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Abstract

Two novel cation exchange membranes (CEM) denoted as PSEBS SU and
CF22R14 were examined for two electrochemical applications and compared to a
commercial membrane (Fumasep FKE). Application in microbial electrolysis cells
(MEC) and an abiotic electrochemical cells (EC) were selected as low and high current
density systems (~1 A m2 and 50 A m-2, respectively). Hydration number (1), ion
exchange capacity (IEC) and ionic conductivity (o), as well as their alteration after 10
days were studied. L was stable after MEC operation, however EC mode caused
remarkable changes and a decrease of A (by -8.2 £ 0.3, -13.8 £ 0.8 and -39.3 + 8.8%
for FKE, PSEBS SU and CF22R14, respectively). The decrease of IEC was significant
for each membrane regardless of the operation mode. However, only MEC operation
led to reversible functionality losses, whereas EC mode caused permanent decrease
of IEC (87.9 £ 2.8, 85.3 + 3.8 and 46.6 * 4.4% re-activation efficiency for FKE, PSEBS
SU and CF22R14, respectively). The EC operation resulted in more severe loss of
o for each CEM, among which PSEBS SU showed the best re-activation efficiency
(74.9 £ 8.1%). In general, the membrane properties were much more impaired during

EC operation due to higher current densities.

Keywords: Cation exchange membrane; functional stability; microbial electrolysis

cell; ion exchange capacity; ionic conductivity
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1. Introduction

lon exchange membranes (IEM) are functionalized and charged polymer-based
thin materials, which facilitate the selective transport of ionic compounds [1]. IEMs are
used for a variety of electrochemical processes, such as electrodialysis (ED) [2],
reverse electrodialysis (RED) [3], electrodeionization [4], diffusion- and Donnan-
dialysis [5], fuel cell technology [6,7], etc. Fields of application for IEM also include
microbial electrochemical technologies (MET). MET are technology platforms based
on merging microbial and electrochemical conversions for electricity generation,
desalination, waste treatment or production of value-added chemicals [8—10].
However, the reactors used for MET that are denominated as bioelectrochemical
systems (BES) differ in many cases significantly from abiotic electrochemical systems
concerning, e.g., electrolyte composition and concentration, electrode potential,
current density, operational modes, flow and reaction rates [11]. Thus, most of the
commercially available IEM are not specifically designed for BES [12].

In BES, the most frequently used IEM are cation exchange membranes (CEMs),
among which Nafion-based proton exchange membranes (PEM) represent a standard
reference material [13,14]. It was shown previously, when using Nafion-based IEM in
BES the charge balancing ion transfer is dominated by cations as well as anions other
than H* and OH- [15-18]. Therefore, the development of alternative IEM being flexible
and possessing excellent functional stability are desired. Such materials must
sufficiently overcome negative effects of biofouling, chemical scaling, fluctuations of
solution pH, and in case of some applications concentration polarization at the
polarized membrane surface [19-23]. These stress factors may lead to reversible or
irreversible loss of functionality through passivation or even loss of functional groups

(e.g. hydrophilic RSO3 sulfonic acid groups in case of CEM) [24—26].
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The functional stability of IEM can be characterized by determining and
evaluating key membrane properties and their alterations over time and in different
application environments. Hydrophobic and hydrophilic properties of membranes are
represented by their contact angle and water uptake behavior (hydration number, 1)
[27]. Although adequate IEM functionality requires sufficient hydration, too much
swelling can cause structural deterioration of the polymers [28]. Furthermore, the
decrease in membrane hydration number during operation is an implicit indicator of
loss of available hydrophilic functional groups. As a direct measure of the number of
functional groups relative to the dry polymer weight, ion exchange capacity (IEC) is
determined, usually via titration methods [27]. Strongly linked to the aforementioned
properties, ionic conductivity (c) of IEM is a frequently used parameter for quantifying
the electric field-driven ion transport [29].

Various attempts are described in literature to tailor novel IEM for BES, fulfilling
the aforementioned requirements while trying to ensure economic viability [13,30,31].
In this work, two novel CEM (denoted as PSEBS SU and CF22R14) were tested in
abiotic electrochemical systems and BES. It was shown in our previous works that
PSEBS SU possesses promising features for BES, such as sufficient o at low
electrolyte concentrations [32,33]. The CF22R14 was successfully employed for
microbial electrochemical hydrogen production [33]. The aim of the present study was
to investigate how functional properties of these alternative membrane materials
change when used for short-term (i.e. weeks) in different applications (i.e. at high
current density in abiotic electrochemical systems, and at low current density in BES).
IEC, A and o alterations of pristine, used and chemically re-activated CEM was
evaluated as main features linked to functional stability of the membranes. In addition,

the relationship between conductivity and electrolyte properties commonly used for
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BES (low acetate concentration, low phosphate buffer strength and initially neutral pH)
was studied. The data obtained for the novel membrane materials were compared with

a commercial reference CEM.

2. Materials and Methods

2.1. Chemicals

All chemicals used in this work were at least of analytical grade. CH3COONa (=
99.0 %), Na,HPO, (= 99.0 %), NaH,PO,4 (= 98.0 %), NaCl (= 99.0 %), HCI (36 %
solution) and NaOH (= 98 %) were purchased from Merck (Darmstadt, Germany). N,
purging gas (99.995 %, V/V) was obtained from Messer Hungarogaz Kft (Budapest,

Hungary). All solutions were prepared with distilled water.

2.2. lon exchange membranes and conditioning procedure

In this work, three different CEM were applied and tested. 1) FKE (FuMa-Tech,
Bietigheim-Bissingen, Germany), which is a non-reinforced, homogeneous polymer
membrane with a thickness of 66 + 3 um (swollen state). 2) CF22R14, a
heterogeneous, developmental RALEX® membrane (MEGA/MemBrain, Czech
Republic) [33] with 222 + 13 um average thickness. CF22R14 is made of a strong
acidic ion exchanger and polyolefin binder matrix. 3) PSEBS SU, is a polystyrene-
block-poly(ethylene-ran-butylene)-block-polystyrene-based = homogeneous  CEM
developed at the Institute of Macromolecular Chemistry, Czech Academy of Sciences
[34]. Its thickness in swollen state is 158 £ 12 um.

The pre-conditioning, as well as the re-activation of the CEM were carried out

by consecutive immersion into distilled water, 1 M HCl and 1 M NaOH solution [35,36].
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Firstly, the dry CEM samples in Na* form were put in H,O, then in HCI (H* form), H,0,
NaOH (Na* form), H,O, and finally, in HCI resulting in H* form. Each conditioning step
took 30 min at 25 °C, and after activation, the membranes were stored in distilled water

until use [35].

2.3. MEC and EC operation

3D printed rectangular 4-chamber test cells (Fig. 1) printed with polylactic acid
(BASF Ultrafuse, 1.75 mm, BASF Forward AM, Heidelberg, Germany) were used as
microbial electrolysis cells (MEC) and abiotic electrochemical cells (EC), as well as for
membrane polarization experiments (see section 2.5). The reactor design enabled
flexible chamber division by using the three possible insertion slots of the membrane
panels (Appendix, Fig. A.1).
Triplicate MECs were assembled as follows: each rectangular 4 chamber test cell was
divided in 4 compartments, where both halves of the cells consisted of a cathode
chamber and an anode chamber separated by the membrane under investigation,
while in the central slot, a plastic sheet (HDPE, A-Plast, Hungary) was used as an
impermeable barrier, creating two MEC per rectangular 4-chamber test cell. This way,
2 MEC could operate independently in one 4-chamber test cell. The anolyte (with a
total working volume of 115 mL) comprised of 50 mM phosphate buffer solution (PBS)
inoculated with 10 % (v/v) anaerobic sludge, 5 mM sodium acetate, 1-1 mL modified
Wolin’s mineral solution (excluding Na,SeO3; x 5 H,O and Na,WO, x 2 H,0O) and
vitamin solution (according to DSMZ 141), as well as 100 uL selenite-tungstate solution
(according to DSMZ 385). The anaerobic sludge was the effluent of a biogas fermenter
fed with municipal wastewater, collected at Bakonykarszt Zrt, Veszprém, Hungary. The

catholyte was 50 mM PBS with a total working volume of 45 mL. 1 cm x 1 cm Pt
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electrodes (Pt foil, purity 99,95%, thickness = 0.12 mm, HMW Hauner GmbH & Co.
KG Réttenbach, Germany) were applied as cathodes, while 2 cm long graphite rods
with 0.5 cm diameter (99.995 % purity, Merck, Darmstadt, Germany) served as
anodes. The growth of anodic biofilms was performed according to [37]. During MEC
operation, an Ag/AgCI (3 M KClI, +0.207 mV vs. SHE) reference electrode (OP-0820P,
Radelkis, Budapest, Hungary) was placed in the anolyte, and the anode potential was
set to 0.2 V using a potentiostat (PalmSens 3, Houten, Netherlands). The membranes
were tested for five cycles. The length of one cycle was determined by substrate
depletion and hence, current decrease. After substrate depletion the solution was
replaced by fresh anolyte.

The EC operation was carried out by using multistep chronopotentiometry
(PalmSens 3, Houten, Netherlands), using the same buffer compositions as for MEC
operation. The applied current density (i, related to the membrane surface area, Ay)
profile was programmed to mimic the MEC cycles as follows: the current density curves
had a sum length of 48 h, starting from zero to 10 A m2 in the first 7 h, then increased
to 25 A m2 for 8 h, followed by a 18 h long peaking period at 50 A m=2. The current
density was then gradually decreased back to 25 A m2, 10 A m=2 and finally, zero.
Thus, five consecutive cycles were run (similarly to MEC operation in terms of cycle

duration) in 240 h.

2.4. Membrane properties

Acid-base titration method was used to determine IEC of the membranes in
different states (pristine, used, re-activated) [38,39] as detailed recently [33]. Briefly,
IEC is based on measuring the OH- concentration decrease of an alkaline solution over

the contact time with a CEM sample previously brought to H*-form.
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A was determined based on the water content (¢) and IEC of the membranes
[39]. ¢ was determined by comparing the dry and swollen sample weights, measured
in a Sartorius R200D analytical balance with 0.01 mg resolution (Sartorius, Géttingen,
Germany). Thereafter, A was calculated according to Eq. 1, considering IEC, ¢ and the
molar mass of water (My)).

@
~ IEC My, 100 (1)

A
In order to determine dry membrane mass, the samples were vacuum-dried for at least
1 h at 25 °C. The swollen membrane mass was determined after keeping the dry
samples in distilled water overnight, and the excess water was gently blotted from the
membrane surface with tissue paper.

The alterations in the structural properties of the various membranes after use
were characterized by optical microscopy, using a light microscope at 400x total
magnification (Primostar, Carl Zeiss, Jena, Germany). The optical images of the
samples were recorded using a MikrOkular Full HD eyepiece camera (Bresser, Rhede,
Germany). The thickness of the membranes (3)) (in swollen state) was determined by

an analogue thickness gauge (Kafer F 1000/30, Villingen-Schwenningen, Germany)

with 1 um accuracy.

2.5. Membrane polarization and ionic conductivity

The ¢ of a membrane is considered as one of the main features for evaluating
membrane stability. Accordingly, polarization measurements were conducted in a set
of experimental setups using pristine, used, and re-activated membranes. A design of
experiment (DoE) approach was created with acetate concentration (cac = 5, 10 and

20 mM), phosphate buffer concentration (cpgs = 25, 50 and 100 mM) and electrolyte



172 pH (pH = 6, 7 and 8) as factors, and membrane conductivity as dependent variable.
173 The experimental settings were determined as follows (Table 1).
174

175  Table 1 — Factor value combinations for the membrane polarization measurements

pH (-) Cac (MM)  cps (MM)

6 5 25

6 5 100

6 10 50

6 20 25

6 20 100

7 5 50

7 10 25

7 10° 50"

7 10 100

7 20 50

8 5 25

8 5 100

8 10 50

8 20 25

8 20 100
176 " Central point carried out in triplicate
177
178 The measurements were conducted using the same reactor configuration as in

179 MEC and EC experiments, however, the electrode and membrane arrangement was
180 modified as follows (Fig. 1).

181
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Fig. 1 — Scheme of the membrane polarization cell setup, WE: working electrode,
CE: counter electrode, RE: reference electrode, CEM: cation exchange membrane,

AEM: anion exchange membrane, Pt: platinum.

The membrane under investigation was placed in a membrane panel in the middle of
the cell. 1 x 1 cm Pt sheet electrodes (WE and CE) were placed in the two sides of the
cell. An Ag/AgCl (3 M KCI) reference electrode (OP-0820P, Radelkis, Budapest,
Hungary) (RE1) was placed next to WE, while two other Ag/AgClI reference electrodes
(RE2 and RE3, identical to R1) were positioned at the two sides of the tested
membrane. RE2 and RE3 were equipped with Luggin capillaries being here glass
capillaries with a porous glass frit at their tip and filled with 3 M KCI solution [40]. An
anion exchange membrane (AEM, PSEBS DABCO, commercialized by TailorMem
company under the trade mark Hollex ADL 911 NR [41]) was used in a membrane
panel to separate the membrane under investigation and WE, while the CE and the
membrane under investigation were separated by a CEM (Fumasep FKE). The four

compartments of the cell were filled with the same electrolyte (according to Table 1),



199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

and were stired at 150 rpm. WE, CE and RE1 were connected to a
potentiostat/galvanostat (Palmsens3, Palmsens, Houten, Netherlands) in order to
perform chronopotentiometric polarization with applied current densities between
0.625 — 7.5 A m=2 (relative to the projected membrane surface area). Each current
density was kept for 5 min, and the occurring membrane potential difference (U)
between RE2 and RE3 was monitored by using a battery-driven 5% digit multimeter
(Metrix MTX3281, Chauvin Arnoux, Paris, France). The stationary potential difference
was recorded, and based on the related current (/) values, the /-U data pairs were used
to determine the resistance of the membrane+electrolyte (Ry.g) as a slope of the I-U
curves, according to Ohm'’s law. By performing the procedure without any membrane
in the central position the background electrolyte resistance (Rg) was determined. The
pure membrane resistance (Ry) is then gained by subtracting Rg from the Ry.g. The
membrane conductivity was then calculated based on Ry and the ratio of swollen

membrane thickness (6),) and surface area (Ay) according to Eq. 2 [42].

Sm
Ry - Ay

(2)

o=

2.6. Data evaluation and statistics

In order to ensure reliable data evaluation, all - MEC and EC — measurements
were done in triplicate. Similarly, membrane characterization was done in three
independent replicates. Standard deviations (SD), standard errors (SE) and (95 %)
confidence intervals (Cl) are presented alongside the mean and median values. After
carrying out ANOVA, the significance (p < 0.05) of differences between main
membrane parameters at various membrane conditions was tested by post-hoc

Tukey’s Honest Significant Difference (HSD) analysis [43]. In case of the membrane
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conductivity assessment (carried out by DoE), a linear model was fitted (51 data points
per membrane type at each condition), and ANOVA was deployed to identify significant

(p < 0.05) factors using Statistica 8.0.

3. Results and Discussion
3.1. Current profiles, efficiency and pH alterations in MEC and EC operations

The maximum current density (ina, related to the membrane surface area)
generated by the MEC operated with the various CEMs was in the range of ca. 0.8 —
1.6 A m=2 regardless of the actual membrane type (Fig. 2.A-C). In general, the MEC
equipped with the PSEBS SU achieved higher i, of 1.10 £ 0.55 A m-2, followed by
the FKE membrane with 1.05 + 0.33 A m?2, while in case of CF22R14 CEM, i,,.x was
only 0.95 £ 0.34 A m=2. In our previous study with acetate-fed MEC and MFC the
beneficial mass transfer properties of PSEBS SU resulted in a significantly lower cycle
operational time compared to commercially available CEM (Nafion 115 and Fumasep
FBM) while ensuring similar Coulombic efficiencies [32,33].

In this work, the average operation times of the individual acetate cycles were
slightly shorter in case of PSEBS SU (45.8 £ 5.1 h) compared to the other CEMs (46.8
+ 5.7 h and 49.3 £ 6.4 h for CF22R14 and FKE), although the difference was not

statistically significant.
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Fig. 2 — Chronoamperometric curves of FKE (A), CF22R14 (B) and PSEBS

SU (C) CEMs in MEC mode. D: chronopotentiometric current profile applied in EC
operation. Continuous lines show the mean i from 3 parallel runs, while the grey area

indicates mean j + SD.
Based on the MEC results, the abiotic EC operation was carried out for cycles of 48 h.
In the multistep potentiometric experiments, as shown in Fig 2.D, i/ was gradually
increased up to 50 A m (projected to the membrane surface area), representing the
range used in electrochemical technologies for resource recovery or wastewater reuse
[44,45].

For MEC operation, the pH alterations in the anolyte were relatively low, and

somewhat higher in the catholyte during the cycles (Table 2).
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Table 2 — Anolyte and catholyte pH changes in MEC and EC operation

MEC operation

Membrane PHan in PHatin PH.n fin 95 % ClI PH.at fin +95% CI
FKE 7.2 7.2 6.5 0.35 8.8 0.26

PSEBS SU 7.2 7.2 6.2 0.44 9.1 0.26

CF22R14 7.2 7.2 6.7 0.35 9.2 0.18

EC operation

Membrane PHn in PHatin PH.p fin +95 % CI PH.at fin +95% CI
FKE 7.2 7.2 4.9 0.44 12.9 0.26

PSEBS SU 7.2 7.2 5.0 0.26 12.8 0.26

CF22R14 7.2 7.2 5.2 0.18 13.0 0.18

There was no significant difference between the extent of anolyte pH change for the
various membranes, however, the catholyte pH increase over time of the MEC with
CF22R14 was significantly higher (p = 0.013) compared to FKE. As expected, the pH
change of the electrolytes was more pronounced in the case of EC operation, due to
the higher i (Table 2). The respective decrease of the anolyte and increase of the
catholyte pH was similar for each membrane, which is in line with the MEC results.
Although there was a significantly higher change in pH of anolyte and catholyte during
EC operation compared to MEC mode for each membrane, there was no difference

between the obtained pH changes for the different membranes.
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3.2. Evaluation of CEM hydration numbers and ion exchange capacity

The swelling properties (such as 1) of ion exchange membrane materials are
basic features determining their applicability. Nonetheless, the hydration conditions
have to be considered together with other key-factors, e.g. IEC and 0. The hydrophilic
functional groups of the membrane (such as RSO3 groups) require sufficient hydration
to accomplish the selective ion transfer, although a too high water uptake may lead to
the undesired distancing of the functional groups, thus, affecting the ion transfer
kinetics [46,47].

Consequently, the hydration numbers were determined for CEM in pristine,
used and re-activated states, respectively. As it can be seen from Fig. 3.A-B, the
commercial FKE membrane had the lowest mean 2, followed by PSEBS SU and the
CF22R14 for each condition. It was also observed that the swelling was not visible to
the naked eye for the two homogeneous membranes, only the heterogeneous
CF22R14 membrane showed a slight, but noticeable extension. At the end of the MEC
experiments, the used membrane samples showed a minimal, almost negligible
decrease of A, and after chemical re-activation, A appeared to be similar to that
measured for pristine samples (Fig. 3.A). The statistical evaluation of the data
confirmed that none of the membranes suffered from a significant loss of A during the

~10 day long MEC operation (p = 0.8 to 0.99).

14



291

292

293

294

295

296

(A)

' i
40- FKE : PSEBS SU ! _|_ CF22_'R114
' | '
. : -
30 e ;
_ |==N==it__}
3 204 : -4 : 1
%) [] ]
£ { ' |
o] AN ' '
™ 1 1
= ' |
< 0 B B =) :
' |
4 ' I
' |
2] . :
] ]
" :
0 T T | E— T T T T
@ > > @ oS O @ oS >
o < ) O @ < O ) (")
%\} \}g .4(5‘\ "‘.JQ Q% ‘\\é\ 5}‘ \)% \\'5\'
Q\\ 6,‘2:'(}\ Qo ®’I§}> Q‘\ @,’bé}
(B) & < AN
. FKE PSEBS SU CF22R14
40 ! ! T
] ]
[} )
30 " I BE
== '
[} )
[} [}
— 20— X @: 1
e ' '
o ‘ :
£ 10+ ) !
& ) : :
s X .
e == = !
[} )
] ]
4 ' :
) )
[} ]
2 . '
[} )
. :
0 T T 1 T | T
@ > O @ > O @ > O
_‘@\\o \)G_;z; o 4 {@\\o &e» < 2© ) @,\\0 \\%0 o 2
g S g R g &
& & &

Fig. 3 — Box and Whisker plots of hydration numbers (1) for CEMs in pristine, used
and re-activated state (A: MEC operation; B: EC operation). Boxes indicate 95 % Cl,
whiskers present minimum and maximum values, while horizontal lines and cross

symbols present median and mean, respectively.
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A was determined also after the EC measurements. As it can be seen from Fig.
3.B, more significant alterations appeared in A compared to MEC results most likely as
a result of higher i. The commercial FKE membrane reflected the most consistent
values: after a slight decrease in A (-8.2 £ 0.3 %, p = 0.0097) for the used sample,
A was sufficiently recovered by chemical re-activation, to match pristine conditions (p
<< 0.05 comparing the used and re-activated states). The PSEBS SU showed a similar
trend, although the decrease in A after use was somewhat higher (-13.8 £ 0.8 %, p =
0.0094). The CF22R14 CEM underwent a significant (p = 0.0021), -39.3 + 8.8 %
decrease, and even after re-activation, only 75 + 6.7 % of the original A could be
recovered (Fig. 3.B). Although the difference between mean i of the CF22R14 in
pristine and re-activated states was not statistically significant (p = 0.054), this
membrane showed the less effective A retainability. As the significance was borderline,
clarifying this aspect will require follow-up experiments with longer duration of
operation. These results imply that the availability of hydrophilic functional groups
became — to some extent — irreversibly hindered in case of CF22R14, while the
experimental PSEBS SU membrane was only exposed to reversible impacts, similarly
to the FKE membrane.

The functional stability of the membranes can be more explicitly characterized
by the IEC values (Fig. 4.A-B). IEC is referring to the amount of active functional
groups relative to the dry mass of the polymer samples. The pristine homogeneous
FKE and PSEBS SU membranes had comparable IECs, of 1.41+£0.12 and 1.24 +

0.08 meq g, respectively (Fig. 4.A).
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Fig. 4 — Box and Whisker plots of ion exchange capacity (IEC) for CEMs in pristine,
used and re-activated state (A: MEC operation; B: EC operation). Boxes indicate
95 % CI, whiskers present minimum and maximum values, while horizontal lines and

cross symbols present median and mean, respectively.

17



325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

Considering other frequently used CEMSs, it can be inferred that the studied
membranes have sufficient IEC. For example, commonly used Nafion membrane types
(such as Nafion 117, 115 or 212) possess IEC from 0.90 to 1.01 meq g-!, while another
frequently used material, CMI-7000 CEM has a higher IEC (~1.60 meq g-') [12]. Itis of
note that the heterogeneous CF22R14 possess and even higher IEC (2.35 + 0.27
meq g in pristine state). Although, a more efficient ion transfer can be assumed with
higher IEC, no improved MEC operation was found. This indicates that not the ionic
capacity for cross-membrane ion transfer is the rate liming step in the present setup
(observations presented in Section 3.1.) rather the membrane resistance per se seems
limiting. During MEC operation (Fig. 4.A), each membrane underwent significant IEC
decrease (-16.6 £ 1.0 % (p = 0.0027),-9.4 + 0.4 % (p = 0.011) and -15.8 £+ 1.2 % (p =
0.014) for FKE, PSEBS SU and CF22R14, respectively). Nevertheless, the re-
activation was effective for all membrane materials (Fig. 4.A).

As for the EC operation, the determination of IEC values (Fig. 4.B) revealed
further details. Substantial IEC decrease was found for each membrane after use, with
-31+£1.7 %, -23.7 £ 1.9 % and -71.2 + 17.6 % in case of the FKE, PSEBS SU and
CF22R14, respectively (p << 0.05 in all cases). This means significantly higher IEC
loss compared to the outcomes of MEC operation. Furthermore, even though a good
IEC recovery could be achieved with the two homogeneous membranes after re-
activation (87.9 £ 2.8 % for FKE and 85.3 + 3.8 % for PSEBS SU), the pristine and re-
activated mean IEC significantly differed (p = 0.011 and 0.0052). Consequently, the re-
activation efficiency was also consistently lower compared to using the membranes for
MEC (97.2 £ 1.1 % for FKE and 95 £ 1.8 % for PSEBS SU). Moreover, the CF22R14
membrane — in addition to the more severe deterioration of IEC after use — displayed

less than 50 % (46.6 + 4.4 %) recovery (Fig. 4.B).
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Thus, in general the EC operation with higher current density caused more
considerable alterations regarding A and IEC of the studied IEMs than use in MEC.
While the FKE and PSEBS SU homogeneous membranes could regain similarly
~ 85 % of the pristine A and |IEC values, the heterogeneous CF22R14 membrane
reflected weaker re-activation efficiency, presumably due to the irreversible changes
in the functional groups of the polymer.

It was shown previously that CEM may undergo severe alterations in terms of A
and IEC after use for electrochemical processes such as electrodialysis of complex
samples [24]. Biological and chemical foulants (e.g. calcium-phosphate or large
counter-ions with multiple charge) are usually underlined as main causes of membrane
deterioration [24,48]. In addition, scaling — due to concentration polarization — may also
have a great effect on fundamental membrane properties such as IEC. By studying
Neosepta® ion exchange membranes, it was demonstrated that A and IEC of CEM
decrease as the membrane deteriorates, and in addition, the applied current density
has an influence on the phenomenon [24,49]. The thickness of CEM is also reduced
in long term. Our results are in good agreement with these findings, as for each applied
CEM, both A and IEC decreased after use in proportion to the current density range of

MEC and EC operations.

3.3. Results of membrane polarization experiments

In order to assess the membrane properties under operation, their ¢ was
determined (via membrane polarization tests). To provide a comprehensive insight, a
set of parameters (cpgs, Cac and initial electrolyte pH) representing the process window

of BES operation was assessed using a design of experiment approach (Table 1).
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The results of conductivity measurements for the PSEBS SU membrane used
in MEC experiments are illustrated in Fig. 5.A-F. It is of note that the other two
membrane materials provided similar responses pertaining to the trends and effects
(Appendix, Fig. A.2 and Fig. A.3 for FKE and CF22R 14, respectively). The polarization
assays showed that the o of the membranes (for the studied conditions) was
independent of the initial pH and ca. (ANOVA indicated significant effect for p = 0.01
of the pH only in case of the pristine CF22R14). Nevertheless, cpgs had a significant
influence (p < 0.05 in all cases) on o regardless of the membranes’ actual condition (p
< 0.05in all cases). This is in line with the change of the electrolyte’s ionic strength at

different cpgs as well as previous experiments and modelling of membranes [16,17].
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Fig. 5 — lonic conductivity (o) of PSEBS SU membrane as a function of the studied

factors (MEC operation). A-B: pristine; C-D: used; E-F: re-activated (See Appendix,

Fig. A.2 and Fig. A.3 for FKE and CF22R14, respectively).
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The special importance of the electrolyte concentration and hence o was
underlined previously [16,32,50]. Since BES are usually operated with low-conductivity
electrolyte solutions, only separators possessing sufficient o at these low ion
concentrations should be applied [14]. Accordingly, the o of commercial materials
being usually reported in 0.5 M NaCI/KCI do not provide a proper basis for screening
of membranes. Considering the trends observed for the studied factors (PBS
concentration, cx., pH), only the PBS concentration was found to have a significant
effect (p < 0.05 in all cases) on ¢ of the membranes in the given range, similarly to the
MEC experiments. Fig. 6.A-F depicts the o data of the experimental design and the
fitted surface in case of PSEBS SU membrane. The trends for all membrane materials
were uniform, and the results with FKE and CF22R14 membranes are shown in the

Appendix (Fig. A.4 and Fig. A.5 for FKE and CF22R14, respectively).
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403
404 Fig. 6 — lonic conductivity (o) of PSEBS SU membrane as a function of the studied

405 factors (EC operation). A-B: pristine; C-D: used; E-F: re-activated (See Appendix,

406 Fig. A.4 and Fig. A.5 for FKE and CF22R14, respectively).
407
408 The effect of membrane usage and re-activation on o was further evaluated

409  considering the center points of the experimental design (pH = 7, cac = 10 mM, cpgs =
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50 mM) with 9 parallel measurements per sample. The fundamental question to answer
was whether the studied membrane materials were able to withstand sufficiently the
environment of a microbial- or abiotic electrochemical system, while keeping their
functional integrity. The previously discussed A and IEC values indicated only minor
alterations in case of MEC operation and a pronounced decrease in case of EC
operation. Thus, it had to be assumed a similar trend for the conductivity, as well.
Indeed, when using the membranes in MEC mode, slight changes appeared (Fig. 7.A).
The o of FKE membrane shows the lowest decrease, from 0.63 + 0.09 mS cm-* before
to 0.55 £ 0.09 mS cm-" after EC operation, i.e. -13 £ 1.9 % (p = 0.136) compared to
the pristine value. The re-activation resulted in a sufficient retrieval of o up to 92 +
7.2 % of the initial 6. The PSEBS SU membrane reveals the highest pristine
conductivity of 2.71 £ 0.61 mS cm-', even though a -20.3 £ 4.5 % (p = 0.095) decrease
occurred. After re-activation, 86.6 £ 9.6 % of the pristine conductivity could be restored
(2.35 £ 0.52 mS cm-"). The heterogeneous CF22R14 membrane also reflected good
pristine conductivity (1.04 £ 0.18 mS cm-"), which decreased significantly after use by
-22.6 + 3.6 % (p = 0.0097), down to 0.80 £ 0.12 mS cm'. Nevertheless, the re-
activation was successful also in case of this material, leading to 92.6 £ 5.6 % regain

of conductivity (0.96 £ 0.16 mS cm-").
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Fig. 7 — Box plots for ionic conductivity (o) of FKE, PSEBS SU and CF22R14
samples at pH = 7, cac = 10 mM, cpgs = 50 mM. (A) — MEC operation; (B) — EC
operation. Boxes indicate 95 % CI, whiskers present minimum and maximum values,

while horizontal lines and cross symbols present median and mean, respectively.
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Compared to the MEC results, the loss of o during EC operation was more
pronounced, while the re-activation efficiency was lower for each membrane sample.
The 10 days long EC operation caused an average of -44 + 2.7, -41 £ 6.4 and -84 +
12.7 % decrease of ¢ (p << 0.05 in all cases) in case of FKE, PSEBS SU and CF22R14
membranes, respectively (Fig. 7.B). In addition to the higher losses compared to MEC
operation, the main observation for EC operation is the significantly limited re-
activation for each sample. Among them, PSEBS SU showed the best o retrieval (74.9
1 8.1 % of the pristine value), followed by the FKE (65.6 £ 6.1 %) and CF22R14 (19.2
t 3.3 %).

It was shown that in case of CEMs used in electrodialysis, the deterioration of
the membranes through the loss of sulfonic acid functional groups led to highly reduced
counter-ion mobility and concentration in the internal membrane phase, which
eventually decreases o [24]. Based on the above presented results we assume that
this phenomenon was observed in our experiments, as well. On the one hand, the c
results are in good agreement with the data obtained from A and IEC measurements,
indicating that the heterogeneous membrane was most affected by the operation under
increased current density. On the other hand, the generally higher stress caused by
the higher current density implies the potential need of additional re-activation
strategies (e.g. soaking solution optimization, elevated temperature treatment, contact
time, etc.) to further increase the efficiency of regaining pristine membranes properties.
Considering operation times up to months/year, the effects deteriorating the
membranes’ operational stability (e.g. more severe chemical or biofouling) can become
even more pronounced, which underlines the importance of regular re-activation
periods. Thus, in-place re-activation techniques are required for scaled-up

applications.
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3.4. Structural properties of the CEMs after operation

Concerning microscopic structural integrity, the homogeneous CEMs seemed
to be sufficiently stable. As for the FKE membrane, after use in MEC, no observable
structural alteration could be seen (Fig. 8.A). Similarly, aside from a negligible
undulated deformation of the membrane surface (Fig. 8.B), the PSEBS SU did not
suffer structural damage during its usage in MEC operation. However, in case of
CF22R14 CEM the presence of a few pinholes with a diameter of ~30 - 50 um was

observed (Fig. 8.C-D).

A

[45 pm]

Fig. 8 — Optical images of used CEM samples from MEC operation. A: FKE; B:

PSEBS SU; C-D: CF22R14
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During EC operation, FKE and PSEBS SU demonstrated similar structural stability,
while only minor undulation was observed for the PSEBS SU membrane (Fig. 9.A-B).
However, the used CF22R14 was covered with a large number of pinholes of different
sizes (35 — 116.5 um) (Fig. 9.C-D). Moreover, considering also the findings of MEC
operation, the number and the size range of the formed pinholes seemed to be

proportional to the applied current density.

[35.1 um]

[67 um]

Fig. 9 — Optical images of used CEM samples from EC operation. A: FKE; B: PSEBS

SU; C-D: CF22R14

The mechanism of pinhole formation — due to the loss of ion exchange resin dispersed
in the polymer — is an interesting aspect needing further investigation in order to

improve the membrane preparation process. Although several chemical / biological
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factors interfere with the membrane material, the reason causing the deterioration is
presumably the inhomogeneous current density distribution over the membrane due to
the heterogeneous structure of the CF22R14 forming ionically conducting and non-
conducting regions. The finding that the amount and size of the formed pinholes was
a function of i further supports the assumption that the pinhole formation can be
attributed to the inhomogeneous current density distribution over the membrane
surface. Due to this phenomenon, pronounced concentration polarization occurs
mainly at higher current densities, and in addition, ‘membrane erosion’ driven by
electroconvective forces may develop at the membrane surface [51]. Increased
swelling of a membrane — as it was observed also in case of CF22R14 — may also lead
to structural deterioration, such as cavity formation [24]. In case of FKE and PSEBS
SU membranes, the inherent potential of the aforementioned strategies for enhancing
the re-activation efficiency is further underlined in the light of the above results, as they

apparently did not undergo severe integrity changes during operation.

Conclusions

This work presents alterations of A, IEC and o of three different IEM (i.e. FKA,
PSEBS SU CEM and CF22R14) when applied in MEC and EC operation modes in the
short-term (10 days). Operation at low i, Systematically resulted in less changes of
the studied parameters compared to high in.x. Although chemical re-activation was
sufficient for regaining nearly pristine A, IEC and & values for each CEM after use in
MEC, the higher applied current density in EC operation induced significant and, mainly
in the case of CF22R14, irreversible reduction of the examined parameters.
Investigating the effect of initial electrolyte pH, ca. and cpgs on 6 showed cpgs to be the

sole parameter with significant influence, considering factor ranges relevant to BES.
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Overall, it was clearly demonstrated that the experimental PSEBS SU CEM has
sufficient material properties (A, IEC, o) accompanied by excellent operational and
structural stability and re-activation ability compared to commercial materials, such as
the FKE. The heterogeneous CF22R14 turned out to be the least stable membrane,
as indicated not only by the high alteration and lower re-activation efficiency of A, IEC
and o, but also by formation of pinholes in the membrane. While the FKE and PSEBS
SU kept their integrity, the amount and size of the formed pinholes in CF22R14
increased with the current density. The outcomes of a 10-day-long MEC and EC
operation revealed notable changes in all examined parameters (A, IEC, o), which
indicates the need for further studies with extended duration and mechanistic
investigation to understand potential functional stability alterations in long-term
operation. Based on the positive outcomes of this study, follow-up research may focus
on the benchmarking of PSEBS SU in additional abiotic and microbial electrochemical

technologies, such as microbial or pure electrochemical desalination cells.
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