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Summary

Fouling in Reverse Electrodialysis
Monitoring, Modeling, and Control

Salinity gradient energy (SGE) is an energy source derived from the controlled mixing
of low and high concentration water streams, e.g., river and seawater. Reverse
electrodialysis (RED) is an electro-membrane process to harvest SGE. In RED, cation
exchange membranes (CEMs) and anion exchange membranes (AEMs) are stacked
alternately to create compartments where the sea and river water flow. The salinity
gradient across the ion exchange membranes results in a potential difference over the
membranes. When the external circuit is closed by connecting a load to the electrodes, this
potential difference is used to drive an ionic current through the stack. This ionic current
is converted into an electronic current by a suitable redox couple recirculated in the
electrode compartments. If RED is used to harvest SGE from natural salinity gradients,
undesired compounds in the feedwaters (e.g., colloids, multivalent ions, organic
molecules, microorganisms) interact with the membranes leading to a decreased power
density output. These phenomena are commonly referred to as fouling. An overview on

these topics is given in Chapter 1.

In Chapter 2, the use of electrochemical impedance spectroscopy (EIS) for fouling
monitoring at the RED stack level is presented. EIS was enabled by a local reduction in
the active area of the stack to 1 cm? to achieve fast and reliable impedance measurements.
Fouling and cleaning experiments with a model compound (sodium
dodecylbenzenesulfonate, SDBS) showed how fouling evolved on different time scales
for the AEM and CEM. First, the ohmic resistance of the AEM increased rapidly. Then,
the non-ohmic component of the AEM resistance increased when SDBS domains started
to grow on the membrane. On a longer time, a similar effect was observed for the non-
ohmic resistance of the CEM, driven by the electric field, despite the unfavorable
electrostatic repulsion between negative sulfonate charges inside the cation exchange
membrane and negative foulant. Upon cleaning, the ohmic resistance recovered only
partially, indicating irreversible fouling of the AEM due to SDBS absorption in the

membrane, while the non-ohmic components of the AEM and CEM resistances recovered



completely, although recovery was much faster for the CEM than for the AEM. It is
concluded that fouling monitoring with EIS enhances fouling management strategies by

indicating in an early stage the need for cleaning and by quantifying the effect of cleaning.

In Chapter 3, the benefit of a zwitterionic surface chemistry to obtain anti-fouling AEMs
is demonstrated. Commercial AEMs were coated with either polydopamine followed by
grafting of zwitterionic monomers on its surface or with a modified polydopamine coating
as surface initiator for atom transfer radical polymerization (ATRP) with sulfobetaine to
graft zwitterionic brushes on the membrane surface. Both the polydopamine and the
zwitterionic layers hardly affected the permselectivity nor the electrical resistance thanks
to the net neutral charge of the coating and the thin grafting layers which were made by
using short deposition and reaction times. The membrane hydrophilicity clearly increased
offering a method to better mitigate fouling. The fouling resistance for both zwitterionic
monomers and zwitterionic brushes membranes was improved. Where the zwitterionic
monomers delayed the fouling onset, the zwitterionic brushes did not only cause a delay
in the fouling onset but also slowed down the fouling layer growth. It was concluded that
anion exchange membranes modified with zwitterionic layers showed a better and faster

recovery after cleaning than unmodified AEMs.

In Chapter 4, a validated RED model and experimental investigation is presented that
shows that electrode segmentation potentially reduces operating cost or capital
expenditure. Operating cost likely decreased by increasing net energy efficiency at a given
net power density (43 % relative increase in efficiency), which is beneficial in case of high
costs for water pre-treatment to control fouling. Capital expenditure likely lowers at high
net energy efficiencies by increasing the net power density with electrode segmentation
decreasing the membrane area needed. The highest power density and efficiency gain were
attained when optimizing the external ohmic loads for overall maximum power, rather
than sequentially maximizing the power output of individual segments. At 40 % net energy
efficiency, the net power density output for a segmented electrode was 39 % higher (0.67
W-m?) than for a single electrode (0.47 W-m™). This increase in net power density at
equal net energy efficiency resulted from combining the increase in available power due
to shorter residence time and the increased ion exchange enabled by electrode

segmentation.



Our experiments on the effect of multivalent anions on AEMs in RED with standard
grade and monovalent ion selective membranes (Chapter 5) shows that sulfate deteriorates
RED performance due to the decreased open circuit voltage resulting from uphill transport
and loss in membrane permselectivity, and increased membrane resistance during long
term exposure to the multivalent anions. While these effects of multivalent anions are
similar to those of multivalent cations, the narrower range of hydrated radii and hydration
energies for anions resulted not only in a smaller electrical resistance increase over time,
but also in lower monovalent ion selectivity, which is detrimental for the open circuit
voltage. When sulfate was present on both sides of the anion exchange membranes, for
the standard grade membranes Fujifilm AEM Type 10 the gross power density losses were
up to 25 %. The monovalent ion selective membrane ACS of Neosepta reduced the uphill
transport of multivalent ions, but it did so at the expense of higher electrical resistance,
which increased even further in the presence of sulfate. Therefore, the normalized power
density of the monovalent ion selective ACS was not higher than obtained with standard
grade membranes. Although they were subject to the negative effect of uphill transport
and loss in permselectivity in the presence of sulfate, standard grade membranes AEM
type 10 of Fujifilm showed a limited increase in resistance, in the presence of multivalent
anions. Thanks to its intermediate resistance and permselectivity, the standard grade type
10 membrane matched the performance of the monovalent ion selective ACS membrane.
The results of the present study highlight the need to consider the negative effect of
multivalent anions when developing new anion membranes that find a balance between

RED performance and fouling.

Chapter 6 presents a model to predict RED performance considering the negative effects
of the presence of magnesium and sulfate ions in the feedwaters on power production
with RED. The presence of multivalent ions resulted in loss of power due to several effects
that were now included in the model. The uphill transport was accounted for by balancing
two voltage sources. The increased membrane resistance was introduced based on
experimental resistance and selectivity data while the membrane permselectivity loss was
introduced by empirical fitting of experimental data. The change in conductivity of the
feedwaters was included by a correlation between total salt content and conductivity.
Validation with experimental and literature data was performed, and it was confirmed that
the model effectively described RED performance in the presence of sulfate or magnesium
ions. Simulations of RED in various flow configurations and with a variety of feedwater

compositions showed the importance of designing RED processes with the complexity of



natural feedwaters in mind. Simulated RED behavior in the presence of MgSOj drastically
differed from the simulated behavior for feedwaters containing only NaCl. In particular,
the advantages of electrode segmentation and multi-staging were partially mitigated by
multivalent ions as the inhomogeneity of the electromotive force was reduced by uphill
transport and permselectivity loss. The developed RED model is not only able to correctly
describe experimental data but can also predict RED performance at specific process

conditions and as such provides a very valuable tool to design RED process systems.

Finally, Chapter 7 presents the conclusions and outlook of RED based on the scientific
advances presented in this dissertation. For fouling monitoring, optimization of the current
design, measurement of the local impedance, and development of a RED fouling index
are presented as tools. For membrane development, the use of genetic algorithms paired
with high-throughput platforms is proposed to optimize RED performance, anti-fouling
resistance, and membrane cost simultaneously. Finally, for RED modeling, stack
modeling including ionic short-circuit currents is proposed with improvements with
respect to previous modeling attempts, and data-driven approaches based on machine

learning are proposed to include the effect of fouling in RED models.
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Fouling in Reverse Electrodialysis

Equal amount of potential energy

Figure 1.1 a) a river estuary where fresh water (salt content: 1 g L' NaCl) mixes with seawater (salt

content: 30 g L!). b) a waterfall where water falls from a height of 142 m. Image sources: [1,2].

When considering a river (artificial salt content: 1 g L) flowing into the sea (artificial salt
content: 30 g L"), the potential energy stored in the salinity gradient is equal to that
available with hydropower when there is a 142 m height difference between the reservoirs
(Figure 1.1) [3]. To put this figure into perspective, the Three Gorges Dam on the Yangtze
river (Hubei province, China) is 181 m high [4].



1.1 Context of the research

Climate change is a major challenge facing all humankind [5]. It is the consequence of
increasing levels of CO, and other greenhouse gases (GHG) in the atmosphere, mainly
deriving from the combustion of fossil fuels to meet the global energy demand [5,6]. To
limit climate change, it is fundamental to pivot to renewable energy sources to satisfy the
energy demand without harmful GHG emissions [7]. Solar and wind are examples of well-
known renewable energy sources that experienced a meteoric rise in the past decades [8].
However, despite their enormous potential and sustained growth, solar and wind energy
still represent just a fraction of the global electricity supply (approximately 10 % for solar
and 20 % for wind) [9]. Additionally, their intermittent nature creates challenges for their
integration in the energy mix [10]. Therefore, it is important to exploit all existing sources
of renewable energy. Another promising source of sustainable energy, albeit little-known,
is salinity gradient energy (SGE), also referred to as blue energy. SGE is the generation of
electricity from the mixing of water streams with different salinity content, e.g., river and
seawater [11]. The mixing of solutions containing different salt concentrations is a
spontaneous process, thanks to the entropy gain associated with the mixing process [11].
At a global scale, SGE from natural salinity gradients has a theoretical potential to produce
2.6 TW of renewable power [12]. The hydrological cycle makes SGE a renewable energy
source, and, unlike solar and wind, SGE is less susceptible to daily fluctuations in power
output, although seasonal fluctuations are present.

The two main processes to harvest SGE are pressure retarded osmosis (PRO), where the
osmotic pressure difference is the driving force, and reverse electrodialysis (RED), where
the voltage difference is the driving force. Post et al. evaluated PRO and RED with a model
comparison and found that PRO is best suited for power production using concentrated
saline brines [12], whereas RED shows more potential when the salinity gradient stems
from the difference in salt concentration between river and seawater [12]. RED is the

process investigated in this thesis.

1.2 Reverse electrodialysis

RED is an electro-membrane process based on ion exchange membranes (IEMs) [13].
Figure 1.1 provides a schematic illustration of the RED principle.

Anion exchange membranes (AEMs), which selectively transport anions, and cation

exchange membranes (CEMs), which selectively transport cations, are stacked alternately.
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Figure 1.2 Schematic illustration of the RED principle. The inset shows the selective nature of the [IEMs.

The space between the membranes is kept open by non-conductive spacers (for flat
membranes) or by protruding structures on the membrane surface (for profiled
membranes) to obtain the feedwater channels [14]. In these channels, river (with low salt
concentration) and seawater (with high salt concentration) are flowing alternately. The
concentration gradient across the IEMs results in a voltage difference over each
membrane. When multiple membranes are stacked between two electrodes, the total
voltage generated is the sum of the individual voltage differences [15]. When the external
circuit connecting the two electrodes is closed, the voltage difference generated by the
salinity gradients drives an ionic current through the stack and an electronic current
through the external circuit, which can be used to power an external load. The conversion
between the ionic and electronic current can be operated by a suitable redox couple which
is recirculated in the electrode compartments at the two ends of the stack [16].

The RED concept was first published in Nature in 1954 by Pattle [17]. However, only few
studies followed its publication. RED saw renewed interest in the ‘70s and ‘80s, but the
cost of the membranes prevented this technology from being developed further [18]. In
recent years, a RED renaissance took place, with the research carried out at Wetsus,
European centre of excellence for sustainable water technology (The Netherlands) within
the blue energy research theme, in parallel with efforts by the spin-off company REDstack
BV (The Netherlands) to develop RED into a mainstream energy source. In 2014,
REDstack inaugurated the world first RED demo pilot (50 kW) at the Afsluitdijk (The



Netherlands), where fresh water from the [Jsselmeer and seawater from the Wadden sea

are used as natural feedwaters for power generation [19].

1.3 lon exchange membranes

Together with the salinity gradient, the IEMs are a fundamental element of RED. IEMs
find application in many other processes, such as electrodialysis (ED), Donnan dialysis,
chlor-alkali process, and fuel cells [20]. These non-porous membranes have fixed charge
groups to allow selective transport of ions with opposite charge (counter-ions) due to
Donnan exclusion of ions with the same charge (co-ions). In real membranes, exclusion
of the co-ions is not perfect, and a small concentration of co-ions (much lower than in the
external solution) is found inside the membrane. The membrane permselectivity is a
macroscopic parameter describing the membrane ability to selectively exclude co-ions.
The fixed charge groups have cationic nature in the AEMs (ternary ammonium groups for
weakly basic membranes, quaternary ammonium groups for strongly basic membranes),
and anionic nature for the cation exchange membranes (carboxylic acid groups for weakly
acid membranes, sulfonic acid groups for strongly acidic membranes). There are two types
of IEMs: homogeneous membranes, where fixed charges are evenly distributed
throughout the polymeric matrix, and heterogeneous membranes, where charged resins
are blended with uncharged polymers, leading to ionically conductive domains dispersed

in a non-conductive matrix [21].

AEM

fixed charge group © co-ion © counter-ion

Figure 1.3 Homogeneous anion exchange membrane structure with detail of the electrical double layer

(EDL, left) and ion transport channels (right).

When an ion exchange membrane is immersed in a salt solution, an electrical double layer

(EDL) is formed at the membrane-solution interface (Figure 1.3), and the difference in



counter-ion concentration between the external solution and the membrane phase, where
counter-ions are present to maintain electroneutrality with the fixed charge groups, leads
to an electric potential difference across the membrane-solution interface (Donnan
potential) [15]. If a salt concentration gradient is in place across the membrane, the
Donnan potentials at the two membrane-solution interfaces are not equal. Thus, a net
potential difference is established across the membrane, which is the electromotive force
driving the RED process [15]. Ion transport through the membranes takes place via nano-
sized channels and cavities containing salt solution, where the ions can move (Figure 1.3)
[22]. The membrane electrical resistance is a macroscopic parameter describing the ease

of ion transport through the membrane.

1.4 RED theory
The theoretical amount of energy that can be harvested from a salinity gradient is
expressed by the Gibbs free energy of mixing:
AG,, = G, — (G + Gg) (Eq. 1.1)

Where G, is the Gibbs free energy (J) of the brackish solution obtained after mixing, while
G, and G, are the Gibbs free energy of river and seawater, respectively [11]. The Gibbs
free energy of mixing can be calculated as:

AGpiy = =T - AS = =T - (S — Spw — Ssw) (Eq. 1.2)

§ = —Rnyor ) xiln(yix) (Eq. 1.3)

Where S is the entropy (J-K™'), T is the absolute temperature (K), R is the universal gas
constant (J-mol-K™), nyor is the total number of moles (mol), x; is the fraction of
component i (-), and y; is the molar activity coefficient of component i (-) to account for
the non-ideality of the solutions [23].

The modified Nernst equation expresses the electromotive force (V) generated by the
salinity gradient across a cell pair, accounting for the non-ideal permselectivity of the

membranes:

(Eq. 1.4)

RT C
E = (auem + acem) (sz_sw)

ﬁ In
Where « is the permselectivity of AEM and CEM (-), z is the ion valence (-), F is the

]/TW CTW

Faraday constant (C-mol™), and c is the salt concentration (mol-m™).

The stack resistance (Q) is given by:
1 dTW 1 dSW

+ 7}(:_ fk'_) + Rblank (Eq. 1.5)
T™W sw

N,
Rorqer = f (RAEM + Repu



Where N, is the number of cell pairs in the stack (-), A is the active area (m?), R4z and
Rcpy are the area electrical resistance of the AEM and CEM (Q-m?), respectively, f is the
spacer shadow factor (-), a parameter accounting for the presence of non-conductive
spacers, d is the water compartment thickness (m), k is the conductivity of the feedwaters
(S'm™), and Ryqny is the electrical resistance of the shielding CEMs and electrodes (£2),
which becomes negligible for large values of N, /A.

When the external circuit between the electrodes is closed, the current (A) is:

E E-U
I= =

= (Eq. 1.6)
Rstack + Rload Rstack

Where U is the ohmic voltage drop across the external load (V) and R;,44 is the external
load (Q).
The gross power produced by the stack is given by:

Byross = U1 (Eq. 1.7)
The power density is derived by dividing the power by the total membrane area (A =
2+ A+ Ngp, accounting for the area of CEMs and AEMs in all cell pairs):
p—_t
a7 2. 4A- Ncp (Eq. 1.3)

In Eq. 1.3, the flow rates of the feedwaters (m>-s!) can be used instead of the compartment
volumes (m?). Then, n o7 becomes the number of moles per second (mol-s™). Thus, the
entropy is calculated per unit of time (W-K™'), and Eq. 1.2 expresses the available power
(W), which can be directly compared to the stack power output to calculate the energy
efficiency of RED.

The (gross) energy efficiency (%) considers the gross power produced compared to the

total available Gibbs free energy at the inlet (assuming complete mixing):

P
Nenergy = 100 - AqT (Eq. 1.9)
mn

Finally, to obtain net power density values, the pumping losses (W) are calculated as the

energy consumed to pump the seawater and the river water:

Ppump = ¢rwlPy + s AR, (Eq 1.10)
W,

AP, =K Eq. 1.11

t Ldi3 ( q )

Where AP is the pressure drop between inlet and outlet (Pa), ¢ is the flow rate of the
feedwater (m*-s™'), and K is a fitting coefficient for experimental pressure losses (Pa-s).

By subtracting the pumping losses from the gross power, the net power (W) is obtained:
Pnet = Rgross - Ppump (Eq 112)



1.5 RED applications

The electrochemical cell illustrated in Figure 1.2 can operate in three different modes
depending on the sign and magnitude of the external load voltage or applied voltage
(Figure 1.4): ED, RED, and assisted-RED (ARED) [24].

Voltage [V]
E  Rstack
a1
i -~ Eext T
................................. E Rstack
a1

RED  RED mmig”

Current density [A m2]

B Ruoa \w
_||_|:|_ .......

ARED ™,

fmereemussermuerenmaseemmaseens i Ideal *-.,

Figure 1.4 Working regimes for a (R)ED stack and their corresponding electrical circuits. IV curves

adapted from [24]. Current and voltage sign conventions are chosen for positive power in RED mode.

In the RED regime, an external load across the stack closes the external circuit between
the end electrodes, leading to an ionic current flowing through the membranes, with ions
moving from the seawater to the river water. The ohmic voltage drop across the external
voltage is lower than the electromotive force available from the salinity gradient. In RED
mode, energy is harvested, and the salinity gradient is depleted. In RED, the IV curve is
linear with the possibility of small deviations from the linear ohmic behavior (based on
Ohm’s law: V = R - I) at high current densities, where the increased conductivity of river
water can decrease the stack resistance (slope of the curve), as expressed by Eq. 1.5 [23].
In the assisted-RED (ARED) regime, ions still move from the sea to the river, but the
mixing is not spontaneous as it is enhanced by an external energy input. For this purpose,
an external voltage with the same polarity as the electromotive force generated by the
salinity gradient is applied to the stack. In ARED, deviations from linearity are observed

in the IV curve, especially at high current densities. As observed by Vanoppen et al., the



decreased resistance of the stack is the consequence of increased river water conductivity
and decreased membrane resistance at higher concentrations of the solutions [22,24].
Finally, in the ED regime, the external voltage applied to the stack has the opposite polarity
and ions move from the low concentration to the high concentration compartment.
Therefore, in ED mode, energy is spent to desalinate the low concentration feedwater. In
ED, the IV curve also deviates from the linear ohmic behavior at increasing (negative)
current densities, when the limiting current density (LCD) is reached [24].

The use of RED to harvest SGE has been studied in a variety of scenarios and in
combination with other technologies, such as reverse osmosis (RO), membrane capacitive

deionization (MCDI), and water electrolysis. Figure 1.5 and Figure 1.6 show an

assortment of RED applications.

2 b) brackish
impaired
water
RED
e
. RED i
—> impaired
— E"V} water
RO
river brackish
water water :
diluted
seawater desalted
water
brine
©) desalted d) ARED diluted
water
RO —
) .
seawater brine with im_’aired
— reduced p
salinity water RED
o
brine RED Ei
== brackish brackish
o impaired impaired
impaired water RO water
water brackish ,
impaired diluted drinki
water seawater rinking
water
brine

Figure 1.5 Illustration of RED applications: a) energy harvesting from natural salinity gradients; b) RED-
RO hybrid system to recover energy and reduce seawater salinity before desalination; ¢) RO-RED hybrid
system to recover energy and address the brine management issue; d) ARED-RED-RO hybrid system,
where ARED increases the conductivity of the impaired water before energy recovery and seawater

desalination.
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Figure 1.6 Illustration of RED applications: a) RO-MCDI-RED hybrid system to recover energy and
address the issue of brine management; b) thermolytic salt RED engine to harvest energy from waste heat
produced by industrial processes; c¢) green hydrogen production at the RED stack cathode; d) green

hydrogen production from SGE harvested by RED and used to power an electrolyser.

In this dissertation, the main focus is the harvesting of energy from the concentration
gradient between artificial river and seawater (Figure 1.5a). However, RED also found
application in the harvesting of energy from the gradient between seawater and brines,
with a lot of research carried out within the REAPower EU project [25]. A 1 kW pilot was
installed in Trapani, Italy [26]. Additionally, Li et al. explored the possibility of pairing
RED with RO in a variety of configurations, such as using RED to reduce the salinity of
seawater and generate energy before seawater desalination with RO (Figure 1.5b) or using
RED to produce energy while reducing the salinity of RO brines (Figure 1.5¢) [27]. The
results of their study show that the RED-RO and RO-RED combinations are promising,
as the energy consumption is reduced thanks to the input from RED, in addition to having

a brine management step embedded in the process [27]. Similarly, Vanoppen et al.

11



proposed the addition of an extra ARED step before the RED-RO combination (Figure
1.5d), when using impaired water as low concentration solution. The extra ARED step is
shown to be beneficial when the conductivity of the impaired water is low, thus potentially
increasing the energy recovery in the following RED step [24].

Choi et al. explored the combination of RED with RO and MCDI (Figure 1.6a) to produce
drinking water with decreased energy consumption compared to a double-pass RO system
[28]. Their results show decreased energy consumption for the RO-MCDI-RED system
compared to the RO-RO configuration and the RO-RO-RED system [28]. Another
application of RED is to harvest energy from waste heat in industrial installations. Low-
grade heat is used to regenerate the salt gradient between thermolytic salt solutions (e.g.,
ammonium bicarbonate) which are then mixed in a RED stack to harvest energy (Figure
1.6b) [29,30]. Work on this topic has been carried out in the RED-heat-to-power EU
project, which also resulted in a pilot installation in Tilburg, The Netherlands [31]. Among
alternative applications of RED, the production of green hydrogen in the cathode
compartment is getting increased attention. Instead of producing electricity, this approach
stores renewable energy in the form of hydrogen. The number of papers published on this
topic is on the rise, and a variety of approaches have been reported. Chen et al. used a
RED stack to produce hydrogen directly in the electrode compartments (Figure 1.6¢) [32],
while Tufa et al. coupled a RED stack with an alkaline polymer electrolyte electrolysis
cell (Figure 1.6d) [33]. Additionally, Skilbred et al. coupled RED with thermolytic salts
to convert waste heat to hydrogen [34]. The concept of converting SGE to green hydrogen
has been also explored at the pilot scale, with Higa et al. using a RED stack with 40 m?
total membrane area fed with seawater and sewage treated water to produce hydrogen at
the cathode with hydrogen evolution rates close to the theoretical maximum [35]. The
wide variety of RED applications show that RED can play a flexible role in the field of

water technology and in the energy transition.

1.6 Fouling in RED

When considering RED to harvest energy from natural salinity gradients, a major issue is
fouling. Natural feedwaters contain many elements in addition to sodium chloride,
including colloidal particles, multivalent ions, natural organic matter (NOM), and
biological matter [36-39]. All of these elements can interact with the membranes and
spacers and decrease the RED power output. Scanning electron microscope images of the

membrane surface of fouled AEMs exposed to natural feedwaters are shown in Figure 1.7.

12



Fouling in Reverse Electrodialysis

AEM AEM

(river water side) (sea water side)

Bacteria

Diatom
shell remnant

Figure 1.7 Scanning electron microscope images of the surface of membranes fouled during RED
operation with natural feedwaters in the RED pilot plant at the Afsluitdijk (The Netherlands). Images

courtesy of Barbara Vital (Wetsus / Wageningen University of Research).

Fouling in natural and laboratory conditions has been extensively studied [36]. Vermaas
et al. showed how colloidal particles accumulate in the feedwater channels, thus disrupting
the water flow distribution in the compartments [40]. Additionally, the (partial) clogging
of the feedwater channels leads to increased pressure drops, causing higher energy losses
associated to pumping energy requirements [40]. Post et al., Rijnaarts et al., Moreno et al.,
and Vermaas et al. investigated the effect of multivalent ions in RED, with particular focus
on the effect of multivalent cations (Mg*" and Ca®*) on CEMs [41]. The results of their
studies show how multivalent ions negatively affect RED performance in multiple ways:
increased membrane resistance, which is particularly pronounced for monovalent-ion
selective membranes; decreased electromotive force due to the transport of multivalent
ions against their concentration gradient (uphill transport); and decreased membrane
permselectivity [36]. Rijnaarts et al. investigated the negative impact of NOM fouling on
RED and found that humic acids affect both the membrane permselectivity and electrical
resistance [40]. However, their impact is dependent on the nature of the membranes, with
membranes based on an aliphatic backbone being less negatively affected than membranes
based on an aromatic backbone [40]. Finally, biofouling has received less attention in
previous studies, as the impact of colloidal fouling deteriorates RED performance on a
time scale that is too fast for significant biofouling to be observed. Nevertheless, Post et
al. showed that biofouling negatively affects RED performance mainly through clogging
of the feedwater channels and increased pressure drops across the stacks, leading to higher

pumping energy losses [41].
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1.7 Fouling monitoring

Given the challenge posed by fouling to RED, fouling detection and monitoring are
important aspects to understand the impact of fouling and plan effective fouling mitigation
strategies in the form of water pre-treatment, membrane modification, and stack cleaning
[42—-44].

In fouling studies at the membrane level, the impact of fouling is evaluated both in real
time and by measuring the difference between pristine and fouled membrane conditions.
For real-time studies, the measurement of transition time is an established protocol to
evaluate a membrane fouling tendency (Figure 1.8). In this direct current (DC)
measurement, a membrane is exposed to solutions containing a model foulant (e.g.,
sodium dodecylsulfonate, SDS; humic acid, HA; sodium dodecylbenzenesulfonate,
SDBS) while a constant current is applied to the cell. The voltage drop over the membrane
is monitored using capillaries connected to reference electrodes, and the time when the
voltage increase accelerates drastically is the so-called transition time, when fouling

heavily affects ion transport through the membrane [45].

DC AC
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lon exchange
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——
—
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Figure 1.8 Fouling characterizations at the membrane level and their output. a) measurement of transition

time, b) electrochemical impedance spectroscopy measurement of a membrane before or after fouling.

To evaluate membranes in the pristine and fouled state, several characterizations are
possible: membrane permselectivity, membrane resistance (DC), and membrane
impedance (alternating current, AC) [40,46]. The advantage of AC characterizations, in
the form of electrochemical impedance spectroscopy (EIS), is that detailed information is
provided on the ohmic and non-ohmic components of the membrane impedance [47].

However, the main drawback of fouling characterization at the membrane level is that the
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conditions in which fouling occurs are often not representative of the conditions found
inside a RED stack, where flow patterns and current distribution are very different [40,48].
Fouling monitoring at the RED stack level (Figure 1.9a) offers representative water flows
and current distribution conditions, and it is typically performed by monitoring open
circuit voltage (OCV), stack electrical resistance, power density, and pressure drop across
the stack for the two feedwaters over time. These quantities provide information on the
membranes permselectivity, resistance, and accumulation of particles in the channels
[42,43,49]. However, this information is an average from all membranes and the whole

active area.
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Figure 1.9 Fouling characterizations at the RED stack level and their output. A) evaluation of open circuit
voltage, stack resistance, power density, and pressure drop over time, b) RED fouling monitor to measure

specific fouling configurations [50].

To overcome this issue, Bodner et al. developed a novel design for a fouling monitor based
on a normal RED stack (Figure 1.9b) [50]. A flow-through salt bridge is used to insert
capillaries in the membrane stack, thus allowing the measurement of half-stack voltages,

which provide extra information on the impact of fouling on the membrane in the right
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half-stack (Figure 1.9b). Several combinations of feedwaters and membranes in the right

half-stack allow the evaluation of fouling under different conditions [50].

1.8 Membrane modifications to control fouling

To mitigate fouling, a promising approach is the surface modification of IEMs. Depending
on the field of application and its typical fouling type, a tailored surface chemistry of the
membrane allows a reduction of the negative effects of fouling. In (R)ED literature, most
efforts have been devoted to reducing the negative impact of multivalent ions either by
electrostatic repulsion or by size exclusion, and to mitigate the negative influence of
colloidal and organic fouling also by electrostatic repulsion of the mostly negatively
charged foulants or by increasing the membrane hydrophilicity (Figure 1.10). A short

overview of surface modification strategies for fouling control is given in this section.

Monovalent-ion Anti-fouling
selectivity functionality
PDA
deposition
Sulfonated . .
rGO

Sulfonated-PDA

deposition
. . Zwitterions
grafting
Layer-by-layer
modification
‘NN
depositio.n . Iil;ﬁ}:;g;atic
UV-cured layer Increased
modification . hydrophilicity
a 9 g
exclusion

Figure 1.10 Strategies for surface modification of IEMs and their action mechanism to mitigate fouling.

PDA=polydopamine; rGO= reduced Graphene Oxide; PEI= polyethyleneimine.

Vaselbehagh et al. used a polydopamine (PDA) layer to increase the hydrophilicity of an
anion exchange membrane and increase its resistance to organic fouling. Their results

showed that the fouling transition time is greatly increased for membranes modified with
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alow concentration of PDA, as this increases hydrophilicity without enhancing the surface
roughness, which is detrimental for fouling resistance [51]. Similarly, Ruan et al. showed
that a dense PDA layer is not only beneficial for increased anti-fouling resistance, but also
to increase the monovalent-ion selectivity of the underlying membrane, thanks to the size
exclusion operated on larger multivalent ions [52]. Furthermore, when sulfonated
dopamine is used to obtain the PDA surface layer, the benefits of anti-fouling resistance
and monovalent-ion selectivity are increased even further, achieving selectivity that
exceeds those of commercial monovalent-ion selective membranes [52]. However, the
increased anti-fouling resistance and selectivity of the membranes are achieved at the
expense of membrane resistance, which is greatly increased by the addition of a dense
surface layer [52].

Alternatively, Pan et al. used electro-deposition of a dense but thin polyethyleneimine
(PEI) layer on the surface of an AEM to increase its monovalent-ion selectivity by size
exclusion, with a moderate increase in membrane resistance [53].

To obtain monovalent-ion selectivity in AEMs, sulfonated reduced graphene oxide (rGO)
has been deposited on the membrane surface, in combination with a PDA layer to increase
its stability. Sulfonated rGO provides monovalent-ion selectivity via electrostatic
repulsion and size exclusion, while the PDA layer used to immobilize it contributes to
increasing the hydrophilicity of the membrane surface, thus increasing anti-fouling
resistance [54].

Polyelectrolyte layers or multilayers applied to the membrane by dip-coating, in the so-
called Layer-by-Layer (LbL) approach, have also been used to increase monovalent-ion
selectivity and anti-fouling resistance. Mulyati et al. applied a single layer of poly(sodium
4-styrene sulfonate) (PSS) to an AEM and measured increased anti-fouling resistance,
thanks to the electrostatic repulsion of the negatively charged model foulant [55].
Similarly, when a polyelectrolyte multilayer is applied via LbL, alternating PSS and
poly(allylamine hydrochloride) (PAH), not only the anti-fouling resistance of the
underlying AEM is enhanced, but also the monovalent-ion selectivity increases thanks to
electrostatic repulsion and size exclusion effects [56].

Another approach to obtain electrostatic repulsion between the membrane surface and
foulants is the deposition of a thin UV-cured CEM layer on top of an AEM, as proposed
by Giller et al. [45]. Their modified membranes exhibit higher monovalent-ion selectivity
and anti-fouling resistance, thanks to the repulsion between the sulfonic groups in the

CEM layer and the more negative sulfate or the negatively charged SDS [45].
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Finally, to increase the anti-fouling resistance of membranes, the application of
zwitterionic layers has received a lot of attention, especially in the field of porous
membranes [57]. Zwitterionic molecules bear both a cationic and an anionic group,
resulting in large hydration shells, which are very effective at increasing membrane
hydrophilicity [58]. Ruan et al. reported the modification of an anion exchange membrane
with PDA and a zwitterionic layer, resulting in increased anti-fouling resistance during
ED operation with a model foulant [58].

Most of these surface modification strategies present trade-offs between the enhanced
monovalent-ion selectivity or anti-fouling resistance and the electrochemical properties of
the pristine membrane, which are slightly deteriorated by the membrane modification
process. Additionally, most of these modifications have been developed to target fouling
in ED, where a slight increase in membrane resistance or loss in membrane permselectivity
is less relevant than in RED, where the power output is considerably affected by changes
in the membrane properties. Another drawback of these studies is that the validation of
the enhanced anti-fouling functionality is often performed with transition time
measurement or short ED runs, where the outcomes are less representative than results

obtained in a RED stack fouling experiment.

1.9 Aim of the thesis
Considering the current standing of fouling studies, monitoring, modeling, and control in
RED, this dissertation aims to:
e increase the current understanding of fouling in RED
e  provide tools for fouling monitoring at the stack level
e validate a promising strategy to mitigate organic fouling by surface modification of
AEMs
e develop models that assist stack design and move beyond the current paradigm of
modeled feedwaters containing only sodium chloride by introducing the effect of

divalent cations and divalent anions on the stack performance

1.10 Outline of the thesis

Figure 1.11 provides a graphical outline of this dissertation.
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Figure 1.11 Graphical outline of the thesis, presenting the relationship between chapters.

After this introduction chapter, Chapter 2 presents the application of electrochemical
impedance spectroscopy at the RED stack level for real-time fouling monitoring. Changes
to the impedance spectra are related to the evolution of fouling with a model compound,
highlighting its stages and the impact it has not only on AEMs, but also on CEMs.
Chapter 3 illustrates how the surface modification of AEMs with zwitterionic monomers
and brushes increases the fouling resistance of the membranes and accelerates their
recovery upon cleaning.

Chapter 4 shows the benefits of electrode segmentation for RED power density and
efficiency with an experimental and model study using cross-flow stacks.

Chapter 5 presents a study into the effect of sulfate on different AEMs (standard grade and
monovalent-ion selective) in RED. Membrane and stack characterizations are presented
for a comprehensive overview of the negative impact of multivalent anions on RED.
Chapter 6 provides a new RED process model that includes the negative effect of
multivalent ions together with its experimental validation and examples of its application
to obtain more realistic predictions of power output.

Finally, Chapter 7 presents the general discussion and outlook with recommendations for
future RED developments.
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Chapter 2

4

Electrochemical impedance spectroscopy of a reverse
electrodialysis stack: a new approach to monitoring fouling and
cleaning



Abstract

When harvesting salinity gradient energy via reverse electrodialysis (RED), stack
performance is monitored using DC characterizations, which does not provide information
about the nature and mechanisms underlying fouling inside the stack. In order to assess
the potential of natural salinity gradients as a renewable energy source, progress in the
fields of fouling monitoring and controlling is vital. To improve fouling and cleaning
monitoring, experiments with sodium dodecylbenzenesulfonate (SDBS) were carried out
while at the same time the electrochemical impedance spectroscopy (EIS) was measured
at the RED stack level. EIS showed how SDBS affected the ohmic resistance of the stack,
the non-ohmic resistance of the AEM and the non-ohmic resistance of the CEM on
different time scales. Such detailed investigation into the effect of SDBS on different stack
elements offered by EIS is not possible with traditional DC characterization. The results
presented in this work illustrate the potential of EIS at the stack level for fouling
monitoring. The knowledge presented shows the possibility of including EIS in up-scaled

natural salinity gradient RED applications for fouling monitoring purposes.

This chapter was published as:
Pintossi, D., Saakes, M., Borneman, Z. and Nijmeijer, K., 2019. Electrochemical
impedance spectroscopy of a reverse electrodialysis stack: A new approach to monitoring

fouling and cleaning. Journal of Power Sources, 444, p.227302.
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2.1 Introduction

To harvest salinity gradient energy, reverse electrodialysis (RED) is a promising
technology that generates electricity by controlled mixing of aqueous solutions with
different salinities, such as river water and seawater [1]. RED uses non-porous ion
exchange membranes (IEMs) that are permselective for cations (cation exchange
membranes, CEMs) or anions (anion exchange membranes, AEMs). The IEMs are stacked
alternately with high salt concentration and low salt concentration feedwaters flowing on
either side along the membranes [2]. The difference in salt concentration between the
feedwaters creates a potential difference across the membranes [3]. At the two ends of the
stack, electronic redox reactions convert the ionic current into an electric current. The
generated electrical current can then be used to power an external load [4].

In order to be able to use RED as a renewable energy source for a long time, fouling is
one of the main challenges to be addressed [5]. There are many different forms of fouling
affecting RED: colloidal fouling, inorganic fouling (scaling, uphill transport of multivalent
cations like Ca®>" and Mg?" and poisoning of the membranes due to multivalent ions),
organic fouling and biofouling [6—8]. Although there are similarities with membrane
fouling in water treatment, the nature, interactions and consequences are distinctively
different in RED due to the use of charged anionic and cationic membranes, and the
transport of ions instead of water molecules as in water treatment and purification [9].

In the natural environment and in laboratories, the study of fouling phenomena in RED
happened at two levels: the stack level and the single membrane level. This approach on
two different levels reflects the trade-off existing in RED fouling investigations: either a
highly representative system where the available characterization tools are limited by the
system intrinsic complexity (stack level) or a simplified system that allows more flexibility
in terms of available characterizations techniques but at the same time does not truly
reflect the hydrodynamic and physical conditions found in real, natural water, RED
systems (membrane level). For the RED stack, electrolyte compartments, water
compartments and membranes all contribute to the system performance. The traditional
DC characterization applied at stack level implies a black box approach, where the overall
behavior of the system is measured without the possibility to investigate in a non-
destructive way the impact of fouling on the CEM or AEM in detail. Therefore, studies at
the stack level monitor the effect of fouling on the complete stack, rather than monitoring
fouling evolution and dynamics, relying on the evolution over time of electrochemical
parameters, like open circuit voltage and stack electrical resistance, and other parameters,

like pressure drop between feedwaters inlets and outlets [6,10]. Even a new stack design
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based on the idea of dividing the RED stack in two halves allowing the monitoring of
single membranes without affecting the hydrodynamics in the water compartment relies
on the same DC characterization, thus limiting the amount of information that is extracted
in real time from individual membranes in the stack [11]. Studies at the membrane level
offer a wider set of available characterization techniques, including electrochemical
impedance spectroscopy (EIS). The advantage of EIS over DC characterization is the
possibility to investigate individual components that all contribute to the overall
resistance. At membrane level, EIS was used to distinguish the contributions to the
membrane resistance of membrane bulk, electrical double layer, diffusion boundary layer
and fouling in clean or foulants containing water [12-21]. EIS enables the detailed
observation of the effect of fouling not just on the overall resistance, but also how the
fouling layers hinder ion transport in the diffusion boundary layer. However, studies at the
membrane level are often carried out in systems with wide water compartments, where the
absence of spacers and configuration of the inlets and outlets lead to very different flow
and current fields over the membrane. Since flow and current fields have a huge influence
on the fouling evolution of AEMs, results obtained in these studies at the membrane level
cannot be directly translated into knowledge of membrane behavior inside the stack.
Performing EIS at the stack level moves fouling monitoring and analysis in RED beyond
the present trade-off. EIS at stack level unravels detailed information on how fouling
builds up on the anion and cation exchange membranes in a highly representative RED
stack environment, enabling real time and non-destructive fouling monitoring. RED stacks
have a large capacitance due to large electrode-electrolyte and membrane-electrolyte
interfaces. This leads to long EIS measurement times since the characteristic frequencies
of systems with large capacitance are very low. Long measurement times in a fouling
experiment make it difficult to assume steady-state of the system during the EIS scan. That
is because the system performance deteriorates considerably over the scan time due to
fouling, leading to the characterization of a system that changes significantly throughout
the measurement, thus impairing the significance of the measured data. Additionally,
when correctly measured, the meaning of impedance spectra of a stack needs to be
unraveled to attribute spectral features to the single stack elements, namely electrodes and
electrolyte, membranes and water compartments. Overcoming such issues is not trivial, as
highlighted by the scarcity of studies reporting EIS at the stack level. Modulation of the
active membrane area to limit interfacial capacitance is a promising strategy to reduce EIS
measurement time and enable EIS at the stack level. In the RED literature, the only

example of EIS at the stack level is provided by Choi et al., who studied the effect of
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process parameters like flow rate and salt concentration on the RED performance in a
small area stack with one cell pair [22]. Thanks to EIS, they could study the dependence
of the resistance components on the process parameters under study.

This paper presents the use of EIS at the stack level for fouling monitoring and
characterization. The modulation of active membrane area is the key to enable the
measurement of impedance spectra at the stack level. To interpret spectra, a step-by-step
procedure was adopted analyzing systems with increasing complexity, moving from a
relatively simple system consisting of the electrodes and electrolyte to the full RED stack.
A model compound, sodium dodecylbenzenesulfonate (SDBS) was used for fouling
experiments. EIS successfully tracks fouling and cleaning in the stack, with more
information on the interaction between the model compound and the membranes than the
traditional DC characterization. Finally, based on the information provided by EIS, a
mechanism for the evolution of fouling on the membranes is proposed. These results prove
the feasibility of EIS as a tool for real-time and non-destructive fouling monitoring at the
stack level, revealing how the foulants absorb in and adsorb on the ion exchange
membranes, thus paving the way for tailored cleaning strategies, where the consumption

of cleaning resources is minimized while maximizing their effect.

2.2 Theory
The underlying principle of electrochemical impedance spectroscopy is the application of
a sinusoidal input to an electrochemical system, like a RED stack, and measurement of the
corresponding sinusoidal output or response of the system under study. Such a process is
repeated for a large set of frequencies, to identify phenomena that occur at different
characteristic frequencies. As input, a current is employed with potential measured as the
output, or vice versa. Input and output are sinusoidal functions with the same frequency,
but their amplitudes differ. Additionally, whenever the system under investigation has a
capacitive or inductive behavior, the output signal is characterized by a phase shift ¢ with
respect to the input signal (Figure S2.1). Considering Ohm’s law for a DC
characterization:
U=R-1I 2.1

Where U is the potential [V], R is the electrical resistance [Q] and / is the current [A], a
similar approach is adopted for EIS. Having a sinusoidal voltage as an input:

U(w,t) = U, sin(wt) = Uyel®t (2.2)
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With U, the amplitude of the oscillation [V], j the imaginary base vector, w the angular
frequency (@ = 2xf, where fis the frequency [Hz]) and ¢ the time [s], the measured output
will be:

I(w,t) = I, sin(wt + @) = [,e/@t+e) (2.3)
Where [, is the amplitude of the measured sinusoidal current. The relationship between
the two quantities is given by a quantity called impedance:
Ulw,t)  Ugel®*
I(w,t) [elwt+e)

It can be noted that the time dependency is lost when calculating the ratio between

(2.4)

Z((l)) = = |Z|e_j¢

alternating voltage and alternating current. Thus, impedance is a time-independent
quantity. However, impedance depends on frequency since the phase shift ¢ depends on
frequency. For a time-independent impedance measurement, the electrochemical system
under investigation should be linear and steady-state, at least for the duration of the EIS
measurement. For IEMs, modeling and experimental work have been carried out to
measure the impedance spectrum of single membranes [23,24]. The typical electrical
equivalent circuit (EEC) for a single IEM is represented in Figure S2.2. The contribution
from bulk of the membrane, electrical double layer and diffusion boundary layer to the
membrane resistance can be identified based on their different characteristic frequencies.
Since membrane resistance implies the conduction of ions, ionic movement at a longer
scale results in a lower characteristic frequency for the spectral feature associated to that
motion. The first element in the equivalent circuit, a resistor, represents the ohmic
component of the membrane impedance (purely resistive behavior measured at high
frequencies), the second element, a parallel of a resistor and capacitor, stands for the
impedance of the electrical double layer (measured at intermediate frequencies, since it
involves the migration of ions at the nanometer scale), while the last element, a parallel
connection of a resistor and a CPE, represents the impedance of the diffusion boundary
layer (measured at low frequencies, since it involves the diffusion of ions at the
micrometer scale) [14,17].

For complex electrochemical systems, such as a RED stack, multiple phenomena
contribute to a single spectral feature. Therefore, a single arc may result from the

convolution of multiple arcs deriving from different phenomena.
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2.3 Materials and methods

2.3.1 Materials

For the experiments, demineralized water (produced by an Osmostar S400, Lubron
Waterbehandeling BV, the Netherlands) was used. Sodium chloride (NaCl, 99.5 % purity,
ESCO, the Netherlands) and sodium dodecylbenzene sulfonate (SDBS, technical grade,
Sigma-Aldrich, Germany) were used as solutes. Potassium hexacyanoferrate(Il) trihydrate
and potassium hexacyanoferrate(Ill) (both technical grade, at least 96 % purity, VWR
Chemicals, Belgium) were used as electrolytes. For the stack assembly, the chosen AEMs
and CEMs were homogeneous standard grade Fujifilm AEM type 1 (FUJIFILM
Manufacturing Europe BV, the Netherlands) and homogeneous standard grade Neosepta
CMX-fg (ASTOM Corp. Ltd., Japan), respectively. Neosepta AMX-fg was used as
alternative AEM to investigate the effect of different AEMs on the impedance spectrum.

2.3.2 Stack configurations

The experiments were performed with cross-flow RED stacks (REDstack BV, the
Netherlands) with an active area of 10 x 10 cm?. The stack end plates embedded platinized
titanium mesh electrodes (9.8 x 9.8 c¢cm?) (MAGNETO Special Anodes BV, the
Netherlands). Spacers with a woven netting (Sefar 06-700/53, Sefar AG, Switzerland) and
integrated silicone rubber gaskets with a custom design (AquaSEAL by AquaBattery, the
Netherlands) were used to accommodate the feedwaters, seal the compartments, and
reduce the active area of the cell from 100 cm?® to 4 cm® and 1 cm?. Two active areas and
four different configurations were used to enable the interpretation of the impedance
spectra of the RED stack. This approach made it possible to compare impedance spectra
of similar systems of increasing complexity. These stack configurations are summarized
in Table 2.1.

Table 2.1 Summary of the stack configurations used in the present work. Electrolyte solution is recirculated
in the electrode compartments for all configurations. RW stands for river water compartment, SW stands

for seawater compartment, N stands for no addition and Y stands for yes addition of SBDS.

Name | Area | CEM | AEM | RW SW SDBS Aim
Determine impedance of electrodes with reduced
a 1.cm? 0 0 0 0 N
open area.
Determine the impedance of electrodes separated by
b 1. cm? 1 0 0 0 N
one CEM, with reduced active membrane area.
Determine the effect of active membrane area on the
c 4 cm? 1 0 0 0 N impedance of system made of electrodes separated
by one CEM.
d 1 .cm? 2 1 1 1 N Study of complete RED stack impedance.
e 1.cm? 2 1 1 1 Y Monitoring of fouling and cleaning.
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The configurations with one CEM are represented in Figure S2.3, while Figure S2.4
depicts the complete RED stack configuration with a complete cell pair consisting of a
CEM, a river water compartment, an AEM, a seawater compartment, another sealing

CEM, and the electrolyte compartments at both ends of the stack.

2.3.3 Feedwaters and electrolyte

NaCl solutions of 0.017 M and 0.508 M were used as artificial river water and seawater,
respectively. 50 ppm and 100 ppm SDBS was added to the river water for the fouling
experiments. SDBS was chosen as a model compound for organic fouling of the AEM, as
it is known to interact with the membrane on a relatively short time scale, severely
affecting the membrane properties [25,26]. Solutions of 0.05 M potassium
hexacyanoferrate(II) / 0.05 M potassium hexacyanoferrate(IIl) were used as electrolyte.
Sodium chloride (0.25 M) was added as a supporting electrolyte. Experiments were
performed in the laboratory at 23.0 + 0.5 °C. Temperature and conductivity of the artificial
feedwaters were monitored before each experiment. The flow velocity was chosen to be 1
cm/s. Fresh feedwaters were continuously supplied to the RED stacks, in a single-pass
configuration, while the electrolyte was recirculated in a closed loop. Peristaltic pumps
(Masterflex L/S Digital drive, Cole-Palmer, USA) were used to pump the liquids through
the hydraulic circuits. The electrolyte was kept at 0.3 bar overpressure using a diaphragm
pressure control valve (KNF FDV 30, KNF-Verder BV, the Netherlands) to avoid bulging
of the water compartments.

Configurations a-d in Table 2.1 were used to study the impedance spectra of the clean
RED stack and understand their meaning by breaking down the systems in simpler
configurations. In addition to those experiments, two more sets of experiments were
carried out with configuration e in Table 2.1: 1) a fouling experiment, and 2) a fouling and
cleaning experiment. For the fouling experiment, clean feedwaters containing only sodium
chloride were supplied to the stack in the initial phase of the fouling experiment.
Subsequently, clean river water was substituted with river water containing 50 ppm SDBS.
Finally, the SDBS concentration in the river water was increased to 100 ppm. For the
fouling and cleaning experiment, clean feedwaters containing only sodium chloride were
supplied to the stack in the first step of the experiment. Then, clean river water was
substituted with river water containing 100 ppm SDBS. Finally, clean river water
containing only sodium chloride was supplied to the stack after fouling as a cleaning
method.
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2.3.4 Electrochemical measurements and data analysis

All electrochemical measurements were performed with an Autolab PGSTAT302N
(Metrohm Autolab BV, the Netherlands). The software NOVA 2.1.3 was used to control
the potentiostat. Electrochemical measurements were continuously repeated in a loop. A
loop cycle consisted of one constant current step (10 A/m?, galvanostatic mode), a
chronopotentiometric series consisting of three current steps separated by open circuit
steps (5, 10 and 15 A/m?, galvanostatic mode), a second constant current step, a second
chronopotentiometric series and, finally, an EIS scan (100 kHz — 10 mHz, 10 mV
amplitude superimposed to a constant voltage equal to half of the open circuit voltage,
potentiostatic mode). The choice of the frequency range was based on literature values
and process conditions [16-19]. It is important to have a relatively fast impedance scan,
otherwise the system will change considerably due to fouling or cleaning during the scan
time. The galvanostatic mode, where the current is the input to the system and the voltage
is the measured output, was chosen for the DC measurements since it is well established
in RED literature [27-29]. The potentiostatic mode, where voltage is the input and current
is the output from the system, was chosen for the AC measurement. A graphical
representation of the current evolution during one measurement loop is provided in Figure
S2.5. The duration of one loop cycle was approximately 1 hour. The open circuit voltage
(OCV) was evaluated in the open circuit steps at the beginning of each
chronopotentiometric series. Stack electrical resistance was evaluated from the slope of
the I-V curve obtained from the chronopotentiometric series. The design of the experiment
allowed the comparison of stack electrochemical indicators measured in DC mode
(chronopotentiometric series) and AC mode (EIS). Matlab software (The MathWorks Inc.,
USA) was used for data analysis. Scripts were developed for the specific purpose of
processing the data from the chronopotentiometric series and EIS scans. For the analysis
of EIS data, the Zfit script [30], which performs fitting of experimental impedance data

with a determined equivalent circuit, was integrated into our analysis procedure.

2.4 Results and discussion

In the next parts impedance spectra for a pristine, fouled and a cleaned RED stack are
discussed to prove the feasibility of EIS at the stack level for fouling monitoring purposes.
EIS spectrum of the pristine RED stack

To enable EIS at the stack level, the key is reducing the overall capacitance of the system
as this otherwise highly dominates characteristic frequencies and measurement time. Since

the capacitance of the system is mostly due to electrical double layers at the membrane-
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solution interfaces, reducing the active membrane area decreases the overall system
capacitance. This leads to higher characteristic frequencies, thus faster measurements. To
evaluate this strategy, specially designed gaskets were employed in the electrolyte and
water compartments (Figure S2.4). Two active membrane areas were used: 4 cm* and 1
cm?. Figure 2.1 presents the spectra for a simplified system comprising of only electrodes

separated by one CEM (Figure S2.3), measured for the two different active areas.
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Figure 2.1 Nyquist plots for the electrode system with or without a CEM in between: red circles represent
the system with 4 cm? active area comprising a CEM between the electrodes, empty blue squares represent
the system with 1 cm? active area without a CEM between the electrodes, filled blue squares represent the
system with 1 cm? active area comprising a CEM between the electrodes. The ohmic component of the

spectra (intercept with x-axis at high frequencies) was subtracted for ease of comparison.

In accord with the theory we found that the characteristic frequencies for the two arcs are
higher for the system with the smaller active area (blue squares) than those of the system
with the larger active area (red circles). Therefore, the use of special gaskets to reduce the
active area was effective in enabling fast EIS measurements at the stack level.

In Figure 2.1, for all system configurations, with and without a CEM separating the
electrodes, the EIS spectra comprise two arcs. The smaller arc at high frequencies is almost
constant for the two active areas, while the arc at lower frequencies changes considerably
with the active area. The width on the real component axis (x-axis) of the lower frequency
arc and its height on the imaginary component axis (y-axis) are larger for the smaller active
membrane area. Such behavior suggests that the high frequency arc is related to the
electrodes, while the lower frequency arc is related to the CEM. To investigate if the

electrodes also affect the lower frequencies arc, an additional measurement was performed
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with the 1 cm? system but without the CEM. The resulting spectrum shows two arcs
representing the impedance of the charge transfer step at the electrode-electrolyte interface
(high frequency response) and the mass transfer from the open area to the masked portion
of the electrodes (lower frequency response). Comparing the spectra of the systems with
and without the CEM, the effect of the membrane on the EIS spectrum is evident.
Therefore, the high frequency arc is mainly dictated by the electrodes, while the low
frequency arc combines both the electrodes and the CEM.

Figure 2.2 shows the measured spectrum for the one cell-pair RED stack (a CEM, a

AEM/CEM pair and the electrodes) with 1 cm?* active membrane area.
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Figure 2.2 Nyquist plot for the one cell-pair RED stack (a CEM, an AEM/CEM pair and the electrodes)

with 1 cm? active membrane area. The inset highlights the high frequency region displaying the small arc

attributed to the AEM. For this plot for the complete stack, the ohmic component of the resistance (high

frequency intercept with the x-axis) is not subtracted, since this spectrum represents the starting point for

the fouling experiments, making the ohmic component a relevant parameter.

When comparing the spectrum of the complete RED stack (Figure 2.2) with that of the
electrodes separated by one CEM only (Figure 2.1), a small third arc at high frequencies
is visible (Figure 2.2, inset). This newly created high frequency arc is caused by the
additional AEM. Also, the size of the corresponding arcs has changed and the electrode
arc in Figure 2.1 has increased in Figure 2.2. This indicates that the addition of an AEM
also influences that the low frequency arc. Therefore, in the complete RED stack this
second arc is the convolution of the AEM and electrode response. To further verify this
conclusion, another stack comprising a different AEM was assembled. Figure S2.6 shows

the spectra for the two complete RED stacks one with a Fujifilm AEM type I and one with
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a Neosepta AMX-fg membrane. Also in Figure S2.6 shows that changing the AEM affects
the ohmic resistance and both arcs at high frequencies, thus confirming the influence of
the AEM on both arcs. For the low frequency arc, the difference is that in Figure 2.1 only
one CEM and in Figure 2.2 two CEMs are used. Since the two CEMs are assumed to have
similar impedances, their spectra will coincide resulting in one larger arc derived from the
convolution of the two single CEM arcs. This is the case for the low frequency arc in
Figure 2.2.

With these results we now show the impedance spectrum of a full RED stack. Moreover,
systematic build-up of the RED stack and measurement of the corresponding spectra

allows the detailed identification of the contribution of each single stack element.

2.4.1 Fouling experiment
Subsequently, we used EIS to characterize fouling at the stack level using SDBS as model
foulant.

Figure 2.3 shows the electrical resistance of the RED stack measured in DC.
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Figure 2.3 Evolution of the RED stack resistance over time during the fouling experiment.

The adsorption of SDBS on the membranes and in the stack resulted in an increase in
electrical resistance. At 50 ppm SDBS in river water, fouling is limited and the stack
electrical resistance plateaus at 84.7 Q (+ 7.4 %). At 100 ppm SDBS, fouling is more
severe, with the stack electrical resistance reaching 1954 Q (+ 147 %). Although

interesting, DC characterization at the stack level does not provide information about the
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specific location of the fouling in the stack. Since SDBS is a negatively charged model
compound, the main contribution to the increased electrical resistance was due to fouling
ofthe AEM. Where DC is unable to discriminate between the different components in the
stack, EIS does have that possibility expanding the investigation of fouling in RED
towards a previously impossible extension.

Figure 2.4 shows the corresponding EIS data in time (Figure S2.8 and Figure S2.9 present
the corresponding Bode and Nyquist plots).
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Figure 2.4 Evolution of the (a) experimental and (b) EEC2 model impedance data (Nyquist plot) over time

during the fouling experiment.

Upon fouling, the ohmic component of the stack (ohmic resistance of the AEM, the CEM,
the water compartments and the electrodes) impedance increases (from initially 54.5 Q to
more than 100 Q after 60 h of fouling). Figure 2.5 shows the evolution of this ohmic
resistance over time. This increase is caused by the SDBS absorbing in the AEM, where
it binds to the quaternary ammonium groups. The lower ion exchange capacity (IEC) and
free volume available for ion transport determine such increase in electrical resistance.
For the pristine stack, the model (equation S2.11) predicts an ohmic resistance of 53.0 €,
compared to the experimental value of 54.5 Q measured experimentally. The contribution
of the AEM is only 1.1 Q. At the end of the fouling experiment, the ohmic resistance is
115.4 Q (+ 112 %). This increase mostly stems from an increase in AEM ohmic resistance
[25,26]. The 60-fold increase in membrane resistance is close to results from the literature,
where 40-fold and 50-fold increases are reported, due to absorption and surface adsorption
of SDBS forming micelles [19,31].
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Figure 2.5 Evolution of the ohmic resistance (values from EEC fitting of experimental data) over time

during the fouling experiment.

Figure 2.6 shows the fitting values for the RQ element describing the AEM non-ohmic
resistance in EEC, (Figure S2.7) and its capacitance over time.

At low concentration of SDBS (50 ppm), the non-ohmic resistance does not significantly
increase, while the capacitance associated to the AEM is reduced immediately when
SDBS is added to the river water. The capacitance decreases until a plateau value was
reached. Increasing the SDBS concentration in the river to 100 ppm water decreased the
capacitance further. As soon as the capacitance reaches a plateau, the non-ohmic resistance
started to increase until it reached a plateau value at the end of the experiment, reflecting
the same trend observed for the overall resistance measured in DC mode. The evolution
of non-ohmic resistance and capacitance suggests the formation of SDBS domains on the
AEM surface, which negatively affects the double layer capacitance. Over time, these
domains grow, thus leading to a further reduction of the AEM capacitance, until a
homogenous fouling layer covering the full surface is formed that starts to affect the non-
ohmic resistance, slowing down the transport of ions to the membrane. This finding is
consistent with previous studies on the formation of SDBS micelle layers and its impact
on membrane resistance [19,31]. The phase shift angle peak corresponding to the AEM
(Figure S2.10) element shifts towards higher frequencies over time. This behavior is
consistent with a reduction in the active area that is caused by the fouling domains on the
AEM surface. This shift is only observed for the AEM, suggesting that SDBS is mostly
affecting the AEM.
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Figure 2.6 (top) Evolution of the non-ohmic AEM resistance (values from EEC fitting of experimental
data) over time during the fouling experiment. (bottom) Evolution of the non-ideal capacitance and

exponent over time during the fouling experiment for the CPE associated to the AEM.

Figure 2.7 shows the evolution of the fitting values for the non-ohmic resistance and
capacitance of the mixed electrode-CEM element.
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Figure 2.7 (top) Evolution of the non-ohmic CEMs resistance (values from EEC fitting of experimental
data) over time during the fouling experiment. (bottom) Evolution of the non-ideal capacitance and

exponent over time during the fouling experiment for the CPE associated to the CEMs.

The evolution of the non-ohmic resistance and capacitance of the CEM resembles that of
the AEM, although the extent and rate of the non-ohmic resistance increase for the CEM

is slower. The capacitance decreased only at high SDBS concentrations, suggesting that
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SDBS partly also deposited on the CEM, but the domains remain mostly separated since
the capacitance did not plateau until the end of the experiment. Fouling of the CEM by the
negatively charged SDBS may seem counter-intuitive, but since SDBS was present in the
river water compartment, the electric field pushed it towards the anode and thus the CEM.
The concentration of SDBS at the CEM surface exceeded locally the critical micelle
concentration (CMC) resulting in the local formation of a micellar configuration, shielding

the negative charges of SDBS.

2.4.2 Fouling and cleaning experiment

Finally, the effect of a subsequent cleaning step after a 100 ppm SDBS fouling run is
investigated using EIS.

Figure S2.11 shows the evolution of the stack electrical resistance as measured from the
slope of the I-V curve in DC mode. The resistance increase upon fouling was even faster
than in the previous experiment since the stack was exposed to the high (100 ppm)
concentration of SDBS from the beginning of the fouling run. Upon cleaning by flushing
the stack with clean river water the electrical resistance of the stack dropped quickly and
then slowly decreased until it plateaus at a higher level than the original value. Therefore,
the fouling is partly irreversible. Similar results were found by Zhao et al., who reported
an irreversible resistance increase after membrane fouling by sodium dodecylsulfonate
(SDS) [20]. Nevertheless, DC characterizations do not give any information about the
cleaning effects of the different components present in the stack, e.g. whether both
membranes were cleaned or only one of them and to what extent.

Figure 2.8 (Nyquist plot) and Figure S2.12 (Bode plots) show the evolution of the EIS
spectra over time of the fouling and subsequent cleaning process.

Similar to the previous fouling experiment, upon fouling the ohmic component, and
predominantly its AEM part, increased. The CEM arc was also influenced, although to a
lesser extent, while fouling does not affect the arc in the center. When the cleaning run
starts, all ohmic and non-ohmic resistances decrease, but on different time scales (Figure
S2.13). The CEM non-ohmic resistance drops significantly in the first EIS scan after the
change to clean river water (Figure S2.14). This indicates that fouling on the CEM surface
was reversible and could be easily removed, due to the electrostatic repulsion of the
negative charges of SDBS and the CEM. Moreover, during cleaning, the SDBS
concentration at the membrane-solution interface decreases below the CMC. The cleaning
of the AEM was much slower: only after 16 h of cleaning, the arc representing the AEM

in the EIS spectrum was completely recovered. This slow recovery is caused by the
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favorable electrostatic interaction between the negatively charged SDBS and the

positively charged AEM.

River water:

NaCl only (cleaning)
River water:

100 ppm SDBS
River water:
NaCl only

IS
o

-Im(Z) [ohm]

Time [h]

Re(Z) [ohm] 200 O

Figure 2.8 Evolution of the experimental impedance data over time (Nyquist plot) during the fouling and

cleaning experiment.

Consistent with the DC results, also the EIS measurements show that there is an 11.5 Q
mismatch between the initial electrical resistance of the pristine RED stack and the stack
resistance after the fouling-cleaning cycle. Opposite to the DC measurements however,
the EIS spectra clearly shows that this mismatch is entirely due to an irreversible increase
in the ohmic resistance so that the total stack ohmic resistance has not been fully recovered
to its original value. Given that the resistance of the water compartments is the same before
and after the fouling run and that the CEM was easily cleaned, t This irreversible increase
in ohmic resistance of the stack must be attributed to the non-reversible increase in the
ohmic resistance of the AEM. This indicates that SDBS is trapped in the AEM, where it
bound to the positive groups. Thus, the membrane IEC andfree volume available for ion
transport are not completely recovered. Further evidence of this behavior is the loss in
open circuit voltage of the stack which decreased from 147 mV for the pristine stack to

143 mV after the fouling-cleaning cycle, indicating a permanent loss in permselectivity.

2.5 Conclusions

The reduction of the active membrane area in a RED-stack is the key to unravel fast and
reliable EIS measurements at the real stack level. An EIS fouling experiment with SDBS
added to river water revealed how the foulant impacted the elements of the stack on
different time scales. Absorption of SDBS in the AEM leads to a fast increase in the ohmic
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component. SDBS domains on the AEM nucleate at low concentration and grow, thus
increasing the non-ohmic component of the AEM resistance. Longer exposure times to
SDBS also affect the CEM despite the unfavorable electrostatic interaction with SDBS
due to the direction of the electric field towards anode and CEM. Cleaning of the stack
elements at different time scales and to different extents showed that the ohmic resistance
decreased slowly and plateaued at a higher level than the original. This shows that SDBS
is irreversibly absorbed in the AEM, where it ion exchanges with the quaternary
ammonium groups, leading to lower ion exchange capacity and free volume available for
ion transport. The non-ohmic component of the AEM recovered completely, as was the
case for the CEM non-ohmic resistance. However, the CEM recovered faster, thanks to
the electrostatic repulsion between sulfonic acid groups and the negatively charged SDBS.
The new fouling monitoring strategy presented in this work is a big step towards effective
RED exploitation using natural foulants containing salinity gradients. Fouling monitoring
by EIS enables the use of efficient cleaning strategies, by making use of the knowledge of
which individual stack elements are susceptible to fouling and provides guidance on how

to control this fouling.
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Figure S2.1 Sinusoidal input and output signals at a given frequency during an electrochemical impedance

spectroscopy measurement.

Impedance equations for resistor, capacitor, and constant phase element
When applying Euler’s formula (equation S2.1) to equation 2.4, the impedance can be re-

written as follows:

e/? = cos@ + jsing (52.1)
Z(w) = |Z|e™/® = |Z| cosp — j |Z|sin @ (52.2)
Therefore, the impedance Z is a complex quantity consisting of a real and imaginary part.
Z(w) =Re(Z) +j-Im(Z) (S2.3)
Re(Z) = |Z| cos ¢ (S2.4)
Im(Z) = —|Z| sing (S2.5)

For simple electrical elements, the impedance is derived in a simple form. In the case of a
resistor, the system responds instantly to the input. Therefore, there is no phase shift and
the impedance of a resistor is:

V@D _ U Uy 26
I(w,t) Ieiot I,

It can be noted that for a resistor, impedance has only a real part and no dependency on

Z(w) =

frequency. For a pure capacitor, current and voltage are related through the capacitance C

[F1 (I(t)dt = CdU(t)). Its impedance will be given by:
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Ulw,t) Ulwt) Uy 1 (S2.7)

Z(w) = I(w,t) CdU(t) T CUyjwelwt =jw_C T wC
dt

Therefore, the impedance of a capacitor is purely imaginary, with phase shift angle equal
to -90°, and is frequency dependent. For increasing frequencies, the capacitor impedance
will decrease, while at low frequencies the capacitor impedance tends to infinite. Resistor
and capacitors are ideal electrical elements. However, most electrochemical systems are
not ideal due to defects and their finite size. Non-ideal elements, like the constant phase
element (CPE), are introduced to represent real systems in the EEC analysis. The
impedance of a CPE is given by:

1 S2.8
Z(w) = o (82.8)
O [S s'] and 7 [-] describe the CPE behavior. For 1 equal to 1, the CPE behaves like an
ideal capacitor, while for n equal to 0 it describes a resistor. For n equal to 0.5, the
impedance of an electrochemical system determined by mass transfer limitations is
described [31].

Resistors, capacitors, CPE and many other elements can be combined into EECs to fit
experimental spectra. Connection of elements can be in series or parallel. In the case of
series connection, the overall impedance is given by the sum of the single element

impedances:

Zseries = Z Z; (82.9)

For parallel connection, the reciprocal of the overall impedance is given by the sum of

reciprocals of the single element impedances:

1 Z 1 (S2.10)
Zparallel Zi
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Redl Rdbl

Rm+s

g_

Ceal Qup, N
Figure S2.2 Equivalent circuit used for the fitting of single IEM impedance spectra. The first resistor
represents the ohmic response of the membrane at high frequencies. The RC parallel element represents
the response of the electrical double layer at intermediate frequencies. The RQ element represents the

diffusion boundary layer behavior, which is measured at lower frequencies.

Endplate + mesh electrode

Electrolyte

Endplate + mesh electrode

Figure S2.3 Stack configuration consisting of endplates separated by a CEM. The endplates house the
electrolyte compartments where a platinized titanium electrode is located. Extended silicone rubber gaskets
are employed to limit the active membrane area of the CEM separating the two compartments. Such
configuration acts as a baseline measurement for a complete RED stack, since it consists of a stack where
all active cell pairs have been removed, leaving the electrolyte compartments and the extra CEM as the
only components still present. This configuration represents a system with reduced complexity with respect
to the complete RED stack, thus representing an optimal starting point for the study of stack impedance

spectra.
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Endplate + mesh electrode

. EIect?on’(e

Gasket

River water

Seawater

Endplate + mesh electrode

Figure S2.4 Complete RED stack. In this configuration one CEM and one AEM are separated by a spacer
to accommodate the feedwaters, an extra CEM is present to seal the electrolyte compartment. The endplates
house the electrolyte compartments where a platinized titanium electrode is located. Silicone rubber gaskets

and spacers with integrated gaskets are used to limit the active area of the membranes.
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Figure S2.5 Evolution of the current over time during the sequence of electrochemical characterizations
performed on the RED stack within one measurement cycle. Constant current step (10 A/m?),
chronopotentiometric series consisting of three current steps (5, 10, 15 A/m?) separated by open circuit
steps, a second constant current step, a second chronopotentiometric series, and electrochemical impedance
spectroscopy (100 kHz
OCYV). During the DC measurements, the current is the input to the system and the voltage is the output

(galvanostatic mode). During the AC measurement, the current is the output from the system and the
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Figure S2.6 Comparison of impedance spectra for two stacks comprising the same CEMs, but different
AEMs. (top) Fujifilm AEM type I and (bottom) Neosepta AMX-fg.
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Equivalent circuit for fitting of experimental data
For a quantitative analysis of the spectra, two EEC were used: EEC; for the electrodes
with and without CEM (Figure S2.6a), and EEC, for the complete RED stack (Figure
S2.6b). These equivalent circuits differ from the EEC generally used for IEMs in the
literature [14] because here the complete RED stack is considered, which is far more
complex than a single IEM. As a consequence, the different elements of the IEM
impedance are not visible due to overlapping and convolution of several contributions
from electrodes, CEMs and AEM.

(a) ohmic electrodes /eggﬁgées

Ry Rs
R4

EEC,

Q1, N4 Qz, Ny

. AEM / CEM/
(b) ohmic AEM  /electrodes / electrodes
Ry Rj Ry

EEC,

Q1, n1 Qz, n2 Q3, n3
Figure S2.7 equivalent circuits used for the fitting of the measured spectra: EEC; for the endplates systems

with one CEM and EEC: for the complete RED stack.
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Figure S2.8 Evolution of the experimental (a, ¢) and EEC> model (b, d) impedance data over time during

the fouling experiment. (a) Three-dimensional Bode plot (impedance modulus) with experimental data

measured during the fouling experiment. (b) Three-dimensional Bode plot (impedance modulus) with EEC>

model values calculated from fitting the experimental data from the fouling experiment. (c) Three-

dimensional Bode plot (phase shift angle) with experimental data measured during the fouling experiment.

(d) Three-dimensional Bode plot (phase shift angle) with EEC> model values calculated from fitting the

experimental data from the fouling experiment. Values for frequencies below 102 Hz and above 10° Hz

(beyond the blue lines) have been extrapolated.
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Figure S2.9 Representative Nyquist plots for the RED stack during the fouling experiment: Top picture:

Clean stack; Middle picture: Stack after 30 hours fouling and Bottom picture: Stack after 60 hours fouling.

Circles represent experimental data, while the solid line represents the fitted data based on EECa.
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Figure S2.10 Representative Bode plots (phase shift angle) for the RED stack during the fouling

experiment: Top picture: Clean stack; Middle picture: Stack after 30 hours fouling and Bottom picture:
Stack after 60 hours fouling. Circles represent experimental data, while the solid line represents the fitted

data based on EECa.

Stack electrical resistance model
To understand what determines this increase over time, it is worth considering the
contributions to the ohmic resistance from different stack components. The following

equation describes their influence on the ohmic resistance:

Ronmic = Rer + Repm + Ragm + lfdlcr_f: + %% (52.11)
Where R,; is the resistance of the electrodes, fis the obstruction factor accounting for the
spacers reducing the effective active membrane area for ion conduction, Regy and Ragw
are the resistances of the membranes, d,., and d, are the thicknesses of the water
compartments and x,, and x, are the conductivities of the feedwaters, with the subscripts

rw indicating river water and sw seawater.
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Figure S2.11 Evolution of the RED stack resistance over time during the fouling and cleaning experiment.
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Figure S2.12 Evolution of the experimental impedance data over time during the fouling and cleaning
experiment. (a) Three-dimensional Bode plot (impedance modulus) with experimental data measured
during the fouling and cleaning experiment. (b) Three-dimensional Bode plot (phase shift angle) with

experimental data measured during the fouling and cleaning experiment.
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Figure S2.13 Evolution of the a) ohmic, b) non-ohmic AEM, and ¢) non-ohmic CEM resistances (values

from EEC fitting of experimental data) during the fouling and cleaning experiment.
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Figure S2.14 Representative Nyquist plots (experimental data) for the RED stack during the fouling and
cleaning experiment. Top picture: pristine stack; Middle picture: Stack at the end of the fouling step;

Bottom picture: stack at the end of the cleaning step.
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Chapter 3

J

Tailoring the surface chemistry of anion exchange membranes
with zwitterions: towards anti-fouling RED membranes



Abstract

Fouling is a pressing issue for harvesting salinity gradient energy with reverse
electrodialysis (RED). In this work, anti-fouling membranes were fabricated by surface
modification of a commercial anion exchange membrane with zwitterionic layers. Either
zwitterionic monomers or zwitterionic brushes were applied on the surface. Zwitterionic
monomers were grafted to the surface by deposition of a polydopamine layer followed by
an aza-Michael reaction with sulfobetaine. Zwitterionic brushes were grafted on the
surface by deposition of polydopamine modified with a surface initiator for subsequent
atom transfer radical polymerization to obtain polysulfobetaine. As expected, the
zwitterionic layers did increase the membrane hydrophilicity. The anti-fouling behavior
of the membranes in RED was evaluated using artificial river and seawater and sodium
dodecylbenzenesulfonate as model foulant. The zwitterionic monomers are effective in
delaying the fouling onset, but the further built-up of the fouling layer is hardly affected,
finally resulting in similar power density losses as for the unmodified membranes.
Membranes modified with zwitterionic brushes show a high potential for application in
RED as they not only delay the onset of fouling and are easier to clean, but they also slow

down the growth of the fouling layer, thus retaining higher power density outputs.

This chapter has been submitted as:
Pintossi, D., Saakes, M., Borneman, Z. and Nijmeijer, K., 2021. Tailoring the surface
chemistry of anion exchange membranes with zwitterions: towards anti-fouling RED

membranes.
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3.1 Introduction

Salinity gradient energy (SGE) is an energy source derived from the controlled mixing of
low and high concentration water streams, e.g., river and seawater, seawater and
desalination brines, or thermolytic salt solutions in closed-loop applications [1-6]. SGE
has the potential to meet the increasing renewable energy demand without the
intermittency issues that plague solar and wind energy. SGE from natural salinity
gradients alone has an estimated technical potential of 0.64 to 0.98 TW, accounting for
feasibility and efficiencies [7].

Reverse electrodialysis (RED) is an electro-membrane technology to harvest SGE [8,9].
In RED, cation exchange membranes (CEMs) and anion exchange membranes (AEMs)
are stacked alternately to create feedwater compartments where the high and low
concentration solutions (e.g., 30 and 1 g L' NaCl) flow. The salinity gradient across the
selective ion exchange membranes results in a potential difference that increases with the
number of cell pairs in the RED stack [10]. When an external load is connected to the
electrodes at the two ends of the stack to close the circuit, this potential difference can be
used to drive an ionic current through the stack. The ionic current is converted into an
electronic current by a suitable redox couple flowing in the electrode compartments [11].
The potential of RED as a large-scale energy source has been investigated at the laboratory
and pilot plant scale [5,12,13] and the main obstacles for large-scale RED implementation
with natural salinity gradients are fouling and more in general costs [14-16]. Fouling is
caused by colloids, natural organic matter, multivalent ions, and micro-organisms
deteriorating the membrane properties, yielding lower RED power output [14,17,18].
Anion exchange membranes are particularly prone to fouling due to electrostatic
interaction between their positive charge and the net negative charge carried by most
foulants. In addition also affinity interactions between the organic contaminants and the
polymeric membranes do play a dominant role [19-26].

To mitigate fouling, stack cleaning protocols and membrane modifications have been
thoroughly investigated [27-29]. Periodic feed water reversal, air sparging, and CO,
sparging are effective strategies to recuperate fouled membranes and spacers [27,28]. For
membrane modification, desired properties are monovalent-ion selectivity and anti-
fouling functionality to increase the RED power output and the ability to retain it over
time [16,30]. Improved resistance to organic fouling is typically obtained by increasing
the hydrophilicity of the membrane surface or by deposition of a thin negatively charged
layer [29,31-33].
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A promising approach is the use of polydopamine (PDA) to mitigate fouling. Although
the application of thick polydopamine layers on the membrane increases the hydrophilicity
of the membrane reducing fouling and induces monovalent-ion selectivity by size
exclusion, this is done at the expense of decreased membrane charge density and increased
membrane resistance [29,34-38]. On the other hand, PDA in the form of a thin layer on a
membrane surface is a versatile platform for membrane modification thanks to its
functional groups that can undergo further reactions [39,40].

Zwitterionic coatings are well-known in the biomedical field, where they are used to
reduce fouling of surfaces in contact with biological fluids [41,42]. Recently, zwitterionic
layers are gaining prominence as effective anti-fouling layers in the field of water
treatment [43-47]. In her review on tackling membrane fouling, Nunes indicated
zwitterions grafting as one of the strategies for the fabrication of fouling-resistant
membranes [48]. In this regard, Virga et al. recently showed that a zwitterionic top layer
is effective in preventive fouling of nanofiltration hollow-fiber membranes during
treatment of natural waters [49]. Zwitterionic layers (e.g., polysulfobetaine) are highly
hydrophilic due to their ability to retain large hydration shells through hydrogen bonding
[50]. Their hydrophilicity combined with a net neutral charge of the zwitterionic layer
leads to low interaction with organic pollutants [44]. Liu et al. modified a thin-film-
composite membrane first coated with polydopamine with an atom transfer radical
polymerization (ATRP) initiator, followed by grafting of polysulfobetaine brushes on the
surface [40] and used it in reverse osmosis (RO) for water purification. Their results show
that the zwitterionic brushes impart fouling resistance to the membrane.

Although frequently studied in water purification applications, Ruan et al. provided the
only example to date of zwitterionic surface modification of an ion exchange membrane
with polysulfobetaine to induce fouling resistance, showing promising results during
electrodialysis (ED) of a solution containing sodium dodecylbenzenesulfonate (SDBS) as
model foulant, although their investigation spans a limited time scale (2h) only [39].

In the present work, we chemically modify the surface of a commercially available AEM
with polydopamine bearing zwitterionic functionalities. Two different approaches are
investigated to assess the anti-fouling performance of zwitterionic monomers and
zwitterionic polymer brushes: 1) AEMs with polydopamine bearing zwitterionic monomer
grafts obtained via aza-Michael reaction or 2) AEMs with polydopamine bearing
zwitterionic brushes obtained via ATRP. This modification strategy is chosen for its
versatility. As a natural adhesive, polydopamine ensures the possibility of modifying any

base membrane, irrespective of its chemistry. Additionally, the aza-Michael reaction and
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ATRP can be used to apply a variety of chemistries on the membrane surface, starting
with unsaturated monomers containing the desired functional groups, such as sulfobetaine
to obtain a zwitterionic layer. As such, this modification strategy is a platform meant to
explore changes to the surface chemistry, and the current work does not intend to show
up-scaled applications.

After extensive characterization of the applied layers and the obtained membranes, the
membranes are applied in RED to investigate their fouling behavior in time. The
membrane electrical resistance, permselectivity, surface composition and contact angle
with water are evaluated at different stages in the modification processes. The fouling
resistance of the membranes and their cleaning ability are measured in RED stack

experiments where SDBS is added to the river water compartment as a model foulant.

3.2 Materials and methods

3.2.1 Materials

Fujifilm AEM type I membranes (Fujifilm Manufacturing Europe BV, The Netherlands)
were used as base membranes for surface modification. The membranes were conditioned
at room temperature and stored at 4°C in 0.1 M NaCl solutions before modification. N, N-
dimethylformamide (DMF, 99.99 %), absolute ethanol, and 2-propanol (IPA, 99.5 %)
were used as solvents and purchased from Sigma-Aldrich (The Netherlands). Dopamine
hydrochloride (DA), triethylamine (TEA, > 99.5 %), 2-bromoisobutyril bromide (BiBB),
tris(hydroxymethyl) aminomethane (Tris), and [2-(methacryloyloxy)ethyl]dimethyl-(3-
sulfopropyl)ammonium hydroxide (known as sulfobetaine methacrylate, SBMA),
copper(Il) chloride, L-ascorbic acid, and sodium dodecylbenzenesulfonate (SDBS) were
also purchased from Sigma-Aldrich. Tris(2-pyridylmethyl)amine (TPMA) was purchased
from TCI Chemicals (Belgium). Hydrogen peroxide in 30 % solution, copper sulfate
pentahydrate, and potassium hexacyanoferrate (both ferri- and ferrocyanide, > 96 %) were
purchased from VWR Chemicals (Belgium). NaCl (99.5 %) was purchased from ESCO
(The Netherlands).

3.2.2 Surface modification: Aza-Michael

3.2.2.1 Deposition of polydopamine

To improve the homogeneity of the polydopamine (PDA) layers at short deposition times,
the procedure used by Zhang et al. was followed [51]. A solution of Tris (700 mg, 5.8
mmol, pH 8.5) and copper sulfate pentahydrate (250 mg, 1 mmol) in 200 mL milli-Q water
was prepared. 407 pL of hydrogen peroxide solution (3.9 mmol) was added to the solution
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right before deposition. To obtain unmodified polydopamine layers (Figure 3.1, step 1a),
a solution of 2 g dopamine hydrochloride in 200 mL milli-Q water (Merck Millipore,
Germany) was prepared. A pristine membrane (11x11 cm?) was clamped at the bottom of
the reactor (Figure S3.1 in the Supporting Information, open area: 8x8 c¢m?). The Tris
solution was added in the reactor, quickly followed by 50 mL of polydopamine solution.
The reactor was placed on a shaking plate (60 rpm) for 1 hour after ensuring adequate
mixing of the two solutions. Compressed air was flowing over the solution to ensure
oxygen availability inside the reactor was not limited. After modification the membrane
was rinsed in demineralized water and stored in 0.1 M NaCl at 4°C. The membrane

obtained after polydopamine deposition is named AEM+PDA in the following.

AEM
[e]
HO. O OD/VNHQHCI
HO Tris buffer, Tris buffer, HO
air air
NH, |NHz| NH, NH,  NH, Br Br Br @ Br
AEM+PDA AEM+PDA-Br
(o] O O "
aza-Michael \Né “S’ o \ 4 Q\S,O
reaction X N X ATRP
o] o [¢] o
SBMA SBMA

7% @ 4% @ &%
AEM+PDA+SBMA

AEM+PDA-Br+PSBMA

Figure 3.1 Schematic representation of the two surface modification strategies. la) Deposition of
polydopamine. 2a) Aza-Michael reaction to graft zwitterionic monomers to the membrane surface. 1b)
Deposition of polydopamine modified with BiBB. 2b) Atom transfer radical polymerization (ATRP) to

graft zwitterionic brushes from the membrane surface.

3.2.2.2 Aza-Michael reaction
The procedure for membrane modification with aza-Michael reaction was used as
presented by Ruan et al. [39] (Figure 3.1, step 2a, and Figure S3.2 in the Supporting

Information). Briefly, the membrane modified with polydopamine was immersed in 660
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mL water, 130 mL absolute ethanol, 5 mL TEA (acid neutralizer and catalyst for the aza-
Michael reaction [52]), and 21 g SBMA in a round-bottom flask. The solution was heated
to 55°C in an oil bath and gently stirred for 24 hours to avoid damage to the membrane.
After modification the membrane was rinsed in demineralized water and stored in 0.1M
NaCl at 4°C. The membrane obtained after aza-Michael reaction is named
AEM+PDA+SBMA in the following.

3.2.3 Surface modification: ATRP

3.2.3.1 Synthesis of dopamine-BiBB

For the chemical modification of dopamine hydrochloride, the procedure reported in the
literature by Liu et al. was followed (Figure S3.3 in the Supporting Information) [40].
Dopamine hydrochloride (2 g, 10.5 mmol) was dissolved in 200 mL DMF inside a three-
neck round-bottom flask equipped with a condenser. Nitrogen was bubbled in the solution
for 30 min. 748 pL TEA (5.3 mmol) and 652 puL BiBB (5.3 mmol) were added while

stirring. The solution was stirred under nitrogen atmosphere at room temperature for 24h.

3.2.3.2 Atom transfer radical polymerization (ATRP)

The AEMs modified with the synthesized polydopamine-BiBB (following the same
deposition process presented in section 3.2.2.1, Figure 3.1, step 1b, named in the following
AEM+PDA-Br) were further modified by atom transfer radical polymerization (ATRP) to
grow zwitterionic brushes on their surface with a grafting approach, similar to the process
presented by Liu et al. [40] (Figure 3.1, step 2b). The same reactor design was used as for
the surface modification with polydopamine (Figure S3.1 in the Supporting Information),
with the polydopamine-BiBB layer facing the reaction solution. 5.15 g SBMA (18.4
mmol) was added to a 1:1 mixture of milli-Q water and IPA in a brown glass bottle. 8§ mL
of a stock solution of CuCl, and TPMA (50 mg CuCl, and 700 mg TPMA in 100 mL of
water and IPA mixture 1:1, stored under nitrogen) were added to the SBMA solution. The
solution was poured in the reactor, in contact with the membrane. Nitrogen bubbles were
blown through the reactor liquid for 30 min. A solution of 25 mL solution of water and
IPA mixed 1:1 and 1.2 g of L-ascorbic acid was prepared. The reactor was placed on a
shaking plate (60 rpm) and the ascorbic acid solution was added to start the ATRP process.
Nitrogen was bubbled through the solution during the entire reaction time. After 1 hour,
the nitrogen flow was interrupted and the reactor was opened to stop the ATRP. After
modification the membrane was rinsed in demineralized water and stored at 4°C. The
membrane obtained after ATRP is named AEM+PDA-Br+PSBMA in the following.
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3.2.4 Membrane characterizations

The surface composition of the membranes before and after surface modification was
analyzed with Scan Electron Microscopy (SEM) and Energy Dispersed X-ray
spectroscopy (EDS) scans. For this the membrane samples were dried in a vacuum oven
at 35°C for 24 hours. The dried membranes were twice gold coated in a JEOL JFC-1200
fine coater (Jeol (Europe) BV, The Netherlands) at 25 mA for 15 s. The samples were
analyzed with SEM-EDS (JEOL JSM-6480LV, Jeol (Europe) BV, The Netherlands).
SEM images were obtained with 5000x magnification, with a 6 kV accelerating voltage.
The SEM images for EDS measurements were conducted at 100x magnification, applying
a 12 kV accelerating voltage.

The surface composition of the membranes was characterized with attenuated total
reflectance Fourier transform infrared spectroscopy (ATR-FTIR), using a Varian 3100
FTIR Excalibur Series (Agilent Technologies, USA) equipped with a Specac Golden Gate
ATR insert (Specac Ltd., United Kingdom). The hydrophilicity of the membranes was
evaluated with captive bubble contact angle measurements. The measurements were
performed with a Dataphysics OCA 35 (DataPhysics Instruments GmbH, Germany) with
a custom 3D-printed membrane holder immersed in milli-Q water. The water contact
angle was obtained as the difference between 180° and the contact angle with air.
Membrane electrical resistance and permselectivity were evaluated according to
procedures available in the literature using a six-compartment cell and two-compartment

cell setup, respectively [53,54].

3.2.5 Stack assembly

A cross-flow RED stack with an active area of 6.5x6.5 cm* was obtained from REDstack
BV (The Netherlands). The end-plates housed Ti electrodes coated with 50 g/m?
galvanized Pt (MAGNETO Special Anodes BV, The Netherlands). Gasket-integrated
spacers with a woven netting (470 um thickness, from Saati SpA, Italy) were obtained
from Deukum GmbH (Germany). The AEMs used in this study were pristine and modified
Fuijfilm AEM type I (pristine, PDA, PDA-BiBB, zwitterionic monomers, and zwitterionic
brushes), while the CEMs were Neosepta CMX-fg (ASTOM, Japan) sourced from
Eurodia SA (France).

3.2.6 Feedwaters
Artificial feedwaters were used for this study. Artificial seawater contained 30 g NaCl L~

! and artificial river water 1 g NaCl L' both were prepared with demineralized water
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(produced by an Osmostar S400, Lubron Waterbehandeling BV, The Netherlands). For
fouling experiments, the model compound used was sodium dodecylbenzenesulfonate
(SDBS), which was added to the river water with a concentration of 100 ppm. The
sequence of feedwaters used in the stack experiments was: 1) artificial river and seawater
without foulant (8 hours); 2) clean seawater, river water containing 100 ppm SDBS as a
foulant (16 hours, based on the time needed for unmodified membranes to reach a stable
fouling level); and 3) again artificial river and seawater without foulant to investigate the

reversibility of the fouling (3 hours).

3.2.7 Electrochemical measurements

Stack electrochemical measurements were performed with an Iviumstat controlled by
IviumSoft (IVIUM Technologies BV, The Netherlands), while measurements with the
two- and six-compartment cells were performed with an Autolab PGSTAT30 controlled
by the NOVA 2.1.3 software (Metrohm Autolab BV, The Netherlands). The stack
measurements were performed in a loop where constant current (10.5 A m?) was
alternated with a chronopotentiometric series (0 —3.5 — 7.0 — 10.5 — 14.0 A m™) every 15
min. This loop was running continuously during the stack experiments, with the exception
of an interruption during the run with unmodified membranes. Stack open circuit voltage
(OCV) was determined from the average voltage calculated on the last 10 s at 0 A m?,
The stack electrical resistance was calculated from the slope of the current-voltage curve
based on the chronopotentiometric series data. Power density was calculated from the
stack OCV and electrical resistance:

ocv?[v?]

Pdens [W ’ m—Z] = 4 . ZNCp [—] . Area[mz] -ER [Q‘]

Where Pens 1s the maximum gross power density, OCV is the stack open circuit voltage,
N, is the number of cell pairs, Area is the active area, and ER is the stack electrical
resistance. This formula is derived from the assumption that maximum gross power
density is attained when the external load is equal to the stack internal resistance [55]. The
values of stack OCV, electrical resistance, and gross power density were normalized to
highlight the impact of fouling on the membranes. Normalization was performed by
dividing all the values by the last values measured in the first experimental stage with

clean waters and multiplying them by 100.
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3.3 Results and discussion

3.3.1 Membrane characterizations

The surface composition of the membranes before (AEM) and after modification with
PDA (AEM+PDA), zwitterionic monomers (aza-Michael, AEM+PDA+SBMA), PDA-
BiBB (AEM+PDA-Br), and zwitterionic brushes (ATRP, AEM+PDA-Br+PSBMA) was
analyzed with SEM-EDS. Figure 3.2 compares the relative composition of the surface of

these membranes for carbon, sulfur, and bromine.

N C mm s Br

Relative elemental wt. fraction [%]

AEM AEM AEM AEM AEM
(unmodified) +PDA* +PDA +PDA-Br  +PDA-Br
+SBMA* +PSBMA
(zwitterionic (zwitterionic
monomers) brushes)

Figure 3.2 Relative weight fractions measured in the SEM-EDS spectra of the membrane surfaces for
carbon (dark blue), sulfur (dark red), and bromine (grey). The error bars illustrate the measurement error
as reported by the instrument. * = samples that were equilibrated in 0.5 M NaCl prior to the analysis to

reduce the amount of non-chemically bound sulfate.

Figure 3.2 clearly shows carbon as the most abundant element, both in the PDA and the
aza-Michael (zwitterionic monomers) modified membranes. Simultaneously, a minor
contribution of sulfur is observed for the PDA-modified membrane (AEM+PDA). Given
the chemistry of the applied layer and that the unmodified membrane (Fujifilm AEM type
I) is obtained from cross-linking of an acrylamide monomer carrying a quaternary
ammonium group with N, N’-methylene bis(acrylamide) on a polyolefine-based porous
support [56], the presence of sulfur is not expected. The results of the SEM-EDS analysis
on unmodified membranes (AEM) indeed confirm the absence of sulfur and bromine. The
very small amount of S observed in the PDA-modified membrane originates from residual

sulfate ions (introduced by the addition of copper sulfate pentahydrate) exchanged with
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chloride ions during the surface modification process and still present in the membranes
in small amounts despite the equilibration in 0.5 M NaCl prior to the surface
characterization. As expected, the amount of sulfur significantly increases when the PDA
modified membrane is grafted with sulfobetaine monomers (via aza-Michael reaction,
AEM+PDA+SBMA), due the presence of sulfonic groups in the monomers. The amount
of sulfate seems low, however, this is the amount relative to a large volume of unmodified
material. The results thus confirm the successful grafting of the zwitterionic monomers on
the membrane surface via the aza-Michael reaction. The presence of bromine in the PDA-
BiBB sample (AEM+PDA-Br) indicates that the modification of dopamine with BiBB is
also successful. Again, the presence of sulfate in the PDA-BiBB sample derives from the
copper sulfate pentahydrate that was used in the deposition of PDA-BiBB. Figure 3.2
shows that after modification with zwitterionic brushes via ATRP (AEM+PDA-
Br+PSBMA), the relative fraction of sulfate increases, confirming the grafting of
polysulfobetaine to the membrane surface.

In the Supporting Information, Figure S3.4 shows the SEM images of the membrane
surface during the various stages of the surface modification. After polydopamine
deposition (Figure S3.4b and S3.4d), PDA aggregates become visible on the membrane
surface, consistently with the observations of Ruan et al. [39]. Upon aza-Michael reaction
(Figure S3.4c) and ATRP (Figure S3.4e), the aggregates are less visible and the membrane
surface appears more corrugated, due to the presence of the zwitterionic layers and the
exposure to solvents during the surface modification process. Additional evidence of the
surface modification is provided in Figure S3.5 in the Supporting Information, with the
ATR-FTIR spectra of the membranes at various stages of the surface modification. The
emergence of new peaks in the spectra of AEM+PDA+SBMA (Figure S3.5a) and
AEM+PDA-Br+PSBMA (Figure S3.5b) at 1726 cm™ (carbonyl group from SBMA) and
at 1039 cm™ (sulfonate group from SBMA) indicates the successful grafting to the
membrane surface of (poly)sulfobetaine. While these characterizations determine the
successful modification of the membranes, the determination of grafting density and chain
length is hampered by the difficulty of determining the amount of immobilized initiator
available on the surface of the membrane prior to the grafting via aza-Michael reaction
and ATRP [57].

Subsequently, the permselectivity and electrical resistance of the resulting membranes is
determined to evaluate the effect of the membrane modifications on membrane properties
and with that on RED performance. Figure 3.3 shows the membrane permselectivity at

different stages of the two membrane surface modification processes, which quantifies co-
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ion leakage and the ability of the membrane to generate a voltage when exposed to a salt

concentration gradient across it
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Figure 3.3 Membrane permselectivity for the membranes at different stages of surface modification. The

error bars illustrate the minimum and maximum measured values (2 samples).

Independent of the modification step, the permselectivity is high and remains constant at
89.0 £ 0.1 % for all samples. The permselectivity is not compromised because the layers
are very thin due to the short deposition times. Additionally, both the PDA layer and the
zwitterionic layer have a net neutral charge. Therefore, they are not expected to negatively
affect the charge density of the membrane and its electrical properties. Permselectivity
data for AEMs modified with PDA are scarce in literature, nevertheless, Vaselbehagh et
al. reported a decreased OCV [58], which is directly related to permselectivity, for AEMs
modified with PDA, but in that case the modification time was much longer than in the
present study (24h versus 1h) and the deposition temperature (30 °C versus room
temperature) was higher, with both time and temperature strongly enhancing layer
formation and thus decreasing the overall membrane properties [59].

Figure 3.4 shows the membrane electrical resistance measured at the different stages in

the surface modification process.
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Figure 3.4 Membrane electrical resistance for the membranes at different stages of surface modification.

The error bars illustrate the minimum and maximum measured values (2 samples).

The average electrical resistance values seem to increase slightly upon surface
modification, but the increase is very limited and within the experimental measurement
error. This is consistent with the results of Ruan et al., who also did not report an increase
in electrical resistance or selectivity (chloride over sulfate) of polydopamine modified
membranes for modification times below or equal to 4.5 hours. Only at 8 hours deposition
time a very small increase in electrical resistance and selectivity were observed in their
study [38,39]. Additionally, Liu et al. also measured comparable permeability and salt
rejection for the pristine and modified thin-film composite membranes in their study, thus
reinforcing the expectation that the surface modification based on polydopamine
deposition and grafting of a zwitterionic layer does not negatively impact transport
through the membrane [40]. So, although an additional layer is applied on top of the
membrane with every modification step (Figure 3.1), this layer is so thin that it does not
affect the membrane properties (Figure 3.3 and 3.4).

To evaluate the effect of both the zwitterionic monomers (aza-Michael) and the
zwitterionic brushes (ATRP) on the hydrophilicity of the membranes, contact angle
measurements of the modified membranes were determined (Figure 3.5). The measured
air contact angles are reported in Figure S3.6 in the Supporting Information, together with

images of the measured air bubbles.
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Figure 3.5 Water contact angle for the membranes at different stages of surface modification. The error

bars illustrate the minimum and maximum measured values (3 samples).

The introduction of both the zwitterionic monomers (aza-Michael, AEM+PDA+SBMA)
and brushes (ATRP, AEM+PDA-Br+PSBMA) decreases the contact angle of the
membranes with water. The decrease in contact angle means an increased hydrophilicity
of the modified membranes induced by the larger hydration shell of (poly)sulfobetaine
[50]. Thanks to the larger number of zwitterionic units present in the polymeric brushes
(ATRP) than in the monomers (aza-Michael), the amount of bound water is larger for
AEM+PDA-Br+PSBMA than for AEM+PDA+SBMA. Therefore, the contact angle
decreases further for the zwitterionic polymer brushes. Additionally, the decrease in
contact angle confirms the successful grafting of zwitterionic monomers and brushes on
the AEM surface.

Contact angle values reported in literature for other surfaces modified with
(poly)sulfobetaine vary over a wide range. Liu et al. report a decrease from 75° to 20° with
very short PDA deposition time and subsequent polysulfobetaine surface modification
[40], while Ruan et al. report a decrease from around 78° to 65° for short PDA deposition
times (up to 12 hours), and to 60° for longer PDA deposition times (18-24 hours),
accompanied with sulfobetaine monomers surface modification [39]. The variety of values
in the literature indicates that the priming layer below the zwitterionic layer, the thickness
of the zwitterionic layer, as well as the coverage of the zwitterionic layer all play a role in

determining the surface wettability. Based on the work of Vaselbehagh et al., PDA layers
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alone can already decrease the water contact angle to values as low as 30° [35]. The
differences in absolute value of the contact angles measured in this work and those
determined by Liu et al. [40] and Ruan et al. [39] may stem from different membrane
coverage, surface roughness and PDA deposition times. Nevertheless, clearly, the
hydrophilicity of the zwitterionically (both with monomers and brushes) modified

membranes increased compared to the non-modified counterpart.

3.3.2 Stack characterizations

Subsequently, the fouling behavior using a frequently used model compound (SDBS) and
subsequent cleaning strategies of the modified membranes in RED operation is analyzed
and compared to that of their unmodified counterparts. Figure 3.6 shows the evolution of
the normalized stack electrical resistance during the RED fouling and cleaning
experiments for the stack with unmodified membranes (AEM), the stack with membranes
modified with zwitterionic monomers (aza-Michael, AEM+PDA+SBMA), and the stack
with membranes modified with zwitterionic brushes (ATRP, AEM+PDA-Br+PSBMA).

260 1

i 17 mM 17 mM NaCl @17 mM
NaCl +1 DB NaCl
240 aC 00 ppm SDBS S® NaC
1 . O
220 - fouling growth
""""" o
1T T fe)
200 A 0

180 1

160

140+ fouling onset
Br

Normalized electrical resistance [%]

+PSBMA
(zwitterionic brushes)

120 1

100-5%&21...'

8 12 16 20 24
Time [h]

Figure 3.6 Normalized electrical resistance of the RED stacks during the first 8 hours with river and
seawater containing only NaCl (light blue), during the fouling stage with SDBS in river water (pink), and
during the cleaning stage (light blue) of the RED experiment. For the stack with unmodified membranes,

the fouling onset (purple) and fouling growth (yellow) stage are highlighted.

During the first four hours of operation with NaCl only in the feedwaters, the stack
electrical resistance decreases as the membranes equilibrate in the new solutions and air

bubbles that may be trapped in the spacers are slowly expelled from the stack. After 4
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hours of RED operation, all stacks reached a stable stack resistance value. In our previous
fouling study, electrochemical impedance spectroscopy showed that the fouling onset is
associated with a decrease of the capacitive behavior of the AEM-water interface due to
the nucleation of SDBS domains on the AEM surface [60]. These domains then grow to
form a layer, which is then visible as a plateauing of the capacitive components and an
increase non-ohmic resistance of the AEM [60]. This evolution is now also mirrored in
the behavior of the stack resistance over time in this work (indicated by the yellow and
orange highlighted areas in Figure 3.6). The behavior over time during the fouling stage
for the stack with unmodified AEMs (Figure 3.6) can be divided into three phases: fouling
onset (8 — 12 h), growth of the fouling layer (12 — 22 h), and plateauing (22 —23.5 h) [60].
Both stacks with zwitterionic layers on the AEMs only show the first two phases of this
process, with the fouling onset stage taking longer compared to the unmodified
membranes. The fouling onset stage corresponds to the formation of SDBS domains, and
the layer growth is reflected in the steady increase in stack electrical resistance in phase 2.
The delayed onset of fouling for the stacks with zwitterionic monomers and brushes
indicates that the growth of SDBS domains on these membranes takes more time. The
lower interaction forces between the hydrophobic model foulant and the surface of the
membranes modified with zwitterionic monomers (aza-Michael) and brushes (ATRP)
explain the delay in the fouling onset. The water contact angle measurements are an
indication of this decreased interaction. Additionally, Liu et al. performed membrane-
foulant interaction force measurements, which showed a greatly reduced interaction force
for membranes modified with zwitterionic brushes compared to pristine membranes [40].
In this respect, zwitterionic monomers are less effective than zwitterionic brushes as
visible in a faster increase of the electrical resistance during the fouling growth stage. This
highlights the benefit of longer zwitterionic grafts. Upon removal of SDBS from the river
water, during the cleaning stage, the stack with the unmodified membranes recovers 52 %
of its original resistance while the stack with the zwitterionic monomer modified
membranes recovers 56 % and the stack with membranes modified with zwitterionic
brushes recovers 67 % of its electrical resistance increase respectively. The faster recovery
of the electrical resistance is also favored by the lower membrane-foulant interaction
forces for the membranes with zwitterionic surface chemistry.

Figure 3.7 shows the evolution of the normalized OCV over time during the fouling and
cleaning stages of the stack experiments for the stack with unmodified membranes, the
stack with membranes modified with zwitterionic monomers (aza-Michael), and the stack

with membranes modified with zwitterionic brushes (ATRP).
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Figure 3.7 Normalized OCV of the RED stacks during the first 8 hours with river and seawater containing
only NaCl (light blue), during the fouling stage with SDBS in river water (pink), and during the cleaning
stage (light blue) of the RED experiment. For the stack with unmodified membranes, the fouling onset

(purple) and fouling growth (yellow) stages are highlighted.

During the first two hours of operation with only NaCl in river and seawater, the stack
OCVs reach an equilibrium value due to the membrane conditioning in the newly
assembled stack. Surprisingly, for all membranes, the OCV increases in the first hours
after the introduction of SDBS in the river water (8 — 10 h). Considering that 100ppm
SDBS introduces around 10 % extra sodium in the river water as well, the opposite (a
reduction of the OCV upon addition of SDBS in the river water) is expected due to the
corresponding decrease in sodium gradient over the CEMs. However, this is not detected.
This behavior was consistently observed for all experiments.

Despite this anomaly, the evolution of the OCV closely resembles the evolution of the
stack electrical resistance, albeit with fouling leading to a loss of OCV. The three stages
of fouling onset, fouling growth, and plateau (only for the unmodified membranes) are
identified for the OCV as well. The OCV loss is caused by the accumulation of negatively
charged SBDS on the surface of the AEM. This negatively charged layer promotes
transport of positive co-ions that are normally repelled by the positively charged AEM.
The increased transport of co-ions results in a reduced membrane permselectivity, and in
turn a reduced OCV. Equally to the membrane resistance, also here, the reduced
membrane-foulant interaction forces for the membranes modified with a zwitterionic layer

lead to a slower accumulation of SDBS on the membrane surface, which is observed in

79



the longer onset stage for the modified membranes, particularly in the case of zwitterionic
brushes (ATRP). Additionally, the reduced interaction forces with the foulants leads to
faster OCV recovery for the modified membranes during the cleaning stage of the
experiment.

Figure 3.8 shows the evolution of the stack gross power density over time during fouling
and cleaning experiments for the stack with unmodified membranes, the stack with
membranes modified with zwitterionic monomers (aza-Michael), and the stack with

membranes modified with zwitterionic brushes (ATRP).

AEM+PDA-Br
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Figure 3.8 Normalized gross power density of the RED stacks during the first 8 hours with river and
seawater containing only NaCl (light blue), during the fouling stage with SDBS in river water (pink), and

during the cleaning stage (light blue) of the RED experiment.

The trends observed for OCV and electrical resistance are now combined, and it is evident
that the surface modification with zwitterionic monomers and zwitterionic brushes is
effective in reducing the power density loss upon membrane fouling with SDBS. In the
fouling experiment, the stack with unmodified AEMs lost 65 % of its initial gross power
density, while the stack with membranes modified by zwitterionic monomers and brushes
lost 60 and 52 %, respectively. The reduced losses registered for modified membranes
derive from their reduced interaction with the hydrophobic SDBS, resulting in a longer
duration of the fouling onset stage and a slower fouling growth, especially in the case of
the membranes modified with zwitterionic brushes. While zwitterionic monomers are
effective in delaying the onset of fouling, as observed by Ruan et al. in their 2h

experiments [39], on a longer term, the power loss very much approaches that of the
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unmodified membranes. Zwitterionic brushes on the other hand are more effective in not
only delaying the fouling onset but also in reducing the fouling growth rate due to their
more hydrophilic nature, which stem from the longer chains and the corresponding larger
number of zwitterionic moieties that cover the membrane surface. For instance, after 9
hours of exposure to a high concentration of model foulant, the power loss for the stack
with membranes modified with zwitterionic brushes is about half of the power loss
registered for the stack with unmodified membranes. Therefore, this research proves that
in reverse electrodialysis modification of anion exchange membranes with zwitterionic
brushes is a promising modification route to improve the anti-fouling properties of AEMs,

especially in combination with periodic cleaning strategies.

3.4 Conclusion

Anti-fouling AEMs were prepared by coating of a commercial AEM with either
polydopamine followed by grafting of zwitterionic monomers on its surface or with a
modified polydopamine-BiBB coating as surface initiator for ATRP with sulfobetaine to
graft zwitterionic brushes on the membrane surface. Both the polydopamine and the
zwitterionic layers hardly affect the permselectivity nor the electrical resistance compared
to the non-modified membranes thanks the thin grafting layers which is made by using
short deposition and reaction times. Their membrane hydrophilicity clearly increased
offering a method to better mitigate fouling. The fouling resistance for both zwitterionic
monomers and zwitterionic brushes membranes was improved. Where the zwitterionic
monomers delay the fouling onset, in addition the zwitterionic brushes do not cause only
a delay in the fouling onset but also slow down the fouling layer growth. Furthermore,
membranes modified with zwitterionic layers show a better and faster recovery after

cleaning than unmodified AEMs.
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Figure S3.1 Exploded view (simplified design without screws and nuts) of the reactor used for the surface
modification of the anion exchange membranes with polydopamine, aza-Michael reaction, and atom

transfer radical polymerization.
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Fouling in Reverse Electrodialysis

AEM Tris buffer, air aza-Michael reaction
AEM+PDA AEM+PDA+SBMA
(zwitterionic monomers)

Figure S3.2 Schematic representation of the AEM surface modification by deposition of polydopamine

and aza-Michael reaction to introduce zwitterionic monomers as presented in [39].

o] NH,HCI
r
Br DMF, N, RT D/V

BiBB Dopamine HCI DA-BiBB

Br Br

Tris buffer, air
AEM AEM+PDA-Br

AEM+PDA-Br+PSBMA
(zwitterionic brushes)

Figure S3.3 Schematic representation of the AEM surface modification process with ATRP, similar to the
process in [40]. First, synthesis of the dopamine-BiBB. Second, deposition of the modified polydopamine-
BiBB on the pristine AEM surface. Third, ATRP process to grow polysulfobetaine brushes on the modified
AEM surface.
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Figure S3.4 SEM imaging of the membranes at various stages of the surface modification process.
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Figure S3.5 ATR-FTIR spectra of the membranes at various stages of the surface modification. a) surface
modification with zwitterionic monomers (aza-Michael reaction). b) surface modification with zwitterionic

brushes (ATRP).

Figure S3.5a presents the ATR-FTIR spectra for the membranes at various stages of the
surface modification process with zwitterionic monomers via aza-Michael reaction. Figure
S3.5b shows the ATR-FTIR spectra for the membranes during the different stages of the
surface modification with zwitterionic brushes via atom transfer radical polymerization
(ATRP). In all spectra, absorption bands at 1657 cm™ and 1536 cm™ can be observed,
which derive from C=0 (amide I) and N-H (amide II) vibrations, due to the amide groups
in the Fujifilm membrane [40]. The extra band observed in Figure S3.5b in the 1150 —
1000 cm™! region is likely derived from solvent (DMF) residues in the samples. For both
modifications, the emergence of new peaks at 1726 cm™ and 1039 cm™' indicates the
successful grafting of (poly)sulfobetaine to the membrane surface [40]. The peak at 1726
cm’ derives from the carbonyl group of sulfobetaine, while the peak at 1039 cm™ is

attributed to vibrations of the sulfonate group in the zwitterionic monomer [39, 40].
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Figure S3.6 Air contact angle values measured during the captive bubble measurements for the unmodified
AEM, AEM+PDA+SBMA (modified with zwitterionic monomers via aza-Michael reaction), and
AEM+PDA-Br-PSBMA (modified with zwitterionic brushes via atom transfer radical polymerization,

ATRP) immersed in water.
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Chapter 4
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Electrode segmentation in reverse electrodialysis:
Improved power and energy efficiency



Abstract

Reverse electrodialysis harvests energy from salinity gradients establishing a renewable
energy source. High energy efficiencies are fundamental to up-scale the process and to
minimize feedwater pre-treatment and pumping costs. The present work investigates
electrode segmentation to strategically optimize the output power density and energy
efficiency. Electrode segmentation allows the current density to be tuned per electrode
segment. Segmentation experiments were performed with a dedicated electrode
configuration in a cross-flow stack using a wide range of residence times. Moreover, an
experimentally validated model was extended and used to further compare single and
segmented electrode configurations. While operating the electrode segments, the highest
efficiencies were obtained when considering the overall power, i.e., not maximized by
segment. Results show that at a given net power density (0.92 W-m?), electrode
segmentation increases the net energy efficiency from 17% to 25%, which is a relative
increase of 43%. Plus, at 40% net energy efficiency the net power output for a segmented
electrode configuration (0.67 W-m?) is 39% higher than in a single electrode
configuration. Higher power density reduces capital investment and higher energy
efficiency reduces operating costs. Electrode segmentation increases these parameters

compared to a single electrode and can be potentially applied for up-scaling.

This chapter has been published as:

Simdes, C.*, Pintossi, D.*, Saakes, M., Borneman, Z., Brilman, W. and Nijmeijer, K.,
2020. Electrode segmentation in reverse electrodialysis: Improved power and energy
efficiency. Desalination, 492, p.114604.
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4.1 Introduction

Given the growing global energy demand, there is a great societal need for clean and
renewable energy sources to replace the use of polluting fossil fuels and reduce CO,
emissions [1]. One promising source of renewable energy is salinity gradient (also known
as blue energy) where the energy results from the reversible mixing of two streams with
different salinities. The salinity gradient is widely available anywhere a river runs into the
sea, being a non-intermittent renewable energy source, opposite to solar and wind energy
[2]. The theoretical energy that can be generated from mixing 1 m® of river water (1 g
NaCl-L") with 1 m® of seawater (30 g NaCI-L™") is 1.7 MJ [3]. Worldwide the technical
potential for salinity gradient energy was estimated at 983 GW [4]. With its
implementation, energy-related emissions could be reduced by 25 %, 27 %, and 8 % of
CO,, CHa, and N,O, respectively [4].

One main technology to harvest salinity gradient energy is reverse electrodialysis (RED)
[5]. The RED process consists of a stack with an alternating series of cation (CEM) and

anion (AEM) exchange membranes (Figure 4.1).
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Figure 4.1 Working principle of RED. Two cell pairs are present in the scheme plus an extra CEM to shield
the feedwater from the electrode rinse solution. One cell pair is composed of one AEM, one CEM, river
compartment and seawater compartment. In a RED stack, multiple cell pairs are placed between the

electrodes.

Compartments are established with spacers between the membranes, where seawater and

river water flow alternately alongside the membrane. Since ion exchange membranes
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(IEMs) have selectivity either toward cations (CEMs) or anions (AEMs), a Donnan
potential is generated across the membranes. One cell pair comprises of one AEM, one
CEM, one river compartment, and one seawater compartment. When multiple cell pairs
are stacked, this potential is accumulated. The potential difference over the membranes
drives the transport of ions through the membranes from the seawater towards the river
water compartment. Finally, enclosing the membrane pile, an electrode is placed at each
end of the stack. A redox solution is recirculated to convert the ionic current into an
electrical current, which powers an external load [6]. In the past years, several studies were
conducted to improve the process’ power density as well as its efficiency. This includes
membrane modification, such as monovalent-ion-selective membranes, surface
modifications and profiled membranes [7—10], fouling prevention and monitoring [11—
15], spacer thickness effect or no spacer present by using corrugated membranes [16,17],
flow velocity of the feedwaters [18], scalability of the cross-flow stack [19], prevention of
ionic shortcut currents [20], modelling of the RED process with different flow strategies
(co-flow, counter-flow and cross-flow) and model optimization of the RED process [21—
24]. Furthermore, the potential for large scale application has been proven with pilot plants
[25,26].

To establish RED as a commercial technology, it is crucial to use large scale stacks with
sufficient energy efficiency [27]. With more ion exchange, to allow sufficient energy
efficiency, the salt concentration in the river water increases significantly along the length
of the stack, resulting in a drastic decrease of the local ohmic electrical resistance and a
drop of electromotive force inside the stack along the flow path length. This leads to a
non-homogeneous current distribution over the length of the active membrane area [22].
When using a stack with a single pair of electrodes, i.e. one anode and one cathode, only
one external load can be set to harvest the energy. While this single load can be tuned for
maximum power production, this represents a compromise between the optimal loads of
different sections of the active area [28].

For a given stack size, the required pumping energy is reduced at longer residence times
due to a lower flow velocity [19]. Moreover, feedwaters need to be pre-treated to avoid
fouling inside the RED stacks [29]. The extraction of more energy per m’ of seawater and
river water compensates the energy consumption associated with pumping and pre-
treatment of the feedwaters. In brief, the operation of stacks to achieve sufficient energy
efficiency introduces new challenges that limit the maximum RED power output [30].

A promising strategy to increase energy efficiency without incurring additional power

output losses is electrode segmentation. Segmentation has been used before to map the
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current density inside electrochemical cells, such as proton-exchange membrane fuel cell
[31,32] or redox flow batteries [33,34], and for process optimization in electrodialysis
[35,36]. In RED, segmentation allows the optimization of the performance by tuning the
resistive load per segment. In this way, the external load can be adjusted to the local
electrode segment electrical resistance. Such adjustment enables a higher power density
output and energy efficiency. Veerman et al. [28] made the first experimental study of
segmentation in RED with a scaled-up stack (active area of 25 cm x 75 cm). Segmentation
was studied using three-electrode segments (25 cm x 25 cm, each). The stack was operated
horizontally with a co-flow feed configuration. The optimal resistance was found for each
electrode segment and the corresponding current was extracted. This resulted in a power
density increase of 11 %, from 0.44 to 0.49 W-m™, when compared with the same stack
with the three-electrode segments connected as one electrode. The same author published
a model regarding electrode segmentation [21], which proved an increase of power by
about 15 % when using an infinite number of segments. In this model, the non-ideal
behaviour of membranes was accounted for and the stack (10 cm x 10 cm) was operated
with a co-flow feed configuration. Besides infinite segmentation, the model also predicted
the effect of 2 to 5 electrode segments, with a power increase between 13 and 17 %,
respectively. While surprising, the higher increase for a limited number of segments rather
than for an infinite number of electrode segments can be explained by the trade-off
between high power in the first stages and the need to preserve gradient for the last
segments. More recently, Vermaas et al. [22] modelled a RED stack to study the influence
of the feed flow configuration, the seawater fraction and the electrode segmentation on the
energy efficiency. The model of Vermaas et al. assumed ideal IEMs, no concentration
polarization effects and considered a fixed residence time for river water. The results
showed that for all configurations higher efficiencies were achieved when the electrode
was segmented. The energy efficiency increases by approximately 15 % for the same ratio
of seawater and river water when using two electrode segments compared to a single
electrode.

The present research aims to investigate experimentally and by modelling the behaviour
of electrode segmentation in a RED cross-flow stack. This includes the integration of
previous modelling works [21,22] into a new dedicated model, able to characterize the
cross-flow stack either with a single electrode or different electrode segments.
Furthermore, besides studying the interaction between electrode segments, the overall

maximum power density of the electrode segments was optimized.
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4.2 Materials and methods

4.2.1 RED modelling

To model the RED stack with segmented electrodes in a cross-flow configuration, two
models presented in the literature were combined: the model proposed by Veerman et al
[21] and the model by Vermaas et al [22]. Veerman’s model includes membrane
properties, osmosis and salt transport, but it is limited to co-flow and counter-flow
configurations, while Vermaas’ model includes the cross-flow configuration, but it only
considers ideal membranes (having zero electrical resistance and perfect permselectivity).
The models were combined and used as reported with the addition of segmentation along
the seawater direction to simulate a 2 by 2 segmented electrode configuration. Figure
S4.1a describes the segmented cross-flow stack, while Figure 4.2 depicts the discretization

scheme.
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Figure 4.2 Scheme of the discretization strategy adopted in the RED model. The cell pair is reduced to a

matrix where to each point a set of properties relative to the feedwaters and membranes is associated.

The modified Nernst equation expresses the electromotive force (V) available at each
point in the grid:

RT <y5¥” cy’ ) (Bq. 4.1)

Ei; = (asum ta — In| Fr%w
ij = (@agu cEm) ZF )’f,WCiR]W

Where « is the permselectivity of AEM and CEM (-), R is the universal gas constant
(J-mol'!-K"), T is the absolute temperature (K), z is the ion valence (-), F is the Faraday
constant (C-mol™), y is the molar activity coefficient (-) estimated with the TCPC model
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of Ge et al. (a semi-empirical model combining Pitzer long-range interactions and short-
range solvation effect) [37], and C is the salt concentration (mol-m).

The area resistance (Q'm?) of the cell was given by:

peellpair _ 1dgy 1 dsw Rpani

ij = Rpgm + Regn + = Fr! RW Zg}/y Nep (Eq. 4.2)

Kk=A-C (Eq. 4.3)

Where R,z and Rcgy, are the area electrical resistance of the AEM and CEM (Q-m?),
respectively, f is the spacer shadow factor (-), a fitting parameter accounting for the
presence of non-conductive spacers in the water compartments, d is the water
compartment thickness (m), k is the conductivity of feedwaters (S-m™), Rpqnx is the area
electrical resistance of the shielding CEMs and electrodes (Q-m?), Np is the number of
cell pairs (-), and A is the molar conductivity of NaCl (S-m™-mol™).

To implement electrode segmentation in the model, the four load voltages (Us;, Usz, Uss,
and Usy) were used for the four segments (S1, S2, S3, and S4 in Figure 4.2). The load

voltages (V) applied to the segments were:

load _ P ﬁ i ﬁ
Ui5* = Ugy forOSl<2, 0S]<2
N N
U{5* = Us, forOSi<E, 7<JsN
load _ ﬂ i ﬁ
Ui 5™ = Ugs forZSLSN, 0<j< >
load _ E . ﬂ .
Uii* =Usy for ZSLSN, ZS]SN

When the loads were applied to the segments, the current density (A-m?) at all points was:
E;; — Ujs™
Jij = —RF‘%”” (Eq. 4.4)
Lj
The salt flux (mol-m-s™!) at each point of the discretization grid was expressed as the sum

of current transport and co-ion transport through the AEM and CEM:

D
TNact — ]U +2(C5W — cRw IlV_aCl (Eq. 4.5)

Where Dy, is the average diffusion coefficient of NaCl through the AEM and CEM
(m?-s), 1,,, is the membrane thickness (m), and factor 2 is introduced to account for the
diffusion through both membrane types.

The volumetric flux of water through the membranes (m-s™') was given by [21]:

DH20 M Wyzo

H20 sw RW
==2(C}" —(;
( b I Pu,0

(Eq. 4.6)
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Where Dy, is the average diffusion coefficient of water through the AEM and CEM
(m?-s), the factor 2 was introduced to account for the diffusion through both membrane
types, MWy, , is the molecular weight of water (kg-mol ™), and Pu,o 18 the density of water
(kg'm™).

The change in concentration in the active area can be described by the sum of the salt
transport due to migration and diffusion (co-ions), plus water transport, as in the following

partial differential equations (PDEs):

sw
aCi,]‘ - _ Ax TiI\;-aCl-i-CiS]W Ax Tilj.zo
ay Apgy 7 Apsy (Eq. 4.7)
w w o
= ——_TNacl 4 C-SW—T.H.ZO
bsw sy
RW
a9Cj - Ay TNacl _ cRW Ay TH20
ox Apry, ™ Y Ay
(Eq. 4.8)

Where Ax and Ay are the discretization intervals (m), ¢ is the feed flow rate (m*-s'), A¢
is the feed flow rate in Ax or Ay (m*-s™), L is the length of the active area (m), and W is
its width (m). The two governing PDEs are solved numerically using the Forward Euler

method (Eq. 4.9 and 4.10), thus obtaining the matrix of the concentrations at steady state.

w w
CH,; =G +dy (—ET%‘M +CY @TS‘ZO) (Eq. 4.9)
RW RW L Nacl RW L H20
Ci,j+1 = Ci,j + dx (+ (I)RW Ti,j - Ci,j (I)RW Tl’] ) (EC[ 410)

From the solution concentrations, the electromotive force, cell resistance, current density,
power (and power density), and efficiencies were calculated. Custom Python 3.6 scripts
and functions were developed for this purpose. The grid size was 500 x 500 points. Further
grid refinement did not significantly affect the model results, while it increased the
computation time.

The total power output was maximized by varying the ohmic loads applied to the four
segments using a SLSQP (sequential least squares programming) algorithm. The
scypy.optimize.minimize function was used for this purpose (- Pgss Was the minimized
function).

Table S4.1 summarizes all the model input parameters used in the present work and how
they were evaluated.

For both model and experimental data, the gross power produced by the stack was given
by:
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Pyross = Utoaa (Eq. 4.11)
Where U,, 4 is the voltage drop measured if a load is applied to the stack (V) and I is the
current extracted from the stack (A).
To calculate the efficiency of the stack operation, the total Gibbs energy available in the
salinity gradient (J), was considered:
AG =T -AS =T (Smix — Ssw — Srw) (Eq. 4.12)

S = —RnTOTZ xn(y:x;) withi = Na*,Cl-, H,0 (Eq. 4.13)
i

Where S is the entropy (J-K™'), n 707 is the total number of moles (mol), x; is the fraction
of element i (-).

Considering in Eq. 4.13 the flow rates of the feedwaters (m®-s') rather than the
compartment volumes (m?), n o7 becomes the number of moles per second (mol-s™). The
entropy was calculated per unit of time (W-K), and Eq. 4.12 expressed the available
power (W), which can be directly compared to the stack power output to calculate the
energy efficiency.

The (gross) energy efficiency (%) considered the gross power produced compared to the

total available Gibbs energy at the inlet (complete mixing was assumed):

P
Nenergy = 100% (Eq. 4.14)
m

The pumping losses (W) were calculated as the energy consumed to pump the seawater

and the river water respectively [21]:

Brump = GswdPsy + P dPrys (Eq. 4.15)
14
dPayw = K ¢R”3’ (Eq. 4.16)
Ldgy
L
dPsy = K ¢SW3 (Eq. 4.17)
W SW

Where dP is the pressure drop between feedwater inlet and outlet (Pa), K is the fitting
coefficient (Pa‘s) used to describe the pumping energy, and ¢ is the flow rate of the
feedwater (m*-s™).

By subtracting the pumping losses from the gross power, the net power (W) was obtained:

Pnet = Rgross - Ppump (Eq 418)
From the net power, the net energy efficiency (%) was determined:
P
et = 100 2 (Eq. 4.19)

in

101



All power figures were converted to power densities by dividing the power values by the
total membrane area (A;o¢q; = 2W - L - N¢p, accounting for the area of CEMs and AEMs

in all cell pairs).
P

b= o n,,

(Eq. 4.20)

4.2.2 Stack configuration & electrodes

A cross-flow reverse electrodialysis stack (REDstack BV, the Netherlands) was used to
investigate the effect of electrode segmentation on performance. The stack design details
can be found in previous research [16,29,38]. The stack, with 22 cm x 22 cm active
membrane area, contained 10 cell pairs (0.968 m” of total active membrane area). The
number of cell pairs was chosen according to the desired experiment duration and volume
of the feedwater reservoirs (at the highest flow rate, water consumption is approximately
2.5 L-h! per cell pair). Each cell pair consisted of one Fujifilm type 10 CEM and one
Fuyjifilm type 10 AEM (FUJIFILM Manufacturing Europe BV, the Netherlands). The
properties of these membranes are reported by Moreno et al. [19]. To close the electrode
compartments, two CEMs are placed at each end, for double-shielding purpose, adding a
total of three extra Fujifilm type 10 CEMs, instead of one extra CEM. The membranes
were separated by 155 pm thick woven net-spacers (Deukum GmbH, Germany), with
netting Saatifil PES 153/55 (Saati SpA, Italy). For the model validation, standard 22 cm x
22 cm (Figure 4.3b) Ti-mesh 1.0 electrodes with 2.5 pm Pt galvanic coating were used as
anode and cathode (MAGNETO Special Anodes BV, the Netherlands).

For segmentation, a dedicated electrode configuration was manufactured (REDstack BV,
the Netherlands) with four 10 cm x 10 cm electrodes placed at the endplates with 1.5 cm
distance between each other (Figure 4.3d, Figure S4.1b), while the total active membrane
area was kept at 0.968 m?. The electrodes were made of Ti-mesh with a Ru/Ir mixed metal
oxide coating for anode and cathode (MAGNETO Special Anodes BV, the Netherlands).
As electrode rinse solution a mixture of 0.2 M K4Fe(CN)g, 0.2 M K3Fe(CN)g and 0.15 M
NaCl was used (96 %, 96 % and 100 % purity, respectively, VWR Chemicals, Belgium).
Due to the special electrode configuration, the electrode rinse solution was pumped
independently into each electrode compartment (Figure S4.1b) at a flow rate of 150
mL-min"' using a peristaltic pump (Cole-Palmer, Masterflex L/S Digital drive, USA) with
two double pump heads to avoid pulsations (Cole-Palmer, Masterflex L/S Two-Channel
Easy-Load II, USA). Figure 4.3a provides a schematic illustration of the feed water
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directions, electrical connections and sensors during the segmented electrode stack

operation.

a)

Load Load
[ tosd |

Gullclectiodelconfiguration Single electrode configuration Segmented electrode configuration

(model calibration)
Figure 4.3 a) Flow diagram for the operation of the segmented electrode stack configuration. b) Electrode
and external load representation of the stack with a 22 cm x 22 cm electrode (full electrode configuration).
¢) Electrode and external load representation of the stack with four 10 cm x 10 cm electrode segments
connected to a single external load (single electrode configuration). d) Electrode and external load
representation of the stack with four 10 cm x 10 cm electrode segments connected to four separate external

ohmic loads (segmented electrode configuration).

4.2.3 Feedwaters and sensors

Artificial feedwaters were made of 30 g NaCl-L! and 1 g NaCl-L"! (99.9 % purity,
Regenit, Esco, the Netherlands), for seawater and river water, respectively. The two
solutions were pumped at the same flow velocity using diaphragm pumps (Grundfos
DDA220, Denmark). Pulsation dampers (PDS250 PVC/FKM, Prominent GmbH,
Germany) were placed between the pumps and the stack to mitigate the pump pulsation.
Also, cartridge filters with 1 um pore size (Filter Technics, Belgium) were placed before
the stack (Figure 4.3a). Outlet flow velocities were measured gravimetrically.
Conductivity and temperature were measured in-line (VStar22, Thermo Fisher Scientific,

USA) at the inflow and outflow of each stream. The inlet temperatures were set to 25 °C.
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The absolute pressure was measured with calibrated sensors (MIDAS SW, JUMO GmbH,
Germany) in the same points as the conductivity and at the electrode rinse solutions. The
data were collected with a data logger (Memograph M, Endress + Hauser, Germany). Salt
concentrations were calculated from conductivity values based on an experimental
calibration curve (Figure S4.2). The hydrodynamic losses were determined as the product

of the differential pressure across the stack and the flow rate (Eq. 4.15) [28].

4.2.4 Experimental procedure

4.2.4.1 Experiments for model validation with standard stack

To identify the spacer shadow factor and the average salt diffusion coefficient values
through the membranes, a separate experiment with full electrode configuration (Figure
3b) was performed and data were fitted with the model. The 22 cm x 22 cm electrode stack
(Figure 4.3b) was used to determine the power density and energy efficiency at different
current densities fixing the residence time at 22 s (flow velocity of 1.0 cm-s!). This was
done by increasing the current density in 6.2 A-m steps (0.3 A in current over 22 cm X
22 cm area) for 10 minutes each, taking the average of the last 2 minutes of the current
and voltage values as measured with the potentiostat (IVIUM.XRi, IVIUM Technologies
BV, the Netherlands) to obtain the power (Eq. 4.11). The blank resistance was measured
to be 0.071 Q, given by REDstack [39], which comprised the resistance of the electrodes,
the rinse solution and the three extra CEMs. This was used to discard the contribution of
the electrodes to the stack resistance, which would be negligible when using hundreds of
cell pairs. To validate the model, experimental power data were corrected for the blank
resistance [39], to avoid the presence of the blank resistance (Eq. 4.2) as an additional
fitting parameter. Pumping losses across the stack were determined experimentally, and
the model parameter K (Eq. 4.16 and 4.17) was adjusted to fit the experimental data. The
shadow factor fwas adjusted to fit the experimental data, starting with 0.55, corresponding

to the open area of the spacer netting.

4.2.4.2 The relation between electrode segments

To understand the mutual response of the electrode segments, the relation between
electrode segments (Figure 4.3d) was established by measuring the potential of each
segment with a multi-channel potentiostat (IVIUM n-stat, IVIUM Technologies BV, the
Netherlands) at a fixed residence time of 22 s (flow velocity of 1.0 cm-s™). This consisted
in operating one electrode segment, first at open-circuit voltage (OCV) conditions for 60

s followed by a stepwise increase in the extracted current with 16.5 A-m™ current density

104



steps (0.2 A in current over 11 cm x 11 cm area), for 120 s each, until the stack voltage
crossed 0 V. Simultaneously, the OCV of the other three electrode segments was measured
continuously. Segment current densities were calculated by dividing the applied current

(in A) by one-fourth of the active membrane area.

4.2.4.3 Comparison between single and segmented electrode configurations

The performance of four-electrode segments electrically connected to a single load
(referred to as single electrode configuration, Figure 4.3c) was compared to the
independent performance of the four electrode segments (referred to as segmented
electrode configuration, Figure 4.3d) and characterized at five different residence times:
88,44,22, 15, and 11 s (corresponding to flow velocities of 0.25, 0.50, 1.00, 1.50 and 2.00
cm-s”', respectively). This approach was chosen since connecting the four electrode
segments as a single electrode does not change the total electrode area nor the electrode
rinse solution distribution, thus providing a fair comparison. In this third experiment,
electrochemical measurements were done using sliding rheostats (4.5 Q 9 A, Eisco, USA)
as a variable external load. Each rheostat was connected to a multimeter (Digital
Multimeter VC165, Voltcraft, Germany) monitoring the external load voltage. The
segment voltage was measured at the electrodes (Figure S4.3), while the current was
measured using a calibrated shunt of 0.1 Q. The power per segment was calculated from
the measured shunt voltage for each segment and the measured segment voltage (Eq.
4.11). The overall power was calculated by summing all segments powers
(P1+P2+P3+P4). The experimental power of each electrode segment was monitored
automatically inside the data logger as well as the total power. For the single electrode,
the maximum power was determined by sliding the rheostat until the peak in the power
curve was reached. For the segmented electrode, the individual rheostats were adjusted
manually until the overall power value reached its maximum.

The stack power density was obtained by dividing the power by the total active membrane
area. The power density per segment was obtained by dividing the segment power by a

quarter of the total active membrane area.

4.3 Results and discussion
4.3.1 Model calibration
Figure 4.4 shows that the calibrated model correctly predicts the power density and energy

efficiency for different external loads. The determined model values of the spacer shadow
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factor (0.61) and salt diffusion coefficient (6.5x10"'> m*-s!) are in line with the values

reported by Veerman et al. [21] and in the normal range for ion exchange membranes [40].
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Figure 4.4 Experimental and modelled gross power density and energy efficiency values for a 22 cm x 22

cm cross-flow stack with 155 pm thick spacers at a residence time of 22 s (flow velocity of 1.0 cm-s™).

4.3.2 The relation between electrode segments

Experimentally obtained I-V curves for each case of one active electrode segment are
shown in Figure 4.5 for a residence time of 22 s. The first 60 s period, at OCV conditions,
shows a different OCV value for each electrode segment depending on their position.
Segment 1 (S1) has the highest potential (1.548 V) because the gradient is the largest in
this area. This segment receives fresh seawater and river water, i.e. it is the first contact
between both solutions and the first opportunity for ion exchange. And it is then followed
by S2 (1.543 V), S3 (1.522 V) and S4 (1.514 V). At this stage, the stack is in stationary
condition and no current is extracted, thus, the decrease in potential across the stack
indicates undesired water and salt diffusion through the membranes, which is expected
when using ion-exchange membranes [19]. This is confirmed by the change in
concentration between the inlet and outlet of the river and seawater measured at OCV
(Figure S4.4a). The same behaviour was detected in further experiments at different
residence times (Table S4.2). The decrease in potential across the electrode segments is
more evident at longer residence times since the feedwaters have extended contact periods
with the membranes. For a single electrode, these phenomena would only be detected

through a change in concentration at the final outlets and a difference between the
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theoretically calculated and the experimentally measured membrane potential. The
segmented electrode configuration allows visualization of the effect of undesired salt and
water transport. Moreover, it is visible that the potential of each electrode segment is

dependent on its position in the stack.
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Figure 4.5 Relation between electrode segments at a residence time of 22 s (1.0 cm-s” flow velocity).
Current density steps of 16.5 A-m™ (0.2 A current divided by 11 cm x 11 cm area) were extracted from one
segment (solid marker, also indicated in the plot) and the segment voltage response was measured. In the
same time frame, remaining segments (open markers) were measured at OCV conditions. Each plot
corresponds to one active electrode segment a) S2 b) S4 ¢) S1 d) S3, the order was chosen to mimic the
position of the segments concerning the RW and SW flow path inside the stack (indicated in the bottom

and left by arrows).

Figure 4.5 shows how the electrode segments influence each other when active. When
current is extracted from S1 (Figure 4.5¢), the OCV of S3 drops. This is caused by the
increase in salinity of the river water, which flows from S1 to S3. The potential of S2
exhibits a small decrease compared to the drop in OCV of S3, showing that the salinity
drop of the seawater has a smaller influence on the OCV of the adjacent segment rather

than the increase in salinity of the river water, following the Nernst equation. Additionally,
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it is worth noting that the potential of S4 is minimally affected. This shows that the
feedwaters and the ions follow a straight flow path inside the stack (Figure 4.3a).
Similarly, when S2 generates current (Figure 4.5a), the potential of S4 drops due to the
increased salinity of the river water. OCV values of S1 and S3 are not affected, providing
a further indication that a straight flow path is present inside the stack. When S3 is active
(Figure 4.5d), only S4 has a shallow drop in potential, supporting the conclusion that the
salinity drop in the seawater is not crucial for the driving force. Finally, when S4 is
generating current (Figure 4.5b), as expected, the OCV values of the other segments are
not influenced, indicating that the segments do not communicate with each other, i.e. the
electrical field is only working in the electrode segment area. These results indicate that
the increase in salinity of the river water mainly determines changes in the electromotive
force over the active area [28] and that the electric fields introduced by the electrode
segments stay separate through the stack when using a limited number of only 10 cell

pairs.

4.3.3 Power density distribution model in a single electrode and segmented
electrode

The current density inside the RED stack has a non-homogeneous distribution, as the local
currents are a function of 3 parameters: 1) the electromotive force, 2) the internal
resistance and 3) the external load. The first two parameters are determined by the local
salinity gradient and local concentrations, respectively. This directly affects the local
power density output [22,41]. Experimentally this phenomenon can be measured but it is
limited to the number of electrode segments available. With a modelling approach, it can
be simulated and mapped. For co-flow and counter-flow configurations, the decrease of
electromotive force along the flow direction has been shown in several studies
[21,24,26,41]. For cross-flow configuration, Vermaas et al. displayed the current density
distribution in the active area, albeit for a RED system with ideal membranes [22].
Figure 4.6 compares the gross power density distribution on the active membrane area
inside the stack for single electrode configuration (Figure 4.6a), segmented electrode
configuration at maximized power per segment (Figure 4.6b), i.e. when the load is
sequentially optimized to maximize the power produced by the individual segments (in
the order S1, S2, S3, and S4 due to the flow of the feedwaters from one segment to the
next), and segmented electrode configuration at maximized overall power (Figure 4.6¢),
i.e. when the sum of the electrode segments power is maximum. Furthermore, it compares

the gross power density contribution (Figure 4.6d) per equivalent segment in the single
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electrode configuration or per independent segment (segmented electrode configuration).
The residence time of 44 s was chosen since the electrode segmentation effect is
pronounced at longer residence times. In addition to Figure 4.6, Figure S4.5 illustrates the
distribution of the sodium chloride concentration in the river and seawater, the

electromotive force, the cell pair resistance, and the current density.

a) Single electrode b) Segmented electrode c) Segmented electrode
(power maximized per segment) (overall power maximized)
Gross power density = 0.75 W m? Gross power density = 0.80 W m? Gross power density = 0.82 W m?
Energy efficiency = 32.2 % Energy efficiency = 34.3 % Energy efficiency = 35.0 %
1.0 5 : 1.3
o
3 g
08 11 8
H
°
> =
0.6 g 3 09 3
T g
04 g 2 2 07 3
L= o S -
<
02 052
sz i
0 0.0 0.0 0.3
0.0@0.2 0.4 0.6 0.8 1.0 O.OW 0.2 0.4 0.6 0.8 1.0 0.0@0.2 0.4 0.6 0.8 1.0
x/WI[] x/WI[] x/ W]
12
d) E segmented electrode
E 1.04 (Pnax OVerall)
_-E‘ segmented electrode
[ 08+ (P pnax PET SEgMENt)
@
T 06
o
3
g 0.4 4 single electrode
3
g 0.2 T T T T
5 S$1 S2 83 sS4
Segment

Figure 4.6 Model results for gross power density distribution inside a 22 cm x 22 cm RED stack in a) the
single electrode configuration, b) the segmented electrode configuration at maximized power per segment,
and c) the segmented electrode configuration at overall maximum power at a residence time of 44 s (flow
velocity of 0.5 cm-s™). The x-axis is the river water path and the y-axis the seawater path. Note, the grid
division in a) is only used to allow an easier comparison with b) and c), as in the single electrode
configuration the electrode segments electrically work as one. d) Gross power density contribution per
equivalent electrode segment (single electrode) and per electrode segment (segmented electrode at

maximized power per individual segment and overall maximum power).

For the single electrode configuration (Figure 4.6a), the electrode segments are electrically
connected, and the current is controlled by a single external load (Figure 4.2c). The gross
power density value decreases alongside the river water direction (x-axis) since the
electromotive force decreases the most with the increase in salinity of the river water
(Figure S4.5g), which also results in lower electrical resistance (Figure S4.5j). The
outcome is different local current densities while the same external load is applied to the
stack (Figure S4.5m). The highest gross power density is obtained close to the point where

the feedwaters first meet, where the electromotive force is still high, but the electrical
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resistance of the river water is decreasing due to the rising salt concentration. It can be
noted that the current distribution (Figure S4.5m) and the one Vermaas et al. [22] reported
are different. This is due to the membrane electrical resistances, they were assumed zero
by Vermaas et al., but are considered in the present work. Figure 4.6b and Fig 4.6¢ show
the power distribution using a segmented electrode configuration, with four independent
external loads (Figure 4.2d). Again, the gross power density value decreases along the
river water due to mixing. However, by adjusting each external load to the internal
segment resistance (Figure S4.6), the harvested gross power density is higher compared
to the single electrode configuration. Figure S4.5g-i shows the difference between the
electromotive force and the external loads (E-U in Eq. 4.4), which together with the local
stack resistance contributes to determining the local current density. In Figure 4.6d
segments S3 and S4 produce a higher gross power density for both segmented electrode
configurations. When adjusting the different loads to reach the overall maximum power
density, S1 is underperforming the equivalent segment in the single electrode
configuration. This is because to reach the overall maximum power density, it is beneficial
that S1 does not work at its maximum power density, as in Figure 4.6b, but preserve part
of the salinity gradient for the following electrode segments, thus allowing higher
electromotive force in S3 and S4. It may seem counter-intuitive that segments S3 and S4
produce more power when the overall power is maximized rather than when the power
per segment is maximized. When the power per segment is maximized the high
performance of S1 and S2 comes at the expense of S3 and S4, which experience a lower
salinity gradient. At 44 s residence time, the model predicts a 9 % increase in gross power
density from a single electrode configuration to the segmented electrode configuration at
overall maximum power density. This increase is mainly gained in S3 and S4 (these
segments increase power by 24 % and 19 %, respectively). Furthermore, for optimization,
it is important to note that the electrode segments work towards the overall maximum

power instead of being maximized segment individually.

4.3.4 The behavior of a single electrode and a segmented electrode with
residence time

In addition to the model results, Figure 4.7 presents a comparison of the experimental and
model overall stack gross power densities (Figure 4.7a) and energy efficiencies (Figure
4.7b) for the single electrode and segmented electrode configurations at different residence
times when the overall stack power is maximized. In all cases, the model predictions

closely resemble the experimental results.
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S4.1.

Figure 4.7a shows that the gross power density decreases for increasing residence time.
This is consistent with the results from the literature [16,19,28]. The opposite trend is
observed in Figure 4.7b, where energy efficiency increases for longer residence times.
These trends have been explained by Moreno et al. as the consequence of lower Gibbs free
energy per unit time available at longer residence times, in addition to the non-
homogenous distribution of electromotive force, cell resistance, and current density in the
active membrane area [19]. Additionally, at longer residence times more ion exchange
occurs, which results in a lower electromotive force and stack resistance for the segments
further away from the water inlets. At longer residence times, for the single electrode
configuration, in the region close to the outlets, the locally available electromotive force
becomes close to the external voltage load (E ~ U), which leads to small current production
(Eq. 4.4), hence only a small power output comes from this region. When the single
electrode and the segmented electrode configuration are compared, the adaptation of the
external loads to the local electromotive force and local stack resistance (i.e. a lower
external load on segments S3 and S4), allows to produce a higher current and therefore a
higher power output close to the outlets of the stack. If this is combined with the strategy
of saving gradient in the first segments (S1 and S2) to reach the overall maximum power,
it explains the higher power production for the segmented electrode configuration
compared to the single electrode configuration at all residence times, with a pronounced
gain at 44 and 88s.
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4.3.5 Electrode segments contribution at different residence times

Data in Figure 4.7 provide the overall stack output, based on the contribution of each
electrode segment. The contribution of each electrode is shown in Figure 4.8, providing
the voltage load and gross power density for each electrode segment in the segmented

electrode configuration at different residence times, when the maximum overall power is

achieved.
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Figure 4.8 Individual segment contribution (experimental) at different residence times (11, 15, 22, 44, and

88 s) when the overall stack power is maximized. a) The voltage drops over the external load voltage per

segment. b) Gross power density per electrode segment.

In Figure 4.8a, for all residence times, the external load voltages on S1 and S2 are similar
despite the different extent of ion exchange occurring at different residence times. This
indicates that to maximize the overall power segments S1 and S2 work at a sub-optimal
point to save gradient for segments S3 and S4. When the feedwaters reach segments S3
and S4, major ion exchange has occurred and the salinity gradient has significantly
decreased, with the highest decrease in S4. Since the salinity gradient is considerably
lowered in S3 and S4, the external loads need to be adjusted accordingly. Figure 4.8a
shows that for increasing residence times, the external load voltages for S3 and S4 are
decreasing. To achieve maximum power output on these electrode segments, the required
external load voltage is lower than for S1 and S2. It can be noted in Figure S4.7 that the
predicted load voltages, with the model, at maximum power density in the segmented

electrode configuration closely resembles the experimentally identified set of values. This
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agreement between model and experiment highlights the value of the model in guiding the
optimization of the external loads. In Figure 4.8b, the gross power density per electrode
segment is presented. At short residence times, the power output of the four segments is
very similar, but with increasing residence times and consequently increased ion
exchange, the power density produced by the electrode segments located further away
from the river water inlet (S3 and S4) decreases. Interestingly, at short residence times,
the load voltages required to produce similar power densities are lower for S3 and S4 than
for S1 and S2. This is the case because S1 and S2 operate with a higher electromotive
force, but also higher stack resistance. S3 and S4 have a lower electromotive force
available but benefit from the increased conductivity of the river water, leading to lower
stack electrical resistance and comparable gross power density for all segments.

Figure 4.8a shows that the optimal load voltages for S1 and S2 are similar, and the same
applies to S3 and S4. The large difference in an optimal external load along the river water
and small difference along the seawater flow direction indicates that segmentation along
the river water is more beneficial than along the seawater. This is the case because the
electromotive force is most sensitive to the salinity of the river water (Figure S4.5g and
Figure S4.51).

To investigate this hypothesis in further detail, Figure 4.9 presents the model results of a
2 x 2 electrode segmentation (Figure 4.3d) and a 2 x 1 configuration (along the river flow

direction only).
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Figure 4.9 Modelled gross power density as a function of the residence time for a single electrode, two
electrode segments (2 x 1, in the river water flow direction), and four-electrode segments (2 x 2) in a 22

cm x 22 cm stack.
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The results are nearly identical, with only very small differences at high residence times,
between the segmented electrode configurations. This confirms that a simpler
configuration with electrode segmentation only along the river water direction, as
proposed by Vermaas et al [22], would yield the same power increase as segmentation
along both river and sea directions. Nevertheless, the additional complexity of a 2 x 2
configuration allows for the operational flexibility required by feedwater switch strategies,
i.e. changing seawater for river water and vice versa, which have been proved to be

beneficial for fouling management [42].

4.3.6 Net power density and net energy efficiency

Figure 4.10a shows the pumping power density, which significantly decreases with
increasing residence time as longer residence times imply lower feed flow velocities. At
short residence times, the pumping power densities are increasing rapidly due to the
increase in pressure drop inside the stack [16]. Meanwhile, at long residence times, a flat
region is reached where the pumping losses become negligible, being the ideal working

region to avoid pumping losses.
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Figure 4.10 a) Pumping power density as a function of residence time. b) Net power density as a function
of net energy efficiency for the single electrode and segmented electrode configurations at different
residence times. Symbols represent experimental data (residence time of 11, 15, 22, 44 and 88 s) and lines

show the model results.

Figure 4.10b shows the net power density, i.e. the gross power density minus the pumping
power density, plotted against the net energy efficiency. Electrode segmentation leads to
higher net power density and efficiency at residence times longer than 11s. This is the case
due to the maximized overall power production. The increased ion exchange for the

segmented electrode is evident in the decreased gradient at the stack outlet in Figure S4.4b.
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The greatest benefit of applying electrode segmentation is reported in Figure 4.10b. Both
configurations achieve maximum net power density at approximately 17 % net energy
efficiency and short residence times. This relatively low net energy efficiency is not
beneficial for up-scaling RED when the cost of water pre-treatment to decrease fouling is
a relevant fraction of the operating costs. To minimize this cost, the energy efficiency
should be as high as possible without sacrificing power density. Figure 4.10b shows that
electrode segmentation accomplishes this requirement. Comparing both electrode
configurations at the net power density at the peak performance for a single electrode (0.92
W-m?), segmentation increases the net energy efficiency from 17 % for the single
electrode to 25 % for the segmented electrode (horizontal line in Figure 4.10b), which is
a remarkable 43 % relative efficiency increase. This increase in efficiency allows the
extraction of the same power from less water, which is likely to reduce the operating costs
of a full-scale RED power plant by reducing the need for water pre-treatment. At 40 % net
energy efficiency (vertical line in Figure 4.10b) the net power output for the segmented
electrode configuration is enhanced by 39 % relative to a single electrode, which is likely
to translate in a lower capital cost for a full-scale plant, as a smaller membrane area is
required to achieve a given power production target. Although promising, testing in a
larger scale RED system, i.e., more cell pairs, fed with natural feedwaters is necessary to
confirm the benefits of electrode segmentation on capital and operating costs. For a
segmented electrode, the same net energy efficiency can be reached at a shorter residence
time. As the process is more efficient, higher net power densities can be achieved.
Therefore, the increase in net power density for a segmented electrode results from
combining the increase in power due to shorter residence time (more Gibbs free energy
available per unit time) and the increased energy extraction enabled by electrode
segmentation. This is especially true in the long residence time region (20-90 s), due to
the tuning of the external loads allowing additional power production in S3 and S4.
Electrode segmentation thus reduces the trade-off between energy efficiency and power
density generation, which is a critical element of the RED process to be considered for

large scale RED plants.

4.4 Conclusions

The present work shows with a validated RED model and experimental investigation that
electrode segmentation potentially reduces operating cost or capital expenditure.
Operating cost likely decreases by increasing net energy efficiency at a given net power

density (43 % relative increase in efficiency), which is beneficial in case of high water
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pre-treatment costs to control fouling. Capital expenditure likely lowers at high net energy
efficiencies by increasing the net power density with electrode segmentation decreasing
the membrane area needed. The highest gain is attained when optimizing the external loads
for overall maximum power, rather than sequentially maximizing the power output of
individual segments. At 40 % net energy efficiency, the net power output for a segmented
electrode is 39 % higher (0.67 W-m) than a single electrode (0.47 W-m™). This increase
in net power density at equal net energy efficiency results from combining the increase in
power due to shorter residence time and the increased ion exchange enabled by electrode
segmentation. This is especially true in the long residence time region (20-90 s), due to
the tuning of the external ohmic loads allowing additional power production in the
segments adjacent to the river water outlet. These experiments were conducted at a
laboratory scale with 10 cell pairs. The effect of electrode segmentation in a larger
membrane pile needs therefore further study. Experiments and the model confirm that
segmenting along the river water direction in a cross-flow stack gives the most benefit,
indicating that segmentation can be simplified to two rectangular electrode segments when

switching the feedwaters is not required.
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Figure S4.1 a) Schematic representation of the cross-flow stack with segmented electrodes. b) Schematic
drawing of the end-plate housing with four electrode segments (not intended as a technical drawing, design
and dimension do not reflect the real end-plate). The electrodes are separated by a ridge of 1.5 cm width
and the electrolyte solutions are recirculated in four independent circuits. The end-plate housing was
designed and made by REDstack BV (the Netherlands).
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Table S4.1 Parameters used in the model calculations and procedures to evaluate them.

Parameter Symbol Value Unit Evaluation procedure
Width of the active area | W 0.22 m Known stack parameter.
Length of the active area | L 0.22 m Known stack parameter.
Compartment thickness d 155x10°¢ m Known stack parameter.
AEM permselectivity Olaem 94.5 % Literature data [19].
CEM permselectivity Olcem 94.7 % Literature data [19].
) Measurement in a six-compartment
AEM electrical )
) Raem 1.77x10* | Q-m* | cell at 0.5 M NaCl, according to a
resistance .
literature procedure [43].
) Measurement in a six-compartment
CEM electrical )
i Reem 2.69x10* | Q:m* | cell at 0.5 M NaCl, according to a
resistance .
literature procedure [43].
The initial value is 0.55,
corresponding to the open area of
the spacer netting. The value is then
Spacer shadow factor f 0.61 - .
adjusted based on I-V data from 22
cm x 22 cm stack with a single
electrode.
Literature data [19]. Permeability
Average water diffusion converted into a  diffusion
coefficient (through the | Do 1.5x10" | m®s' | coefficient  based on  the
membranes) measurement procedure presented
in [44].
Average salt diffusion Calibration with I-V data from 22
coefficient (through the | Dyici 6.5x10" | m?s? | em x 22 cm stack with single
membranes) electrode.
Membrane thickness I 125x10°¢ m Literature data [19].
. Calibration with data from 22 cm x
Blank resistance Rbiank 37.5x10* | Q'm? o
22 cm stack with single electrode.
Calibration ~ with  experimental
Pressure drop
) Kap 0.1945 Pa's pressure drop data from 22 cm x 22
coefficient

cm stack with single electrode.
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Calibration curve: salt concentration and electrical conductivity
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Figure S4.2 Relationship between NaCl concentration and electrical (ionic) conductivity of the solution at

25°C.

Electrical circuit for segmented electrode configuration
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Change in NaCl concentration at the outlet
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Figure S4.4 - Sodium chloride concentration at the river and seawater outlets as a function of the residence
time inside the stack. a) stack under OCV conditions (the electrode configuration does not influence this

experiment). b) stack working at maximum power density, single and segmented electrode configurations.
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Experimental open circuit voltage for a segmented electrode (per segment) and a
single electrode at different residence times

Table S4.2 - OCV values, in Volts, for each electrode segment of a segmented electrode and for a single
electrode configuration, at different residence times. The OCV values for each electrode segment/ single

electrode were found to be reproducibly different.

Single
S1 S2 S3 S4

Electrode
88 s 1.478 1.458 1.387 1.362 1.400
44 s 1.524 1.513 1.469 1.455 1.473
228 * 1.542 1.533 1.512 1.499 1.521
15s 1.552 1.549 1.531 1.526 1.534
11s 1.552 1.550 1.534 1.532 1.543

* These values differ slightly from the ones in section 4.3.2 since they belong to a different set of

experiments.

121



Electrode segmentation in RED

NaCl concentration, potential, cell pair resistance, and current density plots for 44
s residence time
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Figure S4.5 - Model results for a 22 cm x 22 cm RED stack at a residence time of 44 s (flow velocity of
0.5 cm-s™). NaCl concentration in river water for a) the single electrode configuration, b) the segmented
electrode configuration at maximized power per segment, and c) the segmented electrode configuration at
overall maximum power. NaCl concentration in seawater for d) the single electrode configuration, e) the
segmented electrode configuration at maximized power per segment, and f) the segmented electrode
configuration at overall maximum power. Difference between the electromotive force (emf) and the
electrode potential (E-U in Eq. 4.4) for g) the single electrode configuration, h) the segmented electrode
configuration at maximized power per segment, and i) the segmented electrode configuration at overall
maximum power. Cell pair resistance for j) the single electrode configuration, k) the segmented electrode
configuration at maximized power per segment, and 1) the segmented electrode configuration at overall
maximum power. Current density distribution for m) the single electrode configuration, n) the segmented
electrode configuration at maximized power per segment, and o) the segmented electrode configuration at
overall maximum power. The x-axis is the river water path and the y-axis is the seawater path. Note, the
grid division in a single electrode configuration is only used to allow an easier comparison with a segmented

electrode configuration.
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Electrode segmentation in RED

Model of the individual segment contribution for different configurations at 44 s
residence time
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Figure S4.6 - Individual segment contribution (model) for a single electrode configuration, a segmented
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overall maximum power, at 44 s residence time.
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External load voltages
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Figure S4.7 - External load voltage of the four electrode segments at maximum power density for the five
investigated residence times. Full symbols and solid lines for experimental values are shown for a
segmented electrode configuration. Empty symbols and dashed lines are given for the model values in a
segmented electrode configuration. Crosses and dotted lines for the model values are displayed in a single

electrode configuration.
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Chapter 5

Influence of sulfate on anion exchange membranes in reverse

electrodialysis



Abstract

Reverse electrodialysis (RED) is a technology producing renewable energy from the
mixing of river and seawater. In natural salinity gradients, multivalent ions are present,
which lead to a reduced RED power output. Transport of multivalent ions against the
concentration gradient and their trapping inside the membranes leads to a lower driving
force and increased membrane resistance. The present work focuses on the effect of sulfate
ions on anion exchange membranes in RED. A monovalent ion selective membrane ability
to retain a higher open circuit voltage is offset by the higher resistance in the presence of
sulfate, leading to losses in normalized power outputs (- 25 %) comparable to a standard
grade membrane. Longer term experiments revealed that membrane resistance increases
over time. This study highlights the need to address uphill transport, resistance increase,
and decreased permselectivity of anion exchange membranes in presence of multivalent

ions.

This chapter was published as:
Pintossi, D., Chen, C.L., Saakes, M., Nijmeijer, K. and Borneman, Z., 2020. Influence of
sulfate on anion exchange membranes in reverse electrodialysis. NP.J Clean Water, 3(1),

pp.1-10.
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5.1 Introduction

To reduce the impact of global warming and climate change, reducing greenhouse gas
emission is a key target. To achieve this, clean energy sources are essential. One emerging
renewable energy source is salinity gradient energy, which is the generation of electricity
from the controlled mixing of solutions with different salt contents [1]. To harvest salinity
gradient energy, reverse electrodialysis (RED) is a promising technology [2]. Salinity
gradients naturally occur where rivers meet the sea, but artificial sources such as
desalination brines were also investigated [3—5]. Alternative applications of RED include
energy storage systems and waste heat engines based on thermolytic salt gradients [6—11].
In RED, anion exchange membranes (AEMs) and cation exchange membranes (CEMs)
are stacked alternately to create feedwater channels where the high and low concentration
solutions flow [12]. The concentration gradient across each membrane generates a voltage,
which is the electromotive force to drive a current through the stack [13]. To power an
external load, redox reactions at the two ends of the stack convert the ionic current flowing

through the membranes into an electrical current (Figure 5.1) [14].
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Figure 5.1 Schematic representation of a reverse electrodialysis stack. The repeating unit consists of a

CEM, seawater compartment (with spacer), an AEM, and a river water compartment (with spacer).

When harvesting energy from natural salinity gradients, the power output of RED depends
on the extent of the salinity gradient and the composition of the feedwaters. Clay particles,
multivalent ions, natural organic matter, and micro-organisms in the feedwaters induce
negative interactions with the membranes and clogging of the channels [15]. These
interactions are referred to as fouling and cause the power generated by the RED stack to

decrease over time. In particular, multivalent ions present a significant challenge because
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they affect power generation by simultaneously decreasing the available electromotive
force and increasing the membrane resistance. The first effect results from uphill transport
of multivalent ions from the river to the seawater side, while the second results from
trapping of multivalent ions inside the membranes (Figure S5.1).

Uphill transport results from the different electromotive force for monovalent and
multivalent ions [16,17]. These two gradients act like DC generators connected in parallel
[18]. The generator with the highest voltage spends energy to charge the one with the
lowest voltage until they reach an equilibrium. Inside the RED stack, this means that the
monovalent ion potential is decreased to increase the extent of the multivalent ion
electromotive force. This transport is electroneutral, with two monovalent ions exchanged
for each divalent ion. Therefore, no net current is produced and no energy is harvested in
the uphill transport process [18]. The net result is a lower available electromotive force.
In addition to the lower voltage, multivalent ions also negatively affect the membrane
properties. A multivalent ion entering an ion exchange membrane (IEM) may (1) be
transported through the membrane, (2) bind to a single fixed charge group, or (3) bind to
multiple fixed charge groups in the membrane (Figure S5.1b). If (1) occurs, the electrical
resistance for multivalent ions transport is higher than for monovalent ions, therefore a
higher ohmic drop is measured. If (2) happens, the multivalent ion reverses the charge of
the fixed group and decreases the ion exchange capacity of the membrane, which in turn
decreases its permselectivity and increases its resistance [19]. If (3) takes place, the
multivalent ion neutralizes two fixed charged groups in the membrane and is trapped,
causing a higher membrane resistance over time due to the lower ion exchange capacity
of the membrane and the decreased free volume available for transport of other ions [20].
Studies on the effects of multivalent ions on RED performance and strategies to mitigate
them focused mainly on cations, i.e. mixtures of multivalent cations and anions [16,18] or
on multivalent cations [21,22]. The lack of focus on multivalent anions was justified by
the assumption that the negative effect of multivalent anions is limited due to the smaller
hydrated radii of multivalent anions and the hypothesized presence of sulfate as a
monovalent species (NaSOy) [18,22]. However, Rijnaarts et al. recently reported a study
on AEM fouling in natural conditions [23]. Their results prove that organic fouling alone
cannot justify the measured loss in power density, thus highlighting the need to investigate
the negative impact of other forms of fouling on AEMs, including multivalent anions.
This work thus investigates and elucidates the effect of sulfate on AEMs in RED. Testing
of standard grade and monovalent ion selective membranes was carried out with different

sulfate fractions in the feedwaters. Stack and membrane characterizations were used to
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quantify the impact of sulfate on the open circuit voltage, electrical resistance, and power
output. The results of this systematic study of the effect of multivalent anions on AEMs
in RED contribute to (1) quantifying the differences between fouling due to multivalent
anions and cations, (2) understanding fouling in natural conditions, and (3) guiding future
AEM development.

5.2 Materials and methods

5.2.1 Theory

5.2.1.1 Open circuit voltage and uphill transport theory

The open circuit voltage (OCV) is the voltage measured at the electrodes of a RED stack
when no current is flowing through it. In the case of a NaCl gradient, it can be evaluated
with the modified Nernst equation [24]:

E=ua Eln <YSW,Na+ CSW,Na+> o El (sz,cl— Csw,cr)
CEM zF Yrw,Na* CRw,Na* AEM 2R Yrw ci- Crw ci- Eq.5.0
q. 5.
_ RT (sz,Nacl CSW,NaCl)
=20upg — In| ————
zF YrRw Nact CRw Nacl

Where E is the electromotive force [V], aczu is the permselectivity of the cation exchange
membrane (CEM) [-], ae is the permselectivity of the anion exchange membrane (AEM)
[-], R is the universal gas constant [J mol! K'!], T'is the absolute temperature [K], z is the
valence of the ions [-], F is the Faraday constant [C mol'], y is the molar activity
coefficient, ¢ is the molar concentration [mol L], and o, is the average membrane
permselectivity [-].

When considering mixtures of monovalent and multivalent ions, like chloride and sulfate,
the electromotive force for chloride is higher than that of sulfate, because of the higher
valence and lower activity coefficients of sulfate than of chloride. The difference between
the two potentials acts as a driving force to move sulfate from river to sea (against the
concentration gradient, hence uphill), while moving chloride from sea to river (downhill).
In this process, the gradient of sulfate increases and so does its potential, while the opposite
happens for chloride. Such a process, known as uphill transport, goes on until the two
potentials are equilibrated and there is no driving force available for the exchange. The
result is a lower OCV than the one predicted for the chloride gradient alone. Vermaas et
al. presented a model to evaluate the open circuit voltage after uphill transport for perfectly
permselective membranes in batch conditions [18]. The model developed by Vermaas et

al. was used in this work as reported, only applied to multivalent anions.
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It consists of two water compartments separated by an anion exchange membrane
(Vermaas presented the case with a cation exchange membrane). On one side, a high
concentration salt mixture is present. On the other side, there is a low concentration salt
mixture. The considered salts for uphill transport across an AEM are sodium chloride and
sodium sulfate.

The potential of the monovalent (e.g. chloride) and multivalent (e.g. sulfate) salts can be
described by the modified Nernst equation (membrane permselectivity is assumed to be
100 %):

RT Ysw.ci— Csw, cl‘)
Epp = —In | 307 Sswel” (Eq. 5.2)
c F (VRW,CI— Crw,cl™
RT Vsw.so2~ Csw,so ‘)
E.pp- = —In| —A—""——— Eq.5.3
°04 2F (VRW,SOE‘ Crw 503~ (Eq- 5.3)

Uphill transport terminates when the two potentials are equilibrated, which yields the

following condition for the concentration of the ions on both sides:

1
(st,a— Csw,cz‘) _ (VSW,SOE' CSW.503_>2 (Eq.5.4)

Yrw,c1- Crw,ct- Yrw s02- Crw,s02~

The molar amount of sulfate travelling uphill, J,,., [mol L"'] can be found by solving the

following equation, derived from S3:

Yrw,ci- (C}(?)W,Cl_ + Zjup)

1
o 1
(st,cr (ng,cz‘ - 2]up)> _ Ysw,so3~ (Csw,sof‘ + ) (Eq. 5.5)
0
VRW,SOE_ (CRW,SOZ_ _]up)
The activity coefficients are assumed to be constant (for small changes in concentration).
Figure S5.2 shows the graphical solution of equation S4. At equilibrium, the open circuit
voltage for monovalent and multivalent ions is equal to:

RT -y - —2
ocV = Ec[‘ = Egpz- = —ln (]/SW,CI ( 5(')W,Cl ]up,eq))
* F Yrw,ci- (CRW,CL- + 2]up,eq)

RT (sz,sof‘ (CSW,sof‘ +]ulheq)>

(Eq. 5.6)

=——lin
2F YrRw 02~ (ng,sof‘ _]up,eq)

5.2.1.2 Stack electrical resistance theory

The ohmic component of the stack electrical resistance can be described by the following

equation [25]:
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Where Ry 18 the stack electrical resistance [Q], R.; is the electrode resistance [Q] (less

N
Rstack = Ry + Z(RCEM + Ruem (Eq.5.7)

relevant for increasing number of cell pairs), N is the number of cell pairs [-], 4 is the
active membrane area [cm?], Rcey and Rygy are the areal resistance of CEM and AEM [Q
cm?], fis the obstruction factor [-] accounting for the presence of non-conductive spacers
in the feedwater channels, d is the compartment thickness [cm], and « is the conductivity
of the feedwaters [S cm™']. It is worth noting that substituting equimolar amounts of
monovalent salt in the feedwater with multivalent salt will have a detrimental effect on the
membrane resistance, but at the same time it will result in increased water conductivity,

which is beneficial for the overall stack resistance.

5.2.1.3 Gross power density
The gross power density of a RED stack is calculated as the ratio between the maximum
power point and the total membrane area of the stack. The maximum power point is
achieved when the stack is working at half of the OCV, powering a load which is equal to
the stack electrical resistance [26]. Therefore, the gross power density is given by:
Piens = LLVZ (Eq. 5.8)
9ross — 2NA 4R a0k

Where P is the gross power density [W m™] and 2N4 is the total membrane area [m?].

5.2.2 Experimental procedures

5.2.2.1 RED stack

Cross-flow RED stacks (REDstack BV, the Netherlands) with an active area of 10 x 10
cm? were used in the experiments. The stack end-plates embedded mesh electrodes (9.8 x
9.8 cm?) made of platinized titanium (MAGNETO Special Anodes BV, the Netherlands).
Spacers with a woven netting (Saati PES 740/53, Saati S.p.A. Italy) and integrated silicone
rubber gaskets (DEUKUM GmbH, Germany) were used to accommodate the feedwaters
and seal the compartments. All stacks examined in the present study consisted of five cell
pairs (five AEM and CEM pairs) plus an extra CEM to seal the electrolyte compartment.
For the stack assembly, the chosen AEMs were: Fujifilm AEM type I and type 10
(FUJIFILM Manufacturing Europe BV, the Netherlands), Neosepta AMX-fg and the
monovalent ion selective Neosepta ACS (ASTOM Corp. Ltd., Japan). Neosepta CMX-fg
(ASTOM Corp. Ltd., Japan) was used as CEM to seal the electrolyte compartment of all

stacks. The main properties of the membranes are compared in Table 5.1.
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Table 5.1 Measured membrane properties of the AEM used in the study.

Permselectivity
Electrical resistance Water
Membrane Grade ©.1/05M
(0.5 M NaCl) content
NaCl)
Fujifilm AEM Low Low High
Standard )
type [ (146 £ 0.11 Q cm?) (88.7 %) (50 %)
Fujifilm AEM Medium Medium High
Standard
type 10 (1.89 + 0.05 Q cm?) 932 %) (41 %)
Monovalent High Medium Low
Neosepta ACS . .
ion selective (4.49£0.12 Q cm?) (94.3 %) (26 %)
High High Low
Neosepta AMX-fg Standard
(3.82+0.15Q cm?) (95.5 %) (21 %)
High High Low
Neosepta CMX-fg Standard
(3.14+0.11 Q cm?) (99.0 %) (32 %)

5.2.2.2 Feedwaters

Sodium chloride (NaCl, 99.5 % purity, ESCO, the Netherlands) solutions with 17 mM and
508 mM concentrations were used as artificial river water and seawater, respectively. To
evaluate the effect of multivalent anions on AEMs in RED, sodium sulfate (> 99 % purity,
VWR Chemicals, Belgium) was added to the feedwaters in different configurations. The
scenarios differed based on to which feedwater the sulfate was added (river, sea, or both)
and to the fraction of sulfate (10, 25, and 50 mol %). Table 5.2 illustrates the sequence of
feedwaters used in each stack experiment. The sulfate fractions were chosen to resemble
the amounts found in natural salinity gradients. Rijnaarts et al. reported 11 mol. % sulfate
in seawater (Wadden Sea, the Netherlands) and 30 mol. % sulfate in river water
(IJsselmeer, the Netherlands) [23]. The choice of substituting equimolar amounts of NaCl
with Na,SOy is to maintain the extent of the chloride gradient constant when adding
multivalent ions on both sides. Table 5.3 shows the ionic radii, hydration free energy, and

pK. for selected monovalent and multivalent ions.
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Table 5.2 Sequence of the feedwaters compositions for RED stack experiments. The sulfate fraction x was

equal to 10, 25, and 50 mol. % in three sets of experiments.
25- 75—
Time [h] 0-1 1-25 35-5 5-6 6-17.5
35 8.5
NaCl
100 100 - x 100 100 100 100 —x 100
[mol. %]
Sea
NazSO4
0 X 0 0 0 X 0
[mol. %]
NaCl
100 100 —x 100 100 —x 100 100 100
[mol. %]
River
NazSO4
0 X 0 X 0 0 0
[mol. %]

Table 5.3 Hydrated radii, hydration free energy and pKa of selected monovalent and multivalent ions.

Ionic radius Hydrated radius Hydration free energy
Ton pKa [-][28]
[nm][27] [nm][27] [kJ mol''][27]
Cr 0.181 0.332 -363
SOF 0.258 0.379 -1145 1.99 (2"
2.16 (1%, 7.21
PO%* 0.238 0.339 6] ("
(2"), 12.32 (3
coy 0.156 ) ) 6.4(1, 103
’ ' @)
Na* 0.117 0.358 -365 14.8
Ca?t 0.100 0.412 -1504 12.6
Mg2+ 0.072 0.428 -1828 11.4

The electrode rinse solution was a mixture of 0.05 M potassium hexacyanoferrate(II) /
0.05 M potassium hexacyanoferrate(Il) (both > 96 % purity, VWR Chemicals, Belgium).
Sodium chloride (0.25 M) was added as a supporting electrolyte. Experiments were
performed in the laboratory at 23.0 + 0.5 °C. Temperature and conductivity of the artificial
feedwaters were measuredbefore each experiment. The flow velocity was chosen to be 1
cm s, Fresh feedwaters were continuously supplied to the RED stacks, in a single-pass
configuration, while the electrolyte was recirculated though the electrode compartments

in a closed loop. For the long term ED experiment, the feedwaters (initially 0.1 M 100
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mol. % NaCl, then 50 mol. % Na,SO4) were also recirculated. Peristaltic pumps
(Masterflex L/S Digital drive, Cole-Palmer, USA) were used to pump the liquids through
the hydraulic circuits. A diaphragm pressure control valve (KNF FDV 30, KNF-Verder
BV, the Netherlands) was used to keep the electrolyte at 0.3 bar overpressure to avoid

bulging of the water compartments.

5.2.2.3 Stack measurements

All electrochemical measurements at the stack level were performed with an Iviumstat
(IVIUM Technologies BV, the Netherlands). The IviumSoft Electrochemistry Software
was used to control the potentiostat. For RED experiments, electrochemical measurements
were continuously repeated in a loop for 8.5 h. A loop cycle consisted of one constant
current step (10 A m™, in galvanostatic mode) and a chronopotentiometric series
consisting of four current steps separated by open circuit steps (7.5, 10, 12.5 and 15 A m°
%), in galvanostatic mode. The duration of one loop cycle was 15 min (7.5 min constant
current). The effluents from the sea and river water compartment were sampled during
every other constant current step. The concentration of anions was measured with ion
chromatography (IC) (Metrohm Compact IC Flex 930, Metrohm Nederland, the
Netherlands). The open circuit steps at the beginning of each chronopotentiometric series
was used to evaluate the open circuit voltage (OCV). Stack electrical resistance was
evaluated from the slope of the I-V curve obtained from the chronopotentiometric series,
no blank correction was performed. Figure S5.3 illustrates how the results from the time
series of chronopotentiometry and different feedwaters were used to obtain the normalized
parameters vs. sulfate fraction plots. For the ED experiment, a loop cycle consisted of one
constant current step (10 A m™, in galvanostatic mode) and two chronopotentiometric
series consisting of four current steps separated by open circuit steps (7.5, 10, 12.5 and 15
A m?), in galvanostatic mode. The duration of one loop cycle was 45 min (30 min constant
current). Matlab software (The MathWorks Inc., USA) was used for data analysis. Matlab
scripts were developed for the specific purpose of processing the data from the
chronopotentiometric series. For ease of comparison, the results have been normalized to
the values measured with clean waters (before introducing multivalent anions in the
feedwaters). Stack experiments were performed at least in duplicate (except ED

experiments).
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5.2.2.4 Membrane characterizations

The membrane characterizations (water uptake, permselectivity, and membrane
resistance) were performed based on procedures available in the literature [26]. For
permselectivity measurement in the presence of multivalent ions, the solution
concentrations and voltages used in the experiment and calculations were the ones after
uphill transport (as predicted by the model; further details of the compositions in Table
S5.3). Equilibration of the membranes prior to permselectivity measurements was carried
out in the 0.1 M solution containing amounts of sodium chloride and sulfate corresponding
to the equilibrium after uphill transport (further details of the compositions in Table S5.3).
The composition of the solutions for the permselectivity measurement was chosen to avoid
uphill transport as that would introduce an undesired potential loss, which would lead to
a wrong measurement. Electrical resistance and permselectivity measurements were
performed with an Autolab PGSTAT30 (Metrohm Nederland, the Netherlands). The
NOVA 2.1.3 software was used to control the potentiostat. Membrane characterizations

were performed at least in triplicate.

5.3 Results and discussion

To evaluate the impact of sulfate on RED performance, the following stack properties for
four different membrane types in the presence or absence of sulfate were monitored: open
circuit voltage (OCV), stack electrical resistance and gross power density. Additionally,
the effect of sulfate ions on the membrane properties (electrical resistance and
permselectivity) were investigated.

The four different AEM membranes used are Fujifilm type I (low electrical resistance, low
permselectivity, high water content), Fujifilm type 10 (medium electrical resistance,
medium permselectivity, high water content), Neosepta ACS (a monovalent ion selective
membrane with a high electrical resistance, medium permselectivity, low water content),
Neosepta AMX-fg (high electrical resistance, high permselectivity, low water content).
These membranes are selected because they cover a broad range of the most essential
properties relevant for power generation in RED. Details of the membranes are given in
the experimental section (Table 5.1).

The experimental results are compared to a model calculating the OCV in the presence of
multivalent ions in one or in both of the feedwaters (developed by Vermaas et al. and used
as reported, further information in the materials and methods section) [18]. This model is

based on the equilibration between the electromotive force of monovalent and multivalent
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ions when increasing amounts of multivalent ions in the river water are exchanged for

monovalent ions in the seawater.

5.3.1 Open circuit voltage and uphill transport

Figure 5.2 shows the normalized OCV as a function of the sulfate fraction (10, 25, and 50
mol. %) present in the feedwaters (both sides, river water only and seawater only),
measured in a stack experiment. Table S5.1 in the supporting information reports the OCV

values prior to normalization.
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Figure 5.2 Normalized OCV versus sulfate fraction for the scenarios with (a) equal amounts of sulfate in
both feedwaters, (b) sulfate present in the river water only, and (c) sulfate present in the seawater only. SW
= seawater; RW = river water. Results have been normalized to the values measured with clean waters
(before introducing multivalent anions in the feedwaters). All experiments were performed in duplicate

with error bars illustrating the minimum and maximum points.

Figure 5.2a illustrates the results of the stack experiments with equivalent fractions of

sulfate on both sides, river and seawater. The normalized OCV decreases for all
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membranes in accordance with the model. The monovalent ion selective ACS membrane
(high electrical resistance, medium permselectivity, and low water content) outperforms
the model, while the standard grade membranes all exhibit similar losses of OCV and
perform worse than the model, independent of their properties. The monovalent ion
selective membrane ACS limits sulfate transport; therefore, uphill transport is hindered
and the stack is able to operate at higher OCV than predicted by the model. Nevertheless,
at increasing fractions of sulfate in the feedwaters, also ACS increasingly allows sulfate
transport, leading to a decrease in normalized OCV, albeit over the full range less than for
the other membranes. The deviation from the model of the standard grade membranes is
attributed to a loss in permselectivity induced by the presence of sulfate ions. This
explanation is supported by the membrane permselectivity measurements using mixtures
of NaCl and Na,SO4 (Figure 5.3a, Table S5.2). The loss in permselectivity is larger for the
type I (low electrical resistance, low permselectivity, and high water content), which is the
membrane with the lowest starting permselectivity and the highest swelling degree.
Similar results were reported for CEMs and multivalent cations by Rijnaarts et al. and
Moreno et al. [21][22]. Permselectivity and its decrease due to sulfate presence are not
accounted for in the model, explaining the discrepancy between the model and the
experimental results.

Figure 5.2b illustrates the scenario with sulfate ions only present in the river water. In this
case uphill transport plays a role. The loss in normalized OCV is not as severe as for the
scenario with sulfate ions on both sides, but quite significant though. The amount of sulfate
ions that the membranes experience is lower due to the low absolute amount of sulfate
ions in the river water. Therefore, the monovalent ion selective membrane is able to retain
its full OCV, and the loss in permselectivity for the standard grade membranes is limited
as well. It can be noted that the standard grade membrane data lie slightly above the model.
This is the case because the predicted batch model OCV is attained at a very low sulfate
ion fraction (Figure S5.2b in Supporting Information), which cannot be reached in the
stack experiments since fresh solutions are continuously supplied. Despite this limitation,
the model still provides a close estimation of the OCV with sulfate present in river water
only.

The last scenario, with sulfate ions only present in the seawater, is visualized in Figure
5.2c. Unlike the other two scenarios, uphill transport of sulfate ions is not possible and the
only species that are transported against their gradient are chloride ions. Nevertheless, the
increase in OCV due to chloride uphill transport is balanced by the decreased chloride

gradient. Thus, the overall effect is a reduced OCV at increasing fractions of sulfate for
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all membranes. Membrane permselectivity decreases due to the large amount of sulfate
ions present in the seawater, leading to deviations from the behavior predicted by the
model. The loss of permselectivity observed at the stack level for Neosepta ACS seems to
contradict the permselectivity values obtained at the membrane level (Figure 5.3a). This
is explained by taking into account the slow access (diffusion limitation) of sulfate ions to
the membrane, which are equilibrated at a low sulfate fraction (Table S5.3).

To further verify the occurrence of uphill transport, the outlet feedwater composition was

analyzed. Figure 5.3b illustrates the results of the ion chromatography (IC) analyses.
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Figure 5.3 (a) apparent permselectivity of the four AEMs at a fraction of 0, 25, and 50 mol. % sulfate and
the remaining part chloride ions, measured for a single membrane. Measurements were performed in
triplicate, with error bars illustrating the minimum and maximum value. (b) In- and outlet chloride and
sulfate concentrations in the river water during the constant current step for the stack experiments with 25
mol. % sulfate. The solid lines represent the sulfate concentrations while the dotted lines represent the
chloride concentrations. The black and red line are the concentration of chloride and sulfate respectively
supplied at the stack inlet (feed). The symbols represent the corresponding concentrations measured at the
stack outlet for the different membranes. The low sulfate concentrations measured in the third scenario
(sulfate in seawater) for the four membranes are significant compared to control samples. Experiments
were performed in duplicate and each water samples was analyzed in duplicate, with error bars illustrating

the minimum and maximum value.

The lower concentration of sulfate in the river water at the outlet than at the inlet during
the constant current step confirms the movement of multivalent anions from river to sea.
This is especially visible for the two membranes with lower permselectivity and higher
water content (type I and type 10), as these are much more permeable for the bivalent
sulfate ions than especially the monovalent ion selective ACS membrane, which keeps the

highest river water sulfate concentration over the full duration of the process. Additionally,
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in the third scenario (sulfate in seawater only), sulfate is found in the river water outlet,
showing its transport downhill as a consequence of the applied current, which is carried

by both chloride and sulfate, and the uphill transport of chloride.

5.3.2 Electrical resistance
Figure 5.4 and Figure 5.5 illustrate the membrane electrical resistance and the stack
electrical resistance respectively measured in the presence of increasing fractions of

sulfate in the feedwaters.

&

24 ]
g 0 mol. % sulfate
£ ,,1 [ [25mol. % sulfate
i 100 mol. % sulfate
8 20
c
8
2 18- o
) =
2
S 6]
=
8
° 47
o
c
S ol
o /E/Ilrh
E
] “Z
= 0 —=T T T

type | AMX ACS
Figure 5.4 Membrane electrical resistance of the investigated AEMs in 100 mol. % sodium chloride (0.5
M), a mixture of 75 mol. % sodium chloride (0.375 M) and 25 mol. % sodium sulfate (0.125 M), and 100

mol. % sodium sulfate (0.5 M), measured in a six-compartment cell. Measurements were performed in

triplicate, with error bars illustrating the minimum and maximum value

The transport selectivity for chloride over sulfate of an AEM is expressed as the ratio
between its resistance measured in NaCl only and its resistance measured in Na,SO,
only.[22] The membrane electrical resistance increases for all AEMs in the presence of
sulfate. The monovalent ion selective ACS exhibits a C1/SO4> selectivity equal to 5.15,
thus confirming its preferential transport of monovalent ions, which is granted by its high
crosslinking degree, allowing for size exclusion of multivalent ions. The standard grade
membranes are more permeable to sulfate and their C1/SO4”> selectivities range between
1.34 and 1.78, with type 10 (medium electrical resistance, medium permselectivity, and
high water content) and type I (low electrical resistance, low permselectivity, and high
water content) having a low selectivity due to their high water content (Table 5.1), while
AMX (high electrical resistance, high permselectivity, and low water content)

compensates its low water content with a high charge density [23].
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Figure 5.5 Normalized stack electrical resistance versus sulfate fraction (a) with sulfate in both feedwaters,

(b) with sulfate present on the river side only, and (c) with sulfate present on the sea side only. SW =
seawater; RW = river water. Results have been normalized to the values measured with clean waters (before
introducing multivalent anions in the feedwaters). All experiments were performed in duplicate with error

bars illustrating the minimum and maximum points.

The evolution of the stack electrical resistance (Figure 5.5, measured as the slope of the
current-voltage plot, without blank correction) is consistent with the measurements at the
membrane level. Figure 5.5a shows the scenario with sulfate present in both sea and river
water. Although the overall stack resistance is decreasing due to the increased water
conductivity and this is included in the model calculations, the experimental data in Figure
5.5 are positioned still well above the model values, showing an increased AEM
resistance. The stack with the monovalent ion selective ACS has almost constant electrical
resistance as it is designed to reduce sulfate transport. Hence, the increase in AEM
resistance (Figure 5.3) balances the increased water conductivity. On the contrary, the

standard grade membranes are more permeable to sulfate and are positioned slightly above
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the model, with a small AEM electrical resistance increase, as measured at the membrane
level (Figure 5.4).

Similar behavior is observed for Figure 5.5b, with sulfate in the river water only. In Figure
5.5¢, with sulfate in the seawater only, there is no increase in the conductivity of the river
water, which is the main component of the stack electrical resistance. Therefore, the effect
of sulfate on the stack electrical resistance is less evident. Nevertheless, at high sulfate
fractions, ACS (monovalent ion selective) still shows the highest resistance increase as it
is designed to limit sulfate transport.

The negative effect of sulfate on the AEM resistance is limited compared to the effect of
multivalent cations on CEMs [21,22] due to the smaller hydrated radius and hydration free
energy of sulfate compared to magnesium and calcium (Table 5.3 in materials and
methods). Comparing the results presented here with those of Moreno et al. for standard
grade membranes, at the same molar fractions of multivalent ions (10 and 25 mol. %), the
increase in electrical resistance for the CEMs compensates the increased electrical
conductivity of the feedwaters, leading to an increased stack resistance. For the AEMs that
is not the case, with an overall decrease in stack resistance despite the increased membrane
resistance (Figure 5.4 and 5.5).

Figure 5.6 shows the evolution over time of the stack electrical resistance when exposing
ACS or type 10 first to NaCl only, followed by 25 mol. % of sulfate on both sides and
subsequently NaCl only again. When switching from NaCl to a mixture containing sulfate
(at 1h in the plot), the stack electrical resistance drops initially due to the increased water
conductivity, then it increases slowly due to the trapping of sulfate in the AEM. The
opposite happens when switching back to waters with only NaCl (at 2h in the plot). This
shows that the change in membrane resistance is not instantaneous due to limitations in
ion transport rate, while the effect of water conductivity has an immediate effect on stack
resistance. Interestingly, the evolution of stack resistance over time for the type 10
membrane (standard grade membrane) is different as the resistance initially drops due to
the increased water conductivity and then plateaus (Figure 5.6), which is due to the faster
transport of sulfate through the standard grade membrane. These results differ from the
finding of Moreno et al. for CEMs exposed to magnesium, as the electrical resistance of
the standard grade CEMs used in their study increases over time when exposed to
magnesium [21]. The standard grade AEMs used in our study behave similarly to the
multivalent ion permeable Fujifilm CEM T1 reported in the study of Moreno et al. due to

the smaller hydrated radius and lower hydration energy of sulfate than magnesium (Table
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5.3 in materials and methods) combined with the high water content (type I and 10) or
charge density (AMX) of the standard grade AEMs used in our study.
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Figure 5.6 Electrical resistance of the stack with ACS (monovalent ion selective membrane) and type 10
(standard grade) in the transients from 100 mol. % NaCl to the mixture with 25 mol. % Na>SO4 and back

to the 100 mol. % NaCl feedwaters. Data are reported for one experiment per membrane type.

This conclusion is also supported by the chloride over sulfate selectivity of the three
standard grade AEMs investigated in our study, which is lower than 2 (which is
comparable to the selectivity of sodium over magnesium of the multivalent ion permeable
Fujifilm CEM T1 [22]). Such a low CI/SO4* selectivity implies that the standard grade
membranes transport multivalent ions almost in equal amounts as the monovalent ions.
Therefore, sulfate trapping is less likely, which leads to the stable electrical resistance for
type 10 in Figure 5.6.

These different electrical resistance evolutions over time in the presence of multivalent
anions or cations for AEMs and CEMs stem from the smaller hydrated radii and lower
hydration energies of multivalent anions than cations [29], which make the multivalent
anions easier to transport than multivalent cations. Nevertheless, multivalent anions are
still larger than monovalent ones [30] and can be trapped inside the AEMs, covering the
fixed membrane charges and causing an increase in electrical resistance. At the same time,
multivalent anions are more difficult to selectively reject than their cationic counter parts
since they span a smaller range of ionic radii and hydration energies (Table 5.3 in materials
and methods) [31]. Epsztein et al. recently showed the role played by the ion hydration
free energy in transport selectivity for ion exchange membranes [32]. The CI/SOs*
selectivity of the monovalent ion selective Neosepta ACS is around 5, while the Neosepta
CMS (monovalent ion selective CEM) exhibits a Na"/Mg®" selectivity of 34 [22,33].
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While this benefits the standard grade AEMs in terms of limited electrical resistance
increase in presence of multivalent ions, it is detrimental in terms of OCV loss.

Although the stack electrical resistance results reported above suggest that for standard
grade membranes sulfate has a limited impact on stack resistance, these experiments were
only conducted during one day. A longer experiment (11 days) was carried out to
investigate the effect on the AEMs of longer exposure to sulfate. The results of this long-
term experiment (Figure S5.4, Supporting Information) show that on the longer term,
multivalent anions do have a negative impact on the resistance of both membranes,
independent of the type and that monovalent ion selective membranes are even more
severely affected than standard grade membranes. Considering the mechanisms presented
in Figure S5.1b, the results from Figure S5.4 and Figure 5.6 show that sulfate trapping is
relevant on longer term experiments, while on the short term only the monovalent-ion
selective ACS experiences a reversible increase in electrical resistance and all membranes

experience permselectivity loss.

5.3.3 Gross power density

Figure 5.7 shows the evolution of gross power density in RED with increasing sulfate
fractions for all membranes and the three exposure scenarios. The normalized gross power
density is based on the open circuit voltage and stack electrical resistance (Eq. 5.3).
Figure 5.7a shows the results for the scenario with sulfate in both sea and river water. For
all membrane types and the model, the normalized power density decreases with
increasing sulfate fraction because the OCV decreases in presence of sulfate, while the
stack electrical resistance increases and both are detrimental for gross power density. The
model predicts a smaller loss in power density than measured experimentally, as the
experimental loss in membrane permselectivity in the presence of sulfate is not accounted
for in the model. Remarkably, the monovalent ion selective ACS membrane does not
outperform the standard grade membranes. Despite retaining a higher OCV in presence of
sulfate, its large increase in electrical resistance due to sulfate trapping and limited sulfate
transport lowers its performance to a level comparable to that of the standard grade
membranes. Among the standard grade membranes, the type 10 membrane outperforms
type I and AMX, especially at high sulfate fractions, thanks to its combination of
intermediate resistance and permselectivity. The other standard grade membranes
analyzed, type I and AMX, perform slightly worse than the type 10. Type I has the benefit
of a low resistance thanks to its high water content, but its low permselectivity is reflected

in a larger OCV loss in the presence of sulfate. AMX has a high permselectivity but also
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a high electrical resistance. Since transport of sulfate through the AMX is possible, the

OCYV loss and high electrical resistance limit its gross power density in the presence of

sulfate.
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feedwaters, (b) sulfate present in the river water only, and (c) sulfate present in the seawater only. SW =
seawater; RW = river water. Results have been normalized to the values measured with clean waters (before
introducing multivalent anions in the feedwaters). All experiments were performed in duplicate with error

bars illustrating the minimum and maximum points.

Figure 5.7b shows the results for the scenario with sulfate only in the river water. In this
case, the decrease in normalized power density is far less pronounced because the OCV
decreases in presence of sulfate in river water, but the stack electrical resistance also
decreases, due to its increased conductivity, and that is beneficial for the gross power
density. The monovalent ion selective ACS membrane performs better than the model and
the standard grade membranes thanks to its fully retained OCV, especially at high sulfate
fractions. Type 10 performs better than the type I and AMX membrane as it combines a

smaller OCV loss (type I loses more than type 10) with a smaller increase in electrical
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resistance (AMX increases more than type 10). Figure 5.7c illustrates the results of the
scenario with sulfate only in the seawater. Here, again a steep decrease in normalized
power density is observed for all membranes and the model because the partial substitution
of sodium chloride with sodium sulfate in the seawater decreases the extent of the gradient
and thus the OCV, which is detrimental for gross power density. Moreover, the decrease
is equal for all membranes as the OCV loss is mainly due to the reduced extent of the
sodium chloride gradient. Additionally, the conductivity of river water is not increased as
sulfate is not present, therefore the changes in stack electrical resistance are comparable
for the different membranes, which leads to similar losses in normalized gross power

density for all membranes.

5.4 Conclusions

Our experiments on the effect of multivalent anions on AEMs in RED with standard grade
and monovalent ion selective membranes show that sulfate deteriorates RED performance
due to the decreased open circuit voltage resulting from uphill transport and loss in
membrane permselectivity, and increased membrane resistance, which increases during
long term exposure to the multivalent anions. While these effects of multivalent anions
are similar to those of multivalent cations, the narrower range of hydrated radii and
hydration energies for anions results in a smaller electrical resistance increase over time,
but also in lower monovalent-ion selectivities, which are detrimental for the open circuit
voltage. When sulfate is present on both sides of the membranes, for the standard grade
membranes gross power density losses up to 25 % are measured. Similar losses can be
expected also for other multivalent anions based on their hydrated radii and hydration
energies. As an example, phosphate has been found to severely increase the electrical
resistance of anion exchange membranes, while decreasing membrane permselectivity in
ED processes [34]. Monovalent ion selective membranes can reduce the uphill transport
of multivalent ions, but they do so at the expense of high electrical resistance, which
increases even further in the presence of sulfate. Therefore, the normalized power density
of the monovalent ion selective ACS is not higher than that obtained with standard grade
membranes. Although they are subject to the negative effect of uphill transport and loss
in permselectivity in the presence of sulfate, standard grade membranes have a limited
increase in resistance only, in presence of multivalent anions. Thanks to its intermediate
resistance and permselectivity, the standard grade type 10 membrane can match the
performance of the monovalent ion selective ACS membrane. Nevertheless, when

exposed to high sulfate fractions for a long time, both monovalent ion selective and
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standard grade membranes suffer from an increased electrical resistance. The results of
the present study highlight the need to consider the negative effect of multivalent anions
when developing new membranes that find a balance between RED performance and
fouling. For sulfate, the main mechanisms to be addressed are: (1) uphill transport, (2)
decreased permselectivity and (3) long term increase in membrane resistance in the

presence of multivalent anions.
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Supporting information
Multivalent ions: uphill transport and electrical resistance increase
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Figure S5.1 a) Schematic illustration of the mechanisms of uphill transport for an anion exchange
membrane in presence of chloride and sulfate gradients. b) Schematic illustration of transport through the

membrane, permselectivity loss, and sulfate trapping inside the AEM.
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Influence of sulfate on AEMs in RED
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Figure S5.2 Evolution of the potential for chloride and sulfate with uphill transport according to the model

of Vermaas et al. [18]. (a) sulfate initially added on both sides. (b) sulfate initially added only on the river

side. (c) sulfate initially added only on the sea side. It should be noted that in the scenarios (a) and (b),

sulfate is transported uphill, while in scenario (c), chloride is the species moving against its gradient.
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Data analysis method
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Figure S5.3 Flow chart illustrating how data from single experiments are used to construct the plots with

normalized OCV, stack electrical resistance and gross power density data.
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Open circuit voltage measurement in clean water

Table S5.1 Open circuit voltage (OCV) values measured in clean water. Values reported in the main text
are normalized by these values and expressed in percentage. The values reported are the average of 24
measurements (three experiments per sulfate concentration, repeated in duplicate, with four clean water

steps per experiment).

Membrane OCV V]
AMX 0.762 £ 0.005
Type 10 0.757 £ 0.004
Type 1 0.743 £ 0.003
ACS 0.761 +0.004
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Permselectivity loss with increasing sulfate fractions (in both sea and river)

Table S5.2 Comparison of the permselectivity loss measured at the stack and membrane levels for the three
standard grade membranes (Figure 5.2, main text). At the stack level the AEM permselectivity loss
corresponds to twice the difference between the model value and the membrane value (assuming no loss

in CEM permselectivity). Stack level data are for the scenario with sulfate in both sea and river water.

Stack level Membrane level

permselectivity loss permselectivity loss

[%] [%]

type I (low ER, low a), 25 mol. % sulfate -4.6 -6.7
type I (low ER, low @), 50 mol. % sulfate -13.8 -16.1
type 10 (mid ER, mid a), 25 mol. % sulfate -34 -2.1
type 10 (mid ER, mid a), 50 mol. % sulfate -7.8 -7.0
AMX (high ER, high a), 25 mol. % sulfate -5.2 -24
AMX (high ER, high a), 50 mol. % sulfate -8.2 -11.9
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Table S5.3 Composition of the solutions used to equilibrate the membranes (24+ h) and to test electrical
resistance and permselectivity in the presence of sulfate. The compositions used for permselectivity
measurements correspond to the concentrations of NaCl and NaxSOs4 after uphill transport. This
composition was chosen to avoid uphill transport as that would introduce an undesired potential loss, which
would lead to a wrong measurement. (Permselectivity = 100 * Emeasured / Etheory, if uphill transport occurs,

the theoretical potential changes by an amount that cannot be exactly predicted).

Testing solutions

Sulfate Equilibration solutions
(low conc.) / (high conc.)
0 mol. % 0.5 M NaCl 0.5 M NaCl/ 0.5 M NaCl
(0.125 M Na»S04, 0.375 M
Electrical 0.125 M NaxSOg4,
25 mol. % NaCl) / (0.125 M Na2SOq,
resistance 0.375 M NaCl
0.375 M NacCl)
0.5 M NaxS04/0.5M
100 mol. % 0.5 M NaxSO4
NaxSO4
0 mol. % 0.1 M NaCl 0.1 M NaCl/0.5 M NaCl

(0.011 M Na>SO4, 0.103 M
0.011 M NazSOs,

Permselectivity 25 mol. % NaCl) / (0.139 M NaxSOq,
0.103 M NaCl
0.347 M NacCl)
(0.033 M NaSO4, 0.084 M
0.033 M NazSOs,
50 mol. % NaCl) /(0.267 M Naz2SOs,
0.084 M NaCl
0.216 M NacCl)
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Electrical resistance vs time (11 days)

To ensure that the ED results are representative for RED operation, the same
intermembrane distance, flow rate and current levels were applied. The inlet concentration
of the feedwaters was chosen to be intermediate between that of that of the river and
seawater. Figure 5.5 shows the stack electrical resistance evolution over 11 days in the
presence of 50 mol. % sulfate for the monovalent ion selective ACS (medium resistance
and permselectivity, high water content) and the standard grade (high resistance, medium

permselectivity, low water content) Fujifilm AEM type 10 membranes.

2.4+

2.2+

2.0+ — N

Stack electrical resistance [ohm]

50%+ 50 %

NaCl '~ Na,SO,

10 T T T T T T T T T T

0o 1 2 3 4 5 6 7 8 9 10 1

Time [days]

T T
1 12 13

Figure S5.4 Evolution of the stack electrical resistance during the ED experiment with 0.1 M NacCl in the

first 1.7 days and then a mixture of 0.05 M NaCl and 0.05 M Na2SO4 during the next 11 days.
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Chapter 6

</>

Predicting reverse electrodialysis performance in the presence
of divalent ions for renewable energy generation



Abstract

Reverse electrodialysis (RED) is an electro-membrane process to harvest renewable
energy from salinity gradients. RED process models have been developed in the past, but
they mostly assume that only NaCl is present in the feedwaters, which results in
unrealistically high predictions. In the present work, an existing simple model is extended
to accommodate the presence of magnesium ions and sulfate in the feedwaters, and
potentially even more complex mixtures. All power loss mechanisms deriving from the
presence of multivalent ions are included in the new model: increased membrane electrical
resistance, uphill transport of multivalent ions from the river to the seawater compartment,
and membrane permselectivity loss. This new model is validated with experimental and
literature data of membrane electrical resistance, RED stack performance, and ion
transport showing very good agreement between model predictions and experimental data.
Finally we showed that the developed model not only describes experimental data but can
also predict RED performances under a variety of conditions and configurations (single-
stage with and without electrode segmentation, multi-stage in co-current and counter-
current mode) and feedwater compositions (only NaCl, with Na,SO4, with MgCl,, and
with MgSOy). It thus provides a very valuable tool to design and evaluate RED process

systems.

This chapter was submitted as:
Pintossi, D., Simdes, C., Saakes, M., Borneman, Z., and Nijmeijer, K., 2021. Predicting
reverse electrodialysis performance in the presence of divalent ions for renewable energy

generation
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6.1 Introduction

In the effort to limit global warming and reduce climate change, renewable energy plays
a key role [1-3]. Among renewable energy sources, a promising candidate is salinity
gradient energy (SGE), also known as blue energy, which is the energy derived from the
controlled mixing of solutions with different salinities, e.g., river and seawater [4-6]. To
harvest SGE, reverse electrodialysis (RED) gained prominence in recent years, with pilot
installations and plans for demonstrations at a larger scale [7,8]. As described in Figure
6.1, the basic principle of RED consists of a stack of cation exchange membranes (CEMs,
selective for cations) and anion exchange membranes (AEMs, selective for anions), piled
alternately and separated by feedwater compartments. In the feedwater compartments,
kept open by non-conductive spacers or by patterns on the surface of profiled membranes
[9,10], river and seawater flow alternately, and the salt gradient across each membrane
generates a voltage difference [11]. An electrode pair placed at both ends of the stack and
a redox couple recirculating in the electrode compartments allow the conversion of the
ionic current flowing through the membranes into an electronic current when an external

load is connected to the electrode and the circuit is closed [12].

. /
reductill— ¥
electrolyte
seawater
=\ fiver water

AEM

“+ ++ AEM + + +

oxidation I

Figure 6.1 Working principle of RED.

A major challenge to the adoption of RED as a renewable energy source is fouling [13—
15]. When harvesting SGE from natural salinity gradients, many undesired elements are
present in the feedwaters, e.g., silica particles, natural organic matter, multivalent ions,
and microorganisms that cause fouling on the membranes and spacers [14,16—18], leading
to reduced RED power output [13,14]. Next to organic fouling, especially multivalent ions
play an important role in RED as their presence results in a reduction of the electromotive
force available and an increase in the electrical resistance of the membranes [19-23]. The

reduced electromotive force is the consequence of reduced membrane permselectivity and
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uphill transport. Uphill transport is the spontaneous transport of multivalent ions against
their concentration gradient (from the river to the seawater), while monovalent ions are
transported from the sea to the river water to balance the charge, maintaining
electroneutrality. It derives from the disparity in electromotive forces produced by
monovalent ions (higher) and multivalent ions (lower), due to their different valences,
which have to be equilibrated [23]. Thus, with uphill transport, the concentration gradient
for monovalent ions is reduced, without any energy production, leading to a reduced
electromotive force [23]. Additionally, multivalent ions have larger radii, charge, and
dehydration energies [24]. This slows down their transport through the membranes and
can lead to the trapping of multivalent ions in the membrane due to electrostatic bridging
of the ionic charges with the fixed membrane charges [21]. As a consequence, the
membrane electrical resistance increases.

To estimate RED performance in a wide range of process conditions, modeling is a useful
tool complementing experimental work. In recent years, different approaches were
followed to model RED. In the frequently developed semi-empirical models the RED
stack is represented as an electrical system and only macroscopic parameters (e.g.,
membrane electrical resistance and permselectivity) are taken into account [25-27].
Veerman et al. validated this kind of modeling approach for RED in co-flow and counter-
flow configurations, showing the benefits of electrode segmentation [26]. Simdes et al.
also investigated the effect of electrode segmentation and multi-staging, albeit in the cross-
flow configuration, showing that higher power densities and energy efficiencies are
enabled [27,28]. Vermaas et al. used the same approach to prove that very high efficiencies
(> 90%) are possible with RED when electrode segmentation and asymmetric flow rates
are employed [29]. Tedesco et al. extended this modeling approach to RED with brine and
seawater, including the effect of salt concentration on the membrane electrical resistance
[25].

An alternate approach consists of the use of the Nernst-Planck equation coupled with
electroneutrality conditions. This allows the description of the RED process based on
microscopic quantities (e.g., ion diffusion coefficients in the solution and in the membrane
phase). The advantage of this approach is that properties such as membrane resistance and
permselectivity are predicted by the model, although this may require the use of fitting
parameters to correctly describe experimental data [30]. Moreover, the approach based on
the Nernst-Planck equation can take the effect of diffusion boundary layers into account

as well [31]. Tedesco et al. provided an example of this approach applied to RED and
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electrodialysis quantifying the impact of co-ion transport, water transport, and membrane
thickness [31-33].

Although they provide valuable indications, the downside of these models is the
assumption that the feeds only contain sodium chloride. This results in potentially large
overestimation of the power densities that can be generated. As such, the development of
RED models that take into account the presence of multivalent ions in the feedwaters is a
major step toward more realistic power density predictions.

Moya used a Nernst-Planck based approach to show that it is possible to describe uphill
transport within that theoretical framework [36], while Honarparvar et al. used the same
approach to model electrodialysis in the presence of multivalent ions [37]. Culcasi et al.
also used a Nernst-Planck based approach to model an acid-base flow battery [38]. The
approaches based on the Nernst-Planck equation are able to accommodate the effect of
multivalent ions without changes to the underlying theory, but correctly describing
experimental trends may require even more adjustments and fitting than in the case with
monovalent ions only, e.g., for the value of diffusion coefficients inside the membrane
phase [30]. Additionally, another downside of a Nernst-Planck based approach is that for
a cross-flow RED configuration a full 3D model is required, as discretization is needed
not only in the flow directions, but also along the membrane and compartment thicknesses,
making it more computationally demanding than a semi-empirical model, where
discretization is performed only along the flow directions.

Semi-empirical RED models seem promising thanks to the lower number of parameters,
which can be easily measured or found in literature, and their light computational nature.
However, existing RED models describing performance with NaCl only need adaptation
to include the effect of multivalent ions. Ortiz-Martinez et al. presented an approach based
on the use of the same semi-empirical model developed by Veerman et al., but including
the membrane electrical resistances measured in mixtures of mono- and multivalent ions
to include the effect of multivalent ions on RED [26,34]. While valid, its limitation lies in
the absence of permselectivity loss and uphill transport, which both have a major impact
on power density. Hong et al. also used a semi-empirical model and focused on the effect
of multivalent ions on the open circuit voltage (OCV) and feedwater conductivity, but
uphill transport, permselectivity loss, and increase in membrane resistance were not taken
into account [35]. Therefore, the existing semi-empirical models for RED in the presence
of multivalent ions are not accounting for all power loss mechanisms, but focus on a single

one.
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In the present work, a semi-empirical model is derived for RED in a cross-flow
configuration with mixtures of sodium, magnesium, chloride, and sulfate in the
feedwaters. This model extends the semi-empirical model approach proposed by Veerman
et al. [26] and our previous work [27] to account for all power loss mechanisms due to the
presence of multivalent ions: uphill transport, membrane permselectivity loss, and
increased membrane resistance. The model is validated with RED stack experiments with
mixtures of sodium chloride and sodium sulfate and with mixtures of sodium chloride and
magnesium chloride. A comparison with experimental literature data on power density
loss is also presented and shows good agreement between the model predictions and the
experimental data. The potential of the model is then showcased by comparing RED
simulations with sodium chloride and with mixtures of mono- and multivalent ions,
highlighting their difference and the importance that this tool provides for more realistic

predictions of obtainable power densities when using real natural feedwaters.

6.2 Methods

6.2.1 RED model

The RED model including the effect of sulfate and magnesium was derived from the
model presented by Simdes et al. [27], which in turn extended the semi-empirical models
of Veerman et al. [26] and Vermaas et al. [29]. Where the earlier models describe RED
behavior for feedwaters containing only sodium chloride, the present models is extended
such that it also takes into account the effects of the presence of multivalent ions. To
correctly predict RED performance with mixtures of mono- and multivalent ions, the
following aspects are taken into account in the model: 1) uphill transport of multivalent
ions against their concentration gradient; 2) higher membrane electrical resistance due to
the larger size of the multivalent ions and the partitioning of current between different
ionic species (downhill transport); 3) membrane permselectivity loss; and 4) change of
electrical conductivity of the water compartments when more charges are introduced with

the salts containing multivalent ions.

6.2.1.1 Uphill transport

The voltage produced by the concentration gradient across an ion selective membrane can
be calculated with the modified Nernst equation [26], which includes the effect of
membrane permselectivity:

RT (szcsw) (Eq. 6.1)

E=a—l
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Where « is the membrane permselectivity [-], R is the universal gas constant [J-mol!-K-
1, T is the absolute temperature [K], z is the ion valence [-], F is the Faraday constant
[C'mol ], 3w and . are the molar activity coefficients [-] of sea and river water, and ¢y,
and ¢, are the molar ion concentrations [mol-L"'] in sea and river water, respectively. Due
to higher valence and lower activity coefficients, a gradient of multivalent ions generates
a voltage difference across an ion exchange membrane that is lower than for monovalent
ions [23]. To balance these two voltages, the monovalent ion gradient is partially
consumed to increase the multivalent ion gradient, until the two voltages are balanced
[23]. This process, known as uphill transport, involves the electroneutral transport of
monovalent ions from the high to the low concentration side of the membrane, while an
equal amount of charge is moved from the low to the high concentration side by the
movement of multivalent ions.

To include uphill transport in the RED model, the batch model developed by Vermaas et
al. [23] was converted in the form of equivalent circuits. This approach considers the
mono- and multivalent ion gradients across a membrane as two voltage sources connected
in parallel, where the generator with the largest electromotive force (emf) drives a current

through the other generator to balance the voltage drop in the parallel circuit (Figure 6.2).

Emono

Rmono
(D
1

Figure 6.2 Equivalent circuit used to describe uphill transport of multivalent ions, as proposed in [23].

The uphill transport current is then calculated as:

Emono - Emulti

]uphill = R (Eq. 6.2)

mono + Rinuiei
Where J,ni is the uphill transport current density [Am™], Eyono and E..; are respectively
the emf [V] for the monovalent and multivalent ions gradients, Ryono and R are the cell
resistances [Ohm'm?] for the monovalent and multivalent ions, respectively. The sum of
the resistances in the denominator in equation 2 physically represents monovalent and

multivalent ions travelling through the same membrane in opposite directions.

171



6.2.1.2 Membrane resistance and current partitioning (downhill transport)

While the circuit in Figure 6.2 manages to predict the mono- and multivalent ion fluxes
through the AEMs and CEMs due to uphill transport, it is not suitable to represent the
downhill transport, i.e., the transport of ions according to their concentration gradient
when an ionic current is flowing through the system. It is well known that the electrical
resistance of membranes in a mixture of mono- and multivalent ions is higher than what
is measured in a solution of monovalent ions only [19,21]. However, the parallel
connection of two resistors results in an equivalent resistance that is smaller than each
individual resistor. Therefore, if used to predict downhill transport (by closing the circuit
with an external load), the circuit in Figure 6.2 would predict a reduction in electrical
resistance when multivalent ions are introduced in the system, which is incorrect. For this
reason, the circuit in Figure 6.2 is only used to calculate uphill transport, and its solution
is superimposed to that of the circuit used to calculate downhill transport (Figure 6.3) to

obtain the overall RED performance.

E
Reelr
Rbrank Rioad
=
Figure 6.3 Electrical circuit used to model downhill transport in the RED system.

To predict downhill transport, the current partitioning between mono- and multivalent ions
needs to be determined. To do so, it is necessary to know the membrane selectivity. In
RED, membrane selectivity is calculated as [21]:

mono _ ERmulti

multi — ER

Where P is the monovalent over multivalent ion selectivity of the membrane [-], and

(Eq. 6.3)

mono

ER i and ER,,,,, are the membrane electrical resistances [Ohm-m?] measured in solutions
of only multivalent and only monovalent ions, respectively. The selectivity of a membrane
between two ions can also be calculated for any ion mixture based on the definition of
Sata [39]:

ZAfA ; ]

z A€ JaZpCp

pA = 28JB _JAE _JAZE’E Eq. 6.4
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Where P is the selectivity of the membrane for ion A (monovalent) over ion B
(multivalent) [-], z is the ion valence [-], J is the ion flux [mol-m?-s'], J; = j; /(z;F), c is
the ion concentration [mol-L™'], and j is the current density [A-m™]. This definition of
membrane selectivity expressed in terms of current densities allows the derivation of the
current partitioning. Membrane selectivity can be calculated from equation 3 and its value
can be used in equation 4 to relate the current densities of mono- (A) and multivalent (B)

ions. The overall current density can then be expressed as:

. ; . . 1 zgcp
Jror =JatJis =Ja 1+P_BAZZ (Eq. 6.5)
The fraction of current transported by ion A (sodium for a CEM, chloride for an AEM) is
then:
fa= Ja L
4 Jror 1 L zpcp (Eq. 6.6)
P zycy

In the case of a binary mixture with only two cations and two anions, the fraction of current
transported by ion B (magnesium for a CEM, sulfate for an AEM) becomes:
Js
fe=—=1-f, (Eq. 6.7)

Jror

While for the case of more complex mixtures, the selectivity of the membrane for all
counter-ions compared to a reference counter-ion needs to be known.
Through this approach, the current partitioning between ion A (monovalent) and B
(multivalent) is directly related to the membrane selectivity. This approach relies on the
definition of selectivity provided in equation 3, which considers the selectivity (P£) as a
constant. If this assumption is not true and the membrane selectivity is largely dependent
on the composition of the feedwaters (P4 = f(c4, cg)), the current approach is valid, but
more data on the dependence of the membrane selectivity on the feedwater composition
are required.
The electrical resistance of a membrane in an ionic mixture of mono- and multivalent ions
is then expressed as:

ER.q = faER,+ fz - ERp (Eq. 6.8)
Where ER., is the electrical resistance of a membrane in a mixture of ion A and B, f; and
/& are the current partitioning coefficients for the given composition (equation 6 and 7),
and ER, and ER; are the membrane electrical resistances measured in solutions containing
only counter-ion A and B, respectively. Equation 8 assumes a transition between the
electrical resistances measured with monovalent ions and the electrical resistance

measured with multivalent ions only which is linearly dependent on the current
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partitioning. For some membranes (e.g., monovalent-ion selective CEMs) this is not the
case as small amounts of multivalent ions result already in a large increase of the effective
membrane electrical resistance. This issue is further addressed in the model validation

section of the results and discussion.

6.2.1.3 Membrane permselectivity loss

The apparent membrane permselectivity decreases when multivalent ions are present in
the feedwaters [21,40]. The apparent membrane permselectivity is related to the transport
of both counter-ions and of co-ions [39]. With larger counter-ions that are more difficult
to transport through the membrane, the transport of co-ions becomes more significant,
resulting in a reduced membrane permselectivity. Additionally, multivalent ions may bind
to the fixed charges inside the membrane and decrease its effective charge density [21,41],
thus decreasing the membrane permselectivity even further. To include these effects in the
RED model, empirical fitting of experimental OCV and permselectivity data was used.
For data on the permselectivity loss of CEMs with magnesium, the OCV data presented
by Moreno et al. [20] were compared to the equilibrium values after uphill transport
estimated with the batch model of Vermaas et al. [23]. The excess OCV loss was attributed
to a loss in apparent membrane permselectivity following the procedure adopted in our
previous study on the effect of sulfate on AEMs [19]. For the permselectivity loss of
AEMs with sulfate, the experimental OCV and permselectivity data from our previous
study were used [19]. The literature data and fitting equations are presented in the

Supporting Information.

6.2.1.4 Conductivity of the feedwaters

Equation 8 (elaborated before) allows the prediction of membrane electrical resistance
with a mixture of mono- and multivalent ions, but to predict stack resistances, the
conductivity of the feedwaters needs to be estimated as well. To do so, a simple empirical
relationship between the electrical conductivity of the feedwaters and the total dissolved
solids exists (provided that all dissolved solids are ionic species) [42]:

TDS =K-EC (Eq. 6.9)

Where TDS is the amount of total dissolved solids [g-L™'], K is an empirical factor, and
EC is the electrical conductivity of the solution [mS-cm™']. Due to the typical feedwater

concentrations in RED, K is equal to 0.63 [42].
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6.2.2 Model-based simulations

The approach elaborated in the previous sections leads to an extended version of the model
of Simdes et al. [27]. A detailed overview of all model equations used is reported in the
Supporting Information.

The validation experiments were performed with a single stage unsegmented RED stack
(Figure 6.4a). To explore the potential of the new RED model, three additional

configurations were simulated and compared (Figure 6.4b-d).

a) Single-stage RED b) Single-stage RED
Unsegmented Segmented, 2 x 2
e [ e
e |
rw
S o
U sw
c) Multi-stage RED d) Multi-stage RED
Co-current Counter-current

| Stage1 | ~ Stage2 ~ Stage1 | ~ Stage2
USW 4‘ USW —‘

Figure 6.4 Simulated RED configurations: a) single stage RED with unsegmented electrodes; b) single-

stage RED with four electrode segments in a 2 x 2 pattern; ¢) multi-stage RED in co-current mode between

two cross-flow stages; and d) multi-stage RED in counter-current mode between two cross-flow stages.

The approach followed for each of these configurations is discussed below in detail.
Membrane, stack, and process parameters were chosen to have representative values,
similar to the parameters used in the previous studies on the effect of electrode
segmentation and multi-staging in RED [27,28].

a) The single-stage RED stack with unsegmented electrode (Figure 6.4a) was realized by
modeling a cross-flow stack (corresponding to those supplied by REDstack BV, The
Netherlands) with 10 cell pairs and an active area of 22 cm x 22 cm. Fujifilm Type 10
AEM and CEM (Fujifilm Manufacturing Europe BV, The Netherlands) specifications and
155 pm spacers (corresponding to spacers from Deukum GmbH, Germany) were used for

all simulations. Its external load was adjusted for maximum power density using an
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optimization algorithm (Sequential Least Squares Programming, SLSQP) for different
residence times (10 — 90 s). For the single-stage RED with unsegmented electrodes, the
effect of the seawater ratio (¢ /(Psy + Prw), Where ¢ is the feedwater flow rate [m?-s”
1) was also investigated. A constant residence time (30 s, as in [29]) for river water was
considered, while varying the seawater ratio between 0.05 and 0.95, similarly to the work
of Vermaas et al. [29]. For simulations involving the seawater ratio, ideal membranes
(negligible electrical resistance, 100 % permselectivity, and not allowing any undesired
salt or water transport) were considered in addition to Fujifilm Type 10.

b) The single-stage RED with segmented (2 x 2) electrodes (Figure 6.4b) was obtained by
modeling a cross-flow stack with 10 cell pairs and an active area of 22 cm x 22 cm, where
the area is symmetrically divided into four adjacent square electrode segments. The four
independent external loads were adjusted for overall maximum power density
(considering the sum of the powers from each electrode segment) using SLSQP for
residence times in the range 10 — 90 s. Two additional RED configurations were simulated
considering multi-stage, where the feedwaters leaving a RED stack (first stage) are used
to feed another RED stack (second stage).

c¢) Co-current and d) counter-current multistage RED configurations were considered.
Each stage was modeled as a cross-flow RED stack equipped with 10 cell pairs, an active
area of 22 cm x 22 cm, and unsegmented electrodes. For co-current (Figure 6.4c), river
and seawater were fed to the first stage and then sequentially to the second stage. For the
counter-current (Figure 6.4d), seawater was fed to the first stage and then to the second
stage, while river water was fed into the second stage first and then to the first stage. For
both co-current and counter-current multi-stage RED configurations, the independent
external loads for the two stages were adjusted to maximize overall power density with
SLSQP. The overall residence times under consideration for multi-stage RED simulations
were in the range 20 — 88 s, which implies residence times in the 10 — 44 s range for each

stage.

6.2.3 Model validation experiments
To validate the model results, experiments with a single-stage cross-flow RED stack
(configuration a in Figure 6.4) were performed adding MgCl, and Na,SOy4 in the

feedwaters.
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6.2.3.1 RED stack

A cross-flow stack with an active area of 10 cm x 10 cm (REDstack BV, The Netherlands)
and titanium mesh electrodes coated with galvanized Pt (Ti mesh 1.0, coating thickness
2.5 pm, MAGNETO Special Anodes BV, the Netherlands) was assembled with ten cell
pairs. Fujifilm Type 10 CEMs and AEMs (FUJIFILM Manufacturing Europe BV, The
Netherlands) were separated by gasket-integrated spacers with 155 pm thickness
(Deukum GmbH, Germany) with a polyester woven netting (Saatifil, Saati SpA, Italy).
Double CEMs were used at both ends of the membrane stack to seal the electrode

compartments and prevent electrolyte leakage into the feedwaters compartments.

6.2.3.2 Feedwaters and electrolyte

Artificial river water (17 mM) and artificial seawater (508 mM) were prepared adding
sodium chloride (NaCl, 99.5 % purity, ESCO, The Netherlands) to demineralized water.
To evaluate the effect of magnesium and sulfate, separate runs were performed
substituting 10 mol. % NacCl both in river and seawater either with sodium sulfate or
magnesium chloride hexahydrate (both > 99% purity, VWR Chemicals, Belgium). The
electrode rinse solution was made of a mixture of 0.05 M potassium hexacyanoferrate(II)
/0.05 M potassium hexacyanoferrate(III) (both > 96 % purity, VWR Chemicals, Belgium)
as redox couple and 0.25 M sodium chloride as supporting electrolyte. River and seawater
were fed to the stack with a flow velocity of 1 cm-s™ in a single-pass configuration (150
mL min™') using peristaltic pumps (Cole-Palmer, Masterflex L/S Digital drive, USA). The
electrolyte rinse solution was recirculated between the electrolyte compartments by a
peristaltic pump. To prevent bulging of the membrane stack, the electrolyte was kept at a
0.3 bar overpressure by means of a diaphragm valve (KNF FDV 30, KNF-Verder BV, The
Netherlands) placed at the outlet of the electrolyte circuit. The temperature and

conductivity of the artificial feedwaters were measured before each experiment.

6.2.3.3 Electrochemical characterizations and water analyses

Two stack experiments were performed for model validation. First, the RED performance
with 100 mol. % NaCl and with mixtures of 90 mol. % NaCl and 10 mol. % magnesium
chloride was evaluated. Second, the same experiment was repeated with 100 mol. % NaCl
and with mixtures of 90 mol. % NaCl and 10 mol. % sodium sulfate. RED performance
was measured with constant current steps (0 —5—-10—-12.5-15-17.5-20-22.5-25
—30 A'm™), applied for 10 min each using a potentiostat (Iviumstat, Ivium Technologies

BV, The Netherlands). Water samples were collected from the stack outlets after 2 min
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from the beginning of each current step. The ion content of the water samples was
analyzed with ion chromatography (Metrohm Compact IC Flex 930, Metrohm Nederland,
the Netherlands) after appropriate dilution to be within the instrument detection limits

(dilution factors: 70 for river water, 1400 for seawater).

6.3 Results and discussion

To assess the validity of the new RED model, its ability to predict membrane electrical
resistance in multi-ionic mixtures, RED performance, and ion transport was evaluated by
comparing the obtained model results with experimental literature data. Then, validation
with stack experimental data was performed, including the current partitioning between
mono- and multivalent ions. Finally, the validated model was used to investigate RED
performance in a variety of stack and flow configurations.

To validate the model prediction of the membrane electrical resistance in mixtures of
mono- and multivalent ions, literature data for a variety of CEMs (from Rijnaarts et al.
[21]) and AEMs (from our previous work [19]) were considered. The electrical resistance
data in 100 mol. % monovalent ions and in 100 mol. % multivalent ions were used to
derive the membrane selectivity (according to equation 3), which was then used to predict
the electrical resistance in the mixture of mono- and multivalent ions (following equation
4 — 8). Figure 6.5 compares the literature data with the model prediction for CEMs in a
mixture containing 10 mol. % magnesium chloride and for AEMs in a mixture containing

25 mol. % sodium sulfate.

o
®

CEMs 10 mol. % magnesium AEMs 25 mol. % sulfate

N
N

Model
Model

1all

0
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Figure 6.5 Comparison of experimental literature data [19,21] and model predictions for the membrane
electrical resistance of CEMs and AEMSs in mixtures of mono- and multivalent ions. For CEMs,
measurements were performed in a mixture of 90 mol. % NaCl and 10 mol. % MgCI2 (0.5 M total salt)
[21]. For AEMs, measurements were performed in a mixture of 75 mol. % NaCl and 25 mol. % Na2SO4

(0.5 M total salt) [19]. CEMs: 1) CMH_PES: heterogeneous, standard membrane (Ralex); 2) CEM type I:
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homogeneous, standard (Fujifilm); 3) CEM T1: homogeneous, multivalent-ion permeable (Fujifilm); 4)
CMS: homogeneous, monovalent-ion selective (Neosepta). AEMs: 1) AEM type I and 2) AEM type 10:
homogeneous, standard membranes (Fujifilm); 3) AMX: homogeneous, standard membrane (Neosepta);

4) ACS: homogeneous, monovalent-ion selective membrane (Neosepta).

For both CEMs and AEMs, the model predictions are in good agreement with the literature
data. Despite the more complex nature of ion transport in heterogeneous membranes
(Ralex CMH_PES), the model prediction for the Ralex membrane is also good. The
monovalent-ion selective CEM (Neosepta CMS) shows a large deviation from the model,
which underestimates its electrical resistance. The Neosepta CMS membrane is designed
to limit the transport of multivalent cations by size exclusion. The difference between of
the model values and the experimental values indicates that even small fractions of
magnesium result in a large increase in membrane resistance due to its difficulty in moving
through the membrane and possibly due to trapping of the large ion in the membrane. This
would suggest that for CEMs with a high monovalent over multivalent ion selectivity the
approach described in equations 3 — 8 results in inaccurate predictions. However, the RED
model can still be used for these membranes provided that more experimental data on the
behavior of their electrical resistance in mixtures of mono- and multivalent ions are
collected. To demonstrate this point, another example is described in the Supporting
Information. This examples shows that, although the selectivity value calculated with
equation 3 may not describe the reality, equations 4 — 8 are still valid, provided that a
corrected value for the selectivity is considered (Figure S6.2 in the Supporting
Information).

For AEMs, the model delivers a good prediction even for the monovalent-ion selective
Neosepta ACS. This is explained by the smaller increase in membrane resistance that
sulfate induces for AEMs compared to the increase induced by magnesium for CEMs [19].
The proposed approach clearly enables the accurate prediction of membrane electrical
resistance in mixtures of mono- and multivalent ions for standard grade membranes and,
with additional data, also for monovalent-ion selective CEMs.

Validation of the model predictions of membrane resistance with experimental data is the
key to predict current partitioning and RED stack performance, where the effect of
feedwater conductivity, uphill transport and decreased permselectivity also come into
play. To validate the prediction of RED performance, two stack experiments were
performed adding first 10 mol. % MgCl, and then 10 mol. % Na,SO, to both feedwaters.
Figure 6.6 shows the IV-curves and power density curves for the RED experiments with

MgCl,. To describe the RED behavior, the obstruction factor (accounting for the extra
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resistance from the non-conductive spacers, equation S7 and S8 in the Supporting
Information) was adjusted as fitting factor to the data measured for the run with 100 mol.
% NaCl. With that value fixed, only the feedwater composition was then changed to
describe the data for the run with 10 mol. % MgCl, in both feedwaters.

0.15 1.5
—— 0 mol. % magnesium (model) 1 — 0 mol. % magnesium (model)
. O 0 mol. % magnesium (exp) - 1 O 0mol. % magnesium (exp)
0121 “\y -== 10 mol. % magnesium (model) 'TE 1.2 === 10 mol. % magnesium (model)
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Figure 6.6 Model predictions and experimental data of the IV and power density curves for the experiments

with 100 mol. % NaCl and with the 90 mol. % NaCl + 10 mol. % MgCl> mixture.

Both the IV-curve and the power density curve calculated according to the model show
good agreement with the experimental data. This is a first indication that the stack
electrical resistance, including the feedwater conductivities and membrane resistances,
and emf, including uphill transport and permselectivity loss, are correctly predicted in the
presence of magnesium chloride. The stack electrical resistance is dominated by the
conductivity of the river water [43], which accounts for more than half of the overall
resistance (slope of the IV-curve). Replacing an equal molar amount of NaCl with MgCl,
increases the river water conductivity, while the presence of magnesium chloride in both
feedwaters increases the resistance of the CEMs. These two opposite trends need to be
correctly embedded in the model for an accurate RED performance prediction. Therefore,
the agreement between model and experimental data indicates that not only the membrane
resistances but also the feedwater conductivities are correctly predicted when multivalent
ions are added to the feedwaters. For the power density, the OCV has a major role since
the power density is proportional to the squared OCV (Equation S37 in the Supporting
Information). Therefore, a good agreement between model predictions and experimental
data indicates that the decrease in OCV when magnesium chloride is added to the
feedwaters is correctly predicted by the model through uphill transport and permselectivity

loss.
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Figure 6.7 shows similar results obtained for the run with 10 mol. % Na,SO, added to both

feedwaters.
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Figure 6.7 Model predictions and experimental data of the IV and power density curves for the experiments

with 100 mol. % NaCl and with the 90 mol. % NaCl + 10 mol. % Na>SO4 mixture.

Also in this case, the agreement between experimental data and model predictions is good.
It can be noted that the relative impact of sulfate on RED performance is lower than that
of magnesium, due to the smaller permselectivity loss and electrical resistance increase
[19]. The smaller electrical resistance and higher power density for the run without
multivalent ions (100 mol. % NacCl, solid lines and circles) in Figure 6.7 compared to
Figure 6.6 is likely due to air bubbles trapped in the spacer during the stack experiments
illustrated in Figure 6.6. The results from the stack experiments with magnesium ions or
sulfate added to the feedwaters prove the ability of the model to describe RED
performance in the presence of multivalent ions.

The last step of the model validation is the comparison of feedwater compositions
measured during the stack experiments, at OCV and at the maximum power point (m.p.p.)
with the model predictions (Figure 6.8). This evaluates the ability of the model to predict
uphill transport and current partitioning. Ion and water transport through the membranes
determine the ion concentrations in the feedwaters. With multivalent ions present in the
feedwaters, salt transport also happens under OCV conditions due to uphill transport,
which redistributes mono- and multivalent ions across the membranes. Additionally, when
current is applied, both mono- and multivalent ions can act as charge carriers, therefore it
is important to correctly predict the current fraction transported by each ion, as this affects
the composition of the feedwaters and in turn feedwater conductivity. Clearly, there is
good agreement between the model predictions and the experimental data, both for OCV

and the m.p.p.. The similarity in power density indicates the realistic inclusion of uphill

181



transport in the model, while the correct prediction of the feedwater compositions at m.p.p.

validates the current partitioning described in equation 3 — 8.
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Figure 6.8 Experimentally determined feedwater composition during the stack experiments (light color)

and feedwater composition predicted by the model (dark color).

With the ability of the model to include all power loss mechanisms induced by multivalent
ions verified, a comparison of predicted model power losses for increasing fractions (up
to 50 mol. %) of magnesium and sulfate ions with literature data was performed (Figure
6.9). The experimental data from Moreno et al. [20] and our previous work [19] were used

and compared to the model predictions obtained in the present work.
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Figure 6.9 Comparison of literature data from Moreno et al. [20] (for magnesium ions) and our previous
work [19] (for sulfate) with the model prediction for power density losses at increasing fraction of

multivalent ions in the feedwaters.

It should be noted that OCV data from the same datasets were used to derive the empirical
fit of permselectivity loss, therefore the comparison of predicted power density losses with
the ones reported in these works only validates uphill transport, increased membrane

electrical resistance and the increase in feedwater conductivity in the presence of
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multivalent ions. Nevertheless, the agreement between model and literature data is good.
Even at molar fractions of magnesium ions and sulfate significantly higher than those
considered in the validation experiments, experimental data and model predictions almost
coincide. The only exception is 50 mol. % of magnesium, where the experimental power
density loss exceeds the model prediction. This is likely because at such high magnesium
concentrations, the increase in membrane electrical resistance due to trapping of the
magnesium ions inside the membrane starts to become more dominant, as shown by
Moreno et al. [20].

The validated RED model including the effect of sulfate and magnesium ions has the
potential to deliver more accurate predictions of obtainable power densities and to help in
the design of up-scaled RED systems. It can now be used to predict the actual RED
performance under realistic conditions. Figure 6.10 shows the behavior of net power

density, net energy efficiency, and their product as a function of the seawater ratio.
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Figure 6.10 a) net power density, b) net energy efficiency, and c) their product as a function of the seawater
ratio for ideal membranes (with negligible resistance) and for real membranes with and without sulfate
present in the feedwaters. For c), only values where both power density and energy efficiency are positive

are displayed. Fujifilm type 10 membranes were chosen as representative RED membranes.
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Variations in the seawater ratio were used in the past to show that RED can achieve very
high efficiencies, albeit considering only ideal membranes [29]. The product is chosen as
a useful RED performance indicator as it accounts for both the power density and the
energy efficiency granting them an equal weight. The opposite trends observed for net
power density (Figure 6.10a) and net energy efficiency (Figure 6.10b) determine the shape
of the curves in Figure 6.10c, with the power density peaking at intermediate seawater
ratios (> 0.5), while the efficiency peaks at low seawater ratios (< 0.1). While ideal
membranes provide a very high and optimistic prediction of the RED performance
(peaking at a seawater ratio equal to 0.3 with a value of 75.8 % W-m?), the inclusion of
the behavior of real membranes shows already a more realistic prediction of the RED
performance (peaking at a seawater ratio of 0.2 with a maximum value of 34.2 % W-m™).
The shift of the product peak to lower seawater ratios is due to the different evolution of
the net power density, which is more sensitive to the seawater ratio in the range 0.3 — 0.8
when ideal membranes are considered. In the same way, including the effect of multivalent
ions (peaking at a seawater ratio of 0.18 with a value of 24.2 % W-m™) gives an even
more realistic estimation of the actual RED performance when using real feedwaters. As
such, this model not only helps to predict realistic RED performance, but can also be used
to choose optimum process conditions to achieve maximum performance.

The influence of the presence of multivalent ions on RED performance in a variety of
different flow configurations, is presented in Figure 6.11. For all configurations, four
feedwater compositions were considered: NaCl only, a mixture with NaCl and 30 mol. %
NaS04, a mixture with NaCl and 30 mol. % MgCl,, and a mixture with NaCl and 30 mol.
% MgSO..

For all feedwaters compositions, a single stage with electrode segmentation (Figure 6.11b)
yields the best performance, with increasing benefits at increasing residence times.
Similarly, multi-stage configurations (Figure 6.11 c¢ and d) outperform the single-stage
unsegmented configuration at high residence times. Even though multi-staging yields the
same (gross) energy efficiency of the segmented configurations, the higher pumping losses
(two stacks against one) result in a lower value of the product between net power density
and net energy efficiency (Figure 6.11, Figure S6.3 and S6.4 in the Supporting
Information). The advantage of the segmented electrode and multi-stage configurations
derives from the possibility to tune the external load to the locally available emf and stack
electrical resistance, as discussed by Simdes et al. [27,28]. However, when considering
the presence of multivalent ions, particularly magnesium, the relative advantage of

segmentation or multi-staging is reduced and this results in a larger relative loss of power
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density and efficiency (Figure S6.5 in the Supporting Information). This is the case as
uphill transport occurring near the river water inlet reduces the available emf.
Additionally, the loss in membrane permselectivity in the presence of multivalent ions
further reduces the available emf. These emf losses result in decreased inhomogeneity of
the emf between inlet (high emf) and outlet (low emf), an aspect that segmentation and

multi-staging address resulting in an increase in power density and efficiency.
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Figure 6.11 Simulation of RED performance for various flow configurations and feedwater compositions.

Clearly the presented model now allows predicting RED performances and evaluating
operational conditions for realistic situations taking into account the complex effects of
the presence of multivalent ions on RED performance when using natural feedwaters.
With additional experimental selectivity and permselectivity data, the model can easily be
extended to more complex, multicomponent ionic mixtures as well (as shown in the

Supporting Information for a CEM exposed to a ternary mixture).
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6.4 Conclusion

This work presents a model to predict RED performance taking into account the influence
of the presence of magnesium and sulfate ions on power production with RED. The
presence of multivalent ions results in loss in power due to several effects that are now
included in the model. Uphill transport is accounted for in balancing two voltage sources,
the increased membrane resistance is introduced based in experimental resistance and
selectivity data, the membrane permselectivity loss is introduced by empirical fitting of
experimental data, and the change in conductivity of the feedwaters is introduced based
on the relationship between the total concentration of charged solids in the solutions and
their electrical conductivity. Validation with experimental and literature data was
performed and confirmed that the model effectively describes RED performance in the
presence of sulfate or magnesium ions. Simulation of RED in various flow configurations
and with a variety of feedwater compositions shows the importance of designing RED
processes with the complexity of natural feedwaters in mind. Simulated RED behavior in
the presence of 30 mol. % MgSO, drastically differs from the simulated behavior for
feedwaters containing only NaCl. In particular, the advantages of electrode segmentation
and multi-staging are mitigated by multivalent ions as the inhomogeneity of the
electromotive force is reduced by uphill transport and permselectivity loss. The developed
model is not only able to describe experimental data but can also predict RED
performances at specific process conditions and as such provides a very valuable tool to

design and evaluate RED process systems.
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Supplementary information

Fitting of experimental data for the permselectivity loss factor

To include the permselectivity loss in the RED model, fitting of experimental data was
performed. Data for RED experiments with magnesium ions were taken from Moreno et
al. [20], while data for sulfate were taken from our previous study [19]. It should be noted
that data with magnesium ions are not available for the same CEM (Fujifilm CEM Type
10), but only for the similar Fujifilm CEM Type I, which has a slightly lower starting
permselectivity. The permselectivity loss is expected to be similar for the two membranes,
as is the case for CEM type I and CEM T1 based on the data from Moreno et al. [19]. For
the sulfate study, data are available for the same AEM used in the present study (Fujifilm
AEM type 10).

The OCV data reported in the literature are compared with the expected equilibrium values
after uphill transport, as estimated using the model developed by Vermaas et al. [23]. The
difference is then entirely attributed to a loss in permselectivity (accounted for in the

permselectivity loss factor K) for the membrane under investigation (Table S6.1).

Table S6.1 Permselectivity loss data calculated from the literature OCV data in [1, 2].
Multivalent ion Multivalent ion fraction [-] Permselectivity loss factor K [-]
0 0
0.1 0.15
Mg?
0.25 0.24
0.5 0.26
0 0
0.1 0.02
SO4>
0.25 0.06
0.5 0.10

Fitting of the permselectivity loss factor as a function of the multivalent ion fraction is
performed with linear interpolation for sulfate, while for magnesium ions a second-degree
polynomial is used for fractions below 25 mol. % and linear interpolation is used for
fractions higher than 25 mol. %. Figure S6.6.1 illustrates the experimental and fitting

values for the permselectivity loss factors.
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Permselectivity loss factor [-]
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Figure S6.1 Literature values (dark red) and fitting values (dark blue) for the permselectivity loss factor.

RED model including magnesium and sulfate

The membrane monovalent over multivalent ion selectivities for the CEM and AEM (P [-

]) are calculated based on the membrane electrical resistances measured with monovalent

and multivalent ions only [21]:

Mg
pNa _ Reem
Mg RNa

CEM

S04

Pcl _RAEM
S04 — R(]l

AEM

(Eq. S6.1)

(Eq. S6.2)

Where R* is the membrane electrical resistance [Ohm'm?] measured in a solution

containing x as counter-ion.

The current partitioning factor represents the fraction of the total current carried by the

transport through the membrane of a certain ion. The current partitioning factors for

magnesium, sodium, sulfate and chloride are calculated as follows.
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feo =1 = fsoa (Eq. S6.6)
Where c are the molar concentrations of the ions in the seawater side [mol-L"!], and the

factor 0.5 derives from the ratio of the ion valences.

The river and seawater resistances are calculated as follows:

1 dTW
R, = y (Eq. $6.7)
P T
S T (Eq. S6.8)

Where 1/Aqpen 1s the spacer shadow factor [-] accounting for the presence of the non-
conductive spacers in the feedwater compartments (A, is the fraction of the active area
not occupied by the spacer) and for the non-ohmic component of the feedwaters resistance,
d is the inter-membrane spacing [m], and £C is the solution conductivity [S-m™'] calculated
according to equation 8 of the main text.

With the membrane selectivities (eq. S6.1, S6.2), current partitioning factors (eq. S6.3-
S6.6), and the resistances of the water compartments, the cell resistance [Ohm-m?] can be

calculated:
M
Reey = Ryiank + Nep (Rrw + R + fugRegn + fuaRE8m + fsosRagm
+ f CleJl‘:“M)

Where Ry is the blank resistance [Ohm-m?] accounting for the resistances of the

(Eq. S6.9)

electrodes and sealing CEM, and N, is the number of cell pairs [-].
The electromotive force (emf) for the different ions can be calculated using the modified

Nernst equation and including the permselectivity loss factors (K [-]):

loss RT yx/gcx}g
Eyg = Cp(l — K@) dcem ﬁln Mg Mg (Eq. S6.10)
Viw Crw
RT yNaCNa
Eng = Nep(1 = K5 acpm —ln< s,:,va j\,“; (Eq. S6.11)
F YTW CTW
RT . (y50%cS04
Es04 = Np(1 — Kig3i) @agn ﬁln (% (Eq. S6.12)
VTW CTW
RT yClCCl
Eq = Ng,(1 - K/ioEﬁ)aAEM_ln< SCV;/ SCVIV (Eq. S6.13)
F yTWCTW
Eror = Enact = Ena + Eq (Eq. S6.14)

Where « is the membrane permselectivity [-], R is the universal gas constant [J-mol!-K-
1, T'is the absolute temperature [K], F is the Faraday constant [C-mol'], %, and ., are
the activity coefficients [-] of sea and river water, and ¢, and ¢, are the ion concentrations

mol-L'] in sea and river water, respectively. The activity coefficients are estimated with
p y y
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the three-characteristic-parameter correlation (TCPC) model of Ge et al. [44]. The overall
emf is taken equal to that of sodium chloride (equation S14). When uphill transport
balances the potentials of mono- and multivalent ions, this choice has no influence.
However, for a small region of the active area close to the river water inlet, where the two
potentials are not balanced, this choice for the total potential means considering the highest
of the two electromotive forces, but this may result in only a small overestimation of the
total current. Due to uphill transport, the emf of monovalent and multivalent ions is equal,
with the exception of the region close to the river water inlet where uphill transport occurs
and the two emfs are not balanced yet. In this region, the highest emf is considered to
calculate downhill transport.

The overall current density for downhill transport is determined by the external load
voltage (Uioaa [V]):

. . . oL Eror = Ulpaa
Jror = Jna timg =Jjcr tJsoa = TOTR—HM (Eq. S6.15)
ce

This formulation ensures continuity of the current across the CEMs and AEMs, while
allowing for different partitioning of the current between monovalent and multivalent
cations and anions. The downhill current densities (j [A-m™]) for each ion are calculated

using the current partitioning factors:

e = Fuo - ror = Jror
Jmg Mg *JTor 1+05- P)\{[V; Cha (Eq. S6.16)
Mg
Jna = fna *Jror = Jror — Jmg (Eq. S6.17)
isos = foos " Jror = Jror
Jsoa = Jsoa " Jror = 1405 S, “Ca (Eq. S6.18)
Cso4
Jer = fei Jror = jror — Jsoa (Eq. S6.19)

To obtain the overall salt transport, the uphill transport current densities (equation 2 from

the main text) need to be considered as well:

Ey, —E
Mg Mg Na
il = pNa 4 pMg Eq. S6.20
]uphlll Réng + RCMEgM ( q )
Juighint = ~Juphiu (Eq. $6.21)
E¢os — E,
.S04 S04 Cl
Juphin = 1 psor (Eq. S6.22)
T R+ Rig
jl(izlzhill = —Juphitl (Eq. S6.23)

The ion fluxes (J [mol-m™-s']) from the sea to the river water compartment are obtained
p

from the downhill and uphill current densities, together with an osmotic transport term:
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i Mg Mg Mg
Img T Jupni Csw —C
o = uphill +2- DMg( sw ™ (Eq 8624)
2F ln
. + Na Na __ ~Na
Jvw = Jna ¥ Juphint Dy (et — ey (Eq. $6.25)
F b
. + iS04 S04 __ -S04
s = Jsoa t Juphiu ., Doy, (csw* — chw (Eq. S6.26)
2F b
SR cl _ .cl
Jor = 1”# +2-Dy (Cswl—rw (Eq. S6.27)
m

Where D are the diffusion coefficients through the membrane [m*-s™'], /,, is the membrane
thickness [m], and the factor 2 in the osmotic transport term derives from diffusion taking
place through both the AEM and CEM. Dy, is assumed to be equal to D¢; and their value
is taken from our previous work [2]. Dy and Dsoy are taken from literature [36].

The osmotic water transport term [m-s™'] as formulated by Veerman et al. [26] is given by:

Csaes Csiw = Ysaits C;‘w) MWy,0

Jrz0 = =2 Dyao ] (Eq. S6.28)

m Pu20

Where MWy is the molecular weight of water [kg-mol'] and 00 is the density of water
[kg'm™].

The change in ion concentrations within the stack active area can be related to the ion and
water fluxes, yielding the following partial differential equations (assuming river water

flowing along the x direction, while seawater flows along the y direction):

d;ﬁfﬂ;” W ((ijg _ Mo ](;5120) (Eq. S6.29)
y sw sw
desw _ (JNa 3 cg;]”z") (Eq. $6.30)
disi;“ —_ (Z _ 53042) (Eq. S6.31)
dy Dsw Y Gsw o
oW a)
sl
()
et -e) (5059
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d Cl
w _ . (]i _cal Hz“) (Eq. $6.36)

&~ g G,
Where W and L are the width and length of the stack active area [m], and ¢is the flow rate
of the feedwaters [m3-s']. The active area is discretized into a 500 x 500 grid, and the
PDEs (eq. S6.29 — S6.36) are solved with the Forward Euler method using the inlet
concentrations as boundary conditions. The power, power density (net and gross), energy
efficiency (net and gross), and thermodynamic efficiency are calculated from the obtained
concentration matrices equal to our previous work [27].
Briefly, the power [W] is calculated as follows:

E2

P=E-I= (Eq. S6.37)

Rstack

Where E is the electromotive force [V], I is the current [A], and Ry is the stack resistance
[Q]. The net power is obtained by subtracting the pumping losses, while the power density
is obtained by dividing it by the total membrane area (CEMs area + AEMs area).

The energy efficiency is calculated as follows:

Nenergy = 100 (Eq. S6.38)

AG;,
Where AG;, is the Gibbs free energy of mixing [J] of the two feedwaters calculated based
on the compositions at the inlet. The net energy efficiency is obtained by using the net

power in the efficiency calculations.

Model extension to ternary mixtures

The developed model can be easily extended to more complex mixtures as well. To
illustrate this, a similar approach is followed for a ternary mixture and the equations are
derived below (only for a CEM exposed to three generic cations 4, B, and C, the same
equations would apply to an AEM). All symbols and units in this derivation are consistent
with the derivation presented in the previous section.

The selectivities based on membrane electrical resistance are:

+_ Réem

P =— (Eq. S6.39)
Réem
Réen

P =— (Eq. S6.40)
Réem

While the selectivities as defined in equation 4 of the main text are:

jaZp C

pa=JaZsls (Eq. S6.41)

B = =
JBZa Cy
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JaZ¢ cc
PA=——— Eq. S6.42
C Jo ZaCs (Eq )

The total current can be expressed as:

. L . . 1zgcg 1 zqc.
Jror =JjatJje +jc = Ja <1+P_§“ZZ+P_CAZE> (Eq. S6.43)
The fraction of current transported by ion A is then:
fa= .j_A = !
Jror 1 4 1zgcg, 1 2zccc (Eq. S6.44)

P_BA zZp¢y Plzycy
The fractions of current transported by ion B and C can be calculated from j; and equations
S41 and S42:

 hma
£ = ']_B _ PBA' Zy Cy (Eq. S6.45)
Jror Jror
o laz
£ = J_c _ PCA. Zp Cy (Eq. S6.46)
Jror Jror

Membrane electrical resistance model predictions

The example of Neosepta CMS shown in the main text shows that for CEMs having a
relatively high selectivity (sodium over magnesium), e.g. monovalent-ion selective
membranes, the approach described in equations 3 — 8 of the main text does not deliver an
accurate prediction of the membrane electrical resistance in mixtures of monovalent and
multivalent ions. This derives from the major increase in electrical resistance that even
small fractions of magnesium ions produce for these membranes.

Avci et al. provided electrical resistance data for a Fujifilm CEM-80050 (a highly cross-
linked membrane developed for RED applications with brines and seawater) at increasing
fractions of magnesium ions in the test solutions [45]. Based on their data, the membrane
selectivity is calculated to be 7.9 (equation 3 in the main text). Figure S6.2 shows a
comparison of the experimental data with the prediction made using equations 4 — 8 of the
main text using a selectivity value equal to 7.9. The observed trends are very different,
with magnesium ions producing a much higher electrical resistance increase at low

fractions than predicted by the model.

193



& 307
IE ] X Experimental values (Avci et al.)
o ] Model prediction (S=0.79)
E 25+ ==- Model prediction (S=7.9)
1 /
2 204 X ’
E /7
8 - J/
% ] X J
i‘j 15 b e
S -
- i x ’
§ 10 1 /,’
[ 1 X Pt
[} ] -~
c b -
e 5 b Ity
o "
£ ]
) ]
E 0 1 1 1 1
0 20 40 60 80 100

Magmensium fraction [mol. %]

Figure S6.2 Experimental membrane electrical resistance for a Fujifilm CEM 80050 (from Avci et al.
[9])(dark red markers) compared to the model predictions obtained for selectivity equal to 7.9 (dark blue

dashed line) and 0.79 (grey dashed line).

To verify if the inconsistency between the results and the model derives from an invalid
assumption in the model (e.g., non-constant selectivity), equations 4 — 8 from the main
text were used to fit the experimental data. Interestingly, a constant selectivity value can
fit the experimental data (Figure S6.2), but it is very different from what equation 3 (main
text) would suggest. The fitted selectivity value of 0.79 (< 1) indicates that magnesium
ions increase the resistance as if it was the preferential charge carrier. The data from Avci
et al. [45] suggest that the proposed model would still be valid even for monovalent-ion
selective membranes, provided that extra data are gathered to verify membrane electrical

resistance and current partitioning predictions.
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Figure S6.3 Net power density results from simulations of RED with various flow configurations and

feedwater compositions
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Modeling RED with multivalent ions

Net energy efficiency

60 60
a) b)
single-stage RED, unsegmented single-stage RED, segmented 2x2
50 50
—_ —_ 100 mol. % NaCl
X I
? 40 100 mol. % NaCl ? 40 30 mol. % Na,SO4
2 _ - 30mol. % Na;SO4 3
£ - £ . 30 mol. % MgCl
5 30 -7 30 mol. % MgCl, £ 30 - TomeL BeE
> > —+= 30 mol. % MgSO4
2 .= 30mol. % MgSO4 2
c c
S 20 S 20
2 2
104 101
0 T T 0 T T
0 50 100 150 0 50 100 150
Residence time [s] Residence time [s]
60 60
c) d)
multi-stage RED (co-current) multi-stage RED (counter-current)
50 50
I 100 mol. % NaCl T 100 mol. % NaCl
3 40 3 40
S s _~ 30mol. % Na;SO4
2 2 -
% 304 % 304 30 mol. % MgCl;
> >
o j<d .— 30mol. % MgSO4
2 2 -
S 20 S 20
2 2
104 101
0 T T 0 T T
0 50 100 150 0 50 100 150
Residence time [s] Residence time [s]

Figure S6.4 Net energy efficiency results from simulations of RED with various flow configurations and

feedwater compositions.
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Relative power density loss with 30 mol. % sulfate
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Figure S6.5 Relative power density loss as a function of residence time for the different flow configurations

when comparing 100 mol. % NaCl in the feedwaters with a mixture containing 70 mol. %

mol. % NazSOs.
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List of model parameters

Parameter Symbol Value Unit Evaluation procedure
Width of the active area /4 0.22 m Known stack parameter
Length of the active

L 0.22 m Known stack parameter
area
Compartment thickness d 155x10°¢ m Known stack parameter
AEM permselectivity Oaem 94.5 % Literature data [27]
CEM permselectivity Olcem 94.7 % Literature data [27]

) Measurement in a  Six-
AEM electrical

resistance, 100 mol. % RSLy 1.8x10* Q'm?

NaCl

compartment cell at 0.5 M
NaCl, according to literature

procedure [46]

) Measurement in a  Six-
AEM electrical

resistance, 100 mol. % R3oY 3.4x10™ Q'm?

NaxSO4

compartment cell at 0.5 M
NaCl, according to literature

procedure [46]

) Measurement in a  Six-
CEM electrical

resistance, 100 mol. % RN%, 3.3x10* Q'm?

NaCl

compartment cell at 0.5 M
NaCl, according to literature

procedure [46]

Measurement in a  Six-

CEM electrical
RMI compartment cell at 0.5 M

resistance, pe 11.0x10* Qm?

NaCl, according to literature
100 mol. % MgClz

procedure [46]

The initial value is 0.55,

corresponding to the open

Open area (used to 0.61 (Na2SO4 area of the spacer netting

calculate the resistance p stack exp), i (according to its

of the feedwaters as in open 0.37 (MgCL specifications). The value is

[8]) stack exp) then adjusted based on I-V
data measured for 100 mol.
% NaCL

Average water

diffusion coefficient .

Do 1.5x107° m?s! | Literature data [27]
(through the
membranes)
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Parameter Symbol Value Unit Evaluation procedure

Monovalent ion

diffusion coefficient 6.5x1071%, )

Do, D m?s! | Literature data [27]

(through the 6.5x107"

membranes)

The ratio between the

Multivalent ion diffusion  coefficient of

diffusion coefficient monovalent and divalent ions

Duig, Dsos 3.3x10™" m>s! |

(through the is taken from [36] and

membranes) applied to the values from
[27].

Membrane thickness Im 125x10°¢ m Manufacturer specifications
The extra CEM sealing the
electrolyte compartment
determines most of the blank

) resistance. Therefore, the

Blank resistance Rbtank 4x37.5x10* Q'm?
value was take to be four
times that reported in [27],
since the active area is
approximately 4.

Pressure dro

i Kap 0.1945 Pas Literature data [27]

coefficient
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Conclusions and outlook






This chapter presents the conclusions of the thesis and outlook on future RED
developments considering the scientific findings presented in the previous chapters on

fouling monitoring, modeling, and control via membrane surface modification.

7.1 Conclusions

This thesis aimed to increase the understanding of fouling in reverse electrodialysis while
providing tools for real-time fouling monitoring, validating promising surface
modification strategies for fouling control, and developing a model that includes the effect
of multivalent ions in the feedwaters.

In Chapter 2, electrochemical impedance spectroscopy (EIS) is presented as a tool for
fouling monitoring at the RED stack level. The results of fouling and cleaning experiments
with sodium dodecylbenzenesulfonate (SDBS) showed how fouling evolved differently
for the AEM and CEM. Fouling was first observed with a rapid increase of the ohmic
resistance of the AEM, followed by an increase of the non-ohmic component of the AEM
resistance, when SDBS domains started to grow on the membrane. The non-ohmic
resistance of the CEM started increasing after a longer time, as SDBS in the river water is
driven to the CEM by the electric field. Upon cleaning, irreversible fouling of the AEM
due to SDBS absorption in the membrane was observed, as the ohmic resistance recovered
only partially. The non-ohmic components of the AEM and CEM resistances recovered
completely. These results increased the understanding of how organic fouling negatively
affects the different stack elements. Additionally, EIS was shown to be a valid tool for
real-time fouling monitoring at the stack level.

In Chapter 3, a zwitterionic membrane surface chemistry is used to obtain anti-fouling
AEMs. For this purpose, commercial AEMs were coated with either polydopamine
followed by grafting of zwitterionic monomers on its surface or with a modified
polydopamine coating followed by grafting of zwitterionic brushes on the membrane
surface. The modification layers hardly affected the electrical resistance and the
permselectivity of the membrane thanks to the net neutral charge of the coating and the
thin grafting layers. The membrane hydrophilicity clearly increased, offering a method to
mitigate fouling. The fouling resistance for both the membranes modified with
zwitterionic monomers and those modified with zwitterionic brushes was improved. The
zwitterionic monomers delayed the fouling onset, whereas the zwitterionic brushes
delayed the fouling onset and also slowed down the fouling layer growth. Therefore,
Chapter 3 validates the use of zwitterionic layers as an effective strategy to obtain anti-
fouling AEMs.
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In Chapter 4, a validated RED model and experimental investigation is presented that
shows how electrode segmentation increases net power density and net energy efficiency.
The gains were attained when optimizing the external loads simultaneously for overall
maximum power, rather than sequentially maximizing the power output of individual
segments. The net power density output for a segmented electrode was 39 % higher than
for a single electrode when compared at the same net energy efficiency (40 %). This
increase in net power density at equal net energy efficiency resulted from combining the
increase in available power due to shorter residence time and the increased ion exchange
enabled by electrode segmentation. Therefore, electrode segmentation is a promising
strategy to increase the power density and energy efficiency of RED.

In Chapter 5, a study on the effect of multivalent anions on AEMs in RED with standard
grade and monovalent-ion selective membranes concluded that sulfate and other
multivalent anions can play an important role in reducing RED power density. Sulfate
deteriorates RED performance due to the decreased electromotive force resulting from
uphill transport and reduced membrane permselectivity, and increased membrane
resistance in the course of long-term exposure to feedwaters containing multivalent
anions. Despite the similarities between the effects of multivalent anions and those of
multivalent cations, the narrower range of hydrated radii and hydration energies for anions
compared to cations resulted not only in a smaller electrical resistance increase over time,
but also in lower selectivity, which is detrimental for the open circuit voltage. With its
focus on multivalent anions, Chapter 5 contributes to increasing the understanding of
fouling in RED.

Chapter 6 presents a RED model accounting for the presence of multivalent ions in the
feedwaters and their negative influence on RED power production. Validation with
experimental data was performed, showing that the model effectively described RED
performance in the presence of sulfate or magnesium ions. Additionally, simulations of
RED performed with various stack and flow configurations highlighted the need of
designing RED processes with the complexity of natural feedwaters in mind. The results
of the simulations showed that RED performance in the presence of MgSO, drastically
differed from the simulated behavior for feedwaters containing only NaCl. In particular,
the simulation results showed that the advantages of electrode segmentation and multi-
staging were partially mitigated by multivalent ions, as uphill transport and
permselectivity loss reduced the inhomogeneity of the electromotive force. The developed
RED model provides a valuable tool to design RED process systems, considering not only

NaCl in the feedwaters, but also multivalent ions.
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Fouling in Reverse Electrodialysis

7.2 Outlook

Fouling monitoring

In Chapter 2, real-time fouling monitoring at the RED stack level was presented, based on
electrochemical impedance spectroscopy (EIS). The design presented in Chapter 2 can be
further optimized by developing a dedicated fouling monitoring device based on a RED
stack with small active area, without the need to use extensive gaskets to cover a large
portion of the electrodes. Additionally, the number of monitored cell pairs can be
increased, as their impedances would sum up in series, without affecting the characteristic
frequencies of the system and without increasing the measurement time.

Another interesting development for fouling monitoring in RED would be the ability to
measure local stack resistance or impedance. As most foulants are charged particles, the
inhomogeneous current density distribution in the active area promotes different fouling
rates (Figure 7.1a) [1]. The ability to measure local resistance would provide a deeper
understanding of the relationship between local current densities and local fouling rates.
Additionally, even without fouling, monitoring local resistances would be a useful tool to
validate the results of RED models. For this purpose, in-situ measurements of impedance
spectra can be performed with silver or platinum wires embedded in the non-conductive

spacers (Figure 7.1b).

a) b)

Current density [A-m-2] sensing area
1.0 -
Potentially lower 735
fouling rate

67.5
61.5
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fouling rate 37.5
— 31.5

Figure 7.1 a) Distribution of the local current density in the active area of a RED stack at maximum power
point. b) Gasket-integrated spacer embedding insulated metal wires in place of selected filaments of the

polymeric netting to measure local resistances.

The modified spacers can be placed across a single membrane or across a cell pair,

monitoring their local impedance. Segmented electrodes can be used to apply an AC input
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over the selected areas, while the wires pick up the local AC output, measuring its
amplitude and phase shift. Using a similar configuration, albeit without electrode
segmentation, Pawlowski et al. reported the use of a single couple of silver wires clamped
across a CEM inside the membrane stack to perform linear sweep voltammetry and
chronopotentiometry measurements, yielding information on the thickness of the diffusion
boundary layer [2].

Finally, fouling monitoring would benefit from the development of a unified RED fouling
index, bundling the negative effects of colloidal particles, multivalent ions, natural organic
matter, and biofouling into a single metric. This would have the advantage of quantifying
the extent of fouling in a consistent manner across different experimental conditions. The
idea of a fouling index is not new, as the membrane fouling index (MFI) is a standardized
quantity in the field of membrane filtration, where models have been developed to predict
the MFI based on the membrane properties and on the foulants present in the feed [3,4].
Similarly, the development of a RED fouling index and models to predict it would express
a correlation between the properties of the feedwaters (e.g., ionic composition, turbidity,
total organic carbon content, and temperature) and the expected negative impact of fouling
on the membranes and RED stack properties. However, the development of a model
including a quantitative description of all possible interactions between the stack elements
and the foulants is a significant challenge. Evidence of this is found in the work of Park et
al., who developed a model predicting MFI for microfiltration membranes [3]. The
agreement between predicted MFI values and experimental data is very good for feeds
containing only inorganic particles, but their predictions become consistently less accurate
when organic matter is present in the feed [3]. For this reason, the development of a RED
fouling index and models to predict it may be best suited for a data-driven approach, where
advanced statistical tools (machine learning algorithms) are used to infer the relationship
between inputs (feedwater characteristics and stack properties) and output (RED fouling
index) from a sufficiently large dataset [5]. This topic is further discussed in section 7.3
on RED modeling.

Membrane development

The ion exchange membranes (IEMs) are the key element of the RED stack. For this
reason, much of the developments in the RED field concerned the membranes. There are
three key areas in membrane research: 1) membrane RED performance, typically
benchmarked with measurements in a laboratory environment and NaCl solutions; 2)

fouling resistance, evaluated both in laboratory environments (as presented in Chapter 3
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and Chapter 5) and in RED pilots; and 3) membrane cost. While the first two areas of
research have received much attention, membrane cost has been identified as a key factor
determining the financial feasibility of RED [6], but little research has been reported in
the literature on reducing membrane cost without sacrificing RED performance.
Furthermore, research in these three areas is typically carried out separately with RED
performance optimization rarely considering fouling, and surface modification studies that
induce anti-fouling functionality having often detrimental effects on RED performance
due to increased membrane resistance or decreased membrane permselectivity.

The future challenge for membrane development is to focus on the simultaneous
optimization of membranes in all key areas: high RED performance, anti-fouling
resistance, and low cost. Given the complexity of the issue, a promising strategy is the use
of genetic algorithms (GAs) paired with a high-throughput (HT) platform for membrane
fabrication and testing to explore the large number of possible combinations looking for
the optimal result. GAs are stochastic search techniques inspired by the natural processes
of selection and evolution, and they are part of the larger family of evolutionary algorithms
[7]. Their principle is illustrated in Figure 7.2.

First generation Evaluation of the Ranking / Breeding of a
(random composition) objective function / selection new generation

(a]a]a]a) 64 % annG anun
3% (e]e]e]e] [e]e]e]e]
aaan 3% (a]a]a]a) (a]a]a]a)

gaan 1% (==

Random mutation
8% 9
anan 89% (a]a]e]e]

Repeating cycle
Figure 7.2 Working principle of genetic algorithms (GAs).
GAs explore a complex parameter space in an iterative manner, by generating successive
sets of samples (generations) based on evolutionary operators (cross-over and mutation).

Every sample is identified by a set of descriptors (e.g., for IEMs, the porous support

characteristics, formulation of the ion conductive phase, characteristics of an eventual
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surface modification layer, fabrication conditions). In the first generation, these
descriptors are randomly initialized. Once the samples are fabricated, their fitness is
evaluated to generate a sample ranking. This involves testing of the properties of the
samples, which are then bundled in a single descriptor (objective function) expressing the
desired parameter(s) that need to be optimized and, in evolutionary terms, representing the
fitness (i.e., the probability of survival) of the sample. Once all samples are ranked based
on their fitness, the worst ones are discarded, while the best ones make it to the next
generation (selection process). Additionally, the size of population of the following
generation is increased by breeding the best-performing samples to generate new
combinations. The characteristics of the parent samples are combined and transmitted to
their offspring (cross-over), with the possibility to have random variations (mutation).
This breeding process is fitness-proportional, thus the probability of a sample to originate
new combinations is proportional to its fitness value. A new cycle is then started by the
evaluation of the fitness (objective function) for all samples in the new generation. This
iterative process is terminated when the objective function is maximized or when a desired
threshold value is reached. Thanks to this process, GAs have the ability to explore a large
parameter space in a self-adaptive manner and they are not constrained by local optima
[8]. For this reason, they have been used in a wide range of applications, starting with drug
development and reaching also membrane science [9]. Among others, Vandezande et al.
used GAs to optimize the performance of solvent-resistance nanofiltration membranes
based on fabrication by phase inversion, exploring a nine-dimensional parameter space
and reaching the desired objective function threshold in three generations (176 casting
solution formulations, resulting in 125 membranes to test) [8].

Due to the large number of samples generated, GAs are frequently paired with HT
platforms that facilitate the preparation and testing of large volume of samples. For
membrane fabrication, this would involve automating the preparation of the solution used
to impregnate the porous support, the membrane fabrication process, and possibly
membrane testing.

A final aspect to be considered for the use of GAs paired with a HT platform for RED
membranes development is the choice of the objective function to rank the samples based
on fitness. RED performance can be evaluated starting with membrane characterizations.
The measured membrane properties (e.g., electrical resistance, permselectivity, thickness,
water and salt diffusion coefficients) are then used as an input in the model presented in
Chapter 4 (NaCl only) or Chapter 6 (including multivalent ions), which produces data on

net power density and net energy efficiency. Their product, also called response product,
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is an effective descriptor of RED performance, bundling gross power density, pumping
losses, and efficiency [10]. Anti-fouling performance is best evaluated with RED stack
fouling experiments, but these would not be compatible with the large volume of samples
produced by the HT platform due to the time needed for the assembly and testing of a
RED stack. Therefore, a quicker fouling test, such as measurement of transition time in
the presence of a model foulant, performed in a consistent manner for all samples and with
an improved cell design, would be a more suitable choice as a descriptor of anti-fouling
functionality. Finally, to evaluate cost, an estimate of the membrane fabrication cost, based
on materials cost and processing cost, can be considered. The three descriptors can be
assembled into an objective function (OF) as follows:

R t C°
0F=F't_0'? (Eq. 7.1)

Where R is the response product of the membrane (W-m™2-%), R® is a target response
product used to normalize the RED performance descriptor, t is the measured transition
time (min), t° is the desired transition time used to normalize the anti-fouling functionality
descriptor, C° is the target membrane cost (€:m) to normalize the cost descriptor, and C
is the membrane cost of the sample. With the objective function formulated in Equation
7.1, all parameters are given the same weight and the OF would exceed the unitary value
when all threshold values are reached.

As an alternative objective function, the stochastic model reported by Daniilidis to predict
the levelized cost of energy (LCOE, €-kWh) for RED could be used to calculate the
objective function [6]. In its present formulation, this model considers membrane cost,
power density, and efficiency, which are used to evaluate the operation of a RED plant for
a period of 30 years, divided in 5 years of pilot phase and 25 years of power production.
If the model is adapted to accommodate anti-fouling functionality and its effect on RED
operation over time (e.g., by adjusting the power density decline over time and by
introducing stack cleaning costs), then the calculated LCOE would effectively act as an
objective function considering all aspects: RED performance, anti-fouling resistance, and
membrane cost. However, unlike the OF presented in Equation 7.1, when using the LCOE
as OF, the weight attributed to the different aspects of RED is different, with membrane
cost playing the biggest role in the determination of LCOE compared to RED performance

and, possibly, fouling resistance.
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Modeling

In Chapter 4, the benefit of electrode segmentation for power density and efficiency was
highlighted, with a RED model improving the understanding and guiding the optimization
of the external load voltages to achieve maximum power density. In recent years, RED
models have assisted RED development as tools to explore the process parameters space
rapidly. Veerman et al. used a model to optimize RED performance, identifying power
density and response product as good parameters for optimization, and to improve RED
stack design [11]. Vermaas et al. used modeling to prove that RED can achieve much
higher efficiencies than it was thought [12]. Tedesco et al. studied the influence of co-ion
transport, water transport, and membrane thickness to optimize RED performance [13—
15]. While these models provide very valuable insight into RED process optimization,
they are based on feedwaters containing only sodium chloride and on the description of
RED based on a cell pair, or multiple cell pairs behaving in the same ideal way.

The future challenge for RED modeling is to move beyond the current paradigm by
accounting for the non-ideal behavior of the RED stack, including ionic short-circuit
currents (ISCCs) and the real complexity of the feedwaters. First steps in these directions
were already made, as Veerman et al. reported a model approach including the effect of
ISCCs [16]. Additionally, Culcasi et al. reproposed the approach of Veerman et al. without
approximations in their solution strategy [16,17]. To account for more elements in the
feedwaters than only NaCl, Chapter 6 presented a validated RED model predicting RED
performance in the presence of multivalent ions in the feedwaters.

Further work can be done to model the RED stack including the effect of ISCCs. The
approach of Veerman et al. is based on the interaction between two models: 1) a cell pair
model, where ISCCs are neglected, which is solved to find the steady state salt
concentration profiles in the sea and river water compartments, together with the
electromotive force and cell resistance profiles; and 2) a stack model in the form of an
electrical network including the ionic shortcut pathways, which uses the solution of the
first model to determine the values of the voltage sources and resistors in the network,
which is then solved based on Kirchhoff’s circuit laws, yielding information on RED
performance accounting for the presence of the ISCCs. The two models and their
interaction are illustrated in Figure 7.3a. However, this approach suffers from some
limitations, as information only flows from the cell pair model to the network model. The
optimal external load predicted by the cell pair model and the optimal external load
predicted by stack network model do not match. This results in the stack network model

containing approximate values for the cell resistances, which are calculated at a different
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external load value. For relatively low number of cell pairs, this approximation holds.
However, at increasingly large numbers of cell pairs (100+), with increased magnitude of

the ISCCs, this approach becomes increasingly less valid.

a) Current approach

1 cell pair model Stack model

e — - - 1 cell
pair

. |:> ~
sea river
CEM  AEM
no ISCC with ISCC
b) Proposed approach
1 cell pair Stack 1 cell pair
model model model

no ISCC with ISCC with ISCC

Figure 7.3 a) current RED modeling approach, where a single cell pair is modeled and its output is used
for the inclusion of ionic short-circuit currents with a separate network model. b) proposed RED modeling
approach, where an iterative process occurs between stack network model and an extended cell pair model,

which includes the effect of ionic short-circuit currents.

To overcome this limitation, an iterative process can be introduced between the stack
network model and the cell pair model (Figure 7.3b), with a corrected electromotive force
accounting for the ohmic drop associated with the ISCCs

Eywisccs = Enernst — BEisces(U) (Eq.7.2)
Where E,,/isccs is the electromotive force in the presence of ISCCs, Eyepmg is the
electromotive force calculated with the modified Nernst equation, not accounting for the
ISCCs, and AE, 5. (U) is the electromotive force loss associated to the ISCCs, which is a

function of the external load voltage (U).
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With the cell pair model receiving information from the stack network model, the available
electromotive force gets updated based on the effect of the ISCCs, and new concentration
profiles can be calculated, together with updated cell resistance values. These values are
then used to update the stack network model.

Finally, to take on the challenge of including real feedwaters and fouling into RED
modeling, data-driven modeling approaches based on machine learning (ML) are a
promising strategy. The underlying idea for this approach is that there is a relationship
between membrane fouling and the characteristics of the membranes and feedwaters. Even
though this relationship may be too complex to be framed by mechanistic models, if given
a large amount of fouling data, machine learning or deep learning algorithms can infer the
relationship and create a model that takes membrane and feed parameters as an input,
yielding membrane fouling as an output, e.g., expressed as the MFI. These algorithms
have been applied successfully to describe fouling in the field of porous membranes [5].
To predict fouling in a pilot-scale microfiltration system, Lee et al. used genetic
programming, which uses an evolutionary process analogous to that of GAs to build a
mathematical function describing the relationship between a given input and output [18].
Their results show good agreement between the predicted fouling degree and the measured
value, with predictions based on the water temperature, turbidity, organic carbon content,
and algae concentration [18]. Similarly, Park et al. used a convolutional neural network
(CNN) to evaluate and predict fouling growth and flux decline in nanofiltration/reverse
osmosis membranes. By using in-situ optical coherence tomography (OCT), they obtained
images of the fouling layer, which were analyzed by the CNN to extract features, which
were used to estimate fouling growth and flux decline. In another example, Jaegher et al.
presented the development of a hybrid model (partly mechanistic and partly inferred from
data), based on neural differential equations, to predict colloidal fouling in electrodialysis,
reporting good agreement between the model prediction and the measured data [19,20].
Similarly, large amounts of data on RED fouling from the pilot installation at the
Afsluitdijk can be used to build a ML model to relate RED stack and feedwater properties
to the degree of RED stack fouling.
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