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ARTICLE INFO ABSTRACT

Keywords: To assist reaching net-zero emissions, the dissolved carbon in the ocean can be extracted to enable an indirect air
Electrochemical capture. An electrochemical bipolar membrane electrodialysis (BPMED) is a sustainable method for such capture.
CO; capture The BPMED enables a pH-swing that manipulates the oceanic carbonate-equilibrium using electricity. However,

Oceanic carbon capture
pH-swing

In-situ mineralization
Bipolar membrane

at alkaline-pH, an in-situ process suffers from inorganic fouling within the stack, increasing the cost of capture. In
the current work, we investigate fouling management strategies including fouling control (i.e., membrane-
configuration and current-flow rate optimization) and fouling removal methods. Fouling removal methods
including air and CO4(g) sparging, dissolved CO2 (aq) cleaning, back-pressure, flow rate increase, and acid-wash
are investigated under accelerated fouling conditions. The stack configuration containing the BPM-AEM pairs
shows 4 x lower fouling than the BPM-CEM stack, while the carbonate-extraction and faradaic efficiency are
similar for both configurations. From the scaling removal methods, only the acid wash combined with the back-
pressure removed all the inorganic fouling, recovering both the cell voltage and pressure drop to their initial
values. Upon the air sparging, the total cell voltage and pressure drop increased even more due to the trapped gas
inside the netted spacers. Cleaning via dissolved and gaseous CO5 decreases the cell pH, dissolving hydroxide/
carbonate-based fouling, but decreases the carbonate-removal significantly which is not preferred. Applying the
back-pressure and higher flow rates decelerated the scaling buildup but was not enough to remove the fouling.
Using BPM-AEM stacks in combination with periodic acid cleaning has potential as resilient oceanic carbon
removal via BPMED.

emissions (i.e., ca. 42 % of the total emission) [5].

Oceanic carbon capture is enabled through a pH-swing which pro-
vides products of gaseous CO2(g) (in acidic pH) and/or carbonate min-
erals (in alkaline pH) [5]. Recently, we have shown the feasibility of the
bipolar membrane electrodialysis (BPMED) for electrochemical oceanic
carbon capture through in-situ alkaline mineralization [3]. The BPM
inside the BPMED stack consists of an anion exchange layer laminated/
electro-spun to a cation exchange layer, with a water dissociation-
catalyst inside the junction layer to enhance the kinetics of the water
dissociation [8-10]. Our recent work demonstrated a BPMED containing
10 bipolar-cation membrane (BPM-CEM) cell units to remove the
oceanic dissolved inorganic carbon (DIC) in the form of calcium car-
bonate CaCOs(s) through the in-situ alkaline route [3]. However, the
fouling inside of the electrochemical stack, particularly the scaling
resulting from the alkaline-pH > 9, poses challenges to the technology.
To assess the technology’s practical feasibility, this work discusses
various strategies to control and remove the scaling.

1. Introduction

To mitigate climate change [1], decarbonisation in all sectors is
required, including the water sector [2]. Closing the carbon cycle and
decreasing the carbon footprint of the water sector (e.g., desalination
plants) are possible through extraction of the oceanic dissolved inor-
ganic carbon (DIC) [3]. An additional benefit is that eliminating the
carbonic species prior to membrane based desalination (e.g., reverse
osmosis (RO) or electrodialysis (ED)), as a pre-treatment step, can
reduce the risk of carbonate-based scaling [4]. Particularly, a pH-
gradient based decarbonisation step [5] is advantageous prior to
seawater reverse osmosis (SWRO) as low-pH brine stream is ideal for
further brine concentration processes [6,7]. The high-pH stream can be
returned into the sea, enhancing the atmospheric-carbon absorption in
the ocean, and facilitating an indirect air capture. Another benefit of the
oceanic-DIC capture is its ability to address decentralized carbon
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Nomenclature

Parameters

Feed density, kg m >
Viscosity of feed, kg m~!s
Spacer porosity, [-] in %
Average velocity of the spacer-filled channel, cm s~
Experimental duration between ty and t.qq, S

Flow rate in each compartment, ml min~*

Length of membrane in vertical axis, m

Applied current density, mA cm™2

Spacer thickness = intermembrane distance, m
Width of each spacer channel, m

Total cell voltage, V

Membrane resistance, Q m?

Number of cell pairs (anion and cation
exchangemembrane)

Applied current, A

Faraday constant, s A/mol

Membrane active area, m?

P Pressure difference over acid or base compartments, Pa
OoCV Open circuit voltage, V

Base-pH pH in the alkaline compartment, [-]

-1

1

2;u<§m“‘-mn<mtb

> o>

t Cell residence time, s

tend End of the experiment time, s

to Time of the beginning of the experiment, s

Mpic Moles of captured CaCO3(s) during the experiment

duration, mol

Tlim BPM limiting current density, mA cm 2

drp Spacer filament thickness, pm

dn Hydraulic diameter of the channel, m

Vior Total compartment volume (excluding ¢), L

Vo Spacer’s volume, L

Vini Initial cell voltage, V

Ve Effective compartment volume, L

Sysp Specific surface of the feed spacer, m!

Rey, Hydraulic Reynolds number, [-]

Ags Cross-section area of the feed channel including the spacer

porosity, m?
ARyon_onmic Difference between the membrane non-ohmic
resistance, Q

ARowmic  Difference between the membrane ohmic resistance, Q
Abbreviations

AEM Anion exchange membrane

AFC Accelerated fouling conditions
BPM Bipolar membrane

BPMED Bipolar membrane electrodialysis
CEM Cation exchange membrane

DIC Dissolved inorganic carbon

ED Electrodialysis

ERS Electrode rinsing solution

RED Reverse electrodialysis

RO Reverse osmosis

SWRO  Seawater reverse osmosis

2. Membrane fouling

There are four types of ion-exchange membrane fouling [11]:

—

. Colloidal fouling e.g., clay, precipitated iron, aluminum oxides, and
silicates [12]

2. Organic fouling e.g., humic acids [13-17]

3. Inorganic fouling also known as scaling e.g., calcium carbonate
(CaCO03) and silica (SiO2)

4. Biofouling e.g., micro-organisms, extracellular polymeric substances

(EPS), and algae [18]

Membrane fouling shortens the lifetime of membranes and decreases
the available membrane surface area [11]. Fouling increases the elec-
trical resistance of the membranes, thereby raising the voltage loss and
energy required for the process [11,19-22]. Fouling also increases
pumping energy needed, by blocking the spacers/compartments,
increasing the pressure drop between the inlet and outlet of the elec-
trochemical stack.

Fouling depends on the interaction between feed-compounds and the
chemical charged groups on the membrane surface [11]. It is shown in
previous studies (on reverse electrodialysis, RED), that the chance of
scaling is increased in seawater compartment in the vicinity of the CEM,
due to the high concentration of multivalent ions in the seawater (e.g.,
Ca%* and Mg?") [20,23-26]. On the other hand, AEM did not show
mineral scaling, but is known to be more prone to organic and colloidal
fouling especially when combined with fresh water [19,27] (since these
compounds are mostly negatively charged). In another study on elec-
trodialysis (ED), it was reported that the membrane scaling formed by
Ca%" and Mg?" minerals on AEM surface mostly takes place at neutral
pH values, while the CEM was scaled at more alkaline pH [28]. In RED
and ED processes, the mineral scaling is always combined with a con-
centration gradient, thereby inducing uphill transport (i.e., transport
from low to high concentrations) of multivalent ions [26,29,30].

However, the lack of such substantial concentration gradient in the
BPMED-based carbon capture stack generates a different case, where the
impact of the membrane type needs to be studied.

In the BPMED-based in-situ mineralization method, when using real
seawater as feed, the inorganic fouling in the alkaline pH (>9) increases
the cell voltage drastically [3,31]. Therefore, this work focuses on
controlling the inorganic fouling (i.e., scaling), in particular, the car-
bonates and hydroxide minerals that form at pH between 9 and 12.
Considering the low pH in the acidic channels (pH < 4), no mineral
scaling is assumed to develop in acidic compartments.

As the fouling is dependent on the cell configuration and the choice
of membrane, we first compare the performance of CEM-BPM and AEM-
BPM configurations when subjected to a fouling scenario. Other cell
configurations including BPM-AEM-AEM [31] or ex-situ AEM-BPM-CEM
[32] are also possible, but is not considered. Eliminating the third
membrane in the cell-units reduces the ohmic resistance in the stack,
increasing the CaCOs(s) production per number of membranes, and thus
reducing the total stack electrical energy consumption [3]. In addition,
we tune the combination of applied current density and residence time
to mitigate fouling via process control, and to induce accelerated fouling
conditions.

Unfortunately, even by applying control strategies, scaling is inevi-
table and must be removed physically or chemically. Fouling manage-
ment strategies include (1) membrane modification, (2) feed pre-
treatment, (3) membrane cleaning, and (4) changes in the process
regime [11]. This work investigates membrane cleaning and changes in
the process regime.

The literature review of fouling management in BPMED reveals
studies in waste water treatment [33-37] and food industry [38-42].
With research focusing mainly on organic fouling on the AEM [34,37],
CEM [35-37,43], and BPM [33,40,41] surfaces. Various methods for
fouling removal are reported in literature, including polarity-reversal
[44] (not applicable to BPM), reverse flow [45,46], gas sparging [25],
cleaning using CO,-saturated water [19], chemical wash [47], flow rate
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increase [48 34] (i.e., Reynolds number [41]), acid-ultrasound cleaning
[35], low current density [42], and pulsed electric field (PEF) current
mode [41]. For scaling prevention of Ca- and Mg-salts, reducing the feed
pH < 3 [28,39] or using pretreatment to remove these ions prior to
BPMED [37,49] is suggested the most effective.

While recent previous work demonstrates that BPM-induced carbon
mineralization from seawater causes scaling of Ca- and Mg-precipitates
[3], no studies have elucidated the most suitable strategy for scaling
prevention or removal in this application. Here, we study fouling man-
agement strategies to unlock to the potential of carbon capture from
seawater via in-situ mineralization. Membrane cleaning methods in this
work include air sparging, gaseous CO»(g) sparging, cleaning using
dissolved CO; (aq), flow rate increase, back-pressure application, and
acid wash (using pure HCI acid or using the produced acid from the
BPMED). All cleaning strategies are compared using in-situ seawater
decarbonization in BPMED under accelerated scaling conditions.

3. Materials and methods

Prior to the experiments, the expected feed and outlet pH, possible
minerals, and carbonate removal rate are simulated with Visual MIN-
TEQ Ver. 3.1 at each current density (i) and cell residence time (t),
following the calculation method presented [3]. The bulk pH is well
predicted with this simulation software, including the complexity of pH
decreases upon mineral precipitation that takes place in-situ [3 10]. The
local pH, however, is not reflected in the simulation. Subsequently, ex-
periments for fouling management are conducted.

3.1. Reagents and materials

Fresh synthetic seawater was made by dissolving pure salts in dem-
ineralized water, following the procedure in [3], resulting in the same
ionic composition shown in Table S1. All reagents were of analytical
grade acquired from VWR or Sigma Aldrich. During the experiments, all
solutions were kept at ambient lab temperature of 23 °C + 2 °C. To
avoid pre-precipitation in the feed tank, two separate feed tanks were
used with their content mixed using T-connections just right before

Chemical Engineering Journal 458 (2023) 141407

entering the electrochemical stack, and not any sooner [3].

The advantage of using synthetic seawater is that biofouling, organic
fouling, and colloidal fouling can be excluded (only scaling remains). In
real seawater presence of other ions e.g., strontium (Sr2+) and bromide
(Br) and insoluble matters might influence the type and kinetics of
scaling.

Solutions were pumped through the stack by peristaltic pumps (Cole-
Parmer, Masterflex L/S Digital drive, USA), through 6.0 mm OD PTFE
tubing (EmTechnik). The pH of the feed and outflow streams of the
BPMED stack were measured every second, using Orbisit CPS11D-
7BA21 pH probes connected to a Liquiline CM444 digital multiparam-
eter transmitter, both from Endress + Hauser, with an accuracy of + 0.2
pH-units. The pH meters were calibrated weekly. The pressure drop (Ap)
between the inlets and outlets of the acidic and alkaline compartments
of the stack were measured using two pressure difference transmitters
(Endress + Hauser). All membranes used in the BPMED stack were
provided by FuMATech B.V. The FBM-130, FKB-PK-130 and FAB-PK-
130 were used as bipolar membranes (BPM), cation exchange mem-
branes (CEM) and anion exchange membranes (AEM), respectively,
Fig. 1. Electrodes of titanium mesh coated with platinum, provided by
MAGNETO Special Anodes B.V. (Schiedam, The Netherlands) were used.
The 10 x 10 cm? stack is provided by REDstack B.V., with integrated
gasket mesh spacers of 400 + 5 um (Sefar 07-500/48 PETP netting with
an open area of 48 % supplied by AquaBattery B.V.) inserted in between
the membranes to act as flow channels. In between each test, the stack
(including the membranes and spacers) was cleaned with recirculating
HCI acid for several hours, followed by demineralized water and 0.5 M
NacCl flush. The stack was opened weekly for inspection.

Two different electrode rinsing solutions (ERS) were tested (Fig. 1):

e 0.25 M FeCl; + 0.25 M FeCl; + 1 mM HCI with a conductivity of 71
mScm ! and pH 1-1.5 (with a AEM shielding membrane next to the
anode),

e 0.3 M NayS0,, with a conductivity of 38.3 mSem ™' and pH of 5-6
(with a CEM shielding membrane next to the anode).

While the water electrolysis requires at least 1.23 V, the iron couple

R Base
HCE-ETR—> Acid
‘ ___l__— N -B-P—N_J_______ _B__P=N __J__—______ B_Pﬂ_______ ..................
: +| - +| - +| - :
+|- +]- +|- |
|
400 pym HE HO |- _HZO 17| o |
+|- - - or :
2 8 [ & ol & [*) o
o o +|- 0 +| - O] +| - 1
5] S +|- S YN S - I
H* -
I I - ICS3H NI~ B N i
<< << +|- < +|- = +|- i
+- +]- +|- i
.- +|- +|- !
+|- +|- +|- :
+|- +|- *- i
w o
w w
Feed Feed o =
Tank 1 Tank 2 -
Na,SO, or
................................................................................................................................................ FeCl, /FeCl,

Fig. 1. Schematic representation of the BPMED stack with CEM-BPM (+A/C CBCBCB-) and AEM-BPM (+A/C ABABAB-) configurations. The symbols P, pH, and REF
show the pressure difference transmitters, pH sensors, and the Ag/AgCl reference electrode. Feed tank 2 contains CaCl, and MgCl, and Feed tank 1 contains

remaining salts from Table S1 [3].
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is a reversible ERS, requiring 0 V of standard potential thus minimizing
the total cell voltage and energy consumption of the process [50]. To
exclude the (water) redox voltage from the measurements, two Ag/AgCl
reference electrodes were submerged inside of the electrode rinsing
solution (ERS) compartments (unless stated). The potentiostat (Ivium
Technologies B.V.) measured voltage between the two reference elec-
trodes, excluding the reactions on the electrodes (i.e., the four-electrode
connection).

3.2. Experimental procedure

The scaling buildup was measured by inline measurements through
monitoring:

1. Pressure difference (Appgse) development over time, between the
inlet and outlet of the base compartments,

2. Development of the total cell-voltage over time,

3. The stack resistance, measured via current interruption (supporting
information).

The development of pressure difference (Ap) between the inlet and
outlet of the acid compartments over time was also monitored, but
stayed constant during all experiments, confirming that no scaling
builds up in the acidic compartments. For simplicity, summary of the
applied fouling management strategies is given in Table 1, while the
supporting information provides a detailed description of each method.

3.3. Accelerated fouling conditions

The accelerated fouling condition is developed by applying a high
current density i at each cell residence time t, in the single-pass
continuous process. Theoretically, at a fixed t., the concentration of
the BPM-produced OH"™ ions increase linearly with i (Figure S5). Sub-
sequently, the increase in the OH™ ions concentration, convert more
bicarbonate ions HCO3 to carbonate ions. After all carbonates are
formed and precipitated, increasing the OH™ ions concentration in-
creases the brucite (Mg(OH),) precipitation linearly, while carbonates
precipitation remains constant, Figure S5. Assuming a linear relation-
ship between the concentration of produced OH™ ions and applied cur-
rent density i and a linear brucite-production with i (Figure S5), and
assuming the crystallization kinetics remain unchanged with a higher
current density, the accelerated fouling conditions (AFC) can be defined.
AFC suggests that (under the same t,) running the experiment for 1 hr
under i = 15 mAcm ™2 results in the same exposure to mineral

Table 1
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precipitation as that of 3 hr under i = 5 mAcm 2. To show the relation
between the normal and accelerated fouling condition, the voltage
buildup graph for the two cases (i.e., flow rates of ¢ = 24 and 72
mlmin 1) vs charge density (i.e., OH™ production density) are compared
in the SL After measurements of the removal of DIC, Ca®", and Mg2+
ions and SEM/EDS analysis, it is concluded that carbonate and hy-
droxide minerals are the main precipitation that take place [3], vali-
dating Figure S5.

However, in order to ensure if equal exposure to mineral precipita-
tion results in the same fouling rate and to ensure findings under AFC
can be considered as the final solution against scaling in in-situ BPMED-
based carbon capture, the method of AFC needs to be validated with data
from pilots, using real seawater for extended period of time. A combi-
nation of redesigned stacks, pre-treatment, additional operational
measures, and cleaning procedures might be the way to restrict fouling
at minimum cost.

3.4. Data analysis

All the output from the base compartments was captured and stored
in sealed storage tanks/bottles for at least 72 h to allow mineral pre-
cipitation without the interference of the atmospheric CO(g). There-
after, the sample was filtered through a 0.22 um (MF-Millipore™) filter
and analyzed on Ca?" and Mg?" concentrations using inductively
coupled plasma analysis (ICP). The carbonate concentration in the
filtered sample was determined via titration with 0.1 M hydrochloric
acid HCI, following the procedure in [3].

3.5. Electrical and pumping energy consumption

The total energy consumption E in Jmol ~'CaCOs(s) required for the
in-situ mineralization is determined using:

Lend lend
VIdt Apacia + DPpase) g dt
£ fm N f,o (Apacia Pase) 4 '€))

mp;c Mmp;c

The first part of the equation describes the stack-electrical energy
consumption, in which V represents the total cell voltage (V), I the
applied current density (A), t the experimental duration between t; and
tend (). The second part of the equation describes the pumping energy in
which Apycig and Apggse are the pressure drops over the acid- and base
compartments (Pa), respectively and q is the flow rate (m® s—!), inte-
grated over duration of the experiment. The values are divided by the
amount of moles CaCOs3 captured during the running time of the
experiment (mpyc) [3]. The cell-voltage (V) includes the voltage required

Summary of the applied strategies for fouling control (blue) and fouling removal, showing the applied current density i, flow rate per compartment g, and the cell
residence time t, parameters. The reference case and accelerated fouling conditions are also shown. The detailed description of each strategy is given in the supporting

information.
Strategy Configuration i mAcm—?2 q t, [s] Remarks
mlmin—"
Reference case BPM-CEM, 5 72 2.4 CaCOs(s) is formed but scaling buildup rate is slow
BPM-AEM
Accelerated BPM-CEM, 12.5,15 24,72 7.3, Scaling buildup rate is fast due to the high OH™ production density
fouling BPM-AEM 2.4
Membrane BPM-CEM, 5,10, 12.5, 24,72 7.3, Effect of cell-configuration and i — t. were studied
configuration BPM-AEM 15 2.4
Air sparging BPM-CEM 12.5 72 2.4 Air pressure: 1-4 barg, every 10 min (for 5 s), with the first sparge starting 5 min after the start of the
experiment
COy(g)sparging BPM-CEM 12.5,15 72, 24 2.4, CO4(g) pressure: 2 bar or 3 bar, every 5 min, for 5 s or for 3 2 s (combined with backpressure)
7.3
Saturated BPM-AEM 12.5 72 2.4 60 s cleaning after 1 h of experiment (Table S2)
CO; (aq)
Purge flow BPM-CEM 12.5 72 2.4 Purge flow (5x and 15x q) every 10 min (for ca. 5 s), starting 5 min after the start of the experiment
Back-pressure BPM-CEM, 12.5 72 2.4 Separately or combined with gas sparging and acid-wash, applied by momentarily closing the base-
BPM-AEM outlet valve
Acid wash BPM CEM, 12.5 72 2.4 Diluted HCI (pH 1.5-2) and BPMED-made acid (pH 2.42.6) was used. The effect of acid flow rate was
BPM-AEM also studied (q = 0, 72, 144 mlmin!).
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for the redox reaction, BPM-water dissociation, and the stack losses
including the ohmic and non-ohmic losses [10]. Fouling increases both
the ohmic and non-ohmic resistances [11,51].

3.6. Flow velocity and cell residence time

The average flow velocity v (cm s—!) inside the stack is calculated as
[52]:

q q

V= 60><Aeﬂ: 60 x Wxdxe

@

where Ay in cm? is the cross-section area of the feed channel including
the spacer porosity (e~ 73 %, [-1), q the flow rate in the compartment in
mlminfl, W width of feed channel (=10 cm for the used electrochemical
stack), and d the spacer thickness ~ 0.04 cm. The cell residence time ¢, in
s is defined as:

= —

v

3)

where [ is the length of feed channel (parallel to the flow direction) =
10 cm and v the average flow velocity v (cms—1) inside the stack. The
used flow rate of ¢ = 72 and 24 mlmin—" in this work, create flow ve-
locities of v 4.1 and 1.4 cms—l, and t, of 2.4 s and 7.3 s, respectively.

The hydraulic Reynolds number Rey as a function of the average
velocity of the spacer-filled channel (Equation (2) but in SI unit of ms™1),
hydraulic diameter dj (in m), and W width of feed (in m) can be
calculated via [52]:

pvdy, 4 xe

Re;, = , whered, = ——————
! "T 24 (1+e) xS.s

(€3]

where p and u are the density and viscosity of the feed (synthetic)
seawater, respectively (i.e., assumed to be p = 1021.57 kgm—3 and u =
0.000943661 kgm—ls—l). S,,spis assumed to be ~ 18182 m—" and is the
specific surface of the feed spacer [18] (=feed spacer surface divided by
its volume, in this work roughly approximated by dip [53], with dr the
spacer filament thickness of 220 um). Given the above inputs, the Rep, in
all experiments stays Rep < 1000 indicating a laminar flow [41].

4. Results and discussion
4.1. Effect of the cell configuration

The AEM-BPM works remarkably better than the CEM-BPM config-
uration with regards to the magnitude of the scaling buildup (Fig. 2).
The cell voltage for the AEM-BPM configuration does not increase with
time, while that of the CEM-BPM increases 4x within the same 1.5 h,
Fig. 2 (A). The pressure drop curve also shows a substantially better

A

20

E CEM-BPM
E -
210
>H t

- AEM-BPM

0 oh—— o

0 0.5 1 15

Time [h]

Apgase [MBar]
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performance of the AEM-BPM configuration compared to CEM-BPM,
Fig. 2 (B). Some increase in pressure is observed even for the AEM-
BPM case as fouling still does occur. This scaling results in partially
blocking the flow path and thus increasing the pressure drop, which is
confirmed after opening the stack in both cases, and visually observing
the white precipitation on the membranes and spacers surfaces (results
not shown). The AEM-BPM initially shows a slightly lower pressure drop
(263 vs 430 mbar), which is probably due to a stack-to-stack variability.

As for the DIC removal, both configurations show comparable car-
bonate removal performances; ca. 79 % =+ 8 % for the AEM-BPM and ca.
66 % + 15 % for the CEM-BPM at the end of experiments. Since the
amount of removed carbonate is similar for both cases, and because the
CEM-BPM has much higher voltage and pressure drop compared to
AEM-BPM, the AEM-BPM is the preferred setup because of its lower
energy consumption (Equation (1)). The reason is probably that in CEM-
BPM configuration, the fluxes of Mg?* and Ca®* ions towards the base
compartment through the CEM (under migration force) create a high
concentration of these divalent ions on the CEM boundary layer (i.e.,
concentration polarization), increasing the saturation index of the car-
bonate (and hydroxide) minerals close to the surface of the CEM,
increasing the (inorganic) fouling rate. We also observed presence of the
inner membrane fouling (in form of white precipitates) within the CEM
as well as its surface after opening the stack, conform with earlier
findings [35]. Such a scenario does not occur in the AEM-BPM config-
uration, as the AEM suppresses the cation transfer. We hypothesize that
this concentration polarization causes inorganic fouling at the CEM
surface, in addition to fouling in the spacer channels. This also explains
why both the cell voltage and pressure drop increase in the CEM-BPM
case, while in the AEM-BPM configuration only Ap increases.

4.2. Effect of the cell residence time and applied current density on scaling
buildup

Assuming the thermodynamic equilibrium in the bulk, at base-pH >
9.9, using Visual MINTEQ simulations, >97 % of the dissolved inorganic
carbon (DIC) can be removed as calcium carbonate [3]. After that point,

any further increase in the OH™ production density (= ti = VI;;F) only

increases the OH™ ions concentration further, accelerating hydroxide
containing minerals precipitation, Figure S5. In the experiments, the
total cell voltage (Fig. 3) and pressure drop (Figure S6) indeed increase
with cell residence time t. and current density I, showing scaling
buildup. The increase of the cell voltage is due to the increase of the
membrane ohmic- (Figure S2) and non-ohmic resistances (e.g.,
explained under section 3.5). In this work, the change in the stack ohmic
resistances where much more significant compared to that of non-ohmic
resistances, Figure S2 and S3.

Comparing the scaling buildup under accelerated fouling conditions
(i.e., g = 24 mlmin—l) to that of normal conditions (i.e., ¢ = 72
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Fig. 2. Comparison of membrane configurations CEM-BPM (+ACBCBCB-) and AEM-BPM (+AABABAB-) under 12.5 mAcm—2 and flow rate 72 mlmin—' with regards
to the total cell voltage (A) and the pressure drop over the base compartment (B).
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Fig. 3. The measured experimental cell voltage vs time for two cell configurations (A, B: CEM-BPM, and C, D: AEM-BPM), four current densities (red 15, blue 12.5,
grey 10, and black 5 mAcm—?) and two cell residence time (t, = 2.4 and 7.3 s, corresponding to flow rates of 72 and 24 mlmin—' per compartment, respectively).

mlmin—') show a similar growth rate for the later within the same time
frame, Figure S7 and S8.

The cell voltage increases with current density, due to the increase in
the ohmic resistances (Fig. 3, voltage of red > blue > grey > black). This
can already be seen in different initial voltages between the cases.
Furthermore, the cell voltage increases with experiment time due to the
mineral precipitations that take place inside of the stack. The increase in
the cell voltage vs time due to this scaling buildup is the highest for the
CEM-BPM configuration (Fig. 3 (A, B)) due to the concentration polar-
ization of divalent cations close to the surface of the CEM as explained
under Fig. 2.

In general, as the cell residence time ¢, decreases, the scaling buildup
rate decreases, Fig. 3 (B, D) vs (A, C). This is probably because the higher
shear force associated with the higher flow rate, mechanically removes
the fouling particles better [54-57] and/or because a lower base-pH
decelerates scaling buildup. In wastewater treatment via BPMED, the
membrane organic fouling is also reported to decrease upon a higher
flow velocity because of destabilization of the fouling layer and the
concentration polarization layer at higher flow rates [34].

A lower t; is thus preferred, as long as the base-pH requirement is met
for the bicarbonate to carbonate conversion and carbonate precipitation
[3]. The measured/simulated base-pH for each experiment shown in
Fig. 3 is very comparable and all at pH > 9.9. The OH production
density associated with each i — t, is shown in Table S4.

A higher current density creates a higher base-pH and promotes the
mineral precipitation inside of the stack (including a higher hydroxide/
magnesium containing minerals precipitation, Figure S5). This increases
the scaling buildup (Fig. 3 from red to black lines) which is undesired.
The lowest current density of 5 mAcm—? does not create much fouling
regardless of t, and cell configuration (Fig. 3, black lines). A low current
density also has the added benefit of causing lower ohmic losses (iR),
decreasing the total cell voltage and eventually the electrical energy

consumption (Equation (1)). Application of a low current density is also
reported beneficial to prevent organic fouling in BPMED used in food
industry [42].

From Fig. 2 to Fig. 3 it becomes evident that the AEM-BPM cell
configuration, in combination with high flow rate and current density of
5-10 mAcm—2 (i.e., OH production density < 0.01 molL—1, Table S4)
provides the best process setting to decelerate scaling buildup. However,
despite the decelerated scaling buildup explained above, scaling is
inevitable when in-situ mineralization is initiated. The stack pressure
drop-increase vs time graphs clearly reveals the presence of scaling in all
cases, Figure S6. As the fouling is inevitable even under controlled
fouling strategies, fouling removal techniques are required. The per-
formance of each cleaning method is discussed below.

4.3. Air sparging

Air sparging under 1 barg injection pressure was not sufficient as gas
bubbles got trapped inside of the stack, Fig. 4. The air sparging experi-
ments show a similar trend for voltage and Appgse, increasing with time,
just as the reference experiment (Fig. 4). This suggests that the air
sparging did not clean the BPMED stack-base compartments. Not only
does the air sparging not recover the cell voltage/pressure drop, but it
also even increases them slightly after each injection (Fig. 4 (A, B)-spikes
and the slightly higher value after each spike). Such increase is probably
due to the presence of stagnant bubbles that are remained trapped in the
stack after every air injection. The trapped gas is reported to increase the
stack resistance in prior studies [19] as air has much lower electrical
conductivity than the feed synthetic seawater (i.e., ca. 10-'4[58] vs ca.
5 Sm—1). At the end of each air injection, an effort was made to remove
stagnant bubbles from the stack by applying back-pressure through
closing a valve located on the outflow of the base compartments
(creating pressure buildup of 2-3 bar), but no decrease in the voltage nor
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Fig. 4. Air sparging under 2 (black) and 4 barg (red) done for the BPM-CEM configuration (i = 12.5 mAcm—2 q=72 mlminfl), every 10 min for 5 s, with the
reference experiment (i.e., no sparging applied) shown in grey. (A) Cell total voltage and (B) pressure drop over the base compartments vs time. Each set experiment
is done three times. The graphs show the average of three repetitions. In (B), the standard errors (=standard deviation/square root of 3) for the reference experiment
(light grey) and the 4 barg experiment (in pink) are shown, the case of 2 barg (black) has a standard error of ca. 42 mbar. For (A), the standard error is ca. 0.7-0.9 V
for all lines. The spikes in cell voltage and pressure drop are caused by the gas bubbles inside the stack (decreasing conductivity and increasing flow, thus differ-

ential pressure).

Appase Was achieved.

Increasing the air pressure from 2 to 4 barg does not improve the
cleaning efficiency (Fig. 4), probably due to the formation of channels
between the spacer material (Figure S13). Upon formation of such
channels, the air chooses the ‘way of least resistance’ and only sparges
the channels but not the rest of the compartment, particularly the edges
and corners. However, air sparging has been shown effective in reverse
electrodialysis (RED) where the use of profiled membranes made spacers
obsolete [20], suggesting the important role of the spacers in fouling
removal strategies.

As a final attempt for sparging in the spacer-filled channels, a pulsed
injection was applied, as literature suggests an extra shear force can
push out the deposited fouling [19]. Therefore, sparging 3x 2 s (i.e.,
pulse injection) instead of 1x 5 s (Fig. 4) was applied. However, still no
improvement in the efficiency of the cleaning removal is seen,
Figure S10.

4.4. Cleaning with carbon dioxide

Sparging of gaseous carbon dioxide is reported to be more effective
in scaling removal compared to the air sparging [19]. Gaseous CO2(g)
has the benefit of lowering feed-pH (upon CO; dissolution) and thus
dissolving carbonate and hydroxide minerals, chemically. The effec-
tiveness of gaseous COx(g) sparging in fouling removal is evaluated for
1x 30 s (Figure S9) and 3x 2 s sparging modes, Fig. 5.

The total cell voltage and Appge both increase for the reference
experiment as expected, Fig. 5- grey line. Logically, this increase is
higher under the accelerated fouling condition of Figure S9 compared to
Fig. 5. Here, the higher scaling buildup is a result of 3.75x higher
concentration of the BPM-produced OH™ ions in the base compartment,
which increases the precipitation rate of hydroxide containing minerals
(particularly Mg(OH),). For the reference experiment, the base-pH re-
mains around pH 10 (Fig. 5 (C)) due to the in-situ mineralization that
takes place inside of the base compartments of the stack, reducing and
stabilizing the bulk-pH [3].

Gaseous COs(g) sparging increases the cell voltage and Appgs
compared to the reference experiment, probably due to the trapped
gases in the stack, Fig. 5 (A, B)-red line. Upon each sparging, a spike in
the voltage and Appgs. curves and a sudden drop in the base-pH are seen,
Fig. 5 and Fig. S9. The three downward spikes in Fig. 5 (B), at ca. 1050 s
and 1500-2000 s, are due to application of a back-pressure to release
possible trapped gas. As a result, part of the trapped gas probably does
leave the stack as can be confirmed by a flattened curve at the same time
in the voltage buildup, Fig. 5 (A)-red. The pH lowers after each ‘sparge’
as CO, lowers the pH when it is dissolved into the feed, subsequently
dissolving part of the previously formed scaling, Fig. 5 (C).

However, the gaseous CO; sparging under the setting of Fig. 5 does
not remove the scaling and even results in higher voltage and pressure-
drop values compared to the reference experiment. On the bright side,
increasing the CO5(g) concentration in the stack by applying a longer

CO,(g) sparging: 2 bar, every 5 min, 3x 2s sparge
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Fig. 5. Gaseous CO, sparging regimes for fouling removal in the CEM-BPM configuration. (A) The total cell voltage, (B) pressure drop over the base compartments,
and (C) bulk-pH in the outlet from the base compartment versus time with regards to the reference experiment (i.e., no cleaning method, grey line) are shown.
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sparging time of 30 s (instead of 3x 2 s) and a 3 bar-CO5(g) pressure
(instead of 2 bar), cleans the stack significantly even under accelerated
scaling condition, Figure S9. However, in practice, applying longer
sparging times and higher gas pressures are less economical due to the
higher amount of CO4(g) that is needed.

The COy(g) sparging does not (fully) recover the initial BPMED-
performance and it even results in a negative DIC removal. When
using COy(g)-sparging, the scaling buildup rate is equal or worse
compared to the reference case. Furthermore, as the negative DIC
removal goes against the main function of the BPMED-based oceanic
carbon reduction, and because CO5(g) sparging does not recover the
stack conditions, it is ruled out for scaling removal for this technology.

As for other methods of cleaning with carbon dioxide, CO, (aq)
saturated water cleaning for fouling mitigation has been shown effective
for microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), reverse
osmosis (RO), electrodialysis (ED), and reverse electrodialysis (RED)
[19,59]. However, in the BPMED stack, the injection of the demi-water
saturated with (dissolved) CO» (aq) as fouling removal still does not
recover the pressure drop of the AEM-BPM configuration nor decreases
the irreversible voltage drops, Figure S11.

4.5. Temporary increase of the flow rate: Purge flow

Higher flow rates lead to higher velocity gradients which leads to
higher wall shear stresses [60,61], often cleaning the surface fouling
through physical cleaning in membrane stacks [41,54,57]. In general,
places in the stack compartments where the flow velocity is low (e.g., in
spacer knits) are also reported to be more prone to fouling [51,62]. A
high flow velocity enhances mixing in the compartments, reducing the
thickness of the diffusion boundary layer (proportional to the flow ve-
locity (v}®) if Reynolds number < 1000), possibly lowering voltage-
losses [62,63]. However, a sudden temporary increase in the flow rate
of the BPMED-stack does not recover the cell voltage and Appgs
compared to the reference experiment, Fig. 6.

In the first half of the experiments, application of the sudden-flow
rate-increase does not change the cell voltage time development
compared to that of the reference experiment with no cleaning. For the
second half (as the scaling inside the stack increases), the pump
“priming” seems to even increase the cell-voltage slightly (ca. 10 %),
Fig. 6 (A). This difference is possibly resulted from various factors
working against or in favor of increasing the cell voltage. With fouling
present in the stack, random flow channels can form (Figure S13),
resulting in a non-uniform flow velocity throughout the compartment.
In RED, such nonuniform distribution of feed water increases the non-
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ohmic resistance due to depletion of ions (in zones where the velocity
is lower [51]), increasing the cell voltage. In the BPMED case, channel
formation can speed up scaling deposition because in zones with low
velocity, OH™ ions concentrations can increase (given the current density
is uniform), causing locally high base-pH. Such higher base-pH accel-
erates (the thermodynamic and kinetics of) precipitation of hydroxide/
carbonate containing minerals [3]. Upon such initial precipitation, the
energy barrier for further deposition of e.g., Ca?*, Mg?", CO%3™ or OH™
ions will decrease, enhancing the growth of the precipitates even more
[64], accelerating the scaling in whole. We hypothesize the latter to be
the cause of increase in the cell voltage upon “priming” the pumps. As
for Appgse, no significant differences between the cases exist, except that
the higher flow rates create momentary spikes of high Appgsse which is
expected. Mathematically, Ap increases with linear velocity v in laminar
flow regime Rep, < 1000 [53,65]. Finally, at the end of the experiment, it
seems like Appgse for 15x flow rate is slightly higher than the other two
cases (ca. 150-200 mbar vs the reference case), which can confirm the
above hypothesis of the accelerated fouling in high base-pH under a
temporary high flow rate.

4.6. Application of back-pressure

During application of a back-pressure, the outflow is temporarily
interrupted, which causes a pressure buildup inside the stack. Applying
a back-pressure can decelerate fouling buildup because the flow rate is
suddenly increased (more sudden than when priming) upon re-opening
the outlet. In the experiments, applying a back-pressure decelerates the
buildup rate of voltage and pressure drop slightly (by 20 % and 100 %,
respectively), Fig. 7(A-B).

Upon closing the valve, Appgs. becomes almost zero as the flow is
temporarily stopped, Fig. 7 (B). After re-opening the valve, Appgse in-
creases substantially due to the temporarily high flow flushing out of the
stack (spikes in Fig. 7 (B)). The application of the back-pressure partially
removes the scaling probably by mechanically removing the scaling due
to the (temporary) very high flow rate (and thus high shear force [57])
that it induces upon reopening the valve. However, cleaning via
applying a back-pressure does not fully restore the stack performance,
and hence is not sufficient as scaling removal method. Back-pressure
might be effective in combination with other scaling removal methods.

4.7. Acid wash: HCl vs BPMED-produced acid

Acid wash for fouling removal was applied in several modes
including synthetic HCI solution vs acid produced by the BPMED, and
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Fig. 6. Development of the (A) cell voltage and (B) Appg,s. With time vs the reference experiment (i.e., no cleaning method applied, grey line). All experiments were
conducted for BPM-CEM, under i = 12.5 mAcm—2 and flow rate of q=72 mlmin—! per compartment. A sudden short flow rate increases of 5x (black) and 15x (red),
applied every 10 min (for 3-5 s using the pump “prime” option), are compared (vertical grid lines in (A) indicate the purging intervals). The error bars show the
standard error between two repetitions with the dark lines showing the average of two repetitions. The standard errors for the reference experiment and the ex-
periments with 5x flow, and 15x flow is shown in light grey, dark grey and pink, respectively.
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Fig. 7. Comparison of (A) the cell total voltage and (B) pressure drop vs time with the reference experiment (i.e., no cleaning method, grey line). All lines are
averaged for two repetitions with back-pressure (i.e., red lines) being applied every 10 min for 3x 5 s (with stack maximum pressure of ca. 3 bar reached upon closing
the valve). A stack with cell configuration of + CCBCBCBC-, under i = 12.5 mAcm—? and flow rate of ¢ = 72 mlmin—' per compartment is used. The spikes in (B)
show the sudden outburst of flow upon opening the valve. The error bars show the standard error of the two repetitions.

acid flow rate ranging between 0 and 200 mlmin—'. In all acid wash
cleaning experiments, the base-pH and the pressure drop in the base
compartment decrease upon the wash, Fig. 8 and Fig. S12.

Upon the acid wash, base-pH decreases, enabling the scaling disso-
lution and thus fouling removal. As a result, Appgs, recovers to its initial
value. In Fig. 8 (A), the initial Appg,. at the beginning of the experiment
is 500 mbar, and after the acid wash (of ca. 15 min) Appgse becomes 590
mbar, showing > 80 % recovery, suggesting a very effective cleaning.

As for the reproducibility of data over multiple cycles, it must be
noted that even under the same stack and process parameters, the
location and amount of scaling, and thus the development of Appggs. are
not identical (Figure S12 vs 8), but all show almost full recovery upon a
HCl-acid wash. It can also be seen that the Appg,, increases much more
steeply in Figure S12 compared to 2 (B), even though the process pa-
rameters are identical. Such a difference might be due to e.g., the spacers
aging which can alter their physical form, affecting the scaling rate. To
ensure optimal cleaning, the cleaning time needs to be adjusted for each
case individually. The required time for the acid wash and the amount of
moles of H' ions needed vs the pressure -recovery are compared for
AEM-BPM and CEM-BPM configurations in Fig. 9.

In general, the pressure drop recovery for the AEM-BPM increases
with the moles H" ions used (Fig. 9 (A)-orange area); this is logical as
“more H" used” reduces the base-pH more, enhancing the scaling
dissolution. “Moles of H" ions used” is calculated via “cleaning time x
acid flow rate x H" ions concentration of the used acid”. The scaling
removal with HCI acid delivers a higher Appggse recovery (by 20 — 40 %
difference) in a two to three times shorter time scale compared to the
BPM-produced acid, Fig. 9 (A, B)-red vs blue bullets. These differences
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are probably due to the presence of various ions (e.g., Ca>* and Mg?"
and DIC) in the BPM-produced acid that hinders the mineral dissolution
and creates spots of high concentration (i.e., high mineral saturation
index). Higher ionic composition/concentration increases the cleaning
time and decreases the removal efficiency.

The slightly higher efficiency of the HCI acid in scaling removal
compared to the BPMED-acid can (also) be due to its lower pH (pH 1.5 vs
2.4), which translates into ca. eight times higher H' ions concentration
in the HCI acid.

Both tested acids enable chemical cleaning by dissolving the scaling.
Increasing the acid flow should also contribute to an enhanced physical
cleaning due to the higher shear force it creates [57]. This is confirmed
as ¢ = 144 mlmin—! HCl wash delivers 20 % higher Appgs.-recovery
compared to the 72 mlmin—' HCl-wash, Fig. 9 (A)-orange area. How-
ever, for the BPMED-acid, the opposite holds where a higher flow ve-
locity v (i.e., flow rate) worsens the cleaning slightly compared to the
two times lower v.

Scale formation is a multi-step complex process that involves
nucleation, adhesion, and growth as explained below [66,67]. This
complexity is reflected in different studies where contradictory results of
higher scaling rates have been observed both in systems with increased
and reduced fluid velocities [68-75]. Theoretically, the flow velocity (v)
has a double effect on surface fouling [76], affecting the fouling depo-
sition rate (i.e., proportional with the flow velocity) and its removal rate.
The fouling factor (in heat exchangers) is reported to be more sensitive
to the flow velocity at low flow velocities with the sensitivity decreasing
by increasing the flow velocity [75]. This is observed in BPMED, as well
[77]. From another point, in many studies over membrane bio-film, a
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Fig. 8. Development of the pressure drop (A) and base-pH (B) prior and during an acid wash for AEM-BPM configuration, using hydrochloric acid HCI with pH 1.5
and a flow rate of ¢ = 72 mlmin—" per compartment for the scaling removal. The stack was ‘scaled’ the first hour under i = 12.5 mAcm—2 applied current density and
q = 72 mlmin—? per compartment. After 3600 s, the current is turned off. Acid wash starts (at 3864 s). Spikes during the acid wash show application of back-pressure.
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Fig. 9. (A) Recovery of the stack pressure drop and (B) cleaning time required
to achieve the shown pressure recovery upon acid wash vs the amount of moles
H" needed during the cleaning for the AEM-BPM (orange area) and BPM-CEM
stack (white area). The cleaning time was noted when Ap stabilized and would
not decrease with time any further. Results are the average of two repetitions
and the error bars show the standard errors between the repetitions.

high hydrodynamic shear stresses makes the bio-film denser and thus
more difficult to remove [78-81], which could also be the case for
scaling here. We hypothesize that the effect of the higher DIC, Ca®",
Mg%" ions concentration of BPMED-produced-acid on hindering the
mineral dissolution (and/or mineral compacting) overshadows the
positive effect of a higher shear force for cleaning the scaling (i.e.,
detaching from the surface of the membrane/mesh-spacer) [67]. This
explains why a higher flow rate in the case of the BPM-acid lowers Appgse
recovery instead of improving it, Fig. 9.

When comparing the HCl with BPM-acid for the AEM-BPM (Fig. 9
(A)-red vs blue markers), the gain in Appg,, recovery in case of the HCl is
not much higher than the latter. However, >2 x the amount of H* ions is
needed for cleaning with HCl compared to the BPM-acid. This can be
clearly seen for g 72 mlmin—1, where 80 % App,s-recovery using HCl vs
73 % using BPM-produced-acid are obtained, while the amount of moles
of H' ions used are 0.08 vs 0.025, respectively. Furthermore, while no
external chemicals/costs are associated with using the BPM-produced
acid, the HCI solution needs to be either bought separately or be pro-
duced with an additional BPMED stack, increasing the costs. An alter-
native for minimizing the required HCI volume is “soaking the stack in
HCI”, which means filling the base compartments with HCI and leaving
the pumps off, allowing time for mineral dissolution; if so, ca. 50 % of
the scaling buildup is cleaned using the minimum amount of H' ions
(Fig. 9 (A)), lowering the chemical costs compared to the other cases.

As for the CEM-BPM, to achieve the same Appqs-recovery, more than
twice higher H' ions are needed compared to the AEM-BPM. This is due
to the (much) higher scaling buildup in the CEM-BPM stack (Fig. 9 (A)-
white area), as explained under Fig. 2.

To put the required H" moles for scaling cleaning in perspective,
both configurations extract ca. 81 + 1 % of the input DIC, resulting in
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production of ca. 0.023 mol CaCOs(s) after 60 min of experiment (based
on three base compartments). This is unfortunately the same number of
moles as the amount of H required for cleaning via e.g., the “soak HCI”
or BPM-acid 72 mlmin—" in Fig. 9 (A). Hence, a more efficient use of the
acid-wash should be studied in future work. On the bright side, it must
be noted that the cleaning here is done for the stack under accelerated
scaling conditions of high current density of 12.5 mAcm—2 (with ¢ = 72
mlmin—'). This is while using similar flow rate, but a lower current
density of e.g., 5 mAcm—2 is already shown adequate for creating the
required base-pH for DIC-extraction [3]. We expect that, using the same
flow rate, the experiment under 5 mAcm—?2 should be able to be
executed for at least 123 = 2.5 times longer than that of 12.5 mAcm—2,
before scaling removal is needed.

Furthermore, as the electrical energy consumption (thus voltage) has
a much higher contribution to the final energy consumption than the
pressure losses (Equation (1) and Figure S4), the cleaning is required
mainly when the cell voltage is increased (and not necessarily the
pressure drop). It is shown in Fig. 2, that the cell voltage does not in-
crease for the AEM-BPM for ca. 2 hr even under the accelerated scaling
condition of 15 mAcm—2. In the worst-case scenario that the AEM-BPM
cell voltage does increase drastically after 6 hr of experiment under 5
mAcm—z, the required H"™ moles needed for cleaning is < 17 % of the
produced CaCOs(s), making the cleaning step much more feasible.

5. Conclusion

This work investigates the fouling management scenarios to remove
the Ca®* and Mg?" based scaling in the alkaline compartments of the in-
situ bipolar membrane electrodialysis for oceanic carbon capture. The
scaling buildup is measured indirectly through monitoring the increase
in the total stack voltage and pressure drop (in the alkaline compart-
ments; Appgse). The rate of scaling buildup slows down by a (continu-
ously) higher feed flow rate in combination with lower current density,
due to the lower base-pH that lowers the hydroxide precipitation ki-
netics. Controlling the i — ¢, combination in such a way that the required
base-pH for carbonate extraction is reached, but hydroxide containing
minerals are avoided, is an efficient fouling control strategy. As for the
membrane configuration, the stack voltage for the CEM-BPM configu-
ration increases 130 % within 30 min, while that of AEM-BPM remains
constant for longer time, revealing beneficially lower scaling potential
for the AEM. Air sparging, COy(g) sparging, COy(aq) saturated water
cleaning, backpressure, flow rate increase (5x and 15x ), and acid wash
(i.e., HCl solution and BPMED-based produced acid) are investigated for
scaling removal. For both membrane configurations, the acid wash
showed the highest recovery. The acid wash using the BPM-produced
acid (i.e., acidic seawater) needs no additional chemicals and is thus
more sustainable than cleaning with HCI solution. Cleaning with HCl
results in a (slightly) higher recovery and shorter cleaning time. The
back-pressure as a solo method is not effective enough for fouling
removal but helps decreasing the scaling rate. Air sparging increase the
cell voltage and pressure drop even more because of stagnant bubbles
that got trapped within the stack -spacers. CO2(g) sparging show sup-
pression of the voltage and pressure drop increase (even though no full
recovery is achieved) but causes negative DIC-removals. We show that,
for in-situ BPMED-based carbonate mineralization from seawater, an
AEM-BPM based stack operated under current density-flow rate com-
bination that prevents pHpggs > 10 in the base compartment is desired.
For scaling removal, an acid wash is the most effective method.
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