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Low-cost cation exchange membranes with improved ionic conductivity and permselectivity are needed for the
deployment of efficient large-scale energy storage technologies or separation technologies such as electrodialysis.
In this work, a series of montmorillonite (Mt) clays and sulfonated poly(ether ether ketone) (SPEEK) composite
membranes with 1 to 20 weight percentage (wt%) additives are studied. Two types of clays are investigated, a
generic K30 Mt and an aluminum pillared (Al-pil) Mt with larger interlayer spacing owing to the inorganic
crosslinks between the clay platelets. The addition of inorganic clays with two-dimensional geometries enables
the formation of percolating sodium diffusing pathways with reduced tortuosity. As a result, the conductivity of
the membranes increases with an increasing clay loading fraction, reaching up to 1.4 times that of the pure
SPEEK with 20 wt% K30 Mt. The permselectivity of the native SPEEK membrane also improves with the addition
of set amounts of K30 Mt, while the Al-pil Mt composites suffer from a slightly reduced permselectivity due to
their higher water uptake. The voltaic efficiency of a concentration gradient flow battery shows that the addition

of 20 wt% K30 Mt clay to the SPEEK polymer matrix can improve the voltaic efficiency by up to 10%.

1. Introduction

Salinity gradient flow batteries are an attractive approach for energy
storage: they use non-toxic, abundant and safe materials (sodium chlo-
ride and water), and they are easy to scale up thanks to a decoupled
energy storage and power output (van Egmond et al., 2016). These
aqueous redox flow batteries use the processes of electrodialysis and
reverse electrodialysis to store and retrieve electrical energy in the form
of a chemical potential. During the battery charge, the electrical energy
is used to create a chemical potential gradient by increasing the con-
centration difference between two solutions. During the battery
discharge, the stored chemical potential is converted back to electrical
energy by reverse electrodialysis (Nijmeijer and Metz, 2010; Guler and
Nijmeijer, 2018). To achieve 100% energy storage efficiency, the
membranes contained in a salinity gradient battery should ideally have
no resistance (to minimize the ohmic energy losses) and 100% perm-
selectivity to achieve the highest potential (Nijmeijer and Metz, 2010;
van Egmond et al., 2016; Guler and Nijmeijer, 2018).

Still, the technology is currently limited by, among others, the lack of
ion exchange membranes (IEMs) that combine both high permselectivity
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and high conductivity (Giiler et al., 2013; Fan and Yip, 2019). Currently,
most commercially available IEMs consist of a randomly arranged ion
exchange polymer matrix which sometimes contains a reinforcing ma-
terial (Sarapulova et al., 2019). As a result of their lack of molecular
organization, the ionic diffusion pathways in IEMs are tortuous, result-
ing in ionic diffusion coefficients that are 10 to 100 times lower than in
solution (Guggenheim, 1954; Kingsbury et al., 2018; Sarapulova et al.,
2019). This causes the membranes to have poor conductivities.
Presently, the best commercially available membranes in terms of
conductivities are those based on state-of-the-art perfluorinated poly-
mers such as Nafion (Kreuer, 2001; Abbasi et al., 2021). The high per-
formance of these membranes is attributed to their ability to form highly
segregated hydrophobic domains (that prevent undesired water trans-
port) and highly interconnected hydrophilic domains through which the
transport of cations occurs (Kreuer, 2001; Hugo et al., 2018; Abbasi
etal., 2021). However, these materials are expensive and their use in the
European Union is threatened by possible future legislation regarding
the ban of perfluorinated materials due to safety and environmental
concerns (Ghasemi et al., 2013; Hugo, 2020; National Institute for
Public Health and the Environment, 2023). Therefore, there have been

Received 27 June 2023; Received in revised form 7 September 2023; Accepted 8 September 2023

Available online 23 September 2023

0169-1317/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:d.c.nijmeijer@tue.nl
www.sciencedirect.com/science/journal/01691317
https://www.elsevier.com/locate/clay
https://doi.org/10.1016/j.clay.2023.107136
https://doi.org/10.1016/j.clay.2023.107136
https://doi.org/10.1016/j.clay.2023.107136
http://creativecommons.org/licenses/by/4.0/

N. Boulif et al.

increasing efforts in the past years to achieve similar or better-
performing membranes based on cheaper and more environmentally
friendly materials (Gaowen and Zhentao, 2005; Giiler et al., 2013; Fan
and Yip, 2019).

The addition of an inorganic material to a polymeric matrix is a facile
way to combine the singular properties of the fillers with a cheap hy-
drocarbon material (Krishnan et al., 2006; Namdari et al., 2017).
Particularly, the addition of fillers with a one-dimensional (1D) or two-
dimensional (2D) morphology is of interest to reduce the tortuosity of
the ionic transport pathway, thereby increasing the effective diffusion
coefficient inside the membrane (Radmanesh et al., 2019). For example,
Fan et al. (2020) showed that the addition of sulfonated carbon nano-
tubes to a sulfonated poly(ether ether ketone) (SPEEK) membrane im-
proves the membrane conductivity by creating straight percolating
pathways without impairing the membrane permselectivity (Fan et al.,
2020). Nonetheless, carbon nanotubes are expensive and their handling
is challenging (Bhattacharya, 2016).

Another source of abundant and cheap high aspect ratio additives are
smectite clays such as montmorillonite (Mt), which typically have a 2D
platelet morphology (Krol-Morkisz and Pielichowska, 2019; Zhou et al.,
2019; Massaro et al., 2020). Due to the presence of silanol groups that
become negatively charged when in contact with water, clays are
especially interesting additives for cation exchange membranes (CEMs)
as they have intrinsic cation exchange capacity on their surface (Li et al.,
2017). These properties make Mt a potential candidate to locally shorten
the sodium diffusion pathway in the membrane by making it straighter;
therefore, improving the membrane conductivity. Molecular dynamics
simulations have shown that the sodium ion diffusion coefficient in the
clay interlayer is roughly a fourth of that of sodium in bulk water, and
even higher for ions in hydrated clays (Bourg and Sposito, 2010;
Greathouse et al., 2016). Previous works have already looked into the
addition of montmorillonite clay into a SPEEK matrix. However, these
studies mainly focused on the addition of clay to improve the membrane
barrier properties for methanol fuel cells rather than improving the
conductivity (Gosalawit et al., 2008; Dogan et al., 2011; Charradi et al.,
2019). Therefore, their focus was on creating perfectly exfoliated com-
posites and the surface of the clays was modified by means of a com-
patibilizer, rendering the clays non-contributing to the ionic diffusion in
the membrane (Chang et al., 2003; Gaowen and Zhentao, 2005; Lee
etal., 2007). However, to the best of the author’s knowledge, no study so
far has reported the use of non-compatibilized clays in composite
membranes, which takes advantage of the naturally occurring diffusion
highways within the Mt clay to improve a membrane’s conductivity.

In this work, we aim to investigate the effect of the non-
compatibilized clay loading on the membrane ionic conductivity and
selectivity to study the effect of the addition of naturally abundant 2D
cationic exchange materials on the membrane performance. The poly-
mer matrix chosen was a SPEEK polymer as it is currently considered to
be one of the promising and cheaper alternatives to Nafion (Ghasemi
et al., 2013; Hugo, 2020; Abbasi et al., 2021). Furthermore, Giiler et al.
have shown that the best power density of a reverse electrodialysis stack
was obtained when using lab-made SPEEK cation exchange membranes
(Giiler et al., 2013). To this polymer matrix, two types of clays were
added: a K30 Mt, which is an acid-treated natural clay, and an aluminum
pillared clay (Al-pil Mt) in which the different platelets are crosslinked
with inorganic aluminum oxide pillars (Flessner et al., 2001; Tepmatee
and Siriphannon, 2013). The K30 Mt can form exfoliated, intercalated,
and microcomposite structures while the Al-pil Mt can only form the
intercalated and microcomposite structures since the inorganic cross-
links prevent the exfoliation of the platelets (Miiller et al., 2017). This
study aims to investigate whether the two different types of clays will
interact differently with the polymer matrix, and therefore lead to
different microcomposite structures. The effect of the composite type
and structure is correlated to the membrane charge density, ionic con-
ductivity, permselectivity and performance in a salinity gradient flow
battery.
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2. Materials and methods
2.1. Materials

Sulfonated poly(ether ether ketone) (SPEEK) (Fumion® E-670, ion
exchange capacity (IEC) = 1.565 meq/g, sulfonation degree: 52%, Lot
P1311-175) was purchased in the form of fibers from FumaTech-BWT
GmbH (Germany). The K30 montmorillonite (K-catalyst, 330 mz/g,
pH 2.8-3.8) and the aluminum pillared montmorillonite (surface area:
250 m?%/g, pH 4-5, loss on ignition: 12-19%) were bought from Sigma-
Aldrich (Germany). N-methyl pyrrolidone (NMP, industrial grade) was
acquired from ViVoChem B.V. (The Netherlands). Sodium chloride
(NaCl, Sanal® P, pharmaceutical quality) was kindly supplied by
Nouryon (The Netherlands). For the membrane characterization, 1 M
hydrochloric acid (HCl, Supelco® from Sigma Aldrich, Germany), so-
dium sulfate decahydrate (NaySO4, >99%, Acros Organics, Spain), po-
tassium chloride (KCl, ACS reagent, 99.0-100.5%, Merck, Germany) and
sodium hydroxide (NaOH, > 99%, VWR Chemicals, Czech Republic)
were used. Iron (III) chloride hexahydrate (puriss. p.a., > 99%) and iron
(II) chloride tetrahydrate (puriss. p.a., > 99.0%) were purchased from
Sigma-Aldrich (Germany) and were used to prepare the electrolyte for
the concentration gradient flow batteries. The demineralized water was
obtained from an Elga Water Purification System from Veolia (The
Netherlands). All chemicals were used as received.

2.2. Membrane preparation

Composite membranes with 1, 5, 10, 15, and 20 wt% K30 Mt or Al-pil
Mt (based on the SPEEK weight) were prepared as follows and as
depicted in Fig. S1 (see supplementary information).

The desired amount of clay was sonicated at room temperature in 20
mL NMP for one hour using a Branson 3510 Ultrasonic Bath (Marshal
Scientific, United States). 5 g of SPEEK polymer fibers were then added
and the solutions were left overnight on a roller bench (LABINCO rolling
bench from Labinco BV, The Netherlands, set on stand 2). Just before
casting, the solutions were again sonicated for one hour. The solutions
were cast on a glass plate using a 500 pm casting knife, after which they
were dried for two days in a nitrogen box and six days in a nitrogen oven
(universal oven from Memmert GmbH + Co. KG, Germany) at 120°C.
The free-standing membranes were recovered from the glass plate and
were immersed in water for three days to remove possible solvent res-
idues. The obtained dense membranes were then stored in 0.5 M NaCl.

2.3. Membrane characterization

2.3.1. Water uptake

The water uptake was determined in triplo for each membrane type
by immersing the rinsed membrane samples (3 x 3 cm?) in demineral-
ized water for at least 48 h. They were then carefully wiped with paper
to remove excess solution and weighed. After that, the samples were put
in a vacuum oven (Memmert GmbH + Co. KG, Germany) at 60°C for 24
h. The samples were weighed again and the water uptake (WU, in wt%)
was determined using the following equation:

_ Myer — Mary

WU = * 100% (@)

Mygry

where m,, is the weight of the wet membrane (g) and my,y is the dried
membrane’s weight (g).

2.3.2. Ion exchange capacity

The ion exchange capacity of the membranes was determined in
duplicates using an acid-base titration as reported in previous works
(Giiler et al., 2013). First, the membrane samples (3 x 3 em?) were
immersed overnight in 1 M HCI to bring the membrane into H-form.
They were then thoroughly rinsed with demineralized water and soaked
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for one hour in demineralized water to remove the residual sorbed
protons from the membrane surface. The water was frequently
refreshed. The samples were then immersed in 50 mL 3 M NaCl solution
for three hours to displace the H" out of the membrane and into the
solution. Each hour, the salt solution was refreshed. For each membrane
sample, the combined salt solutions were titrated with 0.1 M NaOH
using a titrator (Compact titrator G20 from Metler Toledo (United
States), equipped with a DGi115-SC electrode). The membrane samples
were then dried in a vacuum oven at 60°C for 24 h.

The ion exchange capacity (IEC) (meq/g dry membrane, equivalent
in S.I. units to moles of fixed charges/kg dry membrane) was then
determined using Eq. (2):

_ Myuon ® Viuon
Mygry

IEC 2

where Mya,on is the concentration of the used sodium hydroxide solution
(M), VNaou the volume of sodium hydroxide needed to titrate the acid
(mL), and mgy the weight of the dried membrane (g).

The IEC of the clays (for samples of 1 g) was measured in a similar
way, except that centrifugation (using a CompactStar CS4 centrifuge
from VWR International (Austria) at 6500 rpm for five minutes) was
used to recover the clays from the solution and that they were dried in
the vacuum oven at 60°C till constant weight.

2.3.3. Membrane permselectivity

The membrane permselectivity was determined using a two-
compartment cell as reported in previous works (Giiler et al., 2013;
Kingsbury and Coronell, 2021). A membrane sample with an exposed
area of 17.3 cm? was separating two compartments of 131 mL through
which 1 L 0.1 and 1 L 0.5 M KCl solution were recirculated with a
peristaltic pump (MasterFlex L/S, Cole-Parmer, United States) on each
side of the membrane (residence time: 45 s). The open cell voltage was
monitored at 25°C over the membrane for an hour with an Ivium n-stat
(IVIUM Technologies BV, The Netherlands). Duplicates were measured
for each membrane sample, and two samples were used for each mem-
brane type. The membrane permselectivity (@, in %) was determined
according to:

o = Ymesued_ 4000, 3)

Vlheorelical

where Vipeasured 1S the potential measured across the membrane in the
setup (V) and Vineoretical 1S the theoretically computed potential (V) based
on the Nernst equation.

2.3.4. Membrane resistance

The membrane resistance was determined with 0.5 M NaCl at 25°C
using a six-compartment cell as mentioned in previous works (Giiler
et al., 2013). The resistance measurements were carried out using an
Ivium n-stat (IVIUM Technologies BV, The Netherlands). Several cur-
rents in the ohmic regime of the membranes (from 0 to 1.0 mA/cm? in
steps of 0.1 mA/cm? and 1.5, 2.0 and 2.5 mA/cm?) were applied and the
corresponding voltage drop over the membrane was measured via
Haber-Luggin capillaries. The resistance was determined from the slope
of the voltage vs. current with a coefficient of determination above
0.999.

The membrane areal resistance was computed according to:

Rareu].membmne = (Rmembrune - Rhlunk) L4 Amembrune (4)

where Rareal membrane iS the resistance by the membrane area (Q.cm?),
Rmembrane and Rpjanik are the resistances (Q) measured with the membrane
and without the membrane, respectively, and A pemprane i the area of the
exposed membrane in cm?.

The membrane conductivity (6membrane in MS.cm) was computed
using the following formula:
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Tmembrane,wet —
_embrane el o 1073

)

Om ane —
I eareal ,membrane

where tyembrane,wet 1S the wet membrane thickness (cm) and Rareal, membrane
is the areal resistance membrane (Q.cm?).

2.3.5. Thermogravimetric analysis (TGA)

The membrane thermal stability was determined using thermogra-
vimetric analysis (TGA). The measurements were performed using a
PerkinElmer TGA 4000 (TA instruments, part of Waters™, United States
of America) under an Ny flow of 40 mL/min and heating from 50 to
900°C at a rate of 20°C/min.

2.3.6. Differential scanning calorimetry (DSC)

The glass transition temperature (Tg) of the polymers was deter-
mined by differential scanning calorimetry (DSC) using a TA In-
struments DSC Q2000 (TA instruments, part of Waters™, United States
of America). Three heating and cooling cycles were performed from —20
to 280°C at a rate of 5°C/min. The T; was determined from the second
cycle using the half-height point method from the TRIOS software from
TA instruments.

2.3.7. Scanning electron microscopy (SEM) and elemental analysis with
energy dispersive X-ray spectroscopy (EDS)

The morphological analysis of the membranes was performed using a
JEOL JSM-IT100 scanning electron microscope (Jeol, The Netherlands).
The samples were observed at a 1000 times magnification at a working
distance of 10 mm, using an applied voltage of 10.0 kV and a probe
current of 50. The cross-section images were obtained by cryogenically
fracturing the membrane samples after wetting them in ultrapure water.
Before observation under the SEM, the samples were coated with plat-
inum for 60 s at 40 mA using a JEOL JFC-2300 HR sputter coater.

2.3.8. Attenuated total reflection Fourier transform infrared spectroscopy
(ATR FT-IR)

The ATR FT-IR spectrum of membrane samples was recorded using a
Varian 3100 FT-IR spectrometer (Agilent, United States) equipped with
a golden gate attenuated total reflectance (ATR) sampling accessory.
The spectra were acquired from 650 to 4000 cm™! using 50 scans per
spectrum.

2.3.9. Membrane performance in a concentration gradient battery

The membrane performance was determined in a salinity gradient
battery. This battery uses electrodialysis to convert the supplied elec-
trical energy to a concentration gradient (chemical potential gradient).
The stored energy is then retrieved by reverse electrodialysis, where the
chemical potential is used to spontaneously generate electrical energy,
as described by van Egmond et al. (2016). The cell design was similar to
that reported by Al-Dhubhani et al. (2021), except that no bipolar
membrane was used. Therefore, the CEM separated only two 0.5 M NaCl
compartments. The spacers in the concentrate and dilute compartment
had a thickness of 3.2 mm and were made by layering a rubber gasket, a
3D printed flow frame, and a rubber gasket. The electrolyte used was a
0.25 M FeCly, 0.25 M FeCl3 and 0.1 M HCI solution that was circulated
at 150 mL/min in both electrolyte compartments. 50 mL of 0.5 M NaCl
was recirculated in the concentrate and the dilute compartment at a flow
velocity of 1 cm/s. Each membrane was tested for three cycles that
consisted of a charge step of 440 mA for one hour and a discharge step of
—440 mA for one hour. The measurements were made with a portable
SP-300 potentiostat from BioLogic (France). A schematic of the experi-
mental setup can be found in Fig. S2 (see supplementary information).

Before and after each experiment, a blank was measured by having
one AEM in between the two electrolyte compartments and applying
constant currents from O to 450 mA in steps of 50 mA for 30 s. The
potential was recorded for each current step and the resistance of the
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blank was determined. The voltage measured in the battery cycling
experiments was corrected for this blank resistance in order to make the
voltaic efficiency results independent of changes in the electrolyte
resistance.

The coulombic efficiency (CE) was determined by calculating the
ratio of the discharge capacity to that of the charge capacity. The voltaic
efficiency (VE) was the ratio of the discharge time-average voltage to
that of the charge. The round-trip efficiency was computed from the
product of CE and VE.

3. Results and discussion
3.1. Membrane structure and thermal properties

Several composite membranes with K30 Mt and Al-pil Mt were
prepared by solution casting. The clays did not fully exfoliate and
dissolve in the organic solvent due to the lack of use of compatibilizers to
prevent coverage of the clay surface blocking ionic transport. Therefore,
above a clay loading of 5 wt%, the number and size of clay aggregates
increase. As shown in the SEM and elemental analysis picture (Fig. 1),
clay aggregates are not visible in the 1 wt% K30 Mt and 1 wt% Al-pil Mt
composite membrane, but start to be formed from 5 wt% on. The Mt is
homogeneously distributed in the polymeric matrix, although it tends to
sediment towards the bottom of the film during the drying process due
to its higher density (2-3 g/cm? as reported by Uddin (2018)) than that
of the polymer (0.85 to 1.14 g/cm? as reported by Mahajan and Ganesan

(A)

SEM image

1 wt% 5 wt%

Si image

(B)

SEM image

Si image
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(2010)). As the clay concentration increases above 5 wt%, the size and
number of clay aggregates increase and the clay-rich domains span an
increasingly larger fraction of the membrane thickness. For the K30 Mt
composites, the 10 pm clay aggregates span 36% of the membrane
thickness at 5 wt% K30 Mt, while this fraction increases to 47% for the
40 pm K30 Mt aggregate shown in the sample with a clay loading of 20
wt%. The presence of these aggregates that sediment towards the bot-
tom of the membrane surface is not believed to be problematic for the
application of these films as membranes, since the clays are incorporated
in the film and have an effect on the membrane properties as will be
shown below when discussing the obtained results.

The interaction between the clay and the polymer matrix is

Table 1
T, values of the pure SPEEK membrane and the K30 Mt and Al-pil Mt composite
membranes with a clay loading of 1 to 20 wt%.

Weight percent additive (wt%) Additive type

K30 Mt Al-pil Mt
T, (°C)

0 225

1 247 220

5 250 206
10 247 203
15 238 208
20 224 220

10 wt%

Fig. 1. SEM images and corresponding EDX analysis of the composite membranes cross sections. (A): K30 Mt composites and (B): Al-pi Mt composites. The carbon
image is used to map the regions with containing the SPEEK polymer and the silicon for the Mt domains.
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investigated by DSC (Table 1), as the addition of nanoparticles can alter
the glass transition temperature (Tg) by reducing the polymer chains’
mobility at the clay-polymer interface (DeFelice and Lipson, 2021).

In the case of the K30 Mt, the Ty increases by up to 25°C compared to
the native SPEEK polymer matrix whereas it decreases by up to 22°C in
the case of the Al-pil composites. This is due to the physical interaction
between the K30 Mt surface and the polymer chains which locally re-
duces their mobility, while the larger and fixed interlayer distance be-
tween the clay platelets in Al-pil Mt acts as a plasticizer by increasing the
distance between the SPEEK chains (see Fig. 2) (Xu et al., 2004). The
K30 Mt can (partially) exfoliate, causing the entire surface of clay
platelets to become available for interactions with the polymer chains,
reducing their mobility. Furthermore, the exfoliated platelets can also
fill the free volumes of the polymer matrix, which also contributes to a
higher Ty (Muralidharan et al., 2008). On the other hand, the Al-pil Mt
can only form intercalated and microcomposite structures due to the
inorganic crosslinks between the platelets, which hinder the formation
of strong polymer-clay interactions as the availability of free clay surface
area is decreased. As a result, the distance between the polymer chains is
increased, and their mobility increases. The maximum effect of the clay
loadings on the composite T is observed at 5 wt% K30 Mt and 10 wt%
Al-pil Mt. This suggests that at low clay loading fractions (1 wt%), the
amount of clay added is too low to affect to a sufficient extent all the
bulk of the polymer matrix. As the clay loading increases above 5 wt%
K30 Mt or 10 wt% Al-pil Mt, the size of the clay aggregates increases,
which reduces the effective contact area available for polymer-clay
interactions.

To better understand this phenomenon, an FT-IR of a pure SPEEK
membrane, a 1 wt% K30 Mt-SPEEK composite, and a 1 wt% Al-pil Mt
composite were recorded. Fig. 3 shows that the addition of only 1 wt%
K30 Mt changes the shapes of the peaks that correspond to the sulfonic
acid group (at 1160, 1186, and 1215 cm™ ') and the C-O-C stretching at
842 em ™!, while the vibrational stretching of the C=0 bond at 1720
em~!is greatly enhanced (Xing et al., 2004; Shukla and Thakur, 2010;

Exfoliated

Aggregated
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Aromatic C=C stretch

/ 1728

;-\ C=0 stretch

. \
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Fig. 3. ATR FT-IR spectra of a pure SPEEK membrane, a 1 wt% K30 Mt com-
posite membrane, and a 1 wt% Al-pil Mt composite membrane. The numbers
next to the peaks correspond to the position in reciprocal cm (cm™?) of the peak
and the text indicates the corresponding functional group.

Kumar et al.,, 2014). The changes in these three functional group
vibrational energies support the hypothesis of strong clay-polymer in-
teractions despite the lack of compatibilizer use, which reduces the
chain mobility as shown in Table 1 (Shukla and Thakur, 2010). On the
other hand, the 1 wt% Al-pil Mt composite FT-IR spectrum shows no
difference from that of the native SPEEK membrane, suggesting that
there are no strong interactions between the Al-pil Mt and the SPEEK
polymer as seen in Table 1.

The thermal stability of the membranes was further investigated with

Intercalated

microcomposite

-+ Clay-polymer interactions

B

) K30 Mt
> \

\\\E //// >

%

/.

~
~
S

N 0

-+ Clay-polymer interaction

reduced chain mobility

Increased polymer chain spacing

/ Increased chain mobility

Fig. 2. (A) Different types of composite structures that can be obtained and (B) the difference between K30 Mt composites nanostructure and Al-pil Mt composites

nanostructure.
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TGA, as shown in Fig. 4.

Tepmatee and Siriphannon (2013) showed that the basal spacing of
their synthesized Al-pil Mt increased from 1.24 nm to 1.69 or 1.77 nm
(depending on the synthesis method used) due to the intercalation of the
aluminum cations. The larger interlayer distance in the Al-pil Mt clay
compared to K30 Mt is illustrated by the Al-pil clay having 5 wt% more
water content compared to K30 Mt. Furthermore, the water contained in
the Al-pil Mt also requires less thermal energy to evaporate than from
the K30 Mt as illustrated by the steeper slope around 100°C for the Al-pil
Mt (see Fig. 4). At higher temperatures, the clays still have weight loss as
the water bound to the clay surface requires more thermal energy to
evaporate (300°C), and dehydroxylation of the clays takes place at
500°C (Xie et al., 2001).

Literature reports three major weight loss steps for pure SPEEK: <3
wt% loss below 200°C, which is attributed to the evaporation of water
from the hydrophilic polymer, a desulfonation step (4 SOsH = 4 SO3 + 2
H20 + O3) between 250 and 400°C and a polymer backbone degrada-
tion step above 500°C (Xing et al., 2004; Knauth et al., 2011). Fig. 4 only
shows the water evaporation step and the main backbone degradation
step. The desulfonation step is not observed since the membranes were
in the sodium form, which hinders the proto-desulfonation of the SPEEK
as demonstrated by Koziara et al. (2016).

The addition of clays to the polymer does not affect the thermal
stability of the polymer itself, since the water evaporation and main
backbone degradation steps are still observed. However, a higher total
weight loss is observed for the composite membranes due to the pres-
ence of the highly hydrophilic clays. This increase in weight loss due to
water evaporation is in the order of 0.02 residual weight for the K30 Mt
and 0.075 residual weight for the Al-pil Mt. This is in accordance with
the previously-made observation that the Al-pil Mt contains more water
in its larger interlayer spacing than K30 Mt. However, in both cases, the
amount of weight loss due to water evaporation does not show the ex-
pected increase with a higher clay loading. This is due to the highly
hydrophilic samples that can absorb moisture from the atmosphere
during the sample preparation and handling. It is interesting to notice
that the main backbone degradation of the K30 Mt samples happens on
average 25°C higher than that of SPEEK, while that increase is up to
50°C for the Al-pil Mt samples. This suggests that the addition of clays
improves the thermal stability of the membranes, which is attributed to
the formation of Mt-SPEEK interfaces with improved thermal stability,
as reported by Chipara et al. (2008) for polypropylene-carbon
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nanofibers composites. In the case of the K30 Mt samples, the clay
loading has a very limited effect on the extent to which the thermal
stability is enhanced. For the Al-pil Mt samples, the 15 wt% clay loading
shows the highest improvement in thermal stability, while the Ty results
showed the maximum effect of clay on the thermal behavior at 10 wt%.
This suggests that the most pronounced effect of the addition of Al-pil Mt
on the thermal properties of the membrane is obtained at clay loadings
between 10 and 15 wt%.

3.2. Ion exchange capacity, water uptake, and charge density

The charge density of an ion exchange membrane is important to
determine its co-ion exclusion ability as well as the number of charges
available for ionic transport. Figs. 5 and 6 show the IEC and the water
uptake of the composite membranes, respectively.

I SPEEK
I K30 Mt
I Al-pil Mt

—— Theoretical prediction

2.0

1.5 1

1.0 1

0.5

lon Exchange Capacity (meq/g)

10

15 20 100

Clay loading (wt%)

Fig. 5. Ion exchange capacity of native SPEEK and the various composite
membranes. The theoretical IEC of pure SPEEK is the IEC provided by the
SPEEK provider (FumaTech). The theoretical predictions of the clay composite
membranes are computed by taking the relative contribution of the SPEEK
polymer and the clays based on the experimental values.
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Fig. 4. TGA of the various composite membranes. The weight percentages refer to the clay loading fractions, with 100% being the powdered clays as purchased, 0 wt
% being the cast 100 wt% SPEEK membrane, and the other percentages referring to the composite membranes. Figure (A) corresponds to the K30 Mt composite

membranes and Figure (B) to the Al-pil Mt composite membranes.
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Fig. 6. Water uptake of SPEEK and the various composite membranes.

The experimentally determined SPEEK IEC is 1.78 meq/g, which is
larger than the value provided by the manufacturer based on nuclear
magnetic resonance spectroscopy (1.565 meq/g). This overestimation is
attributed to a small amount of remaining sorbed protons in the mem-
brane, even after thorough washing. The measured IEC of the clays is
much lower than that of the polymer, i.e., 0.291 meq/g for K30 Mt and
0.115 meq/g for Al-pil Mt, respectively. The obtained IEC value for K30
Mt is three times lower than the typical values reported for Na—Mt
(Hojiyev et al., 2017; Kro6l-Morkisz and Pielichowska, 2019). The lower
K30 Mt IEC is caused by the acid treatment of the clay by the manu-
facturer to increase the surface area for catalysis purposes, which leads
to the reduction of the ion exchange capacity (Flessner et al., 2001).
Nonetheless, the value obtained for the K30 Mt has a similar order of
magnitude as the value reported by Rashidzadeh and Olad (2014) and
Ngoh and Nawi (2016). The IEC of the Al-pil Mt is lower than the typical
value for Na—Mt since the formation of each aluminum oxide pillar
blocks seven permanent charges of the clay platelet surface (Gil et al.,
2000; Melo et al., 2021).

As a result of the low IEC of the clays, the IEC of the composite
membrane decreases with increasing clay loading. In addition, the
measured IEC is also lower than the predicted theoretical IEC, indicating
that the accessibility of some charged groups to cations is hindered. This
is either due to the barrier effect of the clays which reduces the acces-
sibility of some charged groups for ions, or a direct result of the clay-
polymer interaction as evidenced by the FT-IR in Fig. 3, and as sug-
gested by Hosseini et al. (2016). The measured IEC is 0.13 meq/g and
0.34 meq/g lower than the theoretically expected value for the 1 wt%
and 5 wt% Al-pil Mt samples, respectively. This reduction in ion ex-
change group accessibility is less pronounced for exfoliated K30 Mt
structures obtained at 1 and 5 wt% K30 Mt, which show no loss in IEC
and a reduction of 0.16 meq/g, respectively. This is because the polymer
chains are entrapped in the clay interlayers in intercalated structures of
Al-pil Mt, which largely reduces their accessibility to ions. While the
decrease in IEC with increasing clay concentration is steady for the K30
Mt, the Al-pil Mt IEC data is divided into two parts: the IEC increases
from 1.35 meq/g to 1.47 meq/g between 5 and 10 wt% Al-pil Mt. Based
on the EDS and the Ty data, the clay and polymer domains become more
segregated above 10 wt% Al-pil Mt, and the number of polymer-clay
interactions relative to the added amount of clay added decreases.
Therefore, relatively more polymer ion exchange groups are available to
contribute to the membrane IEC compared to the amount of clay added.

Remarkably, the water uptake of each kind of composite membrane
is relatively independent of the respective clay loading (see Fig. 6). This
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does not follow the correlation found by Namdari et al. (2017) and
Radmanesh et al. (2019), where the water uptake of the membranes
followed the same trend as the IEC as a function of the added clay
fraction. Despite a lower IEC with an increasing clay loading fraction as
shown in Fig. 5, the K30 and Al-pil Mt are hydrophilic additives as
evidenced by the TGA results (Fig. 4). The hydrophilicity of the clays
compensates for the lower osmotic swelling of the membrane expected
from the lower IEC. The water uptake of the membrane decreases from
26.0 wt% to an average of 18.5 wt% with the addition of K30 Mt, while it
remains relatively unchanged by the addition of Al-pil Mt (23.7 wt%). As
suggested by the TGA results, this is attributed to the larger hydrophilic
interlayer spacings between the clay platelets of Al-pil Mt. These create
small plasticizing free volume elements in the membrane that can be
filled with water, while the strong SPEEK-K30 Mt interactions and the
filling of free volume elements by exfoliated K30 platelets prevent
excessive membrane swelling and even reduce the swelling of the native
SPEEK polymer.

Based on the water uptake (WU in wt%) and IEC (in meq/g), the
membrane charge density (p in meq/ g wet membrane) can be calculated
using the following formula (Hugo et al., 2018):

IEC
P=NT" 100% (6)

The results are shown in Fig. 7. The 1 wt% K30 Mt composite has the
highest charge density (9.2 meq/g wet membrane) of all the membranes.
This is as expected due to the highest IEC (1.76 meq/g) and the low
water uptake (19.0 wt%) of this membrane. The other K30 Mt com-
posites have a higher charge density (7.5 meq/g wet membrane on
average) than the SPEEK membranes (6.9 meq/g wet membrane) thanks
to the lower water uptake of the K30 Mt composites, which compensates
for their lower IEC. On the other hand, the Al-pil Mt composites have an
average charge density of 6.0 meq/g wet membrane, which is lower than
the reference SPEEK membrane, resulting from both their lower IEC and
their similar water uptake. Therefore, it is expected that the 1 wt% K30
composite membranes will have the best ability to selectively transport
sodium ions over chloride ions, as will be discussed in the following
section.

3.3. Membrane permselectivity

The permselectivities of the lab-made composite membranes are
reported in Fig. 8. The shape of the graph is resemblant to that reporting

12

[ SPEEK
I K30 Mt
[ Al-pil Mt

Charge density (meg/g wet membrane)

Clay loading (wt%)

Fig. 7. Charge density of SPEEK and the composite membranes as a function of
the clay loading.
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Fig. 8. Permselectivity of SPEEK and the various clay composite membranes as
a function of the clay loading.

the charge density in Fig. 7. This is due to the direct effect of charge
density on selectivity. A lower charge density leads to a lower parti-
tioning between the membrane and the solution, resulting in a higher
co-ion concentration and a lower counter-ion concentration in the
membrane (Fan et al., 2020; Kingsbury and Coronell, 2021). Since the
Al-pil Mt composites have a charge density lower by 1.2 to 2.6 meq/g
wet membrane than that of the K30 composites, their permselectivity is
lower by 1.4 to 2% relative to the K30 Mt samples for each clay loading,
except the 20 wt% composite membranes, for which the difference is
only of 0.6 wt%.

However, there are some small divergences between the charge
density and the permselectivity data as three small local maxima are
observed at 1, 10, and 20 wt% K30 Mt while this is only observed at 10
and 20 wt% Al-pil Mt. This trend is similar to that reported by Shukla
and Thakur (2010) for the conductivity of solid polymer electrolytes
based on poly(methyl methacrylate) and modified Mt clays. The authors
attributed this trend to different interactions between the polymer,
mobile lithium ions, and clays at increasing clay loading, going from an
exfoliated composite structure to an intercalated structure.

The best permselectivity is measured for the 1 wt% K30 Mt (97.7%)
due to the larger charge density of this membrane, but also to a better
repartition of the exfoliated K30 Mt clay platelets (see Fig. 1). The
reduction of the polymer chains’ mobility and the filling of the mem-
brane free volume elements by the exfoliated K30 platelets (Table 1)
prevent co-ion leakage over the membrane. This cannot be achieved
with Al-pil Mt due to the inorganic crosslinks between the clay platelets.
It is believed that this well-exfoliated structure acts as a barrier and
increases the tortuosity of the co-ion diffusion path (Chang et al., 2003;
Gaowen and Zhentao, 2005; Gosalawit et al., 2008). The local maximum
observed at 10 wt% corresponds to the clay weight fraction at which
there is the most clay-polymer interaction as seen with the T results.
This clay-polymer interaction leads to the dissociation of the sodium
ions coordinated by the polymer backbone, hence increasing the number
of free counter-ions in the membrane, favorably affecting the membrane
permselectivity (Shukla and Thakur, 2010). Finally, the higher perm-
selectivity at 20 wt% is attributed to the formation of clay aggregates
with reduced co-ion permeability as the negatively charged platelets
both repel co-ions and increase their pathway tortuosity.

3.4. Membrane conductivity and sodium ion diffusion

Finally, the conductivity of the composite membranes is reported in
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Fig. 9. Conductivity of SPEEK and the various clay composite membranes as a
function of the clay loading.

Fig. 9.

The membrane conductivity increases with an increasing clay
loading fraction, reaching up to 1.4 times that of the native SPEEK
membrane for the 20 wt% K30 Mt. This is due to the formation of
straight percolating sodium diffusion pathways along the 2D clay sur-
faces and within the straight hydrophilic interlayers between clay
platelets. The higher the clay loading, the higher the amount of such
straight channels, thus the higher the conductivity. In addition to the
reduction in tortuosity, the membrane thickness fraction that consists of
clay aggregates increases at higher clay loading fractions as shown in the
EDS images (see Fig. 1). This causes an associated relative reduction of
the dense polymer layer thickness, which also leads to a higher con-
ductivity. Therefore, to achieve high conductivity and lower the ohmic
losses of an electrochemical cell, having the highest clay loading (20 wt
%) is the best. This finding is opposite to that of Gaowen and Zhentao
(2005), who reported a decrease in proton conductivity with increasing
Mt loading. This is a result of their functionalization of the Mt with
hexadecyltrimethylammonium chloride, which rendered the clays non-
ionic conductive, resulting in longer proton diffusion pathways (Gaowen
and Zhentao, 2005).

The higher ionic mobility in composite membranes is well displayed
by the diffusion coefficients (see Fig. 10) which were computed using
the Nernst-Einstein equation:

Dyt = @)

N
where Dy,+ is the sodium ion diffusion coefficient (rnz/s), o is the
experimental value of the membrane conductivity (S/m), k is Boltzmann
constant (J/K), T the temperature (K), e the elemental charge (C), N the
number density of sodium ions (number per m3), computed from the
membrane charge density.

Fig. 10 shows that the diffusion coefficient increases by a factor of
1.2 between 1 and 5 wt%, which indicates the first threshold for the
increase in diffusion coefficient, which is correlated with the formation
of clay aggregates. In those regions, the clay platelets are segregated
from the polymer and retain their initial platelet organization in which
the sodium ions experience less tortuosity than in the polymer matrix. As
the clay loading in the membrane increases from 0 to 20 wt%, the
fraction of membrane area that contains clay aggregates increases,
which explains the increase in diffusion coefficient at higher clay load-
ings, reaching 11.2 x 102 m?/s for 20 wt% K30 Mt and 15.2 x 10712
m?/s for 20 wt% Al-pil Mt.
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Fig. 10. Computed sodium diffusion coefficient using the Nernst Einstein
equation as a function of the clay loading.

The fact that the diffusion coefficient is larger in the Al-pil composite
membranes by 1.1 x 10712 t0 3.9 x 107'2 m?/s compared to the K30 Mt
membranes is attributed to the higher water uptake of these membranes.
Despite their lower charge density, the Al-pil Mt clays have a larger
interlayer spacing, creating a hydrated volume in which the ions have
greater mobility as computed by Greathouse et al. (2016). This shows
that the addition of non-compatibilized K30 and Al-pil Mt clays with
large hydrated interlayer spacing is a promising strategy to increase the
ion mobility in CEMs. By tuning the charge density and the interlayer
spacing of the clays as well as the polymer-clay composite morphology,
membranes with tunable conductivities and permselectivities can be
obtained. For electrochemical applications, membranes with low resis-
tance and high permselectivity are desirable as they contribute the least
to the Ohmic losses of a system while preventing the undesired crossover
of ions. From the results presented in Fig. 8 through Fig. 10, it appears
that the membranes with the highest clay loading (20 wt%) are the most
suitable since they have the lowest resistance while their permselectivity
remains at 96.9% and 96.3% for the K30 Mt and Al-pil Mt, respectively.

3.5. Membrane performance in a concentration gradient battery

To illustrate the advantages of such composite membranes in a
salinity gradient flow battery, the performance of the SPEEK membrane
and the 20 wt% K30 and Al-pil Mt composite membranes in a lab-scale
concentration gradient battery was evaluated, since these two mem-
branes showed the most improvement in conductivity.

The average coulombic, voltaic, and round-trip efficiencies are re-
ported in Table 2.

All the experiments have a coulombic efficiency of 100.0% since the
charge and the discharge steps were set at the same current for the same
amount of time. However, both the voltaic efficiency as well as the
round-trip efficiency of the clay composite membranes outperform that
of the native SPEEK membrane. The voltaic efficiency and the round-trip

Table 2
Thickness, coulombic, voltaic, and round-trip efficiencies of the SPEEK, 20 wt%
K30 Mt and 20 wt% Al-pil Mt composite membranes.

SPEEK 20 wt% K30 Mt 20 wt% Al-pil Mt

Thickness (pm) 51 71 66
Coulombic efficiency 100.0 + 0.0% 100.0 + 0.0% 100.0 + 0.0%
Voltaic efficiency 82.7 +£ 2.2% 92.7 + 2.8% 86.6 + 3.1%
Round-trip efficiency 82.7 +£ 2.2% 92.7 + 2.8% 86.6 + 3.1%
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efficiency are the best for the 20 wt% K30 Mt composite membrane
(92.7%), followed by the 20 wt% Al-pil Mt (86.6%) and the SPEEK
membrane (82.7%). This result is in line with the conductivity results
shown in Fig. 10. When a membrane has a higher conductivity, its re-
sistivity is lower, which lowers the membrane’s contribution to the
ohmic overpotential (Vermaas et al., 2012). This lower overpotential
directly improves the voltaic efficiency of the cell, and thus, its round-
trip efficiency as well. This suggests that the addition of non-
compatibilized clays to a polymer membrane is a promising method
for improving the membrane conductivity and thus, the voltaic and
round-trip efficiency of the system.

4. Conclusion

Clay-polymer composite cation exchange membranes based on 1 to
20 wt% K30 Mt and Al-pil Mt and SPEEK were made. The lack of
compatibilizer creates micro composite membranes containing clay
aggregates in which the clays retain their stacked platelet morphology
when the clay percentage is above 5 wt%. The straight hydrophilic
channels between the clay platelets enable sodium ions to migrate
through the membrane with a reduced tortuosity, thereby increasing
their diffusion coefficient in the membrane with increasing clay loading.
The sodium diffusion coefficient of the 20 wt% Al-pil membrane is 15.2
x 10712 mz/s, which is higher than that of the 20 wt% K30 Mt (11.3 x
107'2 m?/s), with both membranes showing a significant improvement
compared to the SPEEK membrane (8.6 x 10712 m?/s). The increase in
sodium diffusion is more pronounced in the case of Al-pil Mt than K30
Mt as the mobile cations have a greater mobility in the more hydrated
interlayer of pillared clays. In the case of Al-pil Mt, the permselectivity
was slightly lower than that of a pure SPEEK matrix by no more than 3%
due to the large hydrophilic interlayer spaces of the pillared clay that
favor co-ion transport. On the other hand, the 1, 10, and 20 wt% K30 Mt
have an improved permselectivity thanks to the barrier effect of the
clays towards co-ions and the polymer-clay interactions in the case of
the 10 wt% K30 Mt composite membrane. From the conductivity and
permselectivity results, it was concluded that the best membranes are
those with 20 wt% clay loading since the increase in conductivity is the
highest while the permselectivity remains similar to that of the pure
SPEEK membrane. In general, the incorporation of non-compatibilized
K30 Mt or Al-pil Mt clay into a SPEEK matrix is a facile method to
improve the conductivity of cation exchange membranes with limited
permselectivity loss. This has the potential to positively influence the
voltaic and round-trip efficiency of aqueous redox flow batteries. This is
demonstrated in a salt concentration gradient battery, where the cell
with the 20 wt% K30 Mt membrane has a 10.0% improvement of the
voltaic efficiency compared to the reference cell with a 100% SPEEK
membrane. This improvement was only 3.9% for the 20 wt% Al-pil
composite membrane.

5. Challenges and future prospective

This work has shown that the addition of non-compatibilized K30 Mt
and Al-pil Mt to a SPEEK matrix is a promising method for improving the
cation exchange membrane conductivity while maintaining permse-
lectivities above 94.4%. Therefore, these membranes are attractive for
electrochemical applications where there is an interest in lowering the
membrane’s contribution to the Ohmic losses of a system.

The membranes were able to withstand short experiments in an
electrodialysis cell. Nonetheless, the mechanical stability of these
membranes in more challenging electrochemical systems needs to be
tested and addressed. Even though the addition of clays enhances the
thermal stability of the clays, it is expected that the clay-polymer in-
terfaces are mechanically weak regions that can crack under challenging
operating conditions. Furthermore, some of the electrochemical appli-
cations in the electrochemical require acidic operating conditions. While
SPEEK has been reported for such applications, it is expected that the
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clays are not chemically stable as highly acidic environments can cause
the leaching of metal ions from the clays. Therefore, it is necessary to
look into the improvement of the membrane’s stability in acidic media,
for example, by adding a protective layer around the clays or on the
membrane surface.
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