatically increased, especially
for the blends with less than 30 wt% SPEEK. Hence, the
percolation threshold of lambda at 80 °C for the SPEEK/
PPSU-A-0.75 blend membranes is around 40–50 wt%
PPSU-A-0.75 content.

Methanol uptake values for the blend membranes are
displayed in Table I. All the blend membranes were insol-
uble inmethanol at room temperature and showedmethanol
uptake values in the range of 32–280% of their weight. This
suggests that these blend membranes may exhibit lower
methanol permeability, which will be advantageous in case
of DMFC operation.

2. Proton conductivity

Proton conductivity generally has a strong tradeoff in
its relationship with the WU. Membranes containing 30%
PPSU with moderate WU values showed proton conduc-
tivities in the range of 1.8–12 S/cm at room temperature
and 9–55 S/cm at 80 °C (Table I, entries 2, 5, and 8).
Unfortunately, further increase in the percentage of PPSU-
A resulted in significant lowering in proton conductivities

as a result of partial blocking of proton transporting channels
by the formation of interpolymeric sulfonate–phosphonium
complexes.

Proton conductivities of the blend membranes
SPEEK/PPSU-A-0.96 are shown in Fig. 7. The conduc-
tivity of SPEEK membranes increased with increasing
temperature and reached about 0.098 S/cm at 100 °C,
which is comparable to Nafion 117 membrane. 30PPSU-
A-0.96 blend membrane showed slightly higher proton
conductivities at temperatures above 50 °C compared to
the neat SPEEK membrane. This behavior continues up to
120 °C to reach a conductivity of 0.124 S/cm, which is
comparable to Nafion 117 membrane at this temperature.

The enhanced proton conductivity at temperatures
above 80 °C could be attributed to the higher lambda
values as well as the improvement of water retention
property in the blend membranes through the formed ionic

TABLE I. Solvent uptake and proton conductivity values of different SPEEK/PPSU-A blend membranes.

Entry No. Membrane code

Solvent uptake (wt%) Proton conductivity (S/cm)

Water Methanol

25 °C 80 °C 25 °C 25 °C 80 °C

1 SPEEK-0.75 60 Soluble Soluble 13 54
2 PPSU-A-0.4 18 18 Insolublea 0.05 0.4
3 PPSU-A-0.75 27 28 Insolublea 0.2 1.6
4 PPSU-A-0.96 32 33 Insolublea 0.3 2.5
5 70SPEEK/30PPSU-A-0.4 25 103 380 1.8 9
6 60SPEEK/40PPSU-A-0.4 20 50 290 0.7 4.4
7 50SPEEK/50PPSU-A-0.4 15 14 170 0.3 1.7
8 70SPEEK/30PPSU-A-0.75 30 170 390 4 26
9 60SPEEK/40PPSU-A-0.75 26 70 140 2.6 17

10 50SPEEK/50PPSU-A-0.75 18 25 50 2.1 11
11 70SPEEK/30PPSU-A-0.96 36 202 315 12 55.0
12 60SPEEK/40PPSU-A-0.96 29 98 100 5.5 50
13 50SPEEK/50PPSU-A-0.96 17 32 32 3.8 40

aSynthesized polymers were isolated and purified by precipitation in methanol solvent, see Ref. 54.

FIG. 6. IEC and lambda (k) values for SPEEK/PPSU-A-0.75 blend
membrane.
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networks. Increasing the percentage of PPSU-A-0.96 in
the blend membrane to 40% and 50% resulted in a slight
decrease in proton conductivities at temperatures between
80 and 120 °C, and the later membranes reached a proton
conductivities of 0.10 and 0.094 S/cm at 120 °C, respec-
tively. This reduction in proton conductivity could be at-
tributed to the lower WU values of the later membranes
compared to 30PPSU-A-0.96 membrane.

SPEEK/PPSU-A-0.75 blend membranes exhibited proton
conductivity trend similar to that of SPEEK/PPSU-A-0.96, as
shown in Fig. 8. Unfortunately, blend membranes with the
lowest phosphonic acid functionality (40%) displayed a re-
markable and significant decrease in their proton conductiv-
ities (Table I, entries 2–4). This could be attributed to the
low levels of WU and the smaller number of formed ionic
networks in these blends membranes.

3. Methanol permeability of the SPEEK/PPSU-As
blend membranes

The blend membrane with highest proton conductivity
SPEEK/PPSU-A-0.96 was selected for methanol perme-
ability measurements. Although pure SPEEK-75 mem-
brane is soluble in methanol, methanol permeability of
pure SPEEK-75 membrane is about 4 times lower than
that of Nafion 117; this considerably high permeability is
attributed the high DS. Nevertheless, SPEEK/PPSU-A-0.96
blend membranes showed slightly lower methanol perme-
abilities in comparison with neat SPEEK-75 membrane

as displayed in Table II. This behavior was expected as
the blend membranes are insoluble in methanol at room
temperature.

4. SEM morphological study of the blend
membranes

Tough transparent SPEEK/PPSU-A blend membranes
containing up to 50wt% of phosphonic acid functionalized
polysulfone have been successfully made. In contrast, to
the SPEEK/PPSU-A blend membranes, SPEEK/PSU blend
membranes were opaque.

Figure 9 shows the SEM images of selected SPEEK
blend membranes prepared in this study. Blending highly
hydrophilic SPEEK with hydrophobic PSU resulted in
poor quality and brittle membranes due to large phase
separation as shown in Fig. 9(h). However, this phase
separation was not observed in the SEM cross-sectional

FIG. 7. Proton conductivity data for SPEEK/PPSU-A-0.96 blend
membranes under fully humidified conditions.

FIG. 8. Proton conductivity data for SPEEK/PPSU-A-0.75 blend
membranes under fully humidified conditions.

TABLE II. Methanol permeability data for Nafion 117, SPEEK DS 5
75%, and SPEEK/PPSU-A-0.96 blend membranes.

Membrane code Methanol permeability (cm2/s)

Nafion 117 6.80 � 10�6

SPEEK DS 5 75% 1.62 � 10�6

30PPSU-A-0.96 1.30 � 10�6

40PPSU-A-0.96 1.22 � 10�6

50PPSU-A-0.96 1.18 � 10�6

N.Y. Abu-Thabit et al.: Novel sulfonated poly(ether ether ketone)/phosphonated polysulfone polymer blends for proton conducting membranes

J. Mater. Res., Vol. 27, No. 15, Aug 14, 20121964

ht
tp

s:
//

do
i.o

rg
/1

0.
15

57
/jm

r.
20

12
.1

45
 P

ub
lis

he
d 

on
lin

e 
by

 C
am

br
id

ge
 U

ni
ve

rs
ity

 P
re

ss

https://doi.org/10.1557/jmr.2012.145


images for 60SPEEK/40PPSU-A-0.75 blend membrane
[Fig. 7(g)]. It is clear that the miscibility between both
hydrophilic polymerswas significantly improvedas a result
of hydrogen bonding interactions between the pendent
sulfonic and phosphonic acid moieties on the poly(arylene
ether) backbones.

Furthermore, SEM images of SPEEK/PPSU-As blend
membranes have very interesting morphologies as shown
in Figs. 9(a)–9(f). Phosphonic acid functionalized poly-
sulfones are evenly dispersed in the SPEEK/PPSU-A
blend matrix and the morphology of blend membranes
showed the existence of microphases with dimensions

FIG. 9. SEM micrographs of selected SPEEK blend membranes.
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smaller than the visible light, in the order of 10–20 nm.
Hence, SEM images provided further indication of the
enhanced miscibility between the two polymers through
the hydrogen bonding interactions.

5. Thermal and mechanical properties of the blend
membranes

Figure 10 shows the comparison of the thermal stability
behavior of pure SPEEK membrane and the whole series
of the highest proton conductivity blend membranes
PPSU-A-0.96 (i.e., containing 30, 40, and 50 wt% of

PPSU-A-0.96 polymer). SPEEK membrane showed a
remarkable degradation in the temperature range of
250–350 °C due to the loss of sulfonic acid groups.
However, all the three blendmembranes showed enhanced
thermal stability and less weight loss in the same
temperature range, which could be attributed to the forma-
tionof ionic networks between sulfonic andphosphonic acid
groups. Furthermore, the blendmembrane with 50% PPSU-
A-0.96 exhibited the highest thermal stability in the series,
which couldbe attributed to the formation of highest number
of hydrogenbridges between thePPSU-A-0.96 andSPEEK.
Thus, the thermal stability increases as the percent of PPSU-
A-0.96 increases in the blend membranes.

To assess the effect of blending the two polymers
(SPEEK and PPSU-A) on the membrane reliability, the
tensile test of the blend membrane 70SPEEK/30PPSU-
A-0.75 was carried out and presented in (Fig. 11). The
mechanical properties of the neat SPEEK-75 and the blend
(70SPEEK/30PPSU-A-0.75) membranes were summa-
rized in Table III. Compared to the neat SPEEK-75, the
blend membrane showed a remarkable increase of 38% in
the modulus of elasticity, 31% in yield strength, and 26%
in tensile strength as shown in Table III. Even though re-
ductions in the strain at break (ductility) and in the toughness
were observed with the blending, the 70SPEEK/30PPSU-
A-0.75 membrane showed high ductility of 100%. This
overall improvement in mechanical properties could be
attributed to the formation of the intramolecular ionic net-
works via hydrogen bonding interactions between the am-
photeric phosphonic acid and the sulfonic acid functionalities.
Improvements in mechanical properties were also reported
for the acid–base ionically crosslinked membranes such as:
blends of polybenzimidazole/Nafion,56 polybenzimidazole/
butylsulfonated polybenzimidazole,57 and Chitosan/sodium
alginate.58 In addition, both SPEEK-75 and 70SPEEK/
30PPSU-A-0.75membranes showedbettermechanical prop-
erties when compared to Nafion 117 membrane59 (tensile
strength of 35 MPa).

IV. CONCLUSIONS

In this study, phosphonated polysulfones in the acid
formwere blendedwith SPEEK to fabricate new PEMFCs.
The blend membranes showed a wide range of character-
istics depending on the DP and polymer composition of
the blend.

Blend membranes fabricated with phosphonated poly-
sulfones in their acid form (PPSU-As) were transparent

FIG. 10. TGA analysis comparison between the whole PPSU-A-0.96
series blend membranes.

FIG. 11. Tensile plots of SPEEK-75 and 70SPEEK/30PPSU-A-0.75.

TABLE III. Tensile properties for SPEEK-75 and 70SPEEK/30PPSU-A-0.75 membranes.

Membrane codea Young’s modulus (MPa) Yield strength (MPa) Tensile strength (MPa) Strain at break (%) Toughness (MPa)

SPEEK-75 891 45 49 160 72
70SPEEK/30PPSU-A-0.75 1236 59 62 100 53

aTests were carried out for dry membranes at room temperature.
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and stable in water up to 80 °C. This stability behavior was
attributed to the formation of strong hydrogen bonding
bridges, which can hold the two polymers connected
through formation of ionic networks between the sulfonic
and phosphonic acid groups.

In addition, the presence of ionic networks led to water
swelling reduction of the blend membranes compared to
neat SPEEK membrane. This reduction in water swelling
was accompanied by lower methanol uptake as well as
lower methanol permeability, without remarkable loss
of proton conductivity. Likewise, the blend membranes
showed enhanced thermal stability in a similar way to the
acid–base blend membranes prepared earlier in the liter-
ature. Furthermore, the formed flexible ionic networks led
to an overall improvement in the mechanical properties of
the blend membranes.

These promising results address the possibility of uti-
lization of such blend membranes as alternative materials
for PEMFCs at temperatures around 100 °C.
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