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Carbon dioxide (CO,) must be removed from the atmosphere to mitigate the negative effects of climate
change. However, the most scalable methods for removing CO, from the air require heat from fossil-
fuel combustion to produce pure CO, and continuously regenerate the sorbent. Bipolar-membrane
electrodialysis (BPM-ED) is a promising technology that uses renewable electricity to dissociate water
into acid and base to regenerate bicarbonate-based CO, capture solutions, such as those used in
chemical loops of direct-air-capture (DAC) processes, and in direct-ocean capture (DOC) to promote
atmospheric CO, drawdown via decarbonization of the shallow ocean. In this study, we develop an
experimentally validated 1D model for the electrochemical regeneration of CO, from bicarbonate-based
carbon capture solutions and seawater using BPM-ED. For DAC, our experimental and computational
results demonstrate that pH swings induced by BPM water dissociation drive the formation of CO, at
the cation-exchange layer|catholyte interface with energy-intensities of less than 150 kJ mol %
However, high rates of bubble formation increase energy intensity at current densities >100 mA cm™2.
Correspondingly, accelerating water dissociation catalysis and enacting bubble removal could enable
CO, recovery at energy intensities <100 kJ mol™ and current densities >100 mA cm™2. For DOC,
mass transport limitations associated with low carbon concentrations in oceanwater suggest that DOC is
best suited for clean production of acid and base usable in downstream processes. These results provide
design principles for industrial-scale CO, recovery using BPM-ED.

Bipolar-membrane electrodialysis (BPM-ED) carbon capture uses renewable electricity to drive the capture and release of carbon dioxide (CO,), making it a
potentially valuable tool in the fight against climate change. This process employs BPMs to generate pH-swings for CO, capture and has been demonstrated at

the lab scale at current densities exceeding 100 mA ecm™ > However, the energy required to drive BPM-ED (>300 k] mol ") is prohibitive for industrial
deployment. This study optimizes BPM-ED using a continuum modeling approach validated by experiment, which quantifies the energy intensity of BPM-ED and
resolves the transport and dynamic equilibrium of reactive carbon species in BPMs. Applied-voltage-breakdown analysis identifies the dominant energy losses
and elucidates BPM properties that improve the efficiency of BPM-ED. The model reveals that mitigation of generated CO, bubbles and acceleration of water-
dissociation catalysis could reduce the energy intensity to <80 k] mol™" at 100 mA em™2 in KHCO; electrolytes, demonstrating potential for achieving high rates
with substantially reduced energy penalties. This study provides insights into the physics of BPMs immersed in reactive carbon solutions and contributes
towards the development of BPMs for electrochemical CO, reduction, cement production, and other emerging electrochemically decarbonized applications.
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1. Introduction
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pre-industrial levels. As a result, temperatures are expected to
rise at least 2 °C unless CO, is captured and removed from the
' Traditional direct-air-capture technologies
(DAC)," use alkaline aqueous sorbents (e.g., KOH(,q)) to capture
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ambient CO, as mixtures of (bi)carbonates, which are thermally-
decomposed into a pure CO, gas stream for permanent removal
(Fig. 1a). Unfortunately, this technology is energy intensive and
expensive, largely because of the significant thermal energy penalty
(>150 kJ mol ") required to regenerate the sorbent after it has
captured CO, (Fig. 1a, step 4).” This thermal energy is often provided
by burning natural gas, which results in CO, emissions that reduce
the net amount of CO, removed from the atmosphere by DAC.
Electrochemically-mediated carbon capture (EMCC) can
address the challenges associated with thermal sorbent

a) Carbonate looping with thermal swing

® @
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regeneration by using low-cost renewable electricity to trigger the
capture and release of CO, from the sorbent.>*"” The low-
temperature nature of EMCC also circumvents the thermal effi-
ciency limits associated with desorbing CO, at high-temperature in
fired reboilers and calciners.'® Many chemistries have been explored
for EMCC, such as nucleophilic sorbents that can absorb or desorb
CO, when oxidized or reduced at an electrode surface>**'**® and
amine-based sorbents that capture CO, homogeneously and release
that CO, upon the reaction with cupric (Cu*") ions generated
via electrochemical redox.*”* However, these specific EMCC
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Fig. 1 Process flow diagrams of various carbon capture processes. (a) Carbonate looping with thermal swing desorption. (b) Carbonate looping with

electrochemical pH swing desorption via BPM-ED. (c) Direct ocean captu
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re with electrochemical pH swing desorption via BPM-ED.
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technologies have not been demonstrated at current densities
beyond 5 mA cm™ > necessitating large, costly reactors or long
residence times.”***

Bipolar-membrane electrodialysis (BPM-ED) is a promising
EMCC technology that uses water dissociation to mediate CO,
capture and sorbent regeneration at relevant current densities
(ie., >100 mA cm™? Fig. 1b).'®'>> At the heart of this
technology is a BPM, which consists of anion- and cation-
exchange layers (AEL and CEL) that are laminated together often
with a catalyst layer (CL) at the interface. Under a reverse bias, the
strong electric field formed at the interface of the oppositely-
charged AEL and CEL layers drives water dissociation into acid
(H") and base (OH") (eqn (1)).>**” The acid produced in the CEL
is used to shift the equilibrium distribution among bicarbonate,
carbonate, and CO, (eqn (2)~(5)) towards CO,,***® and the base
produced in the AEL is used to regenerate the alkalinity of the
carbonate sorbent. A key advantage of BPM-ED is the use of water
as the reactant, which enables higher current densities than
other EMCC technologies because of the high concentration of
water (55 M) in aqueous CO, capture solutions. Notwithstanding,
the energy intensity of BPM-ED typically exceeds 300 k] mol "
because of the water dissociation overpotential and ohmic
resistance of the BPM. Further optimization is therefore
required for BPM-ED to become more efficient than thermal
CO, sorbent regeneration.**

An alternative is to employ BPM-ED to extract CO, from the
inherent (bi)carbonate content of seawater (Fig. 1c), i.e., direct
ocean capture (DOC).”'®'7?>2%3% By uging seawater as the
sorbent, instead of a KHCOj; solution, the natural process of
CO, absorption and conversion into bicarbonates is leveraged
and obviates the need for a Capex-intensive air contactor.” In
the DOC configuration, the OH™ transported from the AEL can
be reacted with dissolved bicarbonates in the seawater to form
a mineralized carbonate stream that can be precipitated and
sequestered, or fed back into the ocean to help reverse the
effects of ocean acidification.*' CO, that is formed by BPM-ED
can be collected outside the device for conversion or storage
elsewhere,” or transported directly to a CO, reduction catalyst
within the same device for direct conversion.”®*

The challenge with BPM-ED is that the energy intensities
reported in the literature (300 to 1000 kJ mol ' CO,) are signifi-
cantly higher than the minimum thermodynamic energy required
to separate CO, from air (20 k] mol").? Unfortunately, while the
mechanism of in situ CO, capture and sorbent regeneration via
BPM-ED has been well established experimentally,®** very few
theoretical studies have simulated BPMs immersed in carbon-
containing solutions to resolve the dominant energy losses.
Sabatino et al. developed process-level simulations to show the
critical role BPM performance has on the energy intensity and
overall technoeconomic feasibility of BPM-ED EMCC.***® How-
ever, the simulations treated the BPM as a black-box, with no
information provided regarding ionic transport, water dissocia-
tion kinetics, or the material properties of the BPM that would
be required to achieve the necessary performance enhance-
ments. In both DAC and DOC, facilitating an understanding of
both the transport of reactive carbon species and the associated

This journal is © The Royal Society of Chemistry 2023
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kinetics of their buffer reactions will be critical to advancing
the nascent technologies.

Continuum models by Lees et al. and Kas et al. have helped
to resolve the mechanism of in situ CO, generation in BPM-
based electrolyzers that convert (bi)carbonate capture solutions
to carbon monoxide,*”*® or methane.*® However, these models
only considered the CEL of the BPM, ignoring the AEL and the
water dissociation CL where protons and hydroxide are gener-
ated. This simplification renders the models incapable of pre-
dicting the primary factors influencing the energy intensity of
BPM-ED: carbon crossover, water dissociation overpotential, and
ohmic loss.*>*° There is also little precedent for modeling the
transport of dilute carbon species in seawater feedstocks used
for DOC.”*' Models that relate the chemistry and material
properties of BPMs to the energy intensity of BPM-ED are there-
fore warranted.*”

In this work, we demonstrate a comprehensive model of
BPM-ED based on our prior work modeling multi-component
transport in BPMs,>” now with the homogeneous reaction
kinetics of reactive carbon species (eqn (2)—(5)). The model is
validated by comparison with experimental data for various
carbon-containing solutions and is used to elucidate the nature
of in situ CO, generation and sorbent regeneration in BPMs
employed for EMCC. Additionally, concentration profiles and
fluxes of all carbon species, protons, and hydroxide anions are
resolved such that performance tradeoffs between CO, genera-
tion and carbon crossover can be explored. Lastly, sensitivity
analysis provides improved understanding of ideal BPM and
system properties to enhance CO, capture efficiency, setting
the stage for BPMs optimized for carbon capture processes.

2. Methods

2.1. Theory and computational methods

The BPM model employed here (described in detail in Section S1
of the ESIt) was designed to mimic the 4-probe experiments
performed for direct BPM analysis (described in detail in Section
2.2), modeling the relevant domain as a 1-dimensional (1D)
continuum consisting of an 80 pm CEL, and an 80 pm AEL
sandwiching a 3.5 nm water dissociation CL, with a 25 pm
diffusion boundary layer (Section S1.6, ESIt) on either side of
the BPM assembly (Fig. 2). Modeling the domain as such enables
the capturing of all relevant concentration profiles and species
fluxes. Importantly, the model also explicitly considers the gen-
eration and consumption of species via the homogeneous buffer
reactions shown below. The effects of forced convection on the
transport of CO, and ions are considered implicitly via the
thickness of the diffusion boundary-layer, but convective effects
are not considered explicitly within the modeled domain,
because the model is 1-D in the through-plane direction
perpendicular to the direction of flow. It is important to note
that the experiments were carried out at ambient temperature
(298 K) and, accordingly, all simulations were carried out at this
temperature. Hence, the effects of temperature were not consid-
ered. We note that the operating temperature will affect CO,

Energy Environ. Sci.
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Fig. 2 Schematic of simulated domain for BPM performing BPM-ED EMCC. H,O at the interface of the AEL and CEL (in the CL) is reacted by electric-
field-enhanced water dissociation to form H* and OH™. The H* reacts with HCOs~ in the catholyte to form CO,. Once the in situ generated CO; has
exceeded its solubility limit in the catholyte, it exits the aqueous phase in the form of bubbles. OH™ from water dissociation reacts with HCOz ™~ absorbed
in the AEL to form CO3z>~ that transports back into the anolyte. Spectator co-ions from the anolyte or catholyte can cross through the membrane to

reduce the developed pH gradient.

solubility, water dissociation kinetics, and BPM stability. How-
ever, these effects were not explored and are beyond the scope of
the present work.

kyk_y

H,0 &5 H"+OH K =1x10"" (1)

COnaq) + HaOpy 255 iy " + HCOy g~ Ko = 4.27 x 1077
(2)

HCO; 255 HY + €O~ K3 =458 x 10711 3)
COnpug) + OH™ 455 HCOs™ Ky = 4.27 x 107 @)

HCO;™ + OH™ %5 H,0 + CO2~ K5 =458 x 10°  (5)

The simulated membrane potential across the 1D domain is
equivalent to the measured membrane potential across the two
reference electrodes in the 4-probe experiment. The choice of a 4-
probe measurement (and simulation) is critical because it
enables the decoupling of the potential losses that occur at the
anode and cathode from those that result from and drive trans-
port and kinetics in the BPM.*® For the purposes of the simula-
tions and energy intensity calculations, we defined the energy
intensity of the BPM-ED processes as the membrane potential in
the 4-probe experimental cell since the energetics of the terminal
electrodes are not directly correlated with the rate of CO, efflux or
sorbent regeneration in the BPM. Moreover, the terminal electro-
des are often used to perform reactions that produce value-added
streams in EMCC processes.”®** Terminal electrodes were con-
sidered in our BPM-ED stack analysis (Section S24, ESIt) to
compare the associated energy penalty to the overall cell voltage
as the number of BPMs in the stack is increased.** We note that
this energy intensity does not include the energy due to electro-
lyte pumping. However, this energy will be relatively small
(~4.4 k] mol™" in thermal DAC processes) in comparison to
the energy required to perform BPM-ED (> 100 kJ mol *).** 1t is
also important to note that CO, regeneration from acidified

Energy Environ. Sci.

bicarbonate solutions occurs spontaneously,** so no additional
energy input is required beyond the process of making acid and
base in the BPM.

2.1.1. Thermodynamics of BPM-ED EMCC. To describe the
thermodynamics of all species within the BPM, the following
electrochemical potential expression is used*>*®

Ui = ,u? + RTln(ai) + Z[F¢, (6)

where ¢ is the electrostatic potential within the electrolyte and
membrane phases and R, T and F are the ideal gas constant, the
temperature, and Faraday’s constant, respectively. In the above
expression, the first term is the reference chemical potential of
species i, the second term accounts for changes in activity of i,
the third term accounts for electrostatic potential and only
applies for charged ionic species (i.e., all species except CO,).
The activity (a;) of a given species is defined by

fieicho

a; N . )
Cref CH,O

(7)

where c.r is a reference concentration (1 M), and the ratio

CH,0
C?{zo = 55.56[M]
for change in volumetric reference between the liquid electrolyte
and liquid-filled channels of the BPM; in other words, equili-
brium is calculated and upheld within the interstitial volume of
the BPM. Note that ion specific partitioning was not considered
in the model as the relevant parameters are currently unavail-
able. The activity coefficient (f;) for charged species that parti-
cipate in homogeneous buffer reactions (HCO; , CO5>~, HY,
and OH™) is a function of the electric field,

= ¢, is the water volume fraction and accounts

Ji—OH- H+CO2~, or HCO; = VI(E)F, (8)

where |z;| is the absolute value of the charge on species i, E is the
local electric field, and f(E) is the dependence of the macroscopic
equilibrium constant on electric field, defined by the second

This journal is © The Royal Society of Chemistry 2023
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Wien effect for net-charge-generating dissociation reactions
(reactions (1)-(3) above).>®*">°

(gom(zﬁm'") cosh(zBE) cosh(t)PE

| :
1 —exp (_E> sinh(0.0835¢

. BE)
44444544447(a2ﬁE—+(49700553{5@i6§§§3525)

)

f(E) =

1+

where f, 7, and ¢ are lumped parameters discussed in more
detail in Section S1.3 (ESIT). The dependence on E in eqn (9) is
approximately exponential, as shown in previous work.”® The
above dependence of the activity coefficient on the electric field
ensures that macroscopic equilibrium is upheld (e.g., t+ + pon- =
tu,0 for water dissociation or piy+ + lico,2 = Hico,- for bicarbonate
dissociation) (see Section S1.1, ESIt for consistency of macro-
scopic equilibrium), and results in the equilibrium constants of
net-charge-generating reactions to be

Kn=1,2,3(E) = Kol E = 0) f(E) (10)

where K,,-1 5 3(E) is the equilibrium constant, which is a func-
tion of local electric field, and K,(E = 0) is the value of the
equilibrium constant for no applied electric field. For neutral
species (i.e., CO,) and ions that do not participate in buffer
reactions (i.e., K'), the activity coefficient is unaffected by the
electric field. We note that ion-specific interactions likely
impact ionic transport and concentrations in the BPM due to
the high concentrations (>1 M) in the BPM.’">* However,
these are likely second-order effects and mixed-interaction
parameters are not available for the broad variety of ions in
the polymer membranes studied herein.

2.1.2. Kinetics of BPM-ED EMCC. Homogeneous reactions
consume carbon-containing species, OH™, and H' throughout
the electrolyte domain. The rate of consumption of species i in
bulk reactions is given by the law of mass action:

RB,i = 8wz:Si,n kn H a;s,;,, _k—n H a;":n (11)
n

Sin <0 Sin >0

Similar to how the macroscopic equilibrium is impacted by the
electric field through the second Wien effect, the forward and
reverse rate constants for net-charge-generating homogeneous
reactions are affected by the electric field, with their electric-
field-dependence taking the form of the numerator and
denominator, respectively, of eqn (9).

% = <Z m(zm)m> cosh(zBE) cosh(t)PE

m=0

(12)
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k_u(E)
k_y(E = 0)

1 - exp<77) .
14 o (O'zﬂE+ (4.970) sinh(0.08356 BE) )

2 cosh2(0.0835¢E)
(13)

To model the water dissociation catalyst, we treat the CL as a
thin neutral region located between the AEL and CEL where the
large field in between the two layers drives the dissociation of
water by shifting the forward and reverse rate constants as per
eqn (12) and (13). While more detailed models of water dis-
sociation catalysis have been presented that explicitly consider
catalyst surface effects,”®>* we choose a more simple model for
water dissociation for computational efficiency. Furthermore,
the interaction of carbon species with catalyst surfaces are still
not well understood; because this work is more focused on
modeling the impact of reactive carbon species on polarization
behavior and mesoscale transport, the exact details of the
catalyst surface are not crucial to capture. More details on the
choice of model for the CL can be found in Section S1.4 (ESIT).

2.1.3. Mass and charge conservation in BPM-ED EMCC. To
solve for all concentrations and fluxes of relevant species (CO,, OH ",
H, CI7, HCO; ™, CO5>", Na" and K"), species conservation is used,

V'Nl' = RB,[: (14)

where N; is the flux of species i, and R ; is a source term defined
as the generation of species i from homogeneous buffer reac-
tions and water recombination/dissociation (described in detail
in Section 2.1.2). The molar species flux is defined by the
Nernst-Planck equation,

_ _Dady

"7 TRT dx’ (15)

where D;, ¢;, y; are the diffusivity, concentration, and electro-
chemical potential of species i, respectively. Fluxes due to the
second Wien effect modification to the Poisson Nernst Planck
equations are also directly calculated from the derivative of the
Wien effect activity coefficient (eqn (8)).

The Poisson equation is solved to determine the electrostatic
potential,

2
—37(? = §<CM (x) + Z z,-c,-)7 (16)

¢ is the dielectric permittivity of the medium, defined to be that
of water (ey,0) in the electrolyte domains. For the membrane
domains, the dielectric permittivity is defined by eqn (S35) in
the ESL.

The diffusivities, permittivities, and transport properties are
calculated as per previous work.” The double-layer thickness is
simulated by solution of the Wien-effect modified PNP and
results from an assumed neutralization thickness of 3.5 nm at
the AEL|CEL interface.””*> Discussion of the double layer simu-
lation at the AEL|CEL interface can be found in prior work.””
Details on how the diffusivities and transport properties in the
BPM are calculated can be found in Section S1.5 (ESIT).
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2.1.4. Phase transfer due to bubbling and bubble coverage
effects. To account for the bubbling out of CO, gas at the
catholyte boundary-layer (cBL)|CEL interface, a phase transfer
flux sink term is incorporated into the model that activates
once the dissolved CO, concentration in the catholyte exceeds
the saturation concentration (Fig. 2),

CEL|cBL — 34[rnM:D(CCOZ,CEL|cBL - 34[rr1.M])

(17)

where kyr is a mass transfer coefficient set to 1 x 10° m s™* to
ensure that any dissolved CO, beyond saturation immediately
bubbles out of the electrolyte. H(x) is the Heaviside step
function. cco, crLiceL is the concentration of dissolved CO, in
the catholyte side of the CEL|cBL interface.

Because the model immediately removes bubble CO, from
the domain and does not track the bubble phase explicitly, to
determine the gas bubble flux out of the domain, the model is
run with and without the flux term shown in eqn (17), and the
flux of bubbles out of the domain (jco, bubbie) is determined as
the difference in CO, efflux between the simulations with and
without implementation of eqn (17) (Fig. S2, ESIT).

NP]‘,COZ,CEL\CBL = kMTH(CCOZ

.]bubble,COZ :]COZ,out,no phase transfer — ]COZ,out,with phase transfer
(18)

In accordance with prior work examining the effect of gas
bubbling on electrochemical systems,>® the CO, bubbles, which
are quite substantial (see Video S1, ESIt), accumulate on the
surface and reduce the electrochemically active surface area
and consequently the current density that can be achieved. The
bubble coverage (0co, bubbie) is Telated to the bubble efflux and
can be calculated by>®

0 —0.024 F X joubble,co, 03 (19)
C0O,,bubble = 0. TimA cm-2]

where the values of 0.024 and 0.55 in the above expression are
fitted parameters that are consistent with prior implementa-
tions of the above model for bubble coverage.’® The coverage
term (OCOPbubble) calculated using this semi-empirical model
represents a site-blocking factor equal to the fraction of the
areal cross section impeded by bubbles and thus inaccessible
for ionic transport. Thus, once (6co,bubble) is calculated, the
simulated current density is corrected to account for the loss in
active area due to bubble coverage:

ippm = iBPM,no bubble(l - OCOZ,bubble) (20)

where igpum,nobubble 1S the simulated BPM current density prior
to post-processing with bubble coverage effects.

2.1.5. Boundary conditions. Boundary conditions are
shown in the schematic in Fig. 2. At the end of anolyte
boundary layer (leftmost boundary), Dirichlet boundary condi-
tions set the concentrations of all modeled ionic species to
their bulk electrolyte values,

_ Cbulk (21)

Ci ‘ Lc i,anolyte
2

. =
x=-—5"—LagL—LcBL

Energy Environ. Sci.

View Article Online

Energy & Environmental Science

where the origin (x = 0) is defined at the center of the CL, L¢y, is
the CL thickness, Lag;, is the AEL thickness, and L,g;, is the
anolyte boundary-layer (aBL) thickness. The thickness of both
the catholyte and anolyte boundary layers are assumed to
be equal to 25 pm and are estimated by assuming approxi-
mately Fickian behavior of the CO, at the onset of bubbling
(Section S1.6, ESIt).

The electrostatic potential is set to the measured membrane
potential with another Dirichlet boundary condition,

5 —LaeL—LaBL

<15|Y Ly = Vinem (22)
At the end of the ¢BL (rightmost boundary), Dirichlet boundary
conditions are again employed to set species concentrations to
their bulk values (as defined by their equilibrium concentrations
for the given (bi)carbonate salt concentration):

_ Cbu]k (2 3)

Cf‘ Lg i,catholyte

x="5+Lepr+Lept
Lcgy, is the CEL thickness, and Lg;, is the ¢BL thickness. Lastly,
the electrostatic potential is set to a reference of 0 V at the
catholyte boundary,

O 1 —ov (24)

¥="5"+LcEL+LeBL

2.1.6. Computational methods. The governing equations
representing this model were solved using two coupled General
Partial Differential Equation (g) Modules in COMSOL Multi-
physics 5.6. The modeling domain was discretized with a
nonuniform mesh with heavy refinement near all interfaces
(membrane-membrane, membrane-electrolyte, and membrane-
CL) as well as within the CEL and catholyte where in situ CO,
generation occurs. The resulting mesh comprised 6000-18 000
elements depending on the applied current density. A mesh
independence study was performed, and the results were found
to be independent of meshing for those meshes. Critically, to
achieve initial convergence, the Donnan equilibria were solved
analytically to obtain species concentrations in each of the
membrane layers at 0 applied membrane potential and fed to
the simulation as initial conditions using hyperbolic tangent
analytic functions. The simulations in the present study were
solved using the Multifrontal Massively Parallel sparse direct
Solver (MUMPS) using Newton’s Method with a tolerance of
0.001 and a recovery damping factor of 0.75. For current
densities where bubbling occurs, due to numerical instability,
the tolerance was increased to 0.008 and the recovery damping
factor reduced to 0.35.

2.2. Experimental methods

2.2.1. Chemicals. All chemicals were used as purchased.
Sodium hydroxide (NaOH, Macron Chemicals), sodium chloride
(NaCl, VWR Chemicals), sodium bicarbonate (NaHCOj3, >99.5%,
Sigma-Aldrich), potassium bicarbonate (KHCO;, 99.7-100.5%,
J. T. Baker), and potassium carbonate (K,CO3, 99.997%, Thermo
Scientific). Simulated seawater in this work consists of 0.5 M
NaCl with 0.00211 M NaHCO;.
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2.2.2. Electrodialysis cell. Experimental current density-
voltage measurements were obtained using a home-made
five-chamber electrodialysis cell with Luggin capillaries. The
cell was constructed, as depicted in Fig. S1 (ESIt), using a Ni
foil (VWR) anode and cathode, Nafion N324 CEMs (FuelCell-
Store), Fumasep FAB-PK-130 AEM (Fuelcellstore), and Fumasep
FBM-PK BPM (FuelCellStore). The active area of the BPM in this
specific cell was one cm?. Copper tape was used as leads for the
Ni electrodes and Ag/AgCl (CH instruments, CHI111P) refer-
ence electrodes were placed in custom made glass Luggin
capillaries on either side of the BPM.

2.2.3. Electrochemical measurements. Once the electrodia-
lysis cell was assembled, a peristaltic pump (Ismatec ISM4408)
was used to flow 1 M NaOH (10 mL min') through the outer
chambers, 3 M NaCl (10 mL min ') through the dilute chamber
(chamber between CEM and AEM), and the relevant bicarbo-
nate, carbonate, or simulated seawater solution (0.2 mL min~")
through the chambers on either side of the BPM. These
flowrates remained constant through all measurements. Once
all chambers were filled, leads from a SP-300 BioLogic poten-
tiostat were connected to the cathode, anode, and reference
electrodes in a four-probe measurement configuration. Current
density-voltage measurements were then obtained by applying
a chosen current across the cathode and anode and measuring
the voltage between the two Ag/AgCl reference electrodes.
Oxygen evolution was performed at the anode and hydrogen
evolution was performed at the cathode. These reactions were
isolated from the BPM with the two monopolar membranes
positioned on either side. Measurements were started at
0.1 mA cm > and increased stepwise through each current
density to 100 mA cm™2 (EC-lab® software). Each current step
was held constant for 20 minutes to obtain a steady-state
voltage. The final voltage collected at each current step was
reported in the current density-voltage plots, except for some of
the higher current density steps. During the 1 M KHCO; and
0.5 M KHCOj; experiments, CO, bubbles formed at the surface
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of the electrode at higher current densities (>20 mA ¢cm™?)
causing a significant amount of noise in the data. For these
measurements, the voltage reported was taken as the average
over the current step.

3. Results and discussion

3.1. Agreement with experiment and breakdown of partial
current density

To understand the transport and reaction kinetics of reactive
carbon species in BPMs, experimental polarization curves were
taken in a 4-probe experimental cell for a BPM immersed in
three electrolytes relevant to EMCC and DOC applications: 1 M
KHCO3, 0.5 M KHCOj3;, and simulated seawater (0.00211 M
NaHCO; + 0.5 M NaCl). Simulations of the BPM under polar-
ization in these varying electrolytes were run and the simulated
polarization curves were compared to the experimentally mea-
sured polarization curves (Fig. 3a, markers). In these experi-
ments and simulations, the electrochemical bias reported is the
measured electrostatic potential drop across the BPM and the
associated diffusion boundary layers, which contains the vol-
tage required to drive ionic transport through each layer, the
voltage required to generate the pH gradient across the AEL|-
CEL interface, and the kinetic overpotential for the water
dissociation reactions, as well as the voltage losses associated
with CO, bubble formation. Strong agreement between theory
and experiments is observed in all three carbon-containing
electrolytes for a single set of fitting parameters (Table S5,
ESIt). Remarkably, the simulation can even capture the incred-
ibly non-intuitive polarization behavior occurring at current
densities <20 mA cm™> (Fig. S3, ESIf). For these current
densities, there is an initial onset in current density at
~0.4 V of applied membrane potential for both the 0.5 M
KHCO; and 1 M KHCO; BPMs. The current density of these
BPMs increases approximately linearly until ~0.7 V when the
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Fig. 3 (a) Experimental (markers with error bars) and simulated (solid lines) polarization curves for BPMs immersed in various solutions of aqueous
bicarbonate. (b) and (c) Breakdown of partial current density in the CL due to contributions of salt crossover (orange), bicarbonate dissociation (blue), and
water dissociation (gray) for a BPM immersed in (b) 1 M KHCO3 and (c) simulated seawater. The y-scale for panels (b) and (c) are zoomed in to highlight
the unique behavior of the carbon-containing BPMs at low current densities.
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current density takes off exponentially. Conversely, for the
seawater BPM, the current density does not have an initial
takeoff at 0.4 V, so between 0.4 and 0.8 V the seawater BPM
drives less current density than the KHCO; BPMs. However,
past the second onset at ~0.7 V, the current generated in the
seawater BPM exceeds that of the KHCO; BPMs. Notably, the
initial linear takeoff of the KHCO; BPMs at 0.4 V of membrane
potential, along with the intriguing intersection and crossover
between the seawater and (bi)carbonate polarization curves at
~0.75 V, represent heretofore unexplained phenomena that
the model is capable of replicating with high accuracy.

To uncover the origin behind these phenomena and decon-
volute the individual contributions to the polarization curves of
BPMs in reactive carbon solutions, the rates of the individual
contributions to current density were calculated within the CL
of the BPM. Within the CL, the current density must either be
due to the crossover of unreactive co-ions (K', Na*, or C17), or to
the presence of electric-field-enhanced, net-charge-generating
dissociation reactions. These contributions to the overall polar-
ization curve are determined and shown in Fig. 3b and c for
BPMs operating in 1 M KHCO; and simulated seawater, respec-
tively. As expected, the current density for the simulated sea-
water case is primarily driven by salt crossover at low potentials
and water dissociation at high potentials, as shown in previous
literature.?”*®> The 1 M KHCO; case, however, is more intri-
guing. While previous studies have suggested that the low

a gL AEL cL CEL cBL
S w
=
S 103t -
S
©
j .
£ oq0¢t -
[0}
e
o 1077 | E
S — 10V
Lo — 05V
8 10—12 = 02V .
T oV

10715 1 1 1 1 L

-100 =50 0 50 100
X Position (um)

A aBL AEL cL CEL cBL
’z\ 1072 ﬁ
=
o
S 106 .
©
—
-+
6 -10
Q 0 Solubility Limit |
o — 10V
O oul — 05V |
e) 02V
O oV

10718 1 1 L 1 1

-100 =50 0 50 100
X Position (um)

View Article Online

Energy & Environmental Science

applied potential current onset for BPMs in weak buffer elec-
trolytes is entirely driven by titration currents resulting from
dissociation of the weak acid buffer (i.e., the HCO;™ anion in
this case) in the CL,””°*” the model suggests that current
density in the initial linear feature is still primarily dominated
by field-enhanced water dissociation. Field-enhanced dissocia-
tion of the buffering anion accounts for up to 50% of the
observed current density. Therefore, the model suggests that
the use of 1 M KHCO; buffer electrolytes forces an early onset of
the electric-field-enhanced water-dissociation reaction.

The simulations demonstrate that the accelerated current
onset for KHCO;-exchanged BPMs is largely due to a reduction
in the rate of interfacial recombination due to reaction of water-
dissociation-generated OH~ with HCO; ™~ to form CO;>~ via what
is essentially an indirect HCO;~ dissociation pathway (water
dissociation followed by bicarbonate to carbonate interconver-
sion), and that the eventual increase of the seawater current
density beyond the KHCO; current densities is due to the
seawater BPM possessing a larger electric field at a given
membrane potential (see Section S6, ESIt for more detail
regarding the reasoning for the observed curvature of the BPM
polarization curves in these carbon containing electrolytes).

3.2. Simulated concentration profiles of ionic species and CO,

The validated model was employed to resolve local concentra-
tions and microenvironments within BPMs exchanged with the
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Fig. 4 Simulated concentration profiles of (a) HCO3™, (b) COs2~, (c) dissolved CO,, and (d) H* within a BPM immersed in 1 M KHCOj3 at applied
membrane voltages of 0V, 0.2V, 0.5V, and 1.0 V. Grey-dashed line in panel (c) denotes the solubility limit of CO, in water. Zoomed plots at the AEL|CEL

interface can be found in Section S8 of the ESI.{
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aqueous reactive carbon solutions. The simulated concen-
tration profiles of HCO; ™, CO;%7, CO,, and H' within a BPM
exchanged with 1 M KHCO; at applied potentials of 0 V, 0.2 V,
0.5V, and 1.0 V, are shown in Fig. 4. Concentration profiles for
OH™ as well as local pH can be found in Fig. S14 and S15 (ESIY).
At equilibrium (0 V), both electrolyte boundary layers are fixed
at their equilibrium concentrations for all species. Further-
more, within the BPM, there are no concentration gradients,
and the concentrations are consistent with those determined by
Donnan equilibrium within the interstitial pore volume.*”"*>
Because of Donnan equilibrium with the catholyte, the CEL is
fully exchanged with K* cations (Fig. S16 and S17, ESIf), and
the AEL is fully exchanged with (bi)carbonates. Therefore, the
PH in the CEL at equilibrium is near neutral, and that in the
AEL is slightly alkaline (~pH 9) (Fig. S14b, ESIf).

As the applied potential increases, the pH within the CEL
decreases significantly due to the generation of H' via water
dissociation and bicarbonate dissociation. Consistent with the
equilibria presented in eqn (1)-(5), as the pH in the CEL
decreases, the concentrations of OH~, CO;*~, and HCO;~
decrease, and the concentration of CO, in the CEL increases.
Additionally, diffusion gradients manifest in K* to maintain
electroneutrality with the water-dissociation-generated H'.
Importantly, the model enables spatial resolution of in situ
CO, regeneration, which is shown to occur only at the CEL|cBL
interface, because the concentration of (bi)carbonates are too
small within the CEL itself (due to Donnan exclusion) to
facilitate reaction with water-dissociation-generated H'. The
H' from water dissociation exits out of the CEL and reacts with
HCO;™ in the electrolyte to form CO, that reaches its solubility
limit, becomes saturated, and bubbles out, as is consistent with
the experimental visual observation (Video S1, ESIt) and prior
studies of BPMs operated in KHCO; solutions.****

On the AEL side, pH increases do not occur as readily with
increasing cell potential, because the AEL is fully (bi)carbonate
exchanged at equilibrium and the presence of (bi)carbonates in
these high (~1-2 M) concentrations buffers changes in pH and
pOH. This is important to note, because the pH gradient in
these systems is typically assumed to be directly proportional to
the electrostatic potential profiles (Fig. S22 and $23, ESI{).>®
However, these results demonstrate that the weak-acid buffer
breaks the scaling relationship between the applied potential
and the developed pH gradient by competitively consuming
generated OH™ anions. Nonetheless, past potentials of 0.5 V,
the pH does increase within the AEL. Past this potential, the
concentration of dissolved CO, decreases significantly due to
equilibrium reactions with water-dissociation-generated OH ™
and is essentially entirely consumed within the AEL. Concur-
rently, HCO;~ is consumed to form CO3>~, so the concentration
of HCO;™ in the AEL decreases, and that of CO,>~ increases at
high applied potentials. Once essentially all of the HCO;™ in
the AEL has been consumed (V > 0.7 V), the pH in the AEL
increases much more rapidly, and the generated OH™ leaves
the BPM and reacts with HCO;™ anions in the anolyte. While
the concentration of HCO; ™ in the AEL tends to zero at 1.0 V of
applied potential, the HCO;~ concentration in the vicinity of

This journal is © The Royal Society of Chemistry 2023
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the AEL|aBL interface remains near the bulk concentration in
the electrolyte, demonstrating that there is an abundance of
reactive (bi)carbonate to consume water-dissociation-generated
OH ™ anions. It is important to note that while in situ CO,
regeneration on the cathode side occurs only at the CEL|cBL
interface due to exclusion of (bi)carbonates from the CEL, the
regeneration of the CO;>~ sorbent from the HCO;~ occurs
within the entirety of the AEL, CL, and anolyte domains. Because
HCO;~ can exchange (and is not excluded by Donnan equili-
brium) into the AEL and CL, the direct field-enhanced dissocia-
tion of HCO; ™ anions in the CL, as well as the reaction of HCO;™
with water-dissociation-generated OH™ throughout the CL, AEL,
and anolyte, regenerate the CO;>~ carbon capture sorbent.

A similar analysis of concentration profiles was also per-
formed for BPMs immersed in simulated seawater (Fig. S18-
S21, S24 and S25, ESIt). The model shows very similar behavior
as for the 1 M KHCO; case with respect to the equilibria.
However, due to the incredibly low concentrations of reactive
carbon in the seawater electrolyte, the BPM is primarily
exchanged with Na" or Cl~ for the CEL or AEL, respectively.
At the CEL side, the catholyte is rapidly mass-transfer limited
by HCO;™, impeding the formation of CO, via the in situ
regeneration mechanism. However, on the AEL side, because
there is a larger reactive volume of HCO;~ wherein both the
AEL and anolyte contain reactive HCO; ™, the mass-transport
limitations are less severe for the regeneration of the CO;>",
suggesting that the BPM-ED system for DOC is more effective
for mineralization than for CO, release.

Lastly, because the equilibrium reactions are key to both the
CO, and CO;>~ regeneration, the ratio of the local forward and
backward rates of each reaction (1)-(5), representing the devia-
tion of these reactions from equilibrium, were plotted through-
out the modeled domain for both the 1 M KHCO; and
simulated seawater cases (Fig. S26-S29, ESIt). Interestingly,
owing to their fast kinetics, reactions (1), (3) and (5) reach
equilibrium throughout the entire domain, except for within
the CL. However, reactions (2) and (4) significantly deviate from
equilibrium within the catholyte where CO, regeneration
occurs. Indeed, they favor their reverse direction, demonstrat-
ing that the water dissociation H' flux drives these reactions
out of equilibrium towards regenerating CO,. This analysis
demonstrates the importance of the BPM pH swing in driving
buffer reactions.

3.3. Simulated fluxes and transference numbers of ionic
species

While an understanding of the local concentrations and envir-
onments within the BPM provides valuable information regard-
ing the phenomena occurring within it, knowledge of the fluxes
of the various ionic species in these membranes is just as crucial.
The primary charge carrier within an ion-exchange membrane
dictates its conductivity,”">**® and understanding charge trans-
port through the BPM is key to mitigating detrimental phenom-
ena such as salt crossover.”” Plotting the effective transference
numbers, defined here as the fraction of current carried by a
given species, of all ions as a function of applied potential
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Fig. 5 Simulated effective transference-number profiles of HCOz~, COz2~,
voltages of (a) O V, (b) 0.2V, (c) 0.5V, and (d) 1.0 V.

throughout the BPM (Fig. 5 and Fig. S30-S32, ESIt) reveals the
nature of charge transport within the BPM operated with 1 M
KHCO;. At low applied potentials (0 V and 0.2 V), the current
density is primarily due to co-ion crossover (Fig. 5a and b)
(K" crossing from the anolyte to catholyte or HCO;~ crossing
from the catholyte to anolyte), with K' the dominant carrier of
current, due to its higher diffusion coefficient in the BPM.>”

As the applied potential is increased and electric-field-
enhanced water dissociation occurs, H' rapidly becomes the
primary charge carrier in the CEL (Fig. 5c and d). For the AEL,
on the other hand, CO;>~ becomes the primary charge carrier
at moderate potentials (0.4-0.7 V), and HCO; possesses a
negative effective transference number (Fig. 5c¢). This flux
behavior is consistent with the interpretation that HCO;™
transports as a counter-ion through the AEL to the CL, where
it is either directly dissociated by the large electric field or
reacts with water-dissociation-generated OH™ to form CO;*~
that can then transports directly out of the CL and serves as
the major carrier of charge in the AEL. At higher potentials
(>0.7 V), where HCO;™ is depleted, OH™ becomes the primary

Energy Environ. Sci.

View Article Online

Energy & Environmental Science

e OH- —_— H* s JCF
b)0.2V
aBL AEL CEL cBL
f. 2F 7
(]
Q0
IS
=}
Z
o 1F .
(8]
{am
(O]
| .
QL
2 o
o
'_
_1 1 1 1
-100 -50 0 50 100
X Position (um)
d) 1.0V
aBL AEL CEL cBL
[ 2k 7
©
Q0
IS
=}
4
o 1 .
(8]
=
(O]
L .
QL
2 o
o
'_
_1 1 1 1
-100 -50 0 50 100
X Position (um)

H*, OH™, and K™ within a BPM immersed in 1 M KHCO3 at applied membrane

charge carrier in the AEL (Fig. 5d). Interestingly, H" and OH~
do not immediately become the primary carrier of charge in the
BPM when water dissociation begins at ~0.5 V, and there
appears to be a penetration depth moving out from the CL
through which the fronts of H" and OH™ flux dominate. This
penetration depth is dependent on the current density and is
due to out-of-equilibrium buffer reactions that convert the gen-
erated OH™ or H' to alternative charge carrying ions within the
BPM domain. At large enough current densities, the buffering
species within the BPM are depleted, and H" and OH~ become
the dominant charge carriers throughout the entirety of the BPM.
This flux analysis was also carried out for the simulated seawater
case and similar trends were observed (Fig. S33-S35, ESIT).
However, due to the small concentration of reactive carbon in
the seawater, OH~ and H" more rapidly become the primary
charge carriers in the BPM.

Taken together, this knowledge suggests that operation of
BPM-ED systems at high current density could be beneficial for
several reasons. At higher current densities, salt crossover is
less extensive due to the dominance of H and OH™ as charge
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carriers. Additionally, at these higher current densities, OH™
fully replaces the initially exchanged (bi)carbonates as the
charge carrying species in the AEL, which reduces ohmic losses
due to the higher mobility of OH.°

3.4. Energy intensities and efficiency of CO, desorption via
BPM-ED

Key to any carbon-capture process is understanding the effi-
ciency and energy requirements for operation at various rates.
One key promise of EMCC processes is that they could poten-
tially enable lower energy intensities than thermal processes.”
Thus, the simulation was employed to determine the coulom-
bic efficiency of CO, regeneration (Fig. 6a) and energy intensity
(Fig. 6b) for CO, regeneration as a function of applied current
density. Coulombic efficiency is defined as the fraction of the
applied current density that goes toward regenerating CO, and
can be thought of as the product of the water dissociation
efficiency, and the efficiency of reacting water-dissociation-
generated H" with HCO;~ to form CO,.

For all electrolytes tested (0.5 M KHCO;, 1 M KHCO3;, and
simulated seawater), the coulombic efficiency initially is 0%
due to the dominance of salt-crossover at low current densities.
Nonetheless, the efficiency rapidly increases to ~80% for all
electrolytes due to the onset of the water dissociation reaction.
Crucially, water dissociation in all electrolytes rapidly reaches
~99% efficiency (Fig. S36, ESIT), consistent with prior study of
the Fumasep BPM, meaning that deviations in coulombic
efficiencies lower than 99% are due to inefficiencies in conver-
sion of the generated H".*°

The coulombic efficiency (Fig. 6a, orange trace) for DOC by
BPM-ED from simulated seawater monotonically decreases as
the current density increases. The rapid decrease of coulombic
efficiency for simulated seawater is due to complete consump-
tion of the dilute 0.00211 M HCO;™ in the catholyte (i.e., the
CO, regeneration is HCO;~ limited). Once all the HCO; ™ in the
cBL is consumed, the H" flux from the BPM exits the cBL
unreacted, acidifying the bulk electrolyte. The impact of
unreacted H' can be seen due to the effective transference
number of H' in the catholyte reaching 1 at high current

L

100 T T T T

80 1MKHCO3

60
40

20

Coulombic Efficiency (%)

Simulated Seawater

0 L 1 L 1
0 20 40 60 80 100

Current Density (mA cm™2)

b

View Article Online

Paper

densities (Fig. S33, ESIf), meaning that the majority of the
current density goes towards acid generation. Importantly,
while the Na“ and Cl~ present in seawater contribute to the
ionic strength of the solution they do not participate in buffer
reactions, and therefore the presence of these ions does not
impact the rate of field-enhanced water and bicarbonate dis-
sociation in the BPM. Co-ion crossover reduces efficiency.
However, the crossover of co-ions contributes < 2% of cou-
lombic efficiency at current densities beyond 5 mA cm 2,
suggesting that the presence of these ions does not substan-
tially impact performance for BPM-ED. It is important to note
that the coulombic efficiency defined herein is the coulombic
efficiency of H' liberating CO, within the diffusion boundary
layer. Unreacted H' could theoretically react with further dis-
solved inorganic carbon to liberate greater amounts of CO, by
feeding more electrolyte downstream. However, in this work,
we seek to consider just the fluxes in the direct vicinity of the
BPM to explore the effects of mass transfer at the micrometer
scale. This effect may vary near the terminal electrodes in a
BPM-ED stack depending on the consumption of protons and
hydroxides by the redox reactions.

For the 0.5 M and 1 M KHCO; electrolytes relevant to DAC,
the coulombic efficiency (Fig. 6a, red and blue traces) similarly
decreases after achieving a maximum of ~80%. However,
instead of being HCO;™ limited, the reduction in coulombic
efficiency at intermediate current densities is limited by the
consumption of H" by CO;>~ to form HCO;~ (Fig. S38, S39 and
Section S17, ESIt). Once all of the CO;>~ in the catholyte has
been consumed, there is an inflection point in the coulombic
efficiency at which the CO, regeneration increases again,
achieving higher coulombic efficiencies approaching 90% for
1 M KHCO; and 95% for 0.5 M KHCO; at current densities
approaching 100 mA cm™>. The coulombic efficiencies reported
in these electrolytes are also consistent with prior work by
Eisaman et al.’® Between 0.5 and 1 M KHCOj;, 0.5 M KHCO;
possesses a higher coulombic efficiency at high current density
due to its lower bulk pH, which inhibits the loss of water
dissociation generated H' to H'-OH™ recombination and H'-
CO,>~ recombination relative to the 1 M KHCO; case.
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Fig. 6 Simulated (a) coulombic efficiency and (b) energy intensity of BPM-ED for EMCC from 1 M and 0.5 M KHCOs as well as for DOC in simulated

seawater.
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Considering the energy intensity for these processes,
the simulated seawater BPM (DOC) possesses higher energy
intensity (Fig. 6b, orange trace) at high current densities due to
mass-transport limitations associated with the low concentra-
tions of dissolved carbon species and the resulting low cou-
lombic efficiency. However, at low current densities, where the
flux is well matched to the concentration of (bi)carbonates, the
energy intensity for CO, generation by the BPM is <100 kJ mol
CO,~ . Further, the simulated energy intensity for CO,
desorption at 3.3 mA cm 2 is 108 k] mol CO, ", which agrees
quite well with the 155 k] mol CO, ' experimentally reported by
Digdaya et al.,” when considering the energy requirement in that
report included losses associated with a ferro/ferricyanide redox
couple at the working and counter electrodes (~ 40 k] mol CO, "
at an equivalent current density).

Conversely, the 1 and 0.5 M KHCO; cases (DAC) require
lower energy intensities (Fig. 6b, red and blue traces) due to
higher concentrations of HCO; ™~ anions in the catholyte bound-
ary layer for reaction, maintaining energy intensities near
100 kJ mol CO,™" even at current densities of 100 mA cm™ 2.
0.5 M KHCOj; possesses a lower energy intensity due to its
higher coulombic efficiency at high current densities. These
energy intensities compare well with thermal processes, and
the current densities achieved far exceed those demonstrated
for other EMCC processes.>**

The coulombic efficiency of sorbent regeneration in the AEL
is nearly 100% in the KHCOj; solutions tested for DAC (Fig. S40
and S41, ESIt). This is likely due to an increased space time for
HCO;™ conversion into CO;>. The ability of the AEL to
exchange with both HCO;™ and water-dissociation-generated
OH™ enables a high activity for these ions to react and form
CO5*>” in the anolyte boundary layer and within the AEL and
CL. For DOC, the buffer reactions in the simulated seawater
BPM are still limited by HCO; ™ concentration, but the conver-
sion efficiency for sorbent regeneration is higher than that of
CO, recovery again due to increased space time, maintaining a
value >30% at all current densities (Fig. S40 and S41, ESI¥).

Lastly, we note that a BPM with KHCO; electrolytes implemen-
ted in a DAC loop as shown in Fig. 1a, will likely operate with a
gradient in pH and dissolved carbon species, as the electrolyte fed
back to anolyte side will be slightly acidified and have some carbon
removed. Thus, the simulation was run with a gradient across
the BPM in both pH and dissolved inorganic carbon, wherein the
catholyte was fed with 1 M KHCO; (pH = 8.3) as before, but the
anolyte was fed with 0.9 M KHCO; (pH = 7.5) to represent 10%
stripping of carbon by BPM-ED and the following CO, stripping
process. As shown in Fig. S42 and S43 (ESIT), the choice to operate
under this gradient has no effect on the energetics or efficiency for
CO,/CO;>" recovery, except at very low current densities (i <
10 mA cm™?) due to a large diffusive flux at 0 V associated with
the imposed concentration gradient across the BPM. All told, the
high coulombic efficiencies and low energy intensities (competi-
tive with thermal desorption)® demonstrated indicate that BPM-ED
possesses promise for application as a carbon-removal technique.

Collectively, the above analysis demonstrates that regenera-
tion of CO, and in BPM-ED EMCC is dictated by complex
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interactions between H', HCO;~, and CO;>~ via their asso-
ciated buffer kinetics. Additionally, the results demonstrate
that while DOC systems do not need to employ air contactors,
they rapidly become mass transport limited at current densities
beyond 10 mA cm ™2, where coulombic efficiency becomes domi-
nated by acid or base generation rather than CO, recovery.
Consequently, a potential approach is to simply generate acid
and base from seawater via BPM-ED at elevated current densities
and use the generated acid and base for oceanwater acidification
or mineralization in downstream chemical reactors.”” Conver-
sely, KHCO; electrolytes used in DAC enable high coulombic
efficiencies and low energy intensities even at current densities
exceeding 100 mA cm™> and may be more suitable for direct
EMCQC looping. The trends observed for the CO, recovery energy
intensity between 1 M KHCOj3;, 0.5 M KHCOj;, and simulated
seawater suggest a trade-off with regard to the electrolyte compo-
sition. Reducing the buffer capacity of the carbon capture
solution will improve performance by enabling more facile pH
swings and CO, recovery. However, extremely low contents of the
buffer will incur mass transfer limitations that increase energy
intensity. Nonetheless, a full technoeconomic analysis is neces-
sary to weigh the economic advantages of each system but is
beyond the scope of the present work.

3.5. Effect of CO, bubble formation on BPM-ED performance

Management of bubbles is key in the development of electro-
chemical devices,”®®*®® and this is especially true for carbon-
capture devices that must mediate the generation of CO, gas
from an aqueous (bi)carbonate electrolyte. Work by Diederich-
sen et al. identified bubble management as a key challenge in
continuous EMCC systems due to power losses that occur from
loss of electrochemically active surface area due to CO,
bubbling.”* The model presented here enables a simulation
of the bubble coverage on the CEL, as well as an understanding
of how the bubble coverage affects the energy requirements for
BPM-ED EMCC.

First, it is important to note that due to mass-transport
limitations in the seawater case as discussed above, bubbling
only occurs for the BPMs exchanged with KHCO;. Analysis of
the bubble coverage in these simulations (Fig. 7a) shows that
the bubble coverage of the BPM exceeds 30% at high current
densities due to super saturation of the electrolyte. This high
bubble coverage is consistent with visual observation of the
CEL during operation (Video S1, ESIt). Additionally, the analy-
sis of the energy requirements with and without losses due to
bubble coverage reveals that bubble effects account for nearly
10 kJ mol " of energy loss (Fig. 7b) for both KHCO; cases at
100 mA cm 2. Therefore, managing bubbles is indeed crucial to
improving energy efficiencies for BPM-ED EMCC. Previous
knowledge from water electrolysis shows that bubble coverage
losses can be ameliorated by controlling flow rate,** or by
employing a surfactant to reduce surface tension and bubble
size.®>®® The BPM morphology and surface chemistry can also
be modulated to alter the wettability and coverage of bubbles
on the surface. Finally, pressurizing the bicarbonate solution
can improve CO, solubility,*®” which not only mitigates
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Fig. 7 Effect of CO, bubble formation on energetic penalties in BPM-ED EMCC. (a) Simulated bubble coverage as a function of applied membrane
potential. (b) Simulated energy intensity of a BPM with no bubble management (solid lines) and perfect bubble management (dashed lines).

bubble formation but also enables generation of the CO, at
higher pressures which ultimately reduces downstream com-
pression costs required for CO, transportation and sequestration
as shown by previous analysis of EMCC processes."® Bubble
formation will also be impacted by increases in temperature,
which reduce CO, solubility according to Henry’s Law and further
exacerbates bubble formation. This phenomenon has been
shown in bicarbonate electrolyzers, where higher CO, generation
rates were observed at higher electrolyte temperatures.®”

The effect of flow rate can be represented in our model
through the thickness of the anolyte and catholyte diffusion
boundary layers. Lower flow rates are represented by thicker
boundary layers, and higher flow rates are represented by
thinner boundary layers.’® As shown in Fig. S44 and S45 (ESIY),
changing the flow rate has little effect on the polarization curve
when deconvoluting bubble induced surface area losses (i.e.,
flow rate has no impact on the base BPM energy requirement)
or the overall rate of CO, flux from the catholyte. However,
increasing flowrate does increase the onset current density for
which bubbling is observed, reducing bubble coverage. At the
base case boundary-layer thickness of 25 um (corresponding to
a Reynolds number (Re) of 18 000, which is in the laminar flow
regime over a smooth flat plate®®), bubbling occurs at a current
density of approximately 20 mA ¢cm >, consistent with experi-
ment. However, for a boundary-layer thickness of 10 pm
(corresponding to Re of 111 000, still in the laminar flow regime
for a flat plate®), bubbling does not occur until 60 mA cm 2.
The delay on the onset of bubbling occurs because the faster
transport of CO, away from the reactive CEL|cBL boundary
prevents supersaturation and keeps CO, dissolved within the
aqueous electrolyte.

To highlight the importance of bubble management, further
experiments were performed. In these studies, the BPM-ED
system was run with various electrolyte flowrates, and the extent
of CO, bubbling was quantified by determining the noise in the
measured electrostatic potential as calculated by the standard
deviation in the measured transmembrane potential (details on
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these experiments can be found in Section S21, ESIT). Fig. S47a
(ESIT) compares standard deviation of potential as a function of
applied current density for three different flow rates (0.2, 1, and
5 mL min~'). As shown in the figure, the extent of bubbling is
much more severe for lower flowrates, and the onset of bubbling
occurs at lower current densities, as predicted from the model.

Fig. S48a and b (ESIt) depict polarization curves for Fuma-
sep tested at each flow rate in 1 M KHCO; and 0.5 M Nacl,
respectively. Comparing the two plots indicates that the addi-
tion of bicarbonate species into the electrolyte increases the
average voltage measured at each current density. Furthermore,
without the bicarbonate species present (Fig. S48b, ESIT),
flowrate has no effect of the measured BPM voltage, signifying
that flowrate dependence is only introduced once the bicarbo-
nate is added to induce CO, bubble formation, in agreement
with the simulations. Indeed, in the presence of bicarbonate
(Fig. S48a, ESIt), the average voltage is highest for the lowest
flowrate, indicating that an increase in bubble coverage under
reduced flows leads to decreased surface area and increased
resistance. This experimental data further supports the impor-
tance of flowrate and bubble mitigation on maintaining low
cell voltages when operating BPMs for carbon removal due to
the surface area losses driven by CO, bubble formation on
membrane surfaces.

3.6. Impact of divalent cations on DOC performance

BPMs applied to DOC will also have to contend with the presence
of divalent cations in oceanwater (Table S4, ESIt). Namely, Mg”*
and Ca®" appear in concentrations of 53 and 10 mM, respectively
in naturally-occurring oceanwaters.”® These contaminants can
lead to precipitation of Ca(OH), or Mg(OH), on the BPM surface,
which is a major failure mode of BPMs operating in real process
waters.”" These ions also impact performance and durability at
the terminal electrodes (Section S23.1, ESIt). Hence, understand-
ing the impacts and concentrations of divalent cations in BPMs
for DOC will be key to advancing the technology. Simulations
were run wherein divalent cations were included in the aqueous
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electrolyte to observe their impacts on the BPM performance and
local environments. As can be seen from Fig. S50 (ESIt), the
presence of divalent cations has very little effect on the polariza-
tion behavior of the BPM, increasing the required membrane
potential to achieve a given current density only slightly. This
minimal increase in the required overpotential results from a
slight reduction in the local electric field within the BPM junction
upon introduction of Mg”>* and Ca** that slightly reduces the
electric-field enhanced water dissociation rate (Fig. S51, ESIT).
Additionally, it can be seen that these divalent cations do not
carry significant current density, with Ca®>* and Mg”* carrying at
most 3 and 13% of the current, respectively, and both approach
0% transference at high current densities (Fig. S52, ESIt). The
presence of these ions also does not impact trends in carbon
concentration and pH profiles (Fig. S53, ESIt). However, it is
important to note that due to their divalent charge, these cations
partition strongly into the CEL via Donnan equilibrium, with the
Mg®* and Ca®>" possessing concentrations of 0.5 and 0.09 M,
respectively, in the CEL of the BPM (Fig. S54, ESIt). These high
concentrations of divalent cations in the CEL can explain the
precipitation of salts observed in BPM systems with real process
waters.”! Hence, systems for BPM-ED with Ca** or Mg”* contain-
ing process streams should seek to mitigate divalent cation
absorption in the CEL. Berlinguette and co-workers have
achieved this through the addition of a thin polyaniline layer
on the outside of the CEL that electrostatically excludes divalent
cations from entering the CEL.”" Divalent cations can also be
removed from seawater prior to BPM-ED via nanofilitration or
Donnan dialysis.”>’® However, additional research will be
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required to fully develop and characterize systems that enable
selective rejection of divalent contaminants in BPMs for EMCC.

3.7. Applied-voltage-breakdown analysis for BPM-ED EMCC

Because knowledge of the energetic requirements for BPM-ED
EMCC is critical to the optimization and implementation of these
systems, voltage contribution analysis’* of the BPM operating in
1 M KHCO; and simulated seawater were conducted to deter-
mine the major sources of power loss in the BPM-ED system. As
expected for both the DOC and DAC solutions, the thermody-
namic potential required to drive the pH gradient across the CL
(Section S1.2, ESIt) makes up the largest contribution to the
applied potential. This thermodynamic potential is equivalent to
the pH difference across the AEL|CEL interface, and is approxi-
mately 0.83 V (0.059 X pK,) for water dissociation, and 0.60 V
(0.059 x pK, Heo,-) for bicarbonate dissociation. In the bicarbo-
nate dissociation regime, the thermodynamic potential is equal
to thermodynamic potential for bicarbonate dissociation, and in
the water dissociation regime, the thermodynamic potential is
equal to the thermodynamic potential for water dissociation, as
labeled in Fig. 8. These thermodynamic potentials are shifted by
the sum of Donnan potentials at the aBL|AEL and CEL|cBL
interfaces” (dashed lines in Fig. 8, see Fig. S22 (ESIf) for
visualization of Donnan potentials). This shift due to the Donnan
potential at each interface facilitates WD at external membrane
voltages of <0.83 V, because these Donnan potentials ensure
that the potential at the AEL|CEL interface where the WD
reaction occurs is ~0.10 V larger than the voltage applied across
the BPM externally. These thermodynamic phenomena explain
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Fig. 8 Applied-voltage breakdown for a BPM immersed in (a) 1 M KHCO3 and (b) simulated seawater. Dashed lines represent the shift in the BPM
potential associated with Donnan potentials at the aBL|AEL and CEL|cBL interfaces (see Fig. S22, ESIt). Brackets in the thermodynamic potential represent
the thermodynamic potentials associated with bicarbonate dissociation (BD) and water dissociation (WD). (c) Schematic depictions of various voltage loss

mechanisms.
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how many reports observe meaningful WD rates at applied
potentials <0.83 V.>*7°

The next largest potential loss in both systems is the kinetic
overpotential for the water dissociation in the CL (Section 51.2,
ESIt). While the thermodynamic requirements cannot be
altered, the kinetic overpotential can be lowered by employing
a better water-dissociation catalyst.”**> For the 1 M KHCO;
case, bubble coverage losses also make up a significant portion
of the applied potential, particularly at high current densities,
and those could be managed by better controlling the flow of
electrolyte, as discussed in Section 3.5, or through other
bubble-mitigation strategies. Bubble formation does not occur
in DOC systems due to low carbon concentrations as discussed
in Section 3.5. Lastly, ohmic and diffusive losses (Section S1.7,
ESIT) through the CEL and AEL are quite low relative to other
losses but do increase with current density and will likely
become critical if the BPM-ED system is to operate at currents
approaching 1 A cm 2. Although minor, these losses can be
decreased by improving ionic conductivity of the AEL and CEL.
This applied-voltage breakdown highlights that the greatest
areas for improvement in the BPM-ED performance are in
improving the water dissociation catalyst and in implementing
bubble-management strategies in the case of DAC.

3.8. Sensitivity analysis of BPM-ED EMCC

Sensitivity analysis was performed on the BPM-ED simulations to
better understand the effect of BPM and CL properties on the
performance of the BPMs immersed in reactive carbon solutions.
For the following sensitivity analyses, the effects of bubble cover-
age are not considered, essentially assuming that a bubble
mitigation strategy has been developed and implemented. Prior
studies have demonstrated that the increase of the ion-exchange
capacity (IEC) or fixed-charge in the BPM can enhance the rate of
water dissociation by increasing the electric field between the
AEL and CEL.>**° As shown in Fig. 55 and S56 (ESIY), increasing
the IEC does indeed improve the rate of water dissociation
significantly, and consequently the rate of CO, flux at a given
applied potential. Improving the performance of the water-
dissociation catalyst has also been proven to be key in reducing
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energy requirements for BPM operation.*””” As such, the model
was run with varying values of owp, which represents the
sensitivity of water dissociation to the electric field. The results
show that performance of the BPM in reactive carbon solutions
is indeed incredibly sensitive to the catalyst activity (Fig. S57,
ESIT). Sensitivity analysis was also performed to discern the
impact of membrane thickness and water uptake (Section $24.1,
ESIt). Taken together, these results indicate that the greatest
potential for BPM improvement lies in enhancing bubble
removal from the BPM surface, increasing the IEC of the
ionomers, and using a better WD catalyst to enhance the
performance of BPM-ED EMCC.

Recent work by Pintauro et al. demonstrated a BPM meeting
these criteria, employing a BPM with a high fixed-charge
concentration and a complex 3-D junction CL for efficient water
dissociation in a 0.5 M Na,SO, electrolyte.”® This BPM differs
from the Fumasep due to its higher fixed-charge density
(~2x that of Fumasep), as well as its electrospun 3-D junction
Al(OH); water dissociation catalyst that exhibits improved
kinetics over the proprietary catalyst employed by Fumasep.
Parameters in the model were fit in order for the simulation to
match observed performance by Pintauro in 0.5 M Na,SO,
(Section S24.2, ESIf) and the performance of the “Optimal
BPM” in reactive carbon capture solutions was simulated. As
shown in Fig. 9a, employing the optimal BPM dramatically
improves the polarization behavior compared to the Fumasep
BPM for both DAC and DOC applications. More promising,
however, is recognition that the use of the Optimal BPM
substantially lowers the energy intensity for CO, desorption
well below 100 k] mol CO, ', even at current densities at or
exceeding 100 mA cm > for the 0.5 and 1 M KHCO; electrolytes
(Fig. 9b). For DOC applications, the optimized BPM does
indeed lower energy intensities, but the system is still mass
transport limited for CO, and sorbent regeneration. Nonethe-
less, the improvements in BPM performance facilitate higher
rates of acid and base generation from oceanwater at reduced
potentials. Applied-voltage breakdowns (Fig. S63, ESIt) demon-
strate that these improvements are due to improved ionic
conductivity due to the enhanced IEC, as well as significantly
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Fig. 9 Sensitivity analysis of BPM polarization curves in various EMCC solutions. (a) Sensitivity of polarization curve to BPM properties. (b) Sensitivity of

energy intensity to BPM properties.

This journal is © The Royal Society of Chemistry 2023

Energy Environ. Sci.


https://doi.org/10.1039/d3ee01606d

Published on 13 September 2023. Downloaded by California Institute of Technology on 10/9/2023 1:48:50 AM.

Paper

reduced overpotentials for water dissociation due to the high
IEC and improved catalytic behavior, along with the assumed
mitigation of bubble losses in the system.

The above calculations correspond to the energy intensity of
a single BPM unit in an overall stack, and the number of BPMs
in the stack will be key to dictating efficiency, especially when
considering the electrode potentials of the anode and cathode.
As shown in Fig. S64 (ESIT), considering the effect of the anode
and cathode potentials does increase the energy intensity
of the process quite significantly (from 88 kJ mol CO, " to
176 k] mol CO, " at 100 mA cm~?) for a DAC system employing
a 1 M KHCO; capture solution. However, as the number of
BPMs in the stack increases, the energy intensity rapidly
approaches that of the single BPM unit simulated herein. For
a BPM-ED stack containing ten of the Optimal BPMs, the
theoretical energy intensity is still below 100 k] mol CO, ' at
100 mA cm ? (see Section S25, ESIt for the details of this
calculation). Ultimately, this analysis reveals the exciting result
that newly developed BPMs have achieved such substantial
strides in water-dissociation catalysis that CO, desorption via
BPM-ED could be achieved at energy intensities lower than
100 kJ mol CO, " even for current densities exceeding 100 mA cm ™,
making this technology quite promising for carbon removal
when considered in a BPM-ED stack configuration.

4. Conclusions

Electrochemically mediated carbon capture strategies have the
potential to displace thermal desorption techniques due to their
ability to operate with lower energy requirements at ambient
temperatures and pressure. Bipolar-membrane electrodialysis
(BPM-ED) is a promising technique that uses the H" and OH~
fluxes generated by electric-field-enhanced water dissociation in a
BPM to drive the release of CO, and the recovery of CO;>~ from
an electrolyte containing reactive carbon species simultaneously.
Herein, we developed simulations, which closely match experi-
ments, and resolved the rates of the various kinetic and transport
processes (field enhanced water or bicarbonate dissociation,
homogeneous buffer reactions, salt crossover, etc.) occurring
within BPMs immersed in three reactive carbon solutions rele-
vant to carbon capture: 1 M KHCO3;, 0.5 M KHCOj3, and simulated
seawater. Simulations reveal that an early onset in observed
current density for (bi)carbonate exchanged BPMs is due to field
enhanced dissociation of the bicarbonate anions as well as a
reduction in H-OH recombination due to competitive reaction
of OH™ with HCO; ™~ to form CO;>~ indirectly.

Local concentrations and fluxes in the BPM from the simu-
lations elucidated that alkali cations and (bi)carbonates are the
dominant ion and primary charge carrier in the BPM at low
current densities, with water-dissociation generated H' and
OH™ becoming the dominant ions at high current densities
once buffering (bi)carbonate anions are consumed by homo-
geneous reaction. The energy intensity for CO, desorption as a
function of applied current density was also determined. The
model reveals that the low concentration of (bi)carbonates in
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simulated seawater leads to mass-transport limitations and
consequently high energy intensities for CO, recovery at ele-
vated current densities for BPMs applied for DOC. This sug-
gests that high-current-density BPM-ED in seawater should aim
to produce acid and base that can be used in carbon removal
processes downstream. Conversely, BPMs in higher concentra-
tions of (bi)carbonates do not become mass-transport limited
for CO, recovery up to 100 mA cm > and can achieve energy
intensities competitive with thermal desorption of approxi-
mately 100 k] mol™" at current densities far exceeding those
demonstrated for other EMCC processes. Collectively, these
results reveal that reducing the buffer capacity of the carbon
capture solution reduces energy intensity by enabling facile pH
swings, but that at extremely low contents of carbon in the
electrolyte, mass transfer limitations occur that increase energy
intensity. Correspondingly, future work should seek to explore
the impact of electrolyte composition in more detail to find the
optimum of this tradeoff. Lastly, analysis of the losses in the
DAC system revealed that the greatest opportunities for opti-
mization of these systems are through the management of CO,
bubbles and the improvement of the water-dissociation perfor-
mance. Simulating a BPM with bubble-mitigation strategies,
greater ion-exchange capacity, and a substantially enhanced
water dissociation catalyst (consistent with the state-of-the-art
BPM in literature) shows that these improvements enable
performance for BPM-ED EMCC at 100 mA cm > at energy
intensities well below 100 kJ mol CO, *.

Future work should aim to employ technoeconomic analysis to
weigh the pros and cons of BPM-ED for DAC with concentrated
bicarbonates versus DOC with oceanwater. Furthermore, detailed
modeling and analysis of degradation mechanisms, such as pre-
cipitation of divalent contaminants, spontaneous delamination,
and chemical degradation via radical attack or oxidative instabil-
ities, will be required to truly advance the technology to industrial
relevance. Nonetheless, this work provides substantial insight into
the mechanistic behavior of reactive carbon species in BPM
systems, relevant to many electrochemical systems across the
gamut of carbon-capture and -conversion technologies and eluci-
dates the promise of BPMs in performing BPM-ED for carbon

capture at current densities exceeding 100 mA cm >,

Nomenclature

Roman

a; Activity of species i

Ci Concentration of species i (M)
D Diffusivity of species i (m* s™ ")
E Electric field (V m ™)

fi Activity coefficient of species i
F

G

Faraday constant (C mol )
Gibbs free energy (J mol )

IEC Ion exchange capacity (mmol g™ )

ks Boltzmann constant (J K™ )

K, Equilibrium constant in reaction n

kn Forward rate constant of reaction 7 (mol m > s™*)
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L Length (m)

Iy Bjerrum length (m)

M; Molar mass of species i (g mol ")

N; Molar flux of species i (mol m 2 s™ %)

R Ideal gas constant (J mol " K1)

Rg; Source term for species i (mol m™3 s7)

Sin Stoichiometric coefficient of species i in reaction n
T Temperature (K)

x 1-dimensional position variable (m)

Z; Charge of ion i

Greek

B Non-dimensional electric field scaling factor (m V1)
e Dielectric permittivity (F m™")

A Water content

u Chemical potential of species i (J mol™")

¢ Species-membrane/species-water diffusivity ratio
p Density (g cm™?)

o Dimensionless dissociation bond length

¢ Electrostatic potential (V)

&k Volume fraction of phase k

Subscript

char Characteristic

eff Effective

i Species index

M Value in membrane

w Value in water

Superscript

0 Intrinsic value or standard state

E Electric field dependence

Acronyms

aBL Anolyte boundary layer

AEL Anion exchange layer

BPM Bipolar membrane

BPM-ED Bipolar membrane electrodialysis
cBL Catholyte boundary layer

CEL Cation exchange layer

CL Catalyst layer
EMCC Electrochemically-mediated carbon capture
WD Water dissociation
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