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ARTICLE INFO ABSTRACT

Keywords: The practical energy required for water dissociation reaction in bipolar membrane (BPM) is still substantially
Bipolar membrane higher compared to the thermodynamic equivalent. This required energy is determined by the bipolar membrane
V;_)Iltageﬁl voltage, consisting of (1) thermodynamic potential and (2) undesired voltage losses. Since the pH gradient over
pH profile

the BPM affects both voltage components, in this work, pH gradient is leveraged to decrease the BPM-voltage. We
investigate the effect of four flow orientations: 1) co-flow, 2) counter-flow, 3) co-recirculation, and 4) counter-
recirculation, on the pH gradient and BPM-voltage, using an analytical model and chronopotentiometry exper-
iments. The analytical model predicts the experimentally obtained pH accurately and confirms the importance of
the flow orientation in determining the longitudinal pH gradient profile over the BPM in the bulk solution.
However, in contrast to the simulated results, our observations show the effect of flow orientations on the BPM-
voltage to be insignificant under practical operating conditions. When the water dissociation reaction in the BPM
is dominant, the internal local pH inside of the membrane determines its final voltage, shadowing the effect of
the external pH-gradient in the bulk solution. Therefore, although changing the flow orientation affects the bulk
PH, it does not influence the local pH at the BPM junction layer and hence the BPM-voltage. Instead, opportu-
nities for reducing the membrane voltage are in the realm of improved catalysts and ion exchange layers of the

Water dissociation reaction
Flow orientation
Energy consumption

BPM.

1. Introduction

As industry and society is transitioning to sustainable electrified
technologies, electrochemical methods are becoming more and more
attractive. Bipolar membranes (BPM) have been successfully utilized in
(emerging) electrochemical systems to create, and sustain, different pH
at membrane’s either sides. The BPM-facilitated applications range from
concentrated acid/base production [1], organic synthesis, bio-
technology/food industry [2,3], production of value-added products
[4-10], energy storage/conversion [11,12], resource recovery [13] (like
COg capture [14-19] and ammonia recovery [20-22]), and electrolysers
[23-25]. A bipolar membrane consists of an anion and a cation exchange
layer (AEL and CEL) laminated together. Upon application of an elec-
trical current, inside of the BPM, water dissociation reaction (WDR)
takes place in a “reverse bias mode” (i.e., CEL facing the cathode). The
BPM provides, ideally, an impermeable barrier for salt ions from the
electrolyte to cross the bipolar membrane (BPM). Instead, through the
water dissociation reaction, the BPM produces H* and OH™ ions. The
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water dissociation reaction enables a pH gradient over the bipolar
membrane (ApHgpy) without the necessity of forming (gaseous)
by-products.

Despite the advances made in BPMs, the energy consumption in
BPM-facilitated applications, for water dissociation, is still high. The
thermodynamic contribution of the BPM-voltage (i.e., reversible
voltage, Vy.y) is proportional to the pH difference and is only 0-0.83 V
for pH-gradient between 0 and 14. However, the actual BPM-voltage is
often measured beyond 1 V at any industrially relevant current density
[5,24,26,27]. In addition to thermodynamics, kinetics of water splitting,
determined by its catalyst, is crucial in determining the actual
BPM-voltage [28]. Manufacturing a properly catalyzed BPM, with
highly permselective ion-exchange layers (i.e., perfect co-ion exclusion)
and with optimum (layers/catalyst) thickness is the most direct way to
minimize energy losses [27]. Additionally, as the thermodynamic
reversible voltage (Vey) is only dependent on the magnitude of ApH
over the BPM, controlling the pH difference over the membrane is a
potential lever to control the total BPM-voltage (Vgpy) independent of
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the membrane manufacturing. The effect of various feed pH on Vgpy has
been demonstrated previously for cells that have a uniform pH in the
feed compartment along the flow direction [5,27,29]. It has also been
numerically shown that the external pH gradient (i.e., ApHgpy of the
feed solutions) over the BPM affects the ion concentration profile inside
the BPM [27]. According to the mass balance, changing the hydrody-
namic factors such as the flow orientation along the BPM affects the pH
gradient profile over the BPM, which suggests that the flow orientation
impacts the BPM voltage. However, the effect of flow orientations on the
pH gradient profile along the BPM, and its subsequent impact on the
BPM-voltage are still missing.

Although the effect of different flow modes in bipolar membrane
applications is missing in the literature, the performance of co-flow and
counter-flow modes is studied before in electrodialysis (ED) and reverse
electrodialysis (RED) cells containing monopolar membranes [30,31]. In
RED, simulations demonstrate that counter-flow allows almost twice
higher efficiencies in electricity production compared to the co-flow,
due to lower ohmic losses and less untapped energy [31]. In compari-
son with RED and ED, the flow orientation has potentially even more
impact in BPM-based processes when using solutions with initially mild
PH, because the concentration difference of H' (and OH") ions over the
membrane is easily multiple orders of magnitude larger at the outflow of
the cell compartments compared to the inflow. The co-flow and
counter-flow orientations can be applied in all BPM-based applications.
The recirculation modes are suitable for resource recovery e.g., COy
capture [32], ammonia and phosphorous recovery [22,33], where after
the extraction step, the acidic stream can be recirculated in the base
compartment, enabling a neutral outflow.

This work represents BPM-facilitated technologies that deal with a
mild pH, since the pH (and thus the theoretical V,.,) is insensitive to flow
orientation at extreme pH. The targeted setup covers typical circum-
stances for e.g., electrochemical CO; capture/conversion and resource
recovery. We investigate the effect of different flow orientations on the
reversible voltage (Viey) and irreversible losses (Vi) in bipolar mem-
brane electrodialysis (BPMED), aiming to decrease the energy required
by the BPM. First, a theoretical model is used to calculate the pH profile
and Ve, over the BPM, using the mass balance and Visual MINTEQ ver.
3.1 chemical equilibrium software. Subsequently, BPM-voltage and its
components are measured through chronopotentiometry experiments in
a six-compartment BPMED cell. Finally, we share understanding of the
involved losses in the system and give guidelines to reduce the currently
high energy consumption in BPM-facilitated applications through
membrane manufacturing.

2. Theory
2.1. BPM-voltage (Vgpm)

The BPM-voltage consists of two main components: (1) the thermo-
dynamic (reversible) voltage required for water dissociation and (2) the
undesired losses. When the current density is sufficiently high for water
dissociation reaction to be the main charge carrier across the BPM, the
reversible voltage can be defined using the Nernst equation [5,26,34,
35]:

AG
Vi = = 0.0594pHpy, )

Where AG is the Gibbs free energy that is required for acid and base
production in an ideal bipolar membrane (i.e., complete exclusion of any
ions except HT and OH ™) at ambient temperature and pressure (J). Viey
is the thermodynamic reversible voltage across the BPM (V), F Faraday
constant (C mol’l), n number moles of electrons transferred in the re-
action, and ApHgpy, the pH-difference between the AEL-electrolyte and
CEL-electrolyte interfaces of the BPM.
The losses can be approximated as [28,34-36]:
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VEM iRy + Nyor )
Where Ry (= Riayers, stat) represents the membrane Ohmic area re-
sistivity (Q cm?) in the steady state, Nwor the overpotential of the water
dissociation reaction (V) [36-39], and i the applied current density (A
cm™2) [36]. Additional voltage losses, such as the water transport lim-
itations from the electrolyte towards the BPM junction layer (JL) are
neglected in Equation (2) [28,40,41].

2.2. pH-gradient in z-axis over the BPM (ApHgp,,)

The longitudinal pH-gradient can be obtained via the mass balance
equation [34]. Assuming the AEM and the CEM are impermeable to
co-ions, the mass balance can be written as (see also illustration of fluxes
in Fig. 1 A):

A

Cgu:ﬂow = Cil-li:]ow + Ty q"‘ 3
i
Tue = 4
H Zy+ F ( )
i t
o i 4 1% 5
outflow inflow + Zyyt F d ( )

Where subscripts inflow (i.e., at z = 0) and outflow (i.e., atz =L =
length of the cell) indicate the solution that flows in and out of the cell
iflow M o (mol m~3) represent the
total acidity, meaning that the include (1) the free H' ions plus (2) the
protons present in complexes in case of a buffered solution is used. A, is
the active area of the bipolar membrane (m?), i the applied current
density (A m’z), Jy+ the flux of produced H ions from the BPM (mol
m’zs’l), 7+ the electrochemical valence (=1 for H ion), d the
compartment thickness (m) and q the flow rate (m3 s’l), where

compartment, respectively. G- and C

_ Vncid _ Am d
7 t

with V,q being the acidic compartment volume in m® (here, Vaia =
Viase) and t, the cell residence time (s). The term ZHf F
quantifies the produced moles of H" ions from the water dissociation
reaction, per volume of the acidic compartment (if 100% Coulombic

efficiency is assumed).

To calculate the pH from Glio and CHL g
tion:

& (mol m~3)

in an unbuffered solu-

H+
C inflow

— 10~PHinflow (CH"
=10~PHunow | C

outflow

— 10~ PHounow 6)

However, depending on the buffer capacity, part of the produced H*
ions from the water dissociation reaction neutralize with buffer com-
pounds and, hence, will not contribute to a pH change. For example, in
the phosphate buffer system:

107 = " — ([HPO} ™| + 2: [H,PO; | + 3-[H3PO] ) )

Using Equations (5)-(7), the acidic and basic pH,,,, can be calcu-
lated at each current density (i), compartment thickness (d), and cell
residence time (t,). Alternatively, by keeping i, d and t, constant and by
varying in z-axis between 0 and L, the full pH profile inside of the cell, in
the direction of the flow, is obtainable through a stepwise mass balance
at each position along the flow direction (z-axis):

v Zi — Zi it
CT:C{LJr 3 1<Fd) for0 < z <L 8

L is the total length of the cell in the direction of the flow (z-axis in
Fig. 1). In Equation (8) subscript i indicates the ith length step chosen for
the stepwise mass balance.
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A) Co-flow

B) Counter-flow
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C) Counter-recirculation D) Co-recirculation

Fig. 1. Schematic of the four flow orientation modes and H' ion mass balance. L represents the compartment length in z-axis.

3. Materials and methods

Three solutions of 0.5 M NaCl, 0.5 M NaCl +2.5 mM NaHCOs3, and
0.45 M NaCl +50 mM NayHPO4 were used in four flow orientations
according to Fig. 1 A-D. The chosen solutions mimic an unbuffered
reference case, seawater (to represent the oceanic CO5 capture appli-
cation of BPMED), and industrial water, respectively. The choice for the
concentration of the phosphate (and NaCl) is to ensure similar neutral
initial pH (and ionic conductivity) for all the three solutions. The buffer
capacity and the underlying equilibrium that control the concentration
of total and free H' ions are calculated using Equations (5)—(8) and with
Visual MINTEQ ver. 3.1 as explained in the SI.

3.1. BPMED setup

A single cell (i.e., 1 repeating unit) BPMED setup was assembled
(Fig. S1), using six compartments to avoid interference between elec-
trodes and acid/base compartments. The setup comprised 22 cm? FBM-
130, FKB-PK-130 and FAB-PK-130 (FuMATech B.V.) as the BPM, CEM
and AEM membranes, respectively. The compartment thickness (i.e.,
distance between the membranes) was d = 1 cm, and the cell length (in
z-direction) was L = 11 cm. Prior to each run, all membranes used were
equilibrated for several hours with 0.5 M NaCl and the cell was washed
with demineralized water. All salts were acquired from VWR (purity of
>99.7%). To avoid CO4(g) bubbles upon acidification of 0.5 M NaCl +
2.5 mM NaHCO3 [42], a membrane contactor (3 M™ Liqui-Cel™ MM
Series 8.75 inch) was placed after the outflow (z = L) of the acidic
compartment [19] and before recirculation to the base compartment in
both recirculation modes. No gas bubbles were visibly trapped during
any of the experiments (for any of the three tested solutions).

The feed solutions were pumped through the cell at flow rate of 30 ml
min~! (i.e., flow velocity of 0.25 cm s, t; =44 s) by peristaltic pumps
(Cole-Parmer, Masterflex L/S Digital drive).

3.2. Applied techniques

Chronopotentiometry experiments were performed using an Ivium
Potentiostat (Ivium Technologies B.V.) in a four-electrode setup,
measuring the BPM-voltage through two leak-free Ag-AgCl (sat. KCD)
reference electrodes (Innovative Instruments, Inc.), placed in situ at two
sides of the membrane (at z = 0.5L). The distance between the reference
electrodes was approximately 1 cm, and the BPM was placed exactly
between these electrodes. The pH and temperatures (always 23 + 2 °C)
were monitored in line with Orbisint CPS11D-7BA21 pH probes con-
nected to a Liquiline CM444, both from Endress + Hauser (Germany).

Current densities of 5, 12.5, and 25 mA cm ™2 were applied for 20 min
at a recording interval of 2 s. After applying the current, the BPM-
voltage (Vppy) stabilized for all series within couple of minutes

(<200 s). The steady-state values of Vgpy (at z = 0.5 L) and the outflow
acidic and basic pH (at z = L), averaged over the last (stable) 5 min of the
constant current interval, were used for processing. However, the pH of
the base output for 0.5 M NaCl co-recirculation and counter-
recirculation fluctuated in all repetitions (Figure S5 C-D). This is while
the BPM-voltage reached steady-state within couple of seconds after
applying the current. As the mentioned pH-fluctuations were not pro-
gressing with time, same averaging interval was applied for these cases.

3.3. Measuring reversible and irreversible voltages

The reversible and irreversible voltage contributions of the BPM-
voltage can be obtained through chronopotentiometry (Fig. 2) [43].
When the current is switched on (at toy ), both the solution (between the
two sides of the membrane and the tips of the reference electrodes) and
the membrane layers resistances contribute to the initially measured
electric potential drop (Vony, in Fig. 2) [43]:

Vohm = Vsol + Vinem, ini = I (Rsol + Rinem, ini) 9

Where Ry (Table S1) and Ryem, ini represent the solution and the initial
BPM-layers ohmic resistances (Q).

The irreversible voltage contributions (Vi) can be derived from the
sudden drop in voltage directly after turning off the constant current (at
toff). The membrane resistance in steady state (Equation (2)), will differ
from the initial resistance (Rpem, ini in Equation (9)) because of the
difference in the concentration profiles and additional ionic species in
the membrane layers due to the current application [43].

The reversible potential (Vi) is the electrical potential remaining
after switching off the power supply (Fig. 2) [39]. Ve, relates to the
water dissociation reaction in the membrane and the concentration
differences over the BPM-layers [43]. For current densities above the

Voltage
A
VBPM |-~~~ pmmm—y - - - - = o m s m el
Virr
Vonm |- E Vott = Vrev
t(;n tolff

time

Fig. 2. Schematic representation of a typical chronopotentiometry curve when
the water dissociation reaction is dominant. The t,, and tog mark the period of
constant current application. The total steady state BPM-voltage (Vgpm) is the
summation of the reversible voltage and irreversible voltage losses: Vgpy =
Vrev + Vin-
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limiting current density, when the water dissociation reaction in the
BPM is dominant over the salt ion-crossover, V.., can be represented
based on the concentration differences of H" and OH™ over the BPM
junction and membrane-electrolyte interfaces, which is described in
Equation (1) for an ideal BPM. This potential diminishes as the ions in
the membrane equilibrate with the electrolyte (which is the same at
either side at open circuit).

4. Results and discussions
4.1. Simulated pH profile for different flow orientations

The H" ion concentration profile along the BPM is first obtained
through a stepwise mass balance (Equation (8), and then it is converted
to the corresponding pH values using Visual MINTEQ, as explained in
the SI. The pH profiles at i = 200 mA cm ™2 and 25 mA cm ™2 for each
flow orientation along the z-axis and the maximum ApHgpy; (= pHpyee —

PH,q) are shown in Fig. 3 and Fig. S2, respectively.

In the co-flow mode (Fig. 3A-C), ApHEPY, is equal to zero because the
same feed solutions are used at both sides of the BPM. The ApHyp,, in-
creases along the z-axis for co-flow mode, and reaches its maximum at z
= L. The co-flow mode also creates a higher ApHEP™ | than the other
flow modes, because in single pass co-flow, the highest pH (i.e., alkaline)
and lowest pH (i.e., acidic) at either side of the BPM coincide at z = L.

However, for the counter-flow (Fig. 3D-F), ApHgpy at z = 0 is never
zero when a current is applied, and ApHgp) at z = L is smaller than that

Journal of Membrane Science 638 (2021) 119686

of the co-flow mode. One more important difference between the co-
flow (Fig. 3A-C) and counter-flow (Fig. 3D-F) modes is the position of
ApHgEY; while in the co-flow mode, ApHEEY, always takes place atz =L,
in the counter-flow it can occur near the middle of the cell (depending
on the applied current density and solution type). This is particularly
visible in poorly buffered solutions (Fig. 3 D).

In buffered solutions such as the phosphate and bicarbonate case, the
buffering ions partly neutralize the produced protons and hydroxides.
For the phosphate solution, this neutralization is occurring in reactions
at three pK, values:

H;PO, < H' + H,PO,, pKa, ~ 2.3
H,PO; < H" + HPO;~, pKa, ~ 7.2
HPO;” «H" + PO, pKay ~ 12.4

The effect of these pK,’s is reflected in the mild slopes (i.e., almost
horizontal) when the pH is near one of the pK,’s in Fig. 3C, F, L.

In the bicarbonate solution, upon acidification, a similar neutrali-
zation reaction takes place:

HCO; + H' & CO,(aq) + H,O

However, the buffer effect is less visible in Fig. 3 B, E, H, due to the
lower buffering capacity of the bicarbonate solution compared to the
phosphate solution in this study (i.e., 2.5 mM vs. 50 mM).

Under a constant current density, the lowest values of ApHgp,), can be
achieved by recirculating the acidic stream of the BPM to the adjacent
base compartment, over the bipolar membrane (Fig. 1 C, D).

A B ©
0.5 M NaCl 0.5 M NaCl + 2.5 mM NaHCO; (.45 M NaCl + 50 mM Na,HPO,
14 ' ‘
i JEPRRRRE @---mmmmmm - ° o-0--"®-"""" i S 9 P _o*".—'“.-".
iy
6 — o
4
> W o . e | '.\.“'"“.
*----. R o ° 9
2 ’ |
14 D ' - i
12‘ ___________ o R & - - - oo ._"*“’"’-*.0-*.,
— 10 \ ‘.'\
= g} < & N
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| — \
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14 < " |
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Fig. 3. The simulated pH profile along the z-axis, for the co-flow (A, B, C), counter-flow (D, E, F), and co-recirculation (G, H, I), under assumption of a uniform

current density of 200 mA cm2andt, =44s (i.e., flow rate of 30 ml min~1). The black horizontal line shows the initial solution pH. Blue and red arrows show flow
orientations. Fig. 3 shows the pH profiles for ! 4 = 8800 mC-cm~ = 0.091 mol eq-L~!. The counter-recirculation flow is not shown, but it creates ApHgpy, = O for
0 < z <L (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Recirculation can be useful for resource recovery applications e.g.,
BPMED CO, capture/conversion and ammonia recovery.

The co-recirculation mode creates a smaller ApHyp,,; compared to the
co-flow and counter-flow as seen in Fig. 3 G-I. At the extreme, the
counter-recirculation flow can even create ApHgp,, = O on every position
along the z-axis when no product is extracted in the process.

Flow orientations affect the pH-profile along the BPM and the
magnitude of the maximum ApHgp,, (Fig. 3); for the co-flow (A, B, C),
ApHg3y, is at z = L, while for the co-recirculation (G, H, I), ApHg3}, is
much smaller and located at z = 0 and L. For the counter-flow mode (D,
E, F), ApHg3y, is at the inside of the cell, and for the counter-recirculation
flow mode, ApHEs}, is zero on every position along the z-axis in these
idealized conditions.

4.2. Effect of flow orientation on simulated Vr,,

To obtain the thermodynamic voltage (Vi) that is required to drive
the water dissociation reaction (WDR) in the BPM, the maximum pH
difference (ApHgiy) must be considered in Equation (1) because the
voltage must be sufficient to still drive WDR at this ApH. This result
follows directly from having a single set of electrodes (i.e., a single
stage), and implies that the minimum applied cell voltage is no longer a
local variable but is equal for the whole cell and depends on the single
position in the cell with the highest ApHppy,. If this cell voltage is
applied, that voltage is also adequate to enable any lower ApH along the
whole normalized length. In reality, the current density may not be
uniform, which would alter the exact shape of the curves in Fig. 3, but
still yield the same ApHgpy and thus the same reversible cell voltage.

Hence, the simulated reversible voltage for each flow mode is ob-
tained using ApHpy; in Equation (1), and presented in Fig. 4. To ensure
applicability of Equation (1), in the simulation, only current densities
higher than the limiting current density of Fumatech BPM are consid-
ered (ijm~ 2.5 mA cm ™2, Fig. S3).

In Fig. 4, the simulated V., increases as the current density increases
because, as expected, a higher current density enables higher ApHR.
For co-flow, Vi, requires a cell voltage between ca. 0.6 — 0.7 V for all
solutions to achieve i = 200 mA cm 2.

Viev decreases by an increase in the buffer capacity (Fig. 4 from A to
C), in particular for low current density (<5 mA cm ™2 for bicarbonate
and <100 mA cm? for phosphate, all at flow rate of 30 ml min~ ).
These lower reversible membrane voltages are related to the lower
ApHggy that are obtained at these current densities in a buffered
solution.
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Finally, the flow orientation strongly affects simulated ApHSy, and,
hence, simulated V.., in these calculations; while the co-flow mode
enables the highest Vi, the voltage is almost half of that when co-
recirculation is used. Assuming no buffer extraction upon recirculat-
ing, Viey in the counter-recirculation is equal to zero regardless of the
used solutions, at all current densities (green vertical line in Fig. 4).
The difference in simulated V.., between the co-flow and counter-
flow is minor for low current densities for unbuffered or poorly buff-
ered solutions (<50 mV difference in Fig. 4 A, B), but increases at i >
100 mA cm ™2 for buffered phosphate solution (Fig. 4 C). The increased
difference for 50 mM phosphate solution is reflected in the pH profile
along the z-axis (Fig. 3) and follows from the balance between the moles
H™ added (max 88 mM, Fig. 4) and the 2 x 50 mM buffer capacity in the
acidic compartment.

4.3. Effect of flow orientation on experimental ApHgpy, and Vgpu

The pH-gradient over the BPM at z = 0 and z = L, and the BPM-
voltage (at z = 0.5L) were measured in the six-compartment electro-
chemical cell. Fig. 5 compares the simulated pH-gradients with the
measured ones, at the outflow of the alkaline stream. The individual
ApHgpy measurements at each current density are shown in Fig. S4.

As expected through the simulations, the co-flow mode creates the
highest experimentally obtained ApHy; while the counter-recirculation
generates the smallest ApHpSy, for all tested solutions (see Fig. S4 for
grouping per solution). The values for the counter-flow and co-
recirculation orientations are positioned between those of the co-flow
and counter-recirculation.

The data points for co-flow, counter-flow and co-recirculation flow
are all very close to the 1:1 line. An exception is the simulated vs.
measured ApHppy for 0.5 M NaCl counter-recirculation flow. There, at
base outflow (z = 0), the simulations predict a zero-pH difference, while
the experiments show a ApHppy, at the outflow of 1-3 pH units
(depending on current density) as illustrated in Fig. 5 by the green cir-
cles. This is explained from the sensitivity of unbuffered solutions to pH
change around neutral pH. Although a pH difference of ~ 3 units might
seem significant, around pH = 7, it translates into an H" ion concen-
tration difference of less than 1 pM. Since in the counter-recirculation
mode, the highly acidic stream will come adjacent to a CEM upon
recirculation to the base compartment, the H' ion can exchange with
Na™ ion over the CEM due to its concentration gradient toward the
adjacent cell (Figs. S5 and 6). A H' ion transport in the order of 1-2%
already can shift the output base pH from 7 to 10, justifying the
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Fig. 4. The reversible Nernstian voltage (V) required to drive the water dissociation reaction at the BPM junction layer at steady state vs. current densities (i > ij;y)
and the corresponding moles of H' ions added per volume of the solution. Here, “Moles H" added per volume” represents the produced [H"] from WDR (see Equation
(5)). The simulated ApHg3}, has the exact same trend as V.., because V.., = 0.059ApHE}),. In the simulation, same as in the experiments, t, = 44 s (i.e., flow rate of

30 ml min~1) is used.
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Fig. 5. Comparison of the measured and simulated ApHgp), for the three so-
lutions and four flow orientations, at the outflow of the base compartment. For
the co-flow and co-recirculation, the “outflow” refers to z = L, while for the
counter-flow and counter-recirculation, outflow is at z = 0. All measurements
are done at compartment residence time t. = 44 s (i.e., flow rate of 30 ml
min~Y). Error bars indicate the standard error. For data points without error
bar, the error bars are smaller than the symbols. For 0.5 M NaCl, from lowest to
highest current density, ApH measurements fluctuate within ranges of
(0.1-2.4), (1.6-4), (1.1-4.5) for counter-recirculation and (2.7-7.7), (2.1-6.5),
(3.3-9.2) for co-recirculation modes, respectively.

discrepancy in Fig. 5- green circles. The unstable base outflow pH
measurements for recirculation flow modes of 0.5 M NaCl (Figure S5 C-
D) are another sign of such hydrogen ions transport taking place, re-
flected in relatively large error bars for the counter- and co-recirculation
of NaCl (blue and green circles in Fig. 5).

This discrepancy for counter-recirculation disappears when a buffer
is present; the experimentally obtained ApHpp, is (as simulated) very
close to zero for the phosphate buffered solution. For the bicarbonate
solution in Fig. 5, CO, (aq) extraction from the acidic compartment is
done (via a membrane contactor) prior to recirculation to the base
compartment in experiments as well as in simulations. Upon such
degassing, the buffer capacity decreases.

The close agreement between the simulated and experimental values
in Fig. 5 shows that the theoretical framework in Equations (3)-(8) is
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adequate for defining the pH profile. Furthermore, with most data points
so close to the 1:1 diagonal, the actual BPM-coulombic efficiency is close
to 100% (as assumed in the simulations) for our cases, regardless of the
flow orientation. The experiments results, also, confirm that the pH
difference over the BPM is indeed heavily dependent on the flow
orientation.

Following the theoretical framework, we expect to see a reversible
membrane voltage that is proportional to the ApHgpy. However, the
experimentally measured reversible membrane voltage V;.y, determined
according to the current-interrupt method, is not affected at all by the
flow orientation for any of the tested solutions (Fig. 6 B). In more detail,
as the applied current density increases, Ve, increases but reaches a
plateau (<0.8 V) already at (or below) 5 mA crn’z, while Vi, keeps
increasing (NaCl example in Fig. 6 A and other solutions in Figs. S7-8 -
Table S2). Hence, even though a clear difference in ApHgy; is measured
between the cases (Fig. 5), the reversible voltage (Vi) and the irre-
versible losses (Vi) are virtually independent of the flow orientation,
for all current densities > 5 mA cm ™2 and for all solutions (Table S2).
This absence of any impact of the flow orientation on V., is remarkable,
because, theoretically, when the water dissociation reaction is the
dominant, a difference of ~ 6 pH units in ApHp; should enable a 6 x
0.059 = 354 mV difference in V,e,. However, that is not observed in the
experimental results (Fig. 6 B).

Instead, from Fig. 6 (and Table S2), we see that the experimentally
obtained reversible voltage (V,e,) are.

1. Higher than simulated values (up to six times)
2. Lower than 0.83 V, with values between ca. 0.59-0.74 V depending
on the applied current density and feed solution.

The insignificant effect of flow orientation on the reversible voltage
implies that, when the water dissociation reaction in the BPM is at
substantial rate (i.e., i > 5 mA cm 2 and higher), the effect of the
solution-pH gradient on BPM-voltage is dwarfed. Furthermore, because
all cases have similar Vi, values regardless of the difference in solutions
and flow orientations, the origin of this similarity in V., must come
from one thing that is kept the same among the cases: the bipolar
membrane itself.

Since the reversible voltage for extreme pH gradient (14 units) is ca.
0.826 V, and the obtained voltages are between 0.59 and 0.74 V, there is
some pH-jump at the membrane-electrolyte interface, or there is a pH
gradient over the CEL-AEL interface that is smaller than 14 units. When
a pH-jump at the membrane-electrolyte interface would occur, e.g. a
higher proton concentration in the CEL than in the electrolyte facing the
CEL, the Donnan potential at this interface partly counteracts the water

B
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Fig. 6. A) Characteristic current-voltage curves from chronopotentiometry, showing the measured steady state BPM-voltage vs. the applied current density for the
co-flow in 0.5 M NacCl. V,,, and V;, are gathered from “Switch-off>’ potential after constant current for 20 min with indicated current densities (Fig. S7). Here, Vi

include both the BPM and solution resistances. B) The measured reversible voltage for all solutions (at 25 mA cm™?) using flow rate of 30 ml min~! (t

44 s).
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dissociation voltage [5]. Keeping the local solution pH near-neutral (e.g.
minimizing concentration polarization), and keeping the CEL pH
low/AEL pH high, would further exploit this effect. This would require a
bipolar membrane that is prone to internal concentration polarization
(e.g. having very thin layers or high affinity to protons and hydroxides
over other ions) and flow geometries to keep the local pH close to the
bulk pH.

The situation of a mild pH gradient over the CEL-AEL interface is
more complex. As for internal properties of the BPM that affect its
voltage for WDR, the type and thickness of the BPM-catalyst layer is
reported to be crucial [26-28,44]. It is shown that the local pH in the
junction layer of the BPM affects the activity of the catalyst [28], but
that, unfortunately, the currently developed catalysts are only activated
at high (local) pH-gradient. Furthermore, the internal ion concentration
profiles in the BPM layers show a large gradient (i.e., internal concen-
tration polarization), especially under high applied current [27]. This
internal concentration polarization increases the pH gradient at the BPM
catalyst layer and thereby the catalytic WDR, but also increases the
thermodynamically required potential to dissociate water. If new cata-
lysts with ability to perform at close to neutral pH are developed, a
decrease in the internal pH-gradient can decrease the WDR-voltage. In
addition, thin catalyst layers (i.e., ~100-200 nm) are expected to
decrease the BPM-voltage under WDR-dominated regime [28].

4.4. Irreversible losses (Vi)

The irreversible voltage losses, Vi, are compared for all flow ori-
entations and for all solutions. Also, here, the total V;,, increases with the
applied current density for all solutions (Fig. 7), but no significant dif-
ference is observed in the magnitude of Vi, between the different flow
orientations (Table S2). The different solutions have, however, a slight
impact on Vj,, as demonstrated in Fig. 7.

Fig. 7 shows that Vi, increases with the buffering capacity of the
solution. The solution resistivity (Ry,) is similar for all the tested solu-
tions (ca. 0.95-0.98 Q, Table S1 and Equations S(1) and (2)), and it
remains unchanged for 2 < pH < 12. Therefore, the BPM-contribution to
the irreversible losses (VEPM) can be calculated (Fig. 7, dashed lines).

In the BPM, the initial equilibrium resistance (Rmem, ini in Equation

L BPM tot
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25 ' »
£ [
S 20 + i
< P
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< 10 + I
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Fig. 7. The total irreversible voltage (Vi) vs. the applied current density (solid
lines). Tested solutions are 0.5 M NacCl (green), 0.5 M NaCl + 2.5 mM NaHCO3
(red), and 0.45 M NaCl + 50 mM Na,HPO, (black). t, = 44 is applied for all
cases. By correcting for the solution resistivity (V;°!, between the two sides of
the membrane and the tips of the reference electrodes: Equations S(1) and (2)),
values of VEPM (Equation (2), dashed line) can be obtained as V%' ~ VEPM 4

T
Vio'. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)
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(9)) is different than the steady state (i.e., transport-state) resistance (Ry
in Equation (2)-Table S3) [43]. Both resistances change with current
density, membrane history and electrolyte solutions. In this work, the
membrane transport-state resistivity (Ry ) is measured to be ~ 13-31 Q
cm? Ry decreases with current density, while increases with buffer ca-
pacity (Fig. S9). The latter is probably because of the lower conductivity
of AEL and CEL layers due to the presence of buffer in them.

At applied current density of 25 mA cm™2, V2™ contributes to ~ 37
% (for 0.5 M NaCl), 39 % (for 0.5 M NaCl + 2.5 mM NaHCO3), and 47 %
(for 0.45 M NaCl + 50 mM NayHPO,) of the total measured irreversible
voltage (VI%), respectively (Fig. 7). The remaining contribution is
mainly due to the solution resistivity between the reference electrodes
and the membrane (Equations S1 and S2), which unfortunately, even
using the micro-reference electrodes, is rather high compared to the
membrane resistivity.

In addition to the higher Ry, nypg can also play a role in justifying
the slightly higher VE?M of the phosphate solution compared to 0.5 M
NaCl (Equation (2)). It is recently shown that nypy strongly depends on
the local pH in the BPM junction layer (JL) [28,40]. The existence of the
phosphate buffer inside the BPM layers can change the local pH at the
JL, affecting the WDR catalyst activity compared to the unbuffered 0.5
M NaCl solution. Unfortunately, the WDR catalyst’s properties of the
used Fumasep BPM are unknown, and, thus, further investigations on
the effect of local pH on activity of the WDR catalyst is beyond the scope
of this work.

5. Conclusion

In this work, with the aim of decreasing the energy consumption of
bipolar membrane (BPM) based applications, the effect of pH gradient
(ApHgpy) on the reversible and irreversible voltage components asso-
ciated with the BPM is investigated. The pH dependency is studied
through an analytical model and is also measured experimentally, for
four flow orientations using buffered and unbuffered electrolytes. First,
using the analytical model, the pH profile along the BPM (i.e., in the flow
direction) is obtained for each flow orientation. The simulated results fit
the experimentally obtained ApHgp), at the outflow very well. Second,
based on the simulated pH profile, for each flow orientations, the
reversible voltage (Vyey) is modeled. Surprisingly, except for the co-flow
mode, the experimentally measured V.., were higher (up to six times)
than what was simulated. The origin of this discrepancy is the difference
between the bulk and local pH; the local pH at the BPM-electrolyte
interface and BPM junction layer (JL) determines the measured Viey.
However, the (measured) bulk pH is not representative of this local pH.
Our results show that, although changing the flow orientations alters
ApHgpy, it does not affect Viey, Vi, and Vppy. It seems that, when the
water dissociation reaction (WDR) dominates, the membrane internal
properties overshadow the effect of the bulk ApHppy. Therefore, to
decrease the BPM-voltage (thus its energy consumption) under WDR
regime, focus must be shifted towards tuning the membrane properties
(e.g., WDR catalyst and thickness) rather than the external pH profile
along the membrane.
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