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ABSTRACT

Two new types of proton exchange membranes used in proton exchange membrane fuel cell
(PEMFC) were synthesized from sulfochlorinated polyethersulfone (PES (polyarylethersul-
fone)-SO,CI). One, called S-PESB, was obtained by grafting butylphenol in an amount of
0.3 equivalent per monomer unit. The second (S-PESTD) was prepared by cross-linking with
0.1 equivalent of 4,7,10-trioxa-1,13-tridecandiamine. Analysis of thermal properties (thermo-
gravimetric analysis and DSA) and mechanical testing (dynamical and thermomechanical
analysis) of the two membranes showed a significant improvement in comparison with
unmodified polyethersulfone sulfonic acid (S-PES). Thus, a significant lowering of the glass
transition temperature was observed. In addition, a comparative study carried out with the
commercial Nafion® membrane gave very similar values of ionic conductivity and a high
selectivity of proton transport. A preliminary electrochemical study of membrane/electrode
assembly has shown that the elaborated membranes are promising in PEMFC application.
Power densities obtained with cross-linked S-PESTD were superior to those of commercial
Nafion®, while S-PESB led to comparable values.
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1. Introduction

Proton exchange membrane fuel cell (PEMFC) has
been receiving lot of attention as a power source for
both stationary and mobile applications, due to its
many attractive features [1-4]. PEMFC developed to
date require the use of platinum as a catalyst and per-
fluorinated polymers as membranes. These materials
are expensive and platinum is a rare metal and there-
fore constitute a lock to large-scale development of this
clean source of sustainable energy technology. Nafion®™
membrane is used in PEMFC for its excellent chemical
properties and good mechanical stability. Its perfluori-
nated backbone is resistant to oxidative attack and to
degradation. Super-acidic sulfonic acid pending groups
are responsible for a good cationic conductivity, in the
range of 0.1-0.3 S/cm for hydrated protons [5-9].

Several other perfluorinated membranes have been
designed for these uses (Flemion®™ [10], Aquivion®™
[11]) with some advantages, like thermal stability,
strong water retention, and high proton conductivity.
Nevertheless, the main drawback of the perfluorinated
membranes is their high cost. Thus, the development
of alternative membranes of lower cost and with the
same chemical and thermomechanical properties
appears as a major challenge.

In recent years, there has been a dramatically
growing research activity in the area of ion exchange
membrane deriving from aromatic polymers as
polyarylethersulfone (PES), polyaryletherketone, poly-
benzenimidazole, etc. [12-14]. The aromatic ring is
usually a favorable site for chemical modification
allowing functionalization. Hence, sulfonated
polyethersulfone (S-PES) has shown many advantages
to elaborate solid electrolyte for PEMFC [14,15], for
example, good thermal stability, easy electrophilic sub-
stitution. In a former work [16,17], we studied the
effect of octylamine grafting on the S-PES backbone
(S-PES Octylsulfonamide: S-PESOS) and cross-linking
with hexane diamine and amino polyethersulfone
(HEXCl, CINH2 membrane). It was found that the
mechanical properties of the obtained membranes are
improved as compared with unmodified S-PES.

In this work, we report the results of elaboration of
two new S-PES-based membranes. The used starting
polymer was chlorosulfonated polyethersulfone (Cl-
PES) with a ratio of pending SO,Cl per molecular unit
(pmu), a very reactive group, controllable at will. The
ratio chosen here was 1.3 pmu. Membranes made from
hydrolyzed CI-PES (1.3 group pmu) are fragile and
soluble in water when heated. Grafting and/or cross-
linking are mandatory for improving mechanical
properties and suppressing solubility in hot water.
Previous results have been reported by us using
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octylamine as a grafting reactant and/or PES-NH2 as a
cross-linking agent [16]. We report here the use of para
isobutyl-phenol as a grafting reagent and 4,7,10-trioxa
tridecane-1,13-diamine as a cross-linking reagent.

The hydrophobic character of isobutyl phenol
should suppress hot water solubility. The acidic phe-
nol group is easily converted into sodium form, which
reacts rapidly and quantitatively with SO,Cl groups.
We used 0.3 phenate pmu, leaving 1.0 SO,Cl pmu
for obtention of acidic SOsH 1.0 group pmu after
hydrolysis.

4,7,10-Trioxa tridecane-1,13-diamine as a cross-link-
ing reagent should also suppress solubility in hot water.
Using an alpha, omega diamine on a poly oxyethylene
backbone should keep a convenient inter-chain mobility
and decrease the fragility of the membrane. Use of
0,1 M equivalent of this cross-linking reactant keeps 1.1
SO,Cl group pmu for SO;H production.

The membranes have been characterized, both
mechanically and electrochemically, and compared
with a commercial membrane. Finally, the fuel cell per-
formances of the membranes have been investigated.

2. Experimental
2.1. Materials

Nafion® 117 membrane was supplied from DuPont.
The thickness of Nafion™ 117 membrane in H-form was
175 pm in the dry state and 210 um in wet state.

Petroleum ether, diethyl ether, and tetrahydrofuran
were purchased from VWR. Dimethylacetamide (DMAc)
was purchased from Acros. Sulfuric acid was purchased
from Scharlau. Butylphenol and 4,7,10-trioxa-1,13-tride-
candiamine were purchased from Sigma-Aldrich. All
chemicals were used without further purification.

Sulfochlorated polyethersulfone, sulfonated
polyethersulfone butylsulfonate (S-PESB), and sul-
fonated polyethersulfone tioxatridecandisulfonamide
(S-PESTD) were synthesized in ERAS Labo enterprise.

2.2. Polymer synthesis

CI-PES synthesis was performed in a preceding
work by Mabrouk et al. [16].

Polymer grafted with sodium butylphenolate
(S-PESB) was prepared with 0.3 equivalent ratio of
grafting reactant. The polymer solution is prepared
with 20 g (0.034 mol of monomer unit) of CI-PES dis-
solved in 80mL of tetrahydrofuran. Sodium
butylphenolate is prepared in 20 mL of anhydrous
tetrahydrofuran with butylphenol (1.57 g) at room
temperature and magnetic stirring. 0.301 g of sodium
hydride is added in the solution and kept under argon
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atmosphere at 60°C. After cooling at room tempera-
ture, any solid (NaCl) is filtered off and the solution is
poured in 200 mL of diethyl ether for precipitation.
The polymer is filtered out and washed with H,SO,
(I1M) aqueous solution for hydrolysis of residual
SO,Cl. The polymer is then washed with distilled
water until the rinsing water keeps neutral. It is finally
dried at 80°C for 6 h (Fig. 1). The solid is finally dried
at 60°C for 2 h. Yield S-PESB =83%.

Synthesis of S-PESTD polymer is done during the
membrane preparation (vide infra).

2.3. Preparation of membranes

Two types of membranes were obtained from
grafting or cross-linking of CI-PES.
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The preparation of S-PESB membrane was realized
by dissolution of powder polymer S-PESB in DMAc
(concentration=1 g/10 mL) carried out at room tem-
perature with magnetic stirring.

Fabrication of S-PESTD membrane was done as fol-
lows: the cross-linking agent and CI-PES were dis-
solved separately at room temperature in DMAc at
10% and mixed under cooling. The resulting viscous
polymer solution was stirred during 15 min at low
temperature (about 5°C) under argon bubbling to
remove part of generated HCl. However, only a lim-
ited amount of cross-linking occurs at low tempera-
ture and the polymer is kept soluble. 0.1 equivalent of
cross-linking agent was reacted with CI-PES groups.
Then, the two clear polymer solutions of S-PESB or
S-PESTD were filtered through Nylon AG Sefar Nitex

fo OGO 4Ok,

S02Cl

— +

1- Tetrahydrofuran 60 °C
2-lon exchange of CI"by H*

%00@8@% Ho@s

SO SO3H

S-PESB membrane

Fig. 1. Synthesis of S-PESB and S-PESTD.
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60 pm, and the mass recovered were negligible. Then,
the polymer solutions were poured in (30 cm x 18 cm)
teflon plate. Drying was carried out, first during 12 h
at 40°C, then 6 h at 70°C, and finally 12 h at 100°C.
Cross-linking of S-PESTD occurs during heating, the
resulting polymer becomes insoluble in usual solvents.
After cooling, the membranes were wetted with dis-
tilled water, removed from the Teflon plate, and
stored wet. Regular thickness was 120 pm.

3. Characterization
3.1. Water uptake

Water uptake measurements have been performed
after drying membrane samples (3 cm x 3 cm) at 100°C
under vacuum overnight. The membrane was
weighed (Wg4ry) and then immersed in distilled water
at room temperature during 48 h [17]. The membranes
were then removed, excess water taken away with an
hydrophilic fabric, and the samples were finally
weighed (Wye). The water uptake was obtained by
calculating the percentage of weight gain with respect
to the dried membrane weight according to the fol-
lowing equation:

(Wwet - Wdry)

x 100 09
Wiry

Water uptake =

3.2. Ionic conductivity

All the membranes were immersed in 1 M H,S0,
(300 mL) for 72 h before testing. Ionic conductivities of
proton exchange membranes were measured at room
temperature using a conductimetric clamp in 1M
H,SO,. The resistances of membranes were measured
with a Hameg Instrument Conductimeter LC meter
HMB8018 [18]. Ionic conductivities (S/cm) depend on
the thickness membrane (I in cm), on the active sur-
face exposed to the membrane (S=0.785 cm), and on
the resistance membrane (Rpembrane (). It can be
calculated by the following equation.

)
0=5—"—0 )
Rmembrane -5

3.3. Ionic exchange capacity

The ionic exchange capacity (IEC) has been deter-
mined by titration. The membrane in acidic form was
immersed for 2 d in 100 mL of 107> M NaOH aqueous
solution. The resulting solution was titrated with
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10° M H,S0, solution [19]. The IEC is expressed as
meq of sulfonic groups/g of dry polymer and is deter-
mined from the following relation:

i f
<”Na01—1 - ”NaOH)

IEC =
Wary

3)

3.4. Proton transport number

The cationic transport number was measured using
Hittorf Cell: the cell is constituted of two symmetrical
glass compartments, each one was filled with aqueous
H,SO, 1 M 50 mL. The membrane (4.15 cm) is motion-
lessly placed between them as described in previous
papers [18,20].

3.5. Nuclear magnetic resonance

The samples of different polymers were dissolved
in DMSO d-6 (calibrated: 6 =2.49 ppm for the protons)
by warming them to ensure a total dissolution of the
samples. 'H NMR analyses were performed at a tem-
perature of 21°C using a 200 MHz Bruker spectrometer
(AC200). Concentrations lower than 40 mg/mL
provide the best resolution.

3.6. Differential scanning calorimetry

Differential scanning calorimetry (DSC) measure-
ments were carried out using TA instrument. A sam-
ple 3mg) of polymer was put in the cell and the
thermogram is registered between 20 and 300°C with
a sweep rate of 5°C/min under an argon flow of
40 mL/min. Glass transition temperature (T,) was
obtained from the second sweep.

3.7. Dynamical and thermomechanical analysis

Dynamical and  thermomechanical analysis
(DTMA) measurements were carried out with TA
Instruments DMA Q800 spectrometer working in the
tensile mode. Membrane samples were cut with the
following dimensions: length 11 mm, width 5 mm,
and thickness 120 pm. Measurements were performed
in isochronal conditions (1 Hz), and the temperature
was varied between 5 and 350°C at 3°C/min under a
dry air flow of 50 mL/min.

3.8. Thermal stability

The thermogravimetric analysis (TGA) was carried
out using a Perkin Elmer TGA 6. Approximately 3 mg
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samples were first dried at 100°C to remove any mois-
ture and solvent for 8 h, and then programmed from
30 to 400°C at a rate of 7°C/min under a 40 mL/min
nitrogen flow.

3.9. Membrane electrode assembly

S-PESB and S-PESTD membranes were immersed
in water for 12 h before assembling in fuel cell. In a
membrane electrode assembly (MEA), the membrane
was set between the anode and the cathode, both com-
mercially available from Paxitech®. The active surface
was 5 cm?, and the platinum load was 0.5 mg/cmz.
Before assembling, a drop of acidic silica gel was used
as a interfacial solution on the active layer to enhance
contact between the membrane and the electrodes.

3.10. Fuel cell measurements

An elementary Paxitech® fuel cell was used to test
the electrode membrane assembly performances
[16,21]. The measurements were performed with a
Voltalab® PGZ301 potentiostat galvanostat, available
from Dynamic EIS Voltammetry. The potential is mea-
sured as a function of applied current. The current
values vary in the range 0-1 A. Hydrogen and oxygen
from air were bubbled in distilled water before using
in the system. The flow rate was 100 mL/min. All the
experiments were run at room temperature and under
atmospheric pressure.

4. Results and discussion
4.1. NMR characterization

The chemical structure of S-PESB synthesized
polymer was determined by 'H NMR. The obtained

S-PESBS (1 H™pmu)
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spectrum is presented in Fig. 2. Peak assignation is the
following: 6=0.77 ppm is assigned to methyl protons
of -CH,-CHj; (triplet), 0=1.1 ppm is assigned to
methyl protons of CHz;-CH-Ar (doublet), and
0~1.4ppm (bad resolved) is assigned to protons of
CH, group. The signal at 6=1.63 ppm is assigned to
PES dimethyl group and ¢=2.5 ppm is assigned to
proton of butylphenol tertiary carbon (-CH-).

The amount of sulfonic acid is given by the ratio
areas of signals at 0=6.5-8.2 ppm of aromatic protons
[19,21-25]. The value is in agreement with the value of
one sulfonic acid group pmu, as given in Table 1.

Cross-linked S-PESTD is not soluble.

4.2. Thermal characterization

The thermal stability of the membranes was
investigated by TGA. Fig. 3 shows that both S-PESB
and S-PESTD membranes present a very similar
behavior and are stable in the temperature range
between ambient and approximately 200°C. Both
S-PESB and S-PESTD membranes exhibit steps of
weight loss related to the degradation of the sulfonic
groups. In comparison, the decomposition of Nafion®”
sulfonic groups starts at 325°C. Nevertheless, the ther-
mal stability of all membranes is convenient in the
temperature range of fuel cell application.

Results of DSC analysis of S-PESB and S-PESTD
membranes are shown in Fig. 4. The glass transition
temperatures are, respectively, 185 and 205°C.

4.3. Mechanical properties

DMTA led to curves given in Fig. 5 showing that
the storage modulus of the two elaborated membranes
remains stable from room temperature to around
180-210°C. This stability is due to the aromatic

Tkl

vvvvv

Fig. 2. TH NMR spectrum of S-PESB, DMSO d6, and T =20C.
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Table 1
Water uptake and IEC of S-PESB, S-PESTD, and Nafion®
117 membranes, surface =9 cm

Degree of

Water sulfonation IEC

Membrane uptake (%) (pmu) (meq/g)
S-PESB 47 1.0 H* 1.40
S-PESTD 58 1.1 H" 1.95
Nafion®” 117 (H") 32 09 H' 1.25

110 9
4 Nafion® 117 & S-PESB S-PESTD
70 T T T T T T T T T |
0 100 200 300 400 500

Temperature (%)

Fig. 3. TGA analysis of S-PESB, S-PESTD, and Nafion®
membranes.
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Fig. 4. DSC analysis of S-PESB, S-PESTD, and Nafion®
membranes.

backbone of the PES. Evaporation of water observed
around 120°C leads to a rigid film which becomes
more flexible membrane in the range of glass transi-
tion temperature. The values of the T, obtained by
DMTA are consistent with those measured by DSC
and more precise. The higher T, of S-PESTD and its
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Fig. 5. DMTA curves of S-PESB, S-PESTD, and Nafion®
membranes.

greater thermal stability are probably related to the
fact that the polymer is cross-linked. Nafion® 117 mea-
surement has been made with dehydrated sample.

4.4. Water uptake

The values of the water uptake of membranes pre-
pared and commercial Nafion® 117 are shown in
Table 1, are also given the values of the degree of sul-
fonation and the IEC of the various membranes. We
notice that the water uptake of S-PESB and S-PESTD
membranes’ values, respectively, 47 and 58%, are
higher than Nafion® membrane. These results can be
directly correlated with the degree of sulfonation and
exchange capacities of the two new membranes that
are significantly higher than the Nafion® membrane as
shown in Table 1. However, the S-PESB and S-PESTD
synthesized membranes exhibit much lower water
uptake than that of the unmodified S-PES, of the order
of 118% [12]. This result proves that the grafting and
cross-linking decrease the hydrophilic character of the
membranes and prevent the polymer from dissolution
in water.

4.5. Ionic conductivity

Intrinsic values of conductivity should be obtained
by impedance measurements at controlled humidity
and temperature. But our method gives quickly a
good idea of the conductivity and allows comparison
between membranes.

Ionic conductivity values of the S-PESB and
S-PESTD membranes are of the order of 0.1S/cm.
They are comparable to that of Nafion®. The ionic



W. Mabrouk et al. | Desalination and Water Treatment 56 (2015) 2637-2645 2643
Table 2
Transport number of proton in different membranes. [H,SO4l =1 M

i (mA) Time (min) t* cathodic t* anodic

S-PESB membrane 100 188 1.00 1.00
S-PESB membrane 70 243 1.01 1.01
S-PESB membrane 40 430 1.00 0.99
S-PESTD membrane 100 188 1.00 0.99
S-PESTD membrane 70 243 0.99 0.99
S-PESTD membrane 40 430 1.00 1.00
Nafion@ 117 (H*) membrane 100 188 0.99 1.00
Nafion® 117 (H*) membrane 70 243 1.00 1.00
Nafion® 117 (H*) membrane 40 430 0.99 0.99

conductivity is in fact the sum of two contributions.
The first one concerns the intrinsic ionic conduction of
the membrane by the H" ions which were counter-
ions, directly associated to negative ionic sites of the
membrane. The second kind implies H* ions present
in the sulfuric acid phase, absorbed by the membrane.
Lower degree of sulfonation affords membranes with
significantly lower conductivities [16].

4.6. Ionic exchange capacity

IEC values of different synthesized membranes
reported in Table 1 can be explained by the corre-
sponding molecular weight and the degree of sulfona-
tion in each membrane. The starting polymer, CI-PES,
has 1,3 SO,CI group pmu. For S-PESB, 0.3 SO,CI have
been reacted with sodium isobutyl phenolate, leaving
1,0 SO,CI group pmu, and further hydrolyzed to 1,0
SOsH group pmu (1.0 H" pmu as titrated). For
S-PESTD, 0.2 SO,CI group pmu have been reacted with
0,1 mol of 4,7,10-trioxa tridecane-1,13-diamine (2 NH,

1+ Nafion® 117 = S-PESTD [ 200

& S-PESB

- 160

- 120

— T T T T
0 100 200 300 400 500 600

Fig. 6. Polarization and power density curves of PEMFC
Paxitech® using S-PESB, S-PESTD, and Nafion® 117 (H*).
Surface=5 cm?, H, flow rates=70, and O, flow rates=
100 mL/min, at room temperature and atmospheric pres-
sure.

groups pmu), leaving 1,1 unreacted SO,Cl pmu, and
further hydrolyzed to 1.1 SO;H group pmu as titrated.

4.7. Protonic transport number

Proton transport numbers measured with S-PESB,
S-PESTD, and Nafion® are reported in Table 2. The
measurements were made at different current densi-
ties. The resulting values are comprised in the inter-
val: 1.01-0.99 showing a high selectivity of the
synthesized membranes toward protons.

4.8. PEMFC performances

Performances in PEMFC for the different mem-
branes elaborated are reported in Fig. 6. The potential
in open circuit (OCV) with the different MEAs was in
the range 0.9-1V, which is the same order as that
obtained with a Nafion® membrane in the same condi-
tions (OCV at room temperature is usually lower than
1.0 V). It may be noted that, in comparison with the
assembly made with the commercial Nafion® mem-
brane, the performances of the assembly fuel cell
made with S-PESTD are superior, while the assembly
fuel cell with S-PESB membrane gives comparable
results. After wetting, the three membranes have simi-
lar thickness. The best results of S-PESTD may be
related to the fact that the trioxa-decane bridge is
more hydrophilic than the isobutyl phenol group.

The fuel cell performances with MEA containing
the new prepared membranes are considered to have
very promising results in particular that using
S-PESTD membrane.

5. Conclusion

Unmodified sulfonated polyether sulfone (S-PES)
has been suggested as a thermostable material,
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cheaper than perfluorinated material, for fuel cells
application. However, membranes made from
unmodified S-PES are fragile and soluble in water at
high temperature. Modification by grafting hydropho-
bic groups is easy and improves mechanical properties
and the resulting polymer being still soluble in aprotic
polar solvents. In order to suppress solubility, cross-
linking is mandatory. But cross-linking is known to
decrease ionic conductivities and mechanical
properties. Cross-linking suppresses solubility, and
membrane obtention may be more difficult. So the
cross-linking bridge must be carefully chosen. 4,7,10-
trioxa-1,13-tridecandiamine was chosen as being
mechanically flexible and hydrophilic. A procedure
was obtained for membrane obtention before cross-
linking.

An easy grafting or cross-linking method of CI-PES
with butylphenol or 4,7,10-trioxa-1,13-tridecandiamine
reagents for proton-conducting membranes has been
proposed. Two non-fluorinated membranes have been
fabricated, characterized, and tested in fuel cells.
When compared with sulfonated polyethersulfone, the
synthesized grafted and cross-linked membranes exhi-
bit improved mechanical properties and a lower
hydrophilic character preventing the membrane from
dissolution in water. TGA curves show a good stabil-
ity of the membranes in the temperature range of
PEMFC application. DSC measurements and DMTA
analysis of the membranes led to glass transition tem-
peratures higher than that of Nafion®. Furthermore,
the electrochemical measurement showed that the
membranes obtained have a conductivity close to that
of Nafion® and a high selectivity for the transport of
the proton.

The fuel cell performances with MEA containing
those membranes are considered to have very promis-
ing results. The best results have been obtained with
S-PESTD membrane, cross-linked with 4,7,10-
trioxa-1,13-tridecandiamine reagent, and exhibiting elec-
trochemical performances superior to laboratory cells
made from grafted butyl phenol membrane. However, it
should be emphasized that S-PESB may be dissolved
and the membrane preparation is much easier.
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