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In the present research work, homogeneous anion exchange membranes based on
polysulfone (QAPSFs) were prepared via chloromethylation, amination and
alkalization. In the amination step, trimethylamine and N,N,N’,N’-tetramethyl-1,
6-hexanediamine were used as amination and crosslinking agents, respectively.
The chloromethylated polysulfone was characterized by 'HNMR spectroscopy
and the chloromethylation degree was calculated using peak area integration. Ion
transport properties, such as ionic conductivity, ion exchange capacity, and activation
energy for hydroxide ion transport were measured for the prepared anion exchange
membranes. Furthermore, water content associated properties, such water uptake
and hydrated number, were determined for these membranes. According to the
obtained results the membrane with crosslinking agent (QAPSF-2) showed ion
transport properties quite similar to the membrane without the crosslinker (QAPSF-1).
Although QAPSF-2 had more improved water content associated properties and
reasonable dimensional stability in contrast to QAPSF-1. Finally, according to
ionic transport measurements and water content characterizations, the prepared QAPSF
membranes can be denoted as good candidates for solid alkaline fuel cell application.

1. Introduction

attracted more attention among different types
of fuel cells. SAFCs are new technologies that

Fuel cells are known as promising technologies in the
conversion of chemical energy into electrical energy
due to high efficiency and low environmental impacts.
In recent decade, solid alkaline fuel cells (SAFCs) or
anion exchange membrane fuel cells (AEMFCs) have

utilize anion exchange membranes (AEMs) as
solid polymer electrolytes. These types of fuel
cells exhibit several advantages over proton
exchange membrane fuel cells (PEMFCs) such
as: minimizing corrosion problems under alkaline
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media, employing less expensive metal catalysts
(Ag, Ni, or Pd), effective reduction of oxygen in a
cathode, using various liquid fuels and reducing fuel
crossovering due to the opposite direction of fuel and
hydroxide ion [1-4].

AEM is a key component of AEMFCs and has
an important effect on the fuel cell performance.
Different kinds of AEMs have been designed by
changing the polymers chemistry, cationic groups and
functionalization methods [5-15]. Among different
polymers and cationic groups, polysulfone (PSF) and
ammonium species are good candidates for AEM
preparation [5, 11, 16-19]. PSF is a high performance
engineering thermo plastic material in an amorphous
glassy state with a glass transition temperature (T)
of 195°C. This polymer is highly soluble in various
polar solvents and shows good thermal, mechanical
and chemical stability in different pH ranges [19, 20].
Quaternary ammonium (QA) groups are the most
popular functional groups used in AEM fabrication
due to preparation simplicity and good performance
in ionic exchange measurements [9, 21].

This paper will focus on two AEMs (QAPSF-1 and
QAPSF-2) prepared by a chemical modification
method using PSF as the base polymerand
trimethylamine (TMA) and N,N,N',N'-tetramethyl-
1,6-hexanediamine (TMHDA) as the amination
agents. TMHDA not only acts as an amination agent,
but also because of the long alkyl chain, can be used
as a crosslinker. The length of the alkyl group chain
has a significant effect on the membrane conductivity.
Applying a crosslinking agent with a short alkyl chain
leads to lower ionic conductivity. This is due to the
fact that a crosslinked structure with short alkyl chain
provides smaller spaces for hydroxide ion transport.
Therefore, a TMHDA with a long alkyl chain can
be an appropriate crosslinker with larger spaces for
hydroxide ion transfer and higher ionic conductivity
values. Using this diamine simplifies the membrane
preparation route by merging the crosslinking and
functionalizing processes into one step [18, 21-23].
For membrane QAPSF-1 only TMA was used as an
amination agent, and for membrane QAPSF-2 both
TMA and TMHDA were used to investigate the role

of TMHDA as an amination and crosslinking agent in
the AEM performance. Degree of chloromethylation
for chloromethylated PSF (CMPSF) was determined
using 'HNMR spectra. lon transport properties
include ionic conductivity, ion exchange capacity
(IEC) and ion transport activation energy, and the
water content associated properties including water
uptake (WU) and hydrated number were measured for
the prepared QAPSF membranes. The obtained results
showed that the AEM with the cross linked structure
(QAPSF-2) had nearly similar ion transport properties
with the membrane without a crosslinker (QAPSF-1).
However, the dimensional stability and water content
associated properties were improved significantly for
the membrane utilizing the crosslinking agent.

2. Experimental
2.1. Materials

Polysulfone (PSF)- average M ~35000, M ~16000,
chlorothrimethylsilane-98%,N,N,N',N'-tetramethyl-1,
and 6-hexanediamine - 99% (TMHDA) were bought
from Sigma-Aldrich. Chloroform, paraformaldehyde,
N-methyl- 2-pyrrolidone (NMP), trimethylamine
(TMA) - 40 wt% solution in H,O, ethanol - 99%,
potassium hydroxide (KOH) - 84%, sodium hydroxide
(NaOH) - 99%, hydrochloric acid (HCI) - fuming
37%, and phenolphthalein - 1% solution in ethanol
were supplied by Merck Chemicals. Stannic chloride
(SnCl,) was purchased from Scharlau. All chemicals
were used without further purification.

2.2. AEM preparation

The AEM samples were prepared by a chemical
modification method in three steps: chloromethylation,
amination and alkalization as shown in Figure 1.

2.2.1. Chloromethylation
The chloromethylation step was carried out based

on a procedure adapted by Avram and co-workers
[20]. 5g of PSF was dissolved in 250mL chloroform.
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Fig. 1. AEM preparation route based on quaternized PSF and ammonium groups

Subsequently, the solution was transferred to three
necked flasks equipped with a reflux condenser and
magnetic stirrer. When the temperature of the mixture
reached 55°C, 3.38g of paraformaldehyde and 12.3g
of chlorotrimethylsilane were added to the mixture.

Finally, SnCl, as the reaction catalyst was added drop
wise to the solution. The chloromethylation reaction
was carried out for 72h. The obtained solution from
the chloromethylation reaction was precipitated in
ethanol and vacuum filtrated to collect white solid
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particles of CMPSF. The obtained CMPSF was dried
in a vacuum oven at 50°C for a day.

2.2.2. Amination

In this step 2g of CMPSF powder was dissolved in
20 mL NMP solvent. Next, 0.36cc of TMHDA and
2.82 cc of TMA were added to the mixture in order
to obtain a molar ratio of 1:3:0.3 for CH,Cl: TMA:
TMHDA (TMHDA was only added in the QAPSF-2
or cross linked structure case). Amination reaction
was carried out at 60°C for 48h. When the reaction
was completed, the solution was degassed, casted on a
glass plate and dried in a 60°C oven to remove solvent.
To ensure that all solvent evaporated, the AEM film
was vacuum dried at 80°C for 12h. The final product
of this step was AEMs in chloride form (QAPSF-CI)
with an average thickness of 50-60 micron.

2.2.3. Alkalization

In the alkalization step the AEM films in chloride form
were soaked in 1M KOH solution for 48 h at room
temperature. The KOH solution was refreshed several
times throughout this time to ensure the exchange of
all chloride ions with hydroxide ones. The AEM films
in hydroxide form (QAPSF-OH) were then washed
and immersed in deionized water for 48 h to remove
residual KOH.

2.3. Characterization of CMPSF and AEM
2.3.1. 'HNMR Spectra

The degree of chloromethylation (DC) of CMPSF was
determined by proton NMR ("HNMR) spectroscopy.
The DC is the average number of chloromethylated
groups per PSF monomer unit. The 'HNMR spectra
were measured on a 400 MHz Bruker instrument
using deuterated chloroform (CDCIl,) as solvent. The
DC was calculated by integration of the peak area of
chloromethyl (CH,CI) and isopropylidene (C(CH,),)
groups according to the following procedure and
equation (4).

1) Each PSF monomer has 6 methyl protons; therefore,
the peak area for a proton can be calculated by equation

(1):

AC CH3)2 (1)

peak area for a proton = p

2) The number of CH,Cl group protons can be
determined by equation (2):

A

CH,Cl

number of CH,Cl group protons =

peak area for a proton

3) Each CH,CIl group on the PSF monomer has 2
protons; so finally, the number of CH,Cl groups
for each PSF monomer (DC) can be calculated by
equation (3):

_ number of CH,Cl group protons
2

DC

3)
4) By combining the mentioned equations, equation (4)
can be derived as follows:

DC(%) _ number of CH,CI groups “

3% Aey ¢
100 =——x100
; )

1 PSF monomer e (cry)

where Acu,ci is the peak area of CH,Cl protons at 4.4-
4.6 ppm and 4c(cx,), corresponds to the peak area of
C(CH,), protons at 1.6-1.8 ppm in 'HNMR spectra.

2.3.2. ATR-FTIR spectra

The ATR-FTIR absorption spectra of CMPSF and
prepared AEMs were recorded on Shimadzu FTIR-
84008 in the spectral range of 500-4000 cm™.

2.3.3. Hydroxide conductivity and activation
energy measurement

The Through plane ionic (hydroxide) conductivity was
measured by electrochemical impedance spectroscopy
(EIS) using Bio-Logic Science Instruments
(SP-150 potentiostat). The EIS tests were performed
at an oscillating voltage of 10mV and the frequency
ranged from 1MHz to 10Hz. Before starting the
measurements AEMs were kept in deionized water
for 24h to minimize their exposure to ambient CO,.
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The membrane samples were taken out quickly and
then sealed between two stainless steel electrodes. The
conductivity was measured within the temperature
range of 25 to 80 °C under 100% relative humidity
(RH). The overall resistance (membrane resistance and
stainless steel cell resistance) was determined from the
intercept of the Nyquist plot at high frequency with a
real impedance axis. Thus, the ionic conductivity can
be calculated from the membrane resistance according
to equations (5) and (6):

R xA (5)

Rmem = Roverall - Rcell (6)

where o is the ionic conductivity (S/cm), / is the
membrane thickness (cm), 4 is the membrane area
(cm?), R
from the Nyquist plot, R, is the conductivity cell
resistance (Q or 1/S) and R
resistance (Q or 1/S).

(Q or 1/S) is the total resistance obtained

overall

is the membrane

Furthermore, while the temperature dependency of
hydroxide conductivity was governed by Arrhenius
form, equation (7), apparent activation energy for ion
transport was determined using a linear Arrhenius
relationship between Inc and 1000/T as shown in

equation (8):
-E
o= O'Oexp( RTa J 7
E,=-bxR (8)

where o, is the pre-exponential factor, £ is the
apparent activation energy (kJ/mol), R is the gas
constant (8.314 J/mol.K), T is temperature (K) and b
is the slope of the linear regression of Inc vs. 1000/T
plots.

2.3.4. Ion exchange capacity measurement
The IEC (number of functional cationic sites per

gram of dry membrane) was determined by back
titration. The AEM samples were immersed in a

0.1M HCI solution for 24 h. Subsequently, the HCI
solution was titrated with a 0.1M NaOH solution
using phenolphthalein as an indicator. The IEC was
calculated from equation (9):

— MlVl _M2V2

my,,

IEC 9)
where M, (M) and V, (mL) are the concentration and
volume of the initial HCI solution, and M, (M) and 7
(mL) are the concentration and volume of the NaOH
solution used for titration, respectively. mdry (g) is the
weight of the dry AEM sample.

2.3.5. Water uptake and hydrated number
measurement

Water uptake (WU) was determined by measuring the
weight difference between the wet and dry AEMs.
The AEM samples in chloride (CI) and hydroxide
(OH") form were soaked in deionized water for 48 h
at room temperature. Then the membranes were taken
out, the surface water was wiped away, and the weight
of the membrane was measured (W, ). After that the
membranes were dried under vacuum at 60°C for a
day and their weight was recorded (W,,)- The WU for
the AEMs was determined from equations (10):

WU(%):MXIOO (10)
dry

The hydrated number (4) which is the number of water

molecules per quaternized groups can be calculated

from WU and IEC according to the following equation

[26]:

wU 1000
—x

- 11
18.02 [EC ()

2.3.6. Alkaline stability measurements

The alkaline stability of the prepared AEMs was
evaluated by ionic conductivity. The membrane
samples were exposed to a 3M KOH solution at 60°C
for 50 h. After the treatment the membrane samples
were washed with deionized water several times
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until neutralization. The ionic conductivity of the
membranes after alkaline treatment was measured at
25°C and 60°C. Relative loss of ionic conductivity
was calculated by equation (12):

Relativeloss (%) “57%, 100
0y

(12)

where ¢, (mS/cm) and o, (mS/cm) are the ionic
conductivity values before and after alkaline treatment,
respectively.

3. Results and discussion
3.1. Synthesis of CMPSF and "HNMR spectra study

The conventional method for chloromethylation is
performed by chloromethyl methyl ether (CMME)
which is carcinogenic and harmful to both humans
and the environment. Therefore, in this study the
chloromethylation step was carried out based on
a route reported by Avram and co-workers. The
chloromethylation of PSF was confirmed by the
"HNMR spectra. In Figure 2, the 'HNMR spectrum
of CMPSF is illustrated. As clearly seen in this figure,
the CMPSF shows a peak at 4.4-4.6 ppm which is
assigned to the hydrogen proton of chloromethyl
groups (—~CH,C)). According to the equation (4), the
CMPSF has a DC(%) value of 143%.

3.2. Preparation of AEMs based on QAPSF

Two different AEM samples, denoted as QAPSF-1 and

TN\ 4.54210
R

/
= CH:C1 CHs

|
_L

Integral

1.9260
4.0291

ppm

Fig. 2. "HNMR spectra for CMPSF.

QAPSF-2, were prepared by chemical modification
according to Table 1. QAPSF-1 was prepared with
only TMA as an amination agent while QAPSF-2 was
prepared with TMA and TMHDA as amination and
crosslinking agents. The cross linked structure of the
QAPSF-2 membrane is shown in Figure 3. Figure 4

CH, CH,§
\—C[-Iz— r»t'iH-(::Hz},c-,—r»fﬂ‘cn2 —
F (]:H3 (I“:Hs CH,
PSE TMHDA BSF OI'lI,Nf\ TMA
CH; éHg;Ha

Fig. 3. TMHDA acts as amination and crosslinking agent between two PSF chains.
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Table 1. Chloromethylation and amination conditions used for AEM preparation

Chloromethylation Amination
time temperature DC time temperature CH,CL.TMA:TMHDA
membrane .
(h) (°C) (%) (h) (°C) (molar ratio)
QAPSEF-1 72 55 143 48 60 1:3:0
QAPSF-2 72 55 143 48 60 1:3:0.3

100
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Fig. 4. ATR-FTIR spectra for CMPPSF,QAPSF-1 and QAPSF-2.

shows the ATR-FTIR spectra for CMPSF, QAPSF-1
and QAPSF-2. As seen in this figure, for the QAPSF-1
membrane the peaks at 2964 cm™, 1646 cm™ and 1475
cm! (dash lines) are attributed to the stretching vibration
of quaternary ammonium groups that show successful
amination reaction. For the QAPSF-2 membrane the
peaks at 2862 cm™!, 2825 cm! and 2786 cm! (straight
lines) are attributed to the stretching vibration of —-CH.,-
coming from the crosslinked structure. The QAPSF-2
had similar peaks with QAPSF-1 because of a TMA
presence in the membrane structure. These data are in
accordance with other literature [17, 18, 27].

3.3. Hydroxide conductivity, activation energy and
IEC for AEMs

Hydroxide conductivity values at 25-80°C were
calculated using resistance obtained from the Nyquist
plot. Table 2 summarizes the membrane resistance
at different temperatures for the prepared AEMs.
Furthermore, Table 3 reports the ionic conductivity,
IEC, and activation energy for QAPSF-1and QAPSF-2.
As can be seen, by increasing the temperature the
membrane resistance values were decreased, the ionic
conductivity values were improved, and finally, lower
values of activation energy resulted. Obviously, as the
temperature increases, the free volume expands and
the anion transferring channels become wider, which
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Table 2. AEMs resistance calculated from Nyquist plot at different temperatures

6 (mS/cm) o (mS/cm) 6 (mS/cm) 6 (mS/cm)
membrane IEC (meq/gr) E_(kJ/mol)
at 25 °C at 40 °C at 60 °C at 80 °C :
QAPSEF-1 11.90 17.24 22.73 26.32 1.43 12.88
QAPSE-2 11.54 16.66 22.22 26.09 1.24 12.78
Table 3. Ionic conductivity, IEC and activation energy of prepared AEMs
thickness R (Q) R (Q) R (Q) R (Q)
membrane K mem mem mem mem
(micron) at25°C at40 °C at 60 °C at 80 °C
QAPSEF-1 50 0.42 0.29 0.22 0.19
QAPSE-2 60 0.52 0.36 0.27 0.23

improves overall mobility of ions and polymer chains,
and consequently the ionic conductivity increases [28].
In addition by decreasing the energy barrier for ion
transport through the polymer, the ionic conductivity
through the AEM increases. As presented in Table 3,
QAPSF-2 with the crosslinker had nearly similar
values of ion conductivity and activation energy.
This fact shows that the TMHDA as an amination

agent and crosslinker does not inversely affect the
membrane ion transport properties. Figure 5 presents
the Nyquist plot for QAPSF-2 at 80 °C. The overall
resistance (membrane resistance and conductivity cell
resistance) was determined from the intercept of the
Nyquist plot with the real impedance axis.

2604
2404
2204
2004
1204
160
2 140
<
= 0000002+
B 1204 £
£ =
" 1004 g
=
804 E
T E -0.000002+
T T T
404 2321385 232139 2321385
20 Re(Z}/Ohm
o
) 1 ¥
] 100 300 00

Re(Z)IOhm

Fig. 5. Nyquist plot and related overall resistance of QAPSF-2 at 80 °C.
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Table 4.WU and hydrated number of the prepared AEMs in chloride and hydroxide forms

WU(%) WU(%) A A
membrane

OH- form CI form OH- form CI form
QAPSF-1 122.81 33.83 47.83 13.17
QAPSEF-2 93.98 22.53 41.99 11.41

3.4. Water uptake and hydrated number for AEMs

The water content associated properties of the prepared
AEMs including the WU and hydrated number for both
chloride and hydroxide forms are reported in Table
4. Generally, these parameters values will increase
with the enhancement of IEC for AEMs. A higher
IEC makes the ionic clusters larger and hydrophilic
channels more continuous which in turn expands
the overall hydrophilic domains and consequently
improves water content associated properties [8,
29]. As presented in this table, the WU and hydrated
number values of the AEMs in hydroxide form was
greater than the values of the AEMs in chloride form.
This phenomenon can be attributed to the coordination
number of hydroxide ion in a water molecules
network. Each hydroxide ion is surrounded by four
water molecules, therefore the AEMs in hydroxide
form uptakes more water molecules compared with
AEMs in chloride form [2, 30]. As reported in Table 4,
the water absorption for the QAPSF-2 membrane
with TMHDA as a crosslinker was controlled and this
membrane had more improved dimensional stability
compared with QAPSF-1.

3.5. Alkaline stability experiments

The alkaline stability experiments were performed
for both QAPSF-1 and QAPSF-2 membranes by
treatment with a 3M KOH solution at 60°C for 50h.
After treatment, QAPSF-1 did not show good stability
and became very brittle, thus the ionic conductivity test
could not be performed for this membrane. However,
the QAPSF-2 showed good stability according to
Figure 6. This figure represents the ionic conductivity
of the QAPSF-2 membrane at 25°C and 60°C, before

25

22,22
OBefore Treatment
20 4 B After Treatment
g
“w: 15
£ 11.54
z
£ 104 8.38
g
=
5 5 4.02

25°C 60 °C

Temperature (°C)

Fig. 6. Ionic conductivity of QAPSF-2 at 25°C and 60°C before

and after alkaline treatment.

and after treatment with the KOH solution. As seen,
the ionic conductivity decreased with a relative loss
of 65% and 62% at 25°C and 60°C, respectively. The
alkaline stability of QAPSF-2 is due to the fact that
the TMHDA as a crosslinker strengths the membrane
structure and decelerated the degradation process. The
AEM degradation occurred by Hofmann elimination
and nucleophilic substitution as shown in Figure 7.

3.6. Comparison of Present Study with Literature

A comparison between data published in the literature
and the data obtained in this study is presented in
Table 5. As observed, the performance of the AEMs
which were prepared in this study is in good agreement
with other researchers.
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Table 5. Comparison of experimental data with published data for AEMs based on PSF and ammonium groups

. IEC .
AEM Amine group o (mS/cm) (meq/ar) WU or SR (%) AorE (kJ/mol) Ref.
PSF-TMA*-OH TMA 17-32 2.05 WU=200 (30°C) - [31]
(30-70°C) '
. SR=37
QPSF TMA- TMHDA 11 (25°C) (25°C) - [27]
QAPS-OH TMA 18-34 1.18 WU= 230 - [23]
(20-80°C) ’
xQAPS-PTFE TMA 35 (60°C) 1.23 SR=3 - [32]
(60°C)
QAPS-PTFE TMA 12-27 127  WU= 55 (30°C) - [11]
(20-70°C) :
13-27
PSF-C1 TMA (25-60°C) 3 - - [33]
9-28 SR=10
DAPSF TMA-TMHDA 3 e 091 30°0) - [18]
QPSF/TiO,10% TMA-TiO, 12 (21°C) - WU=39 . [5]
QPSU/Zr0,10% TMA 15 0.92 WU=19 . [19]
12-27 WU=122.81 A=47.83 This
QAPSE-1 T™MA @s-80°c) (25°C) E=12.88 work
11-26 WU=93.98 A=47.83 This
QAPSE-2 TMA-TMHDA (25-80°C) 1.24 (25 °C) E=12.78 work
4. Conclusions and hydrated number were measured. The experiments
results showed the membrane with the crosslinking
AEMs  based on quaternized polysulfone agent (QAPSF-2) shows ion transport properties
containing ammonium groups (QAPSF) were nearly similar to the membrane without the crosslinker

prepared by a chemical modification method using
chloromethylation, amination and alkalization. In
the amination step, TMHDA was used as both an
amination and crosslinking agent. The properties of
the resulting membranes including ionic conductivity,
IEC, activation energy for ion transport, and the WU

(QAPSF-1). Although, QAPSF-2 has more improved
water content associated properties and acceptable
dimensional stability compared with QAPSF-1.
Clearly by increasing the ionic conductivity and
IEC values, WU and hydrated number will increase.
Therefore, there is a trade-off between the ion
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transport properties and water content associated
properties of the AEMs and both factors should be
taken into consideration to obtain membranes with
better performance. According to the ionic transport
measurements and water content characterizations,
the prepared QAPSF AEMs can be denoted as good
candidates for SAFC application.
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