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ABSTRACT: Sulfonated poly(ether ether ketone) (SPEEK) membranes have been prepared
as a potential polymer electrolyte membrane (PEM) for direct methanol fuel cell (DMFC)
application. The SPEEK polymer was dissolved into N, N-dimethylacetamide (DMAc) in a
subsequent step after sulfonating the raw polymer with concentrated sulfuric acid. The
polymer solutions were then cast by pneumatic casting machine. The influence of sulfonation
reaction temperature on ion exchange capacity (IEC) and degree of sulfonation (DS) have
been investigated. The results showed that the IEC and DS are increased with the
temperature. The resulting membranes were then characterized by evaluating their physico-
chemical properties such as methanol permeability and proton conductivity as a function of
DS. The overall results showed that sulfonation process successfully enhanced the proton
conductivity of the membrane and the values were comparable with commercial membrane,
Nafion® 117, at room temperature. Although the methanol permeability of membrane also
increased after sulfonation process and proportional with DS, the value was still lower than
Nafion® 117.

Keywords: sulfonated poly(ether ether ketone), direct methanol fuel cell, methanol
permeability, proton conductivity

1.0 INTRODUCTION

Fuel cells have been gaining much attention as a promising alternative to replace
conventional fossil fuel systems due to their high efficiency, low environmental impact and
flexible application [1]. In fact, several types of fuel cells have been commercialized, such as
proton exchange membrane fuel cell (PEMFC) which utilizes hydrogen as fuel [2]. PEMFC is
interesting for automotive and portable applications because of its low operating temperature
[3]. However, hydrogen is difficult to store, whether as a compressed gas, as a cryogenic
liquid, or in metal hydrides or carbon nanotubes. As a result, effort has been made to utilize
hydrogen produced from fuel like methanol, via steam reforming. This is then followed by
hydrogen separation using a palladium alloy membrane to remove carbon monoxide. Such
processing dramatically increases the weight and complexity of fuel cell system [4].

In order to simplify the system structure, direct methanol fuel cell (DMFC) using
methanol as fuel is deemed as a potential option of energy converters, ascribable to the
advantage of liquid methanol. In a DMFC, methanol is fed directly to the fuel cell without any
fuel processing beforehand. The liquid-feed system does not require any fuel processing
equipment and can even be operated at room temperature. These advantages lead to
simplicity of operation in DMFC compared to systems using a reformer to produce hydrogen
from liquid fuel (i.e. indirect methanol fuel cells) [1]. Therefore, bright prospect of DMFC can
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be foreseen in applications like transportation, power generation and most importantly, for
portable devices [5].

DMFC technology is similar with that of PEMFC, in which a polymer electrolyte
membrane (PEM) is used as the electrolyte. The PEM, one of the essential components in
the development of advanced polymer fuel cells, has been studied for decades. Nowadays
perfluorinated ionomer (PFI) membranes such as Nafion® (DuPont), Aciplex® (Asahi
Chemical), Flemion® (Asahi Glass), and Dow ® (Dow Chemical) are widely accepted for
commercial application. PFI membranes are characterized by their unique chemical structure,
as the sulfonic acid group in the fluorinated backbone provides high proton conduction [6]
meanwhile the backbone offers excellent mechanical and thermal stability [7]. In term of
function, the PFI membranes play role as an ion conductor between anode and cathode, as a
separator for the fuel and oxidant, and also as an insulator between the cathode and anode
so that electrons flow through an external electronic circuit and not directly through the
membrane [8].

Although PFI membranes exhibited very good performance in PEMFC, there is a
major problem associated with application in DMFC, i.e. high methanol crossover from anode
to cathode side. High methanol crossover results in reduced performance in DMFC by
lowering the cell voltage (by several hundreds of mV), even though PEMFC and DMFC have
similar theoretical open circuit voltages E, [3]. Furthermore, PFI membranes are not suitable
to be used at temperature above 100 °C, due to difficulty with water management (difficult
humidity control) [9]. Another drawback, which has limited the market penetration of DMFC
system, is the cost of PFI membranes.

A number of studies have been done in order to overcome the limitations of PFI
membranes. Among several types of polymer membrane, it is evident that sulfonated
poly(ether ether ketone) (SPEEK) membrane has the potential to be used as the electrolyte in
DMFC [9-17], which due to its high mechanical strength, high thermal stability, cheap, easily
to handle, low methanol crossover and also moderate proton conductivity. A raw material for
SPEEK membrane is poly(ether ether ketone) (PEEK), a hydrophobic polymer with an
aromatic, non-fluorinated backbone, in which 1,4-disubstituted phenyl groups are separated
by ether (—O-) and carbonyl (-CO-) linkages. Since PEEK is a hydrophobic polymer and not
suitable to fabricate as electrolyte, PEEK has to be modified by the sulfonation process using
concentrated sulfuric acid, as shown in Figure 1.

PEEK
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Figure 1: Sulfonation of PEEK
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Generally, sulfonation is an electrophilic substitution reaction, which one of hydrogen
ion on aromatic rings is substituted by sulfonic acid group (-SO3;H). The presence of sulfonic
acid group make the SPEEK becomes highly hydrophilic, since this functional group
increases the acidity of polymer. The enhancement of polymer hydrophilicity has
differentiated SPEEK into two environments, the hydrophilic environment (consisting of the
polar sulfonic acid groups) and the hydrophobic environment (consisting of the rest of the
SPEEK matrix). Apart from that, sulfonation also modifies the chemical character of PEEK, by
reducing the crystallinity and consequently affects the polymer solubility. Generally, when the
degree of sulfonation (DS) is lower than 30 %, SPEEK is soluble only in strong H,SO,4; above
30 % DS, the polymer is soluble in hot dimethylformamide (DMF), N,N-dimethylacetamide
(DMAc), and dimethylsulfoxide (DMSOQO); above 40 % they are soluble in the same solvents at
room temperature; above 70 % they are soluble in methanol and at 100 % sulfonation in hot
water [17].

Different approach has been adopted in this paper, in which the DS of SPEEK was
controlled by sulfonation reaction temperature, instead of varying reaction time as have been
conducted by most of the previous researches. Apart from carrying out the sulfonation at
various temperatures, the effects of SPEEK’s DS on polymer properties and membrane
performances have also been studied.

2.0 EXPERIMENTAL
21 Sulfonation of Poly(Ether Ether Ketone)

PEEK was sulfonated following the technique described in the literature [17-19]. 5 g of
PEEK was dried in a vacuum oven at 100 °C and then dissolved in 95 ml of concentrated (95-
98 %) sulfuric acid (H,SO,4) at room temperature to suppress the heterogeneous sulfonation.
After completing the dissolution of PEEK (~1 h), the polymer solution was brought to the
desired temperature ranging from 47 to 63 °C and held for 3 hours. To terminate the
sulfonation reaction, the polymer solution was decanted into large excess ice-cold water
under continuous stirring and left overnight. The precipitated polymer was washed by using
distilled water and repeated until a neutral pH of the polymer was reached. The neutral
SPEEK was then dried at 100 °C overnight.

2.2 Preparation of SPEEK Membrane

SPEEK polymer was first dissolved in N, N-dimethylacetamide (DMAc) to make a 10
wt.% solution and the solution was stirred for 2 to 4 h. After evaporating most of the solvent
by heating to temperatures of 100-110 °C, the polymer solution was cast onto a glass plate
using a pneumatic casting machine. The cast membrane was dried at 60 °C for 6 h to remove
the solvents, and annealed at 100 °C for 12 h. After cooling to room temperature, the
resultant membrane was peeled from the glass in deionized water. Finally, the membrane
was treated with 1 M sulfuric acid solution for 1 day at room temperature and blotted with
absorbent paper. The thickness of a dry membrane is about 110+20 um.
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2.3 Characterization Methods
2.3.1 Titration Analysis

The ion exchange capacity (IEC) of the SPEEK, which is defined as the amount of ion
exchange (referring to hydrogen ion of sulfonic acid groups) in SPEEK, was determined using
the titration method as described by Shao [20]. About 0.5 g of SPEEK-H was immersed into
0.01 M sodium hydroxide (NaOH) solution (200 ml) for three days, which was found to be
sufficient to convert SPEEK-H into SPEEK-Na. Dilute sulfuric acid (H,SO,4) (0.003 M) was
employed to back-titrate the NaOH solution, which has been partially neutralized by the
SPEEK-H sample. Phenolphthalein as the universal indicator was adopted to help determine
the neutral point. By measuring the amount of H,SO, consumed in the titration, the molar
quantity of the sulfonic acid groups (SOzH) contained in the SPEEK-H sample can be
determined by Equation (1) and using this value, the IEC can be estimated by Equation (2).

Nspeekna = (MV)naon — 2(MV)suituric acid (1)
where M and V, respectively the molar concentration and the volume of the solutions used.
NSPEEK—H
IEC = ———— x 1000 (meq/g) (2)
Sample
where, Wsampie is the weight of the SPEEK-Na sample, and Nspeex-+ = Nspeek-Na-
SPEEK-Na is a copolymer, consisting of PEEK-SO3s;Na unit and PEEK unit. Assuming

that Ny is the molar number of the PEEK-SO3;Na unit in 1 g of SPEEK-Na sample and N; is
the molar number of the PEEK unit in 1 g of SPEEK-Na sample, then,

N, = 0.001xIEC (3)
1-(0.001xIECxM
N, - OO @
MW2

where My; and My, are the molecular weights of PEEK-SO3s;Na unit, and PEEK unit
respectively, and My, = 390, My, = 288.

Since DS is defined as the ratio of the number of structural unit containing a sulfonic
acid group to the total number of structural units in SPEEK), therefore DS can be written as,
Nl

DS = —— (5)
(N, + N,)
Substituting Equations (3) and (4) into (5) gives
288(IEC)

= (6)
1000 — 102 (IEC)

The DS can be calculated from IEC using Equation (6). If the DS is assumed to be
100 %, then the IEC of the SPEEK would be 2.56 meq/g, which is the maximum sulfonic acid
content that permitted for first type substitution.
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2.3.2 Fourier Transform Infrared Spectroscopy

Fourier transform infrared (FTIR) spectroscopy was used to identify the presence of
sulfonic acid group in polymer samples. It was also used to observe the interactions between
SPEEK polymer and solvent in the SPEEK membrane. In this study, FTIR spectra were
obtained from a Nicolet (Magna-IR 560) spectrometer equipped with attenuated total
reflection (ATR) having a Ge spherical crystal. The spectra were measured in transmittance
mode over a wave number range of 4000-600 cm™".

2.3.3 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was used to determine weight loss and hence the
thermal degradation of PEEK and SPEEK samples using Mettler Toledo Thermogravimetric
Analyzer model TGA/SDTA851e. According to the procedure proposed by Xing et al. [20], the
samples were preheated under nitrogen from room temperature to 150 °C at 10 °C/min to
remove moisture, cooled to 90 °C, then reheated from that temperature to 800 °C at 10
°C/min in air.

2.3.4 Differential Scanning Calorimetry

A METTLER TOLEDO DSC 822e differential scanning calorimetry (DSC) was
employed to study the glass transition temperature of SPEEK samples. A sample of 10 mg
was preheated under nitrogen from room temperature to 160 °C at 10 °C/min to remove
moisture, then cooled to 90 °C, and reheated from that temperature to 250 °C at 10 °C/min
[20].

2.3.5 Scanning Electron Microscopy

The morphologies of the membranes were investigated using scanning electron
microscopy (SEM). Specimens for the SEM were prepared by freezing the dry membrane
samples in liquid nitrogen up to 10 min and breaking them to produce a cross-section. Fresh
cross-sectional cryogenic fractures of the membranes were vacuum sputtered with a thin
layer of gold by using an ion sputtering (Biorad Polaron Division) before viewing on the
scanning electron microscope (Phillips SEMEDAX; XL 40; PW6822/10) with a potential of 10
kV under magnifications ranging from 500x to 2000x.

2.3.6 Water Uptake Measurement

Water uptake, which is used to determine the water content of the membranes, is one
of the fundamental measurements for DMFC polymer electrolyte membrane. Firstly,
membrane was dried in an oven at 60 °C for 48 h, weighed, soaked in deionized water
overnight at room temperature, blotted dry with absorbent paper to remove any surface
moisture, and reweighted. Then, water uptake was calculated from the equation below,

Water Uptake = S, =G, x 100% (7)

d
where, G,, is the weight of the wet membrane and G4 the weight of the dry membrane.
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2.3.7 Methanol Permeability Measurement

A diaphragm diffusion cell, as schematically illustrated in Figure 2, was used to
determine the methanol permeability of the membranes. The apparatus consists of plastic
compartments (A and B), separated by the test membrane with an effective area of 6.1575
cm?. The compartment A was (V = 50 cm®) filled with 1 M methanol and the compartment B
was filled with distiled water. The methanol molecules diffuse along the concentration
gradient through the membrane into the opposite compartment of the diffusion cell. To
determine the methanol permeability of each membrane, liquid samples of 500 pl were taken
from the permeate compartment using a syringe for every 30 minutes and the samples were
then analyzed with a differential refractometer (WATERS® 410).

1.8cm

Syringe

/

Test
Feed membrane Permeate
compartment compartment
(A) (B)
\ \ /
- '...- ‘\ - - - -

Figure 2: Diaphragm diffusion cell for methanol permeation measurement

Theoretically, methanol diffusion was established across the membrane due to a
concentration gradient. The concentration of methanol in the permeate compartment is given
by Equation (8), as stated elsewhere [21].

VadCy _ g DK )
dt L

where;

Cs = the concentration of methanol in the permeate (water) compartment at time t,
Ca = the concentration of methanol in the feed compartment,

S =the membrane cross sectional area,

L =the membrane thickness,

Vg = the volume of the permeate compartment,

D = the methanol diffusivity, and

K = the partition coefficient.
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Equation (8) can be solved to give

S DK
Cs(t) = — x —— Ca(t-to) 9)
Vi L
where t, is the time lag, which is explicitly related to the diffusivity (t, = L*/6D).
Since the methanol permeability (P) is defined as the product of the diffusivity of
methanol through the membrane (D) and the partition coefficient (K), i.e., P =DK, Equation (9)
can be rewritten as,

S P
Calt) = —— x — Ca(tts 10

B

The permeability was calculated from the linear relationship of concentration change
of the concentration of methanol in the compartment B (Cg) versus time (t) according to the
following equation,

P=m><£><L (11)

A
where m is the slope of the linear plot of Cg versus t.

2.3.8 Proton Conductivity Measurement

The conductivity of the membranes in acid form was measured by AC impedance
technique using a Solartron impedance-gain phase analyzer. The impedance spectra were
recorded over the frequency range of 10 MHz to 10 Hz with 50-500 mV oscillating voltage.
Membrane sample was equilibrated in deionized water for 24 h at room temperature prior to
testing. Then, the surface water was removed, and the swollen membrane was rapidly placed
between two stainless-steel electrodes in a conductivity cell (this cell is used to host the
sample). The water content of the membrane was assumed to remain constant during the
short period of time required for the measurement. All impedance measurements were
performed at room temperature.

The membrane resistance (R) was obtained from the intercept of the impedance curve
with the real-axis at the high-frequency end. Then, proton conductivity of membrane, o
(Siemens per centimeter (S/cm)), was calculated according to Equation (12), where o is
defined as the reciprocal of R.

L
RS
where L and S are the thickness and area of the membrane, respectively.

(12)

3.0 RESULT AND DISCUSSION
31 lon Exchange Capacity and Degree of Sulfonation of SPEEK Polymer

The temperature of the sulfonation reaction is one of the variable parameters that
control the concentration of sulfonic acid groups in the polymer, apart from reaction time and

type of sulfonating agent. In the present study, the PEEK was sulfonated with sulfuric acid
(H2S0,) for 3 h at the desired temperature ranging from 47 to 63 °C to produce polymers with
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various ion exchange capacities (IEC) and degrees of sulfonation (DS). These IEC and DS of
SPEEK were then determined by the titratration analysis. Figure 3 shows the variation of IEC
and DS as a function of reaction temperature for 3 h reaction time.
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Figure 3: Dependence of IEC and DS on sulfonation reaction temperature

It can be seen that the IEC and DS of SPEEK increased tremendously with the
increment of reaction temperature. At the lowest reaction temperature (47 °C), DS above 52
% could be reached (IEC is about 1.53 meq./g). When the sulfonation reaction was
conducted at higher reaction temperature which about 55 °C, the |IEC increased by 0.26
meq./g and DS jumped to 63 %. While, the sulfonation rate of SPEEK is led to exceed 81 %
with IEC 2.19 meq./g at reaction temperature 63 °C. From the result, it can be observed that
the sulfonation reaction temperature has a big influence on the DS of polymers and therefore,
the second substitution of sulfonic acid groups on polymer could occur if the reaction
temperature keeps on increasing. Although the DS of polymer seemed apparently less
controllable by varying sulfonation reaction temperature, it is possible to obtain high DS within
a shorter time as compared to sulfonation reaction at room temperature. For example, Li et al.
[17] reported that SPEEK with 85 % DS could be achieved within 120 h at room temperature,
as compared to only 3 h at 63 °C reaction temperature to obtain 81 % DS.
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3.2 Confirmation of the Presence of Sulfonic Acid Group in SPEEK Polymer

In order to identify the presence of sulfonic acid group in polymer samples, Fourier
transform infrared (FTIR) spectroscopy was used in the present study. The FTIR spectra of

SPEEK with different DS are shown in Figure 4.
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Figure 4: FTIR spectra of PEEK and SPEEK

The presence of sulfonic acid group in SPEEK was confirmed by the strong
characteristic peaks at 1255, 1080 and 1020 cm™, were assigned to the symmetric and
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asymmetric O=S=0 stretching vibrations, as their intensities with respect to the backbone
carbonyl (C=0) band at 1651 cm™ increased with DS. These O=S=0 stretching vibrations
spectrum for unsubstituted PEEK were weak, meanwhile there is no significant difference in
the carbonyl band for PEEK compared with SPEEK. Another evidence of the presence of
sulfonic acid group is the appearance of the peak at 3460 cm™ in SPEEK samples, which is
assigned to O-H vibration from sulfonic acid group. The spectrum shows that the O-H peak
increased with SPEEK DS, thus indicating the polymers with higher DS are more acidic. The
same findings were also reported by Xing et al. [20].

3.3 Thermal Properties of PEEK and SPEEK Polymers
The thermal stability of PEEK and SPEEK were investigated using thermogravimetric
analysis (TGA). Table 1 presents the degradation temperature (T4) of PEEK and SPEEK as a

function of DS.

Table 1: Degradation and glass transition temperatures of PEEK and SPEEK

Sample DS of Degradation temperature (°C) Glass
type polymer Degradation of Degradation of transition
(%) sulfonic acid polymer temperature
groups backbones (°C)
PEEK 0 - 552 158.77
SPEEK 52 335 530 213.76
SPEEK 63 320 525 230.38
SPEEK 81 285 490 237.97

PEEK demonstrates excellent thermal stability with a single step degradation
temperature of polymer chain higher than 550 °C. On the contrary, SPEEK exhibit two distinct
steps degradation, from 285 to 400 °C and 490 to 800 °C. The observed weight loss between
285-400 °C in SPEEK sample was attributed to the decomposition of sulfonic acid groups.
Breakdown of the SPEEK backbone took place at temperatures lower than that of PEEK, due
to the catalytic degradation of the polymers backbone caused by sulfonic acid groups. Since
no thermal degradation was detected below 200 °C, SPEEK polymer is still considered as
thermally stable membrane for DMFC system because DMFC only operates at temperature
below 150 °C.

Table 1 also shows that the glass transition temperatures (Tg) of SPEEK, which
displays much higher than that of PEEK and increased with increasing DS. This increment is
mainly due to the strong interaction between sulfonic acid groups in SPEEK. The narrow
dispersion of Tq4 values (~30 °C range) may however be attributable to the effective sulfonic
acid groups interaction, which could become saturated at a certain DS as T4 is a parameter
reflecting the polymer chain mobility. This effective interaction may not increase with
increasing DS above a certain DS value, which would make the chain mobility and therefore,
Ty invariant under these conditions. For example, the effective sulfonic acid groups interaction
may assume attained almost the same level in both SPEEK with 63 and 81 % DS as their T,
was close to each other.
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34 Interactions between Polymer and Solvent in SPEEK Membrane

The interaction between polymer and solvent in SPEEK membrane was observed by
using FTIR spectroscopy. FTIR spectra of SPEEK polymer and SPEEK membrane are
compared in Figure 5. In agreement with Robertson et al. [22], DMAc solvent, which was
used to dissolve SPEEK polymer in the present study, exhibits a strong hydrogen-bonding
with the sulfonic acid groups of SPEEK membrane (as displayed in Figure 6) at high
fabricating temperature (>100 °C). This claim is supported by the peak at 3460 cm™ in
SPEEK polymer spectrum, which was assigned to O-H vibration from sulfonic acid groups,
does not appear in the SPEEK membranes spectra. The major drawback of the SPEEK-
DMAc interaction is the reduction of the number and/or mobility of protons available for proton
transport and dramatically reduces the membrane conductivity. However, by comparing with
other solvents such as dimethylformamide (DMF) or N-methyl-2-pyrolidone (NMP), DMAc is
the best choice since the DMF also formed a hydrogen bonding with SPEEK even at low
fabricating temperature (~60 °C), while NMP has high boiling point (202 °C) and make the
solvent difficult to evaporate from the membrane matrix.
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(0]
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2 4
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Figure 5: FTIR spectrum of (a) Pure SPEEK (63 % DS) membrane, and (b) SPEEK polymer
with 63 % DS

3.5 Morphology of SPEEK Membrane
The performance of SPEEK membrane should be closely related to its internal
structure, especially its morphology. Figure 6 shows the cross-sectioned scanning electron

microscopy (SEM) micrographs of three SPEEK membranes, i.e. 52, 63 and 81 % DS. All
micrographs, even up to magnifications of 1000x, did not show any evidence of the presence
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of microporous structure. The production of non-porous structure is due to the fabrication
technique of the membrane itself. Dry phase inversion technique, which was implemented in
this study, involved slow solvent evaporation as the membrane was dried under ambient
condition for 24 h and subsequently for another 12 h at 100 °C. Generally, the membrane
produced by this technique is in a dense structure due to the slow moving of solvent
molecules when it is evaporated from the polymer membrane. DMFC system resumes dense
membrane, as porous membrane tends to allow methanol and water to permeate through it.

Figure 6: SEM micrographs of cross-sectional cryogenic fracture of SPEEK membranes
(Magnification 1000x); (a) 52 % DS, (b) 63 % DS, and (c) 81 % DS

In term of the DS effect, the fracture surface of these pure SPEEK membranes were
found almost the same, thus indicating that the DS did not significantly change the
morphology of the dry membranes. However, it is expected that the morphology of the
hydrated membrane will be different for each membrane as the hydrophilicity of the
membrane increases with increasing polymer DS, thus makes the hydrophilicity domain of
membrane with higher DS larger than that with lower DS.

3.6 Water Uptake of SPEEK Membrane

In general, the ionomeric membrane conductivity in DMFC is strongly dependent on
the number of available acid groups and their dissociation capability in water, accompanied
by the generation of protons. Since water molecules dissociate acid functionality and facilitate
proton transport, the water uptake becomes an important parameter in studying electrolyte
membranes for fuel cell application [16, 21, 23]. Therefore, it is crucial to fully understand the
relationship between the water uptake and the membrane’s DS. Figure 7 shows the water
uptake for different DS of SPEEK membrane.
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Figure 7: Water uptake of SPEEK membranes as a function of degree of sulfonation

It indicates that the water content of the membranes increased with DS, probably due
to the presence of more sulfonic acid groups, resulting increment in hydrophilicity of
membrane and thus, increasing the capability to absorb water. The most significant increment
was noted for the membrane with 81 % DS, which the water uptake differences of this
membrane and the membranes with 63 and 52 % DS are more than 50 %. This observation
can be attributed to the stronger interaction between water molecules and sulfonic acid
groups. Thus, the additional sulfonic acid groups in the PEEK repeat unit have drastically
increased the number of water molecules that can be absorbed by the membrane. In addition,
it can be found that the water uptake of SPEEK membranes are higher than that of Nafion®
117 and recorded the highest difference at SPEEK 81 % DS membrane, which was almost
100 % water uptake.

3.7 Methanol Permeability of SPEEK Membrane

Methanol permeability measurement is one of the fundamental tests of electrolyte
membrane for DMFC application, in order to determine methanol crossover through the
membrane. The variation of methanol concentration in the permeate compartment with the
time for SPEEK membranes with various DS is given in Figure 8, along with that for a Nafion®
117 membrane. All membranes, including Nafion® 117, report a linear relationship.
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Figure 8: Variation of methanol concentration in water compartment with time for SPEEK
membranes with various DS and in Nafion® 117 membrane

The slopes obtained from these linear relationships were used to calculate the
methanol permeability according to Equation (11). The results are listed in Table 2. From this
table, it can be seen that the methanol permeability of SPEEK membrane increased with the
increment of DS, which shows that the trend was probably affected by the polymer membrane
solubility. As aforementioned, the sulfonation process modifies the chemical property of
PEEK, by reducing the crystallinity and hence affecting the polymer solubility. While DS is
high enough, the crystallized population of PEEK can be broken completely and the SPEEK
will become amorphous. The main interaction between the amorphous SPEEK molecular
chains is resulted from the electrostatic forces between the sulfonic acid groups. The major
drawback of this interaction is that the highly polar methanol and water molecules can
undermine it. The evidence was reported by Li et al. [17], which stated that the SPEEK
greater than 70 % DS can dissolve in methanol and at 100% sulfonation dissolve in hot water.
It can be the reason for high methanol permeability in the membranes with high DS compared
to the membranes with low DS as in the present study.

Table 2: Variation of methanol permeability of SPEEK membranes with DS

Degree of sulfonation (%) Methanol permeability (cm?/s)
52 3.05x 107
63 7.07 x 107
81 20.51 x 107
Nafion® 117 62.98 x 107
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The table also stated that the highest methanol permeability of SPEEK membrane
was recorded by the membrane with 81 % DS SPEEK at 20.51 x 107" cm®s, which almost 4-
folds and 7-folds compared to membranes with 52 and 63 %, respectively. However, it is
important to note that the methanol permeability of the membrane is much lower than that of
Nafion® 117 membrane (62.98 x 107 cm?/s). The different methanol permeation of SPEEK
and Nafion® membranes can be explained by the difference in their microstructures. In
Nafion® membrane, because of its high hydrophobicity perfluorinated backbone and its high
hydrophilicity of the sulfonic acid groups, it would give rise to the formation of
hydrophobic/hydrophilic domains, especially in the presence of water [17]. As shown in Figure
9 (a), the sulfonic acid groups aggregate to form a hydrophilic domain. These hydrophilic
domains are interconnected in Nafion® membrane. Not only proton and water can transport
through these domains, but a smaller polar molecule such as methanol can also permeate
through these domains.

Hydrophilic
domain & O,

) Q@(%%% S :-SOy
:g/rcrj]r:iﬁhoblc 5> 6% O@O(%@@O@ @ : protc3>nic

OOEB O charger
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Figure 9: Proposed microstructure for (a) Nafion® membrane, and (b) SPEEK membrane
(redraw from Kreuer [24])

However, the microstructure of SPEEK membrane was found to be distinctly different
from Nafion® membrane. By modifying the model as proposed by Kreuer [24], the membrane
is less separated due to smaller hydrophobic/hydrophilic difference (i.e. the backbone is less
hydrophobic, and the sulfonic acid group is less acidic than Nafion® membrane) and more
branched with more dead-end “pockets”, as depicted in Figure 9 (b). Owing to this smaller
difference and the lesser flexibility of the polymer backbone, the separation into a hydrophilic
and a hydrophobic domain is less pronounced, thus making the methanol permeability for
SPEEK membrane much lower than that of Nafion® membrane.

Since low methanol permeability is one of the paramount requirements for electrolyte

membrane in DMFC system, thus the SPEEK membrane may be very attractive for future
development of DMFC technology.

24



Malaysian Polymer Journal (MPJ), Vol 2, No. 1, p 10 -28, 2007

3.8 Proton Conductivity of SPEEK Membrane

The effect of the DS on the proton conductivity of SPEEK membrane at room
temperature is shown in Figure 10. It gives a clear illustration of the fact that the conductivity
of membrane proportionally increased with DS. The conductivity increases from 9.97 x 10™ to
9.25 x 10 S/cm as the DS increases from 52 to 81 %. This can be explained by the presence
of more ion exchanges (ion hydrogens of sulfonic acid groups) in the higher SPEEK’s DS
membrane, as revealed in Figure 3. Furthermore, with increasing DS, the polymer becomes
more hydrophilic and absorbs more water, which facilitates proton transport. Hence, the
sulfonation raises the conductivity of PEEK not only by increasing the number of protons, but
also through the formation of water mediated pathways for protons.
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Degree of sulfonation (%)

Figure 10: Variation of proton conductivity of SPEEK membrane with DS

As expected, the trend of these results is in agreement with the water uptake results
shown in Figure 7, since the proton conductivity as reported by Kreuer [24] relies more
heavily on the amount of water. The increment in water uptake is increasing the conductivity
value, and the membrane with the highest water uptake possesses the highest proton
conductivity. This correlation can be explained by looking into the transportation of protons
(hydrogen ions) in hydrophilic domain, which is facilitated by the presence of water
molecules.

The proton conductivity of SPEEK membrane is also compared with that of Nafion®
117 membrane under the same conditions. The result shows that the SPEEK membrane has
lower conductivity than Nafion® membrane. However, the increment of DS significantly
improved the proton conductivity. In fact, the conductivity of SPEEK membrane with 81 % DS
is comparable with Nafion® 117 membrane. It is also worth taking note that the dependence
of the conductivity on water is more pronounced for SPEEK membrane than for Nafion® since
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the water uptake of Nafion® as shown in Figures 8 is less than SPEEK membrane but it has
higher proton conductivity.

4.0 CONCLUSION

SPEEK membranes have been successfully prepared and characterized, specifically
for DMFC application. From the results and the preceding discussion, there are several
conclusions have been drawn:

1. The DS of SPEEK can be well varied by sulfonation reaction temperature. This
technique is possible to obtain the SPEEK of higher DS within a shorter time
compared with conducting sulfonation reaction at room temperature.

2. The FTIR analysis of SPEEK confirmed the presence of sulfonic acid groups in
polymer. The TGA observed that the increment in sulfonic acid groups content was
lowering the temperature degradation of polymers backbone, meanwhile the glass
transition temperature of SPEEK, which was measured by DSC, was increased with
the DS, probably due to the interaction between sulfonic acid groups in SPEEK.

3. With the increment of DS, the water uptake, methanol permeability and proton
conductivity of SPEEK membranes increase at room temperature. Among 52, 63 and
81 % DS, the latter is found to have more remarkable effect on these three
measurements due to the presence of high content of sulfonic acid groups and
resulted in the high hydrophilic membrane. However, too hydrophilic membrane is not
desirable for DMFC electrolyte since it leads to high methanol crossover and thus
lowering the overall DMFC performance.

4. In comparison with Nafion® 117 membrane, the SPEEK membrane demonstrated
better methanol barrier property. The highest proton conductivity value of the
membrane achieved was 9.25 x 10° S/cm, and this value is comparable with the
proton conductivity of Nafion® 117 membrane.

5.0 ACKNOWLEDGEMENTS
The authors would like to acknowledge Universiti Teknologi Malaysia for the generous

financial support.

6.0 REFERENCES

[1] Smit, E. A., Ocampo, A. L., Espinosa-Medina, M. A, Sebastian, P. J., (2003), A
Modified Nafion Membrane with In Situ Polymerized Polypyrrole for The Direct
Methanol Fuel Cell, Journal of Power Sources, 124: 59-64.

[2] Woo, Y., Oh, S. Y., Kang, Y. S. and Jung, B., (2003), Synthesis and Characterization
of Sulfonated Polyimide Membranes for Direct Methanol Fuel Cell, Journal of
Membrane Science, 220: 31-45.

[3] Dohle, H., Jung, R., Kimiaie, N., Mergel, J. and Muller, M., (2003), Interaction between

the Diffusion Layer and the Flow Field of Polymer Electrolyte Fuel Cells - Experiments
and Simulation Studies, Journal of Power Sources, 124: 371-384.

26



Malaysian Polymer Journal (MPJ), Vol 2, No. 1, p 10 -28, 2007

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Libby, B., (2001), Improving Selectivity in Methanol Fuel Cell Membrane: A Study of a
Polymer / Zeolite Composite Membrane, PhD Thesis, University of Minnesota, US.

Costamagna, P., Yang, C., Bocarsly, A. B. and Srinivasan, S., (2002), Nafion®
115/Zirconium Phosphate Composite Membranes for Operation of PEMFCs Above
100 °C, Electrochimica Acta, 47: 1023-1033.

Bae, B. and Kim, D., (2003), Sulfonated Polystyrene Grafted Polypropylene
Composite Electrolyte Membranes for Direct Methanol Fuel Cells, Journal of
Membrane Science, 220: 75-87.

Ruffmann, B., Silva, H., Schulte, B. and Nunes, S. P., (2003), Organic/Inorganic
Composite Membranes for Application in DMFC, Solid State lonics, 162-163: 269-275.

Taft, K. M. and Kurano, M. R., (2003), Composite Electrolyte for Fuel Cells, U.S.
Patent No. 6, 630, 265.

Nunes, S. P., Ruffmann, B., Rikowski, E., Vetter, S. and Richau, K., (2002), Inorganic
Modification of Proton Conductive Polymer Membranes for Direct Methanol Fuel Cells,
Journal of Membrane Science, 203: 215-225.

Ponce, M. L., Prado, L., Silva, V. and Nunes, S. P., (2004), Membranes for Direct
Methanol Fuel Cell Based on Modified Heteropolyacids, Desalination, 162: 383-391.

Karthikeyan, C. S., Nunes, S. P., Prado, L. A. S. A., Ponce, M. L., Silva, H., Ruffmann,
B. and Schulte, K., (2005), Polymer Nanocomposite Membranes for DMFC
Application, Journal of Membrane Science, 254: 139-146.

Silva, V. S., Ruffmann, B., Silva, H., Gallego, Y. A., Mendes, A., Madeira, L. M. and
Nunes, S. P., (2005), Proton Electrolyte Membrane Properties and Direct Methanol
Fuel Cell Performance: |. Characterization of Hybrid Sulfonated Poly(Ether Ether
Ketone)/Zirconium Oxide Membranes, Journal of Power Sources, 140: 34-40.

Silva, V. S., Ruffmann, B., Vetter, S., Mendes, A., Madeira, L. M. and Nunes, S. P.,
(2005), Characterization and Application of Composite Membranes in DMFC,
Catalysis Today, 104: 205-212.

Silva, V. S., Weisshaar, S., Reissner, R., Ruffmann, B., Vetter, S., Mendes, A.,
Madeira, L. M. and Nunes, S. P., (2005), Performance and Efficiency of a DMFC
Using Non-Fluorinated Composite Membranes Operating at Low/Medium
Temperatures, Journal of Power Sources, 145: 485-494.

Jones, D. J., Roziére, J. and Marrony, M., (2005), High Temperature DMFC Stack
Operating with Non-Fluorinated Membranes, Fuel Cells Bulletin, October 2005.

Gaowen, Z. and Zhentao, Z., (2005), Organic/Inorganic Composite Membranes for
Application in DMFC, Journal of Membrane Science, 261: 107-113.

Li, L., Zhang, J. and Wang, Y., (2003), Sulfonated Poly (Ether Ether Ketone)

Membranes for Direct Methanol Fuel Cell, Journal of Membrane Science, 226:159-
167.

27



Malaysian Polymer Journal (MPJ), Vol 2, No. 1, p 10 -28, 2007

[18]

[19]

[20]

[21]

[22]

[23]

[24]

Mikhailenko, S. D., Zaidi, S. M. J., Kaliaguine, S., (2001), “Sulfonated Polyether Ether
Ketone Based Composite Polymer Electrolyte Membranes”, Catalysis Today, 67: 225-
236.

Huang, R. Y. M., Shao, P., Burns, C. M. and Feng, X., (2001), Sulfonation of
Poly(Ether Ether Ketone) (PEEK): Kinetic Study and Characterization, Journal of
Applied Polymer Science, 82: 2651-2660.

Xing, P., Robertson, G. P., Guiver, M. D., Mikhailenko, S. D., Wang, K. and
Kaliaguine, S., (2004), “Synthesis and Characterization of Sulfonated Poly(Ether Ether
Ketone) for Proton Exchange Membranes”, Journal of Membrane Science, 229: 95-
106.

Nasef, M. M., Zubir, N.A., Ismail, A. F., Dahlan, K. Z. M., Saidi, H. and Khayet, M.,
(2006), Preparation of Radiochemically Pore-filled Polymer Electrolyte Membranes for
Direct Methanol Fuel Cells, Journal of Power Sources, 156: 200-210.

Robertson, G., P., Mikhailenko, S. D., Wang, K., Xing, P., Guiver, M., D. and
Kaliaguine, S., (2003), Casting Solvent Interactions with Sulfonated Poly(Ether Ether
Ketone) During Proton Exchange Membrane Fabrication, Journal of Membrane
Science, 219: 113-121.

Zaidi, S. M. J., Mikhailenkoa, S. D., Robertson, G. P., Guiverb, M. D. and Kaliaguine,
S., (2000), Proton Conducting Composite Membranes from Poly Ether Ether Ketone

and Heteropolyacids for Fuel Cell Applications, Journal of Membrane Science, 173:
17-34.

Kreuer, K. D., (2001), On The Development of Proton Conducting Polymer
Membranes for Hydrogen and Methanol Fuel Cells, Journal of Membrane Science,
185: 29-39.

28



