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ABSTRACT

An anion exchange membrane (AEM) is a type of selectively permeable membrane that
facilitates the movement of negatively charged ions while impeding the passage of positively
charged ions. These membranes are designed to selectively transport anions across them based
on their charge and size. They are commonly used in various electrochemical devices and
processes, such as fuel cells, electrodialysis, electrolysis, water treatment, and other
applications requiring ion exchange. These membranes are typically made from synthetic
polymer materials with positively charged functional groups that attract and transport anions
while repelling cations. They are used for selection, conduction, and stabilizing the ion anion
exchange phenomena. We recently released a study on the creation of a quick and easy
approach to creating an AEM with increased ionic conduction capacity and good alkaline
stability. The technique's simplicity makes it a desirable substitute for conventional methods.
By using this approach, the carcinogenic reagent often employed for AEM preparation—
chloromethyl methyl ether—is avoided. Membrane surfaces appeared to be rather
homogeneous in Scanning Electron Microscope (SEM) pictures. Water content, ion exchange
capacity, and electrical conductivity all improved as the amount of ion-exchange material in the
casting fluid increased. The Thermogravimetric Analysis (TGA) of the membranes revealed
thermal stability up to 150°C which shows that these membranes are ideal for applications in
that temperature range. The composite membranes exhibited enhanced chemical stability in
strong chemical environments and this can be attributed to the resonance stabilized guanidine
group as negative ion-exchange site. By considering the AC impedance data, the conductivity
measurements showed a marked enhancement in conductivity by increasing the content of ion-
exchange material. Galvanostatic charged discharge tests were used to examine the
electrochemical performance of an all-iron redox flow cell, and the system demonstrated a
columbic efficiency of 80% during the repeated charge-discharge cycles. The findings of this
work provide a compelling alternative to the established methods for the synthesis of AEMs.

Keywords: lon exchange capacity, Electrical properties, Chemical stability, Permeability, All
iron Flow battery.

1. INTRODUCTION technologies that are highly respected for their

Rechargeable batteries and polymer electrolyte  excellent energy conversion [1-5], low levels of
membrane fuel cells are two examples of noise and local pollution, and low maintenance costs.

contemporary clean energy conversion and storage  Anion-exchange membranes (AEMs) have been
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thoroughly investigated by academics in recent years
as separators in these devices. The limitations of
Nafion-based proton exchange membrane fuel cells,
including their low Carbon Monoxide (CO) tolerance,
high electrokinetic  overpotentials, high  fuel
penetration, and high catalyst costs, may be addressed
by these AEMs [6-10].

The foundation polymer matrix, such as
polyphenylene oxide, poly aryl ether sulfone
ketones, and poly (ether ketone) (PEK), can be
modified as one commonly used method for AEM
production [11,12]. The typical method for adding
ion-exchange groups to these membranes is a two-
step procedure that involves chloro-methylating the
polymers  first, then exposing them to
trimethylamine (TMA) to produce the appropriate
trimethyl-type quaternary ammonium (QA) head
group [15]. However, QA groups are susceptible to
Hoffmann degradation reactions in highly alkaline
environments, diminishing the durability of these
membranes [16]. Moreover, AEMs produced
through these methods tend to exhibit low ionic
conduction capacity, rendering them unsuitable for
practical  applications [14].  Consequently,
substantial research efforts have been dedicated to
developing membranes with superior chemical
stability, ionic conduction capacity, and mechanical
strength [15].

Historically, the development of synthetic resins
and plastics has played a crucial role in material
science. In 1872, Von Bayer pioneered the creation
of the first synthetic resin through the
polycondensation of phenol and formaldehyde
[16]. Subsequently, in 1910, Baekeland introduced
the first plastic via the polycondensation of phenol
and formaldehyde [13, 14]. The ion exchange
property of phenol-formaldehyde (PF) resin was
discovered by Adams and Holmes in 1935 [17].
Around the 1940s, synthetic ion-exchange
membranes based on  phenol-formaldehyde
condensation products found extensive use in
various  industrial ~ applications,  including
electrodialysis, electrodialytic concentration of
seawater, and desalination of saline water [16,18—
20]. Sodium phenol sulfonate, phenol, and
formaldehyde were polycondensed with an alkali
catalyst, phenol, and formaldehyde, to create these
membranes. The condensation reaction was
completed by applying a low molecular weight
prepolymer to a reinforcing fabric, such as glass
fiber. But it was discovered that these membranes'
long-term usability was not supported by their level
of durability [18-20].
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Over the past two decades, significant
advancements have occurred in the development of
high-performance polymers for use as matrices in
various types of membranes. Polyvinyl chloride
(PVC) polymers have gained considerable attention
due to their exceptional mechanical strength,
resistance to chemicals, solubility in commonly
used solvents, and widespread commercial
availability. PVC-based membranes have found
extensive application as battery separators,
ultrafiltration membranes, and matrices in proton
exchange membranes (PEM) for fuel cells [21].
JW. Qian and colleagues achieved promising
results in the pervaporation of benzene/cyclohexane
mixtures using blend membranes composed of PVVC
and ethylene-vinyl acetate (EVA) [22]. PVC blend
membranes have been created with exceptional
antifouling properties by incorporating novel
zwitterionic polymers into the PVC matrix. These
membranes are valuable in applications where
fouling is a concern [23]. Yongsheng Chen and
others  successfully  fabricated PVC/Fe203
ultrafiltration membranes  with excellent
performance, potentially expanding their use in
nanofiltration processes [24]. Our recent works on
ferrites and MXenes [25] show their efficiency in
the energy [1] conversion devices. These
developments underscore the versatility and utility
of PVC-based membranes in a wide range of
applications, owing to their favorable mechanical
and chemical properties.

We recently brought out a paperon the
evolvement of a quick and uncomplicated approach
for producing AEMs with high alkaline stability
and improved ionic conduction capacity. The
uncomplicated way makes it a desirable substitute
for conventional methods. By using this technique,
the carcinogenic chemical often utilized for AEM
preparation—chloromethyl methyl  ether—is
avoided. SEM scans of membranes revealed a
largely homogeneous surface [39]. Water content,
ion exchange capacity, and electrical conductivity
all improved as the weight percentage of ion-
exchange material in the casting fluid increased.
The findings of this work present a compelling
alternative to the established methods for the
synthesis of AEMSs. This paper includes

2. MATERIAL, METHODS, AND
CHARACTERIZATION

The previous work [26] provides a thorough

explanation of all the iron flow battery studies,

including the materials used, the synthesis of negative
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ion-exchange material, the creation of AEM, the
characterization methods, and the methodologies.
Some additional techniques are as below:

Phenol, formaldehyde solution (37%),
tetrahydrofuran (THF), guanidine hydrochloride,
and ammonia solution were acquired from Merck.
Additionally, high molecular weight commercial-
grade PVC was utilized in the process.

Synthesis of anion—-exchange material

Phenol and formaldehyde (in a molar ratio of 1:2)
were subjected to reflux in a basic medium with a
pH of 9 until a yellow resin formed and separated
from the reaction mixture. This resin was removed,
washed with deionized water, and dried. The
resulting resin was finely powdered and dispersed
in acetone, then heated with a 1-mole solution of
guanidine chloride for 2 hours at 80°C. The
ultimate condensation product was isolated from
the reaction mixture, washed with water, filtered,
and dried.

Preparation of anion-exchange membrane

A heterogeneous anion-exchange membrane was
produced via the solution casting method. A
specific amount of anion-exchange material and
PVC powder were mixed in an appropriate solvent
such as tetrahydrofuran (THF) and stirred for
approximately 8 hours at room temperature. The
resulting homogeneous suspension was spread onto
a clean glass plate using a film applicator. After 48
hours, composite membranes with a thickness of 80
pum were peeled off from the glass plate. Before
testing, all membranes were soaked in a 2M NaOH
solution for 24 hours. The membrane compositions
were varied by employing different quantities of
guanidine functionalized anion-exchange material
(10 wt%, 20 wt%, 30 wt%, and 40 wt%). These
variations resulted in membranes labeled as P;, P,
Ps, and Py, respectively.

Characterization Techniques

The membranes underwent characterization using
FT-IR spectroscopy with Perkin Elmer spectrum
two instruments (Model L160000A), covering a
range from 4000 to 400 cm™. To examine the
surface morphologies of the composite membranes,
a scanning electron microscope (JSM-5600, JEOL
Co., Japan) was utilized. Prior to microscopic
examination, the samples were coated with a thin
layer of gold using ion sputtering. The SEM images
of the anion-exchange membranes were digitized
and assessed using an image analysis system. For
thermal degradation experiments of the composite
membranes, a Shimadzu TGA-50 Thermo-
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gravimetric analyzer was employed. Thin films with
an average mass of 15 mg underwent thermal
analyses. The samples were subjected to heating from
room temperature to 850°C under a nitrogen
atmosphere at a heating rate of 10°C per minute [27].

The process to ascertain the water uptake of the
composite membranes involved weighing the
membranes while in a wet state after they had been
stabilized in distilled water for 24 hours at room
temperature. Subsequently, the membrane surfaces
were meticulously dried with filter paper, and
immediate weight measurements were taken.
Afterward, the samples underwent vacuum drying
for two days before a final weighing was conducted.

The water uptake was calculated as follows by
equation (1):
Water uptake (%) = W x100% ----- (1)
ry
Where W, is the mass of the water-swollen
membrane, and Wogy is the mass of the dry
membrane.
The ion exchange capacities (IECs) of the
composite membranes were established through the
double titration method. Precisely weighed samples
were immersed in 25 ml of 0.05 M HCI solution for
48 hours, after which the HCI solution underwent
back titration using 0.05M NaOH solution with
phenolphthalein as the indicator. The IECs of the
samples were calculated using equation (2):

[EC =272
Mdry

)

The calculation for the ion exchange capacity (IEC)
involves using the amounts of hydrochloric acid (n;
and n, in mmol) needed before and after
equilibrium, along with the mass (Mg in grams) of
the dried sample. The average value derived from
this equation across three samples represents the
IEC value of the membrane.

Electrochemical impedance spectroscopy (EIS)
methods were utilized to assess the ionic
conductivity of the membranes, employing an
AUTOLAB 50519 PGSTAT instrument. The
membranes underwent impedance measurements
within a two-electrode setup, sandwiched between
platinum electrodes while maintaining a consistent
temperature of 25+0.1°C for at least 20 minutes to
ensure thermal stability. These measurements
covered a frequency range of 100 Hz to 1000 kHz,
applying an alternating potential with a 10 mV
amplitude. Fully hydrated membranes were
immersed in a conductivity cell filled with 1M
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NaOH. The total resistance (Riw) Of both the
membrane and  solution was  measured.
Additionally, the resistance of the solution alone
(Rsoiution) Was measured without the membrane. The
membrane's resistance (Rmem) was derived by
calculating the difference between these two
resistances (Rmem = Riotal — Rsolution). TO determine
the membrane's thickness accurately, a digital
micrometer was used, ensuring a flat surface and
minimal compression by placing the membrane

between two glass slides. The membrane's
conductivity was computed as follows: ¢ = L/RA
mS cm?, where o represents hydroxide

conductivity in mS cm®, R denotes the ohmic
resistance of the membrane (Q), L signifies the
membrane's thickness (in cm), and A stands for the
cross-sectional area of the membrane samples
(cm®). For measuring methanol permeability
through the membrane, a custom-made apparatus
based on the Gasa method [28], derived from
Walker et al. [29], was employed. This method
involved sealing a specific quantity of methanol
within a permeation cell and allowing it to diffuse
through a membrane-covered hole of 4 cm? area.
All  measurements were conducted at room
temperature. The permeation process involves the
dissolution and diffusion of methanol molecules
within the membrane material. The mass of
methanol in the vial was monitored over time, and
the membrane's permeability (P) was determined
using equation (3):

_ Nx1
T V.PxAxt

(3)

where N is the number of moles of methanol lost
(moles), I is the thickness of the membrane, V. P. is
the saturated vapor pressure of methanol at 25°C, A
is the membrane area for methanol permeation in
(cm?), and t is time (days).

The assessment of alkaline stability involved
immersing the composite membrane sample in a
2M aqueous NaOH solution at room temperature
for a duration of 2 weeks. Subsequently, the
samples were removed, washed with deionized
(D.1.) water, wiped with tissue paper, and then
analyzed using the FT-IR technique to identify any
degradation or alterations in their chemical
structures. Additionally, the loss of weight of the
membrane was measured [10,30].

Regarding the oxidative stability assessment, the
membrane samples sized at 3cm x 3cm were

submerged in Fenton’s reagent (consisting of 30
ppm FeSO4 in 30% H202) for 24 hours at 25°C.
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The evaluation involved monitoring the
membrane's weight loss over time to determine its
response to the exposure [31].

3. RESULTS AND DISCUSSION

3.1 lon exchange capacity (IEC)

In Figure 1, the lon Exchange Capacity (IEC)
values of the membranes with various amounts of
negative ion-exchange material are displayed. The
IEC provides information on the number of
changeable groups in the membrane matrix. From
0.51 to 1.23 (milimole per gram) mmol g, the IEC
values of membranes rose. With an increase in
weight percent of negative ion-exchange material, it
was discovered that the membrane's IEC value was
rising. The Nafion 117 IEC value is 0.90 mmol g*
[41]. The presence of the guanidinium cation in the
membrane is responsible for the high IEC [13]. By
creating interconnecting ionic conductive channels,
higher IEC values promote the transit of hydroxide
ions [10][42]. This will aid in the effective
conduction of hydroxide ions across the membrane
matrix [43].
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Fig. 1: lon exchange capacity of membranes with
varying negative ion-exchange material content.

3.2 Electrical properties

An important element that affects how well
electrochemical devices work is the ionic
conduction capacity of the AEMs. The

electrochemical impedance spectra (EIS) used in
this study was recorded in the frequency limit of
100 Hz to 1000 kHz and with signal amplitude of
10 mv, allowing for the examination of the ionic
conductivities. As shown in Figure 2, the Nyquist
plot for the AEM. The intercept on the Z' axis in the
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high-frequency area of the Nyquist plot, which was
used to determine membrane resistance, was
obtained. Figure 3 displays the AEMS' ionic
conductivities. With the rise in wt% of ion-
exchange material from 10 to 40%, conductivities
of AEMs increased from 11 to 71 mS cm™.

60 =

50 3

40 | B

30 -3

20F =

1. 1
10

—3‘0 —2‘0 —1‘0 4] 2‘0 3‘0 4‘0
zZ ()
Fig. 2: Nyquist plot for the AEM P4 from AC

impedance spectroscopy measurements at room

temperature.

In Figure 3, the ionic conduction capacity of the
fabricated membranes increases with the growing
content of ion-exchange  material.  This
demonstrates that the appropriate amount of ion-
exchange material contributes to the enhancement
of conductivity in the composite membranes. A
uniformly  dispersed  hydrophilic  guanidine-
functionalized ion exchange material results in
expanded hydrated ion transport pathways within
the membrane, facilitating the conduction of
anions. The increased alkalinity of the guanidinium
groups has contributed to enhancing the
membrane's ionic conductivity, as indicated in
reference [44]. These observations are substantiated
by the reason that elevation in the ion-exchange
material content results in an enhanced uptake of
water and an augmentation in the capacity for ionic
conduction.  Notably, hydroxide conduction
predominantly takes place through the Grotthuss
mechanism, involving the formation and rupture of
bonds as they traverse the hydrogen-bonded
network of water molecules (as elucidated in
reference [17]). Moreover, it's important to note
that the existence of hydroxyl groups on the
solvated guanidinium ion exchange entities serves
to enhance the inclination towards the creation and
breakage of bonds in diffusing water molecules that
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are highly coordinated. This phenomenon can be
visualized in Figure 4, where it becomes evident
that as the thickness of the membrane increases,
there is a decrease in the capacity for ionic
conduction in the fabricated membranes.

N w B n =2}
o o o o o
1 1 1 L 1

. _ A
lonic conductivity mS cm
—
o
1

o m
P1 P2 P3

Fig. 3: lonic conduction capacity of composite
membranes Vs negative ion-exchange material wt%.
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Fig. 4: lonic conduction capacity of the composite
membranes Vs. thickness.

3.3 Thermo-gravimetric analysis

The assessment of the thermal stability of these
membranes involved subjecting them to Thermal
Gravimetric Analysis (TGA) under a nitrogen
atmosphere, with a gradual heating rate of 10°C per
minute, starting from ambient temperature and
reaching a maximum of 750°C. Figure 5 (a-c)
provides a visual representation of the TGA profiles
for (a) the PVC membrane, (b) Membrane P2, and
(c) Membrane P4.
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In Figure 5 (a), the initial weight reduction,
amounting to under 7%, transpired during the
temperature ascent from room temperature to
350°C. This diminishment was primarily a
consequence of the vaporization of moisture
absorbed within the sample and the liberation of
pendant chloride in the form of HCI, while the
underlying  polyethylene  backbone  structure
remained. The subsequent stage of weight loss
emerged in the temperature range of 420 to 450°C
and could be ascribed to the thermal deterioration
of the polymer backbone, as indicated in reference
[45]. Figure 5 (b & c) illustrates that both P2 and
P4 membranes exhibit comparable degradation
profiles. In the initial stage, characterized by a
weight reduction of less than 7%, this decrease
transpired during the temperature rise from room
temperature to 250°C, primarily stemming from the
evaporation of moisture absorbed within the
samples. Subsequently, the second weight-loss
phase, occurring between 420 and 450°C, can be
ascribed to the thermal deterioration of phenyl
groups and the decay of guanidinium groups
present within the membranes, as discussed in
reference [13]. The third stage of weight loss,
which happened at temperatures exceeding 500°C,
was a result of the decay of the polymer's
backbone. It's worth noting that for all the
membranes, weight reductions of less than 7% were
observed at temperatures below  200°C,
underscoring the commendable thermal stability of
the fabricated membranes. This level of stability
renders them highly suitable for various practical
applications.

100

80 4

[=2]
o
I

Wt. loss %
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Temperature °C

Fig. 5: TGA curves for (a) PVC membrane (b)
Membrane P2 and (c) Membrane P4.

T T
100 200

52

(b)

Transmittance
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3000 2000 1000
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Fig. 6: FT-IR spectrum of the membrane P4 (a) before
(b) after the alkaline stability test.

4000

3.4. Chemical stability

The chemical durability of AEMs stands as a
critical factor impacting the effectiveness of
electrochemical  devices, particularly  under
conditions of elevated pH and robust chemical
surroundings. During a rigorous alkaline stability
examination conducted over a period of two weeks
in a 2M aqueous NaOH solution, all the membranes
demonstrated remarkable resilience, retaining their
structural integrity and flexibility. Importantly, the
electrical conductivity of these membranes
remained unaffected following the alkaline stability
assessment, with no observable decline noted.
Moreover, there was no evident degradation or loss
of mass, affirming the membranes' robust and
unaltered state throughout the test. This outcome
underscores their reliability and suitability for
extended practical use.

The examination of FT-IR data comparing the
membrane before and after subjecting it to an
alkaline stability test in a 2M aqueous NaOH
solution provides additional compelling evidence
supporting its remarkable resistance to alkaline
conditions. As depicted in Figure 6, there is no
discernible alteration in the intensity of absorption
bands associated with C-N and -OH functional
groups even after two weeks of exposure to the
challenging 2M aqueous NaOH environment.

Concerns about oxidative stability consistently
loom over polymer electrolyte membranes utilized
in electrochemical devices, especially given the
severe chemical settings they encounter. To
simulate and expedite the rigorous operational
conditions, Fenton's reagent is employed,
generating OH- and OOH- radicals from H,O, that
can potentially lead to the degradation of AEMs.
Notably, during this testing, all the membranes
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exhibited no physical distortion or change in color,

underscoring their substantial resistance to
oxidation. These results substantiate the
membranes' commendable resilience against

oxidative challenges, reinforcing their suitability
for demanding applications.

3.5. Methanol permeability

The illustration in Figure 7 depicts the methanol
permeability of membranes under ambient
conditions. It is evident that as the ion-exchange
material content within the membrane increases,
there is a progressive reduction in methanol
permeability. Nevertheless, it's noteworthy that the
methanol  permeability  exhibited by the
manufactured membranes is significantly lower
than that observed in the case of Nafion N117 and
Tokuyama A201 membranes at room temperature,
as indicated in reference [44]. Consequently, these
membranes that have been synthesized generally
exhibit commendable methanol barrier
characteristics, as demonstrated in Figure 7.

6

P5 P4 P3 P2 P1

Fig. 7: Methanol permeability values of different
membranes.
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3.6. All iron Flow battery studies

Figure 8 displays the voltage-time curve recorded
while charging and discharging an all-iron redox
flow cell employing the prepared membrane as a
separator. Charging was conducted at a constant
current density of 100 mA cm?, whereas
discharging utilized 50 mA cm2% Through
numerous charge-discharge cycles at the robust
current density of 100 mA cm?, it was consistently
demonstrated that a high Columbic efficiency,
exceeding 75%, could be upheld. This higher
Columbic efficiency is indicative of minimal ion
cross-mixing, as highlighted in reference [32].
These findings affirm the suitability of the novel
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composite membrane as an effective separator in an
all-iron redox flow battery, illustrating its practical
viability.
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Fig. 8: The cell voltage-time curve of the all-iron redox
flow cell during the galvanostatic charge-discharge
experiment.

CONCLUSIONS

The IEC is found to increase with the weight
percentage of ion-exchange material indicating the
effective conduction of hydroxide ions across the
membrane matrix. The ionic conduction capacity of
the anion exchange membrane was studied with
EIS for the determination of the resistance of the
membrane. The ion exchange material was
functionalized with uniformly dispersed
hydrophilic guanidine that creates and breaks the
bonds with the help of the hydroxyl group present
thereby increasing water uptake. The conductivity
of the AEMs was increased from 11 to 71 mScm™
with the increase of wt. % of ion exchange material
from 10 to 40%. The ionic conductivity is
decreased with the increase in thickness of the
membrane. The TGA of all the membranes
unveiled their thermal stability, which extended up
to 200°C where the weight reduction is less than
7% indicating their applicability in this range.
Furthermore, the chemical stability was checked
through the alkaline test using 2M aqueous NaOH
solution and Oxidative stability through Fenton's
reagent test (that generates OH- and OOH- radicals
from H,0;). The FTIR supports in drawing the
conclusion that there is no distinct alteration to
these membranes even under rigorous chemical
conditions. The ion-exchange material content
within the membrane increases, and there is a
progressive reduction in methanol permeability is
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decreased with the increase in the ion-exchange
material within the membrane. In the evaluation of
the electrochemical performance of an all-iron
redox flow cell, galvanostatic charge-discharge
tests were employed, with the aforementioned
membrane serving as a separator. Remarkably, the
system consistently exhibited a Columbic
efficiency of 80% throughout repeated charge-
discharge cycles. These findings present an
appealing alternative to conventional methods for
synthesizing AEMSs, opening up new possibilities in
this field of study.
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