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Asymmetric chloride-mediated electrochemical process for CO: removal from oceanwater
Seoni Kim?, Michael P. Nitzsche®, Simon B. Rufer®, Jack R. Lake®,
Kripa K. Varanasi® and T. Alan Hatton®*

Broader Context Statement

Industrial emissions of carbon dioxide are wreaking havoc on the environment as the continuing
accumulation of CO- in the atmosphere leads to rising temperatures and disruption of the global climate
patterns. To mitigate this problem, in addition to reducing CO, emissions from point sources, much
attention has been given to negative emissions technologies to remove carbon dioxide directly from the
ambient environment, where the very dilute levels of CO, make removal challenging. The total amount of
CO, emissions partitioning into the oceans rivals that retained by the atmosphere, and thus effective means
for its removal could augment the other negative emissions technologies to reduce the environmental
burden imposed by this greenhouse gas.

Approaches to removing CO; from oceanwater rely on adjusting the water pH from about 8.1 to less than
7 to ensure that the speciation of dissolved inorganic carbon (DIC) from carbonates and bicarbonates is
changed to molecular CO, which can then be stripped off under vacuum. It is desirable that approaches
be identified that do not require addition of chemicals, nor lead to parasitic reactions with the formation of
undesirable compounds. For this reason, electrochemical systems have been considered as good options for
pH swing in oceanwater since, because the reactions are driven by supplying electrons in a controllable
manner, we can avoid chemical use and parasitic reactions. Current studies on CO; removal from
oceanwater have used bipolar membrane electrodialysis (BPMED), although the high cost of bipolar
membranes might impede the commercialization of the process, and some of these architectures even
present risks of toxic redox-couples leaking into the oceanwater.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

We propose a new approach based solely on electrochemical modulation of the pH to initially release the
CO; and then to alkalize the treated water before it is returned to the ocean. This approach (i) does not
require expensive membranes or addition of chemicals, (ii) is easy to deploy, (iii) does not lead to
formation of byproducts or secondary streams, and (iv) requires a lower energy input (122 kJ/mol) than
do other approaches, to the best of our knowledge. In addition, a preliminary technoeconomic analysis
which suggests that this ocean capture system can be economically feasible.
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Abstract

In recent years, the ocean has come to be recognized as a global-scale reservoir for atmospheric
CO,. The removal of CO, from oceanwater is thus considered a compelling approach to reduce
ambient CO, concentrations, and potentially achieve net-negative emissions. As an effective
means of oceanic CO, capture, we report an asymmetric electrochemical system employing
bismuth and silver electrodes that can capture and release chloride ions by Faradaic reactions upon
application of appropriate cell voltages. The difference in reaction stoichiometry between the two
electrodes enables an electrochemical system architecture for a chloride-mediated electrochemical
pH swing, which can be leveraged for effective removal of CO, from oceanwater without costly
bipolar membranes. With two silver-bismuth systems operating in tandem in a cyclic process, one
acidifying the ocean water, and the other regenerating the electrodes through alkalization of the
treated stream, CO; can be continuously removed from simulated oceanwater with a relatively low

energy consumption of 122 kJ/mol, and high electron efficiency.

Introduction

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Industrial emissions of carbon dioxide and other gases are wreaking havoc on the environment
as the continuing accumulation of CO, in the atmosphere leads to rising temperatures and

disruption of the global climate patterns.!> While much attention has been focused on strategies

Open Access Article. Published on 13 February 2023. Downloaded on 2/19/2023 7:40:02 PM.

for mitigation of the global CO,; release of almost 40 Gt per year through capture at point sources

(cc)

followed by geologic storage,>® more recently there has been a surge of interest in negative
emissions technologies in which the offending gases (currently at an atmospheric concentration of
~415 ppm°) are removed from the ambient environment itself through approaches such as direct
air capture (DAC),!%15 bioenergy with carbon capture and sequestration (BECCS),!6-18 and
reforestation. 920

The focus on atmospheric accumulation has not yet been matched by a similar drive to reduce
CO; in oceans and other surface waters, which, since the dawn of the industrial era, have acted as
large-scale carbon sinks, absorbing 30-40% of anthropogenic CO, emissions.?’*> The resulting
increased acidification of ocean waters has already led to destruction of coral reefs,?*?* and
reduced carbonate ion concentrations harm shellfish and other marine life.>32¢ Since the total

amount of CO, emissions partitioning into the oceans rivals that retained by the atmosphere,
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effective means for its removal could augment the other negative emissions technologies to reduce
the environmental burden imposed by this greenhouse gas. The concentrations in oceanwater (on
a volumetric basis) are much higher at 100 mg/L than that in the ambient air (0.77 mg/L),?"-?® and
thus smaller volumes will need to be treated than in DAC, which could provide a processing
advantage. Moreover, while direct air capture requires both capture of the CO, by chemical
complexation with a sorbent, and subsequent breaking of these bonds when the CO, is recovered
as a pure gas, only the latter step is needed for CO, removal from surface waters, which avoids
one of the steps usually required for CO, mitigation from gaseous sources.?*=3!

Approaches to solving this challenging problem need to be identified that do not require
addition of chemicals, nor lead to parasitic reactions with the formation of undesirable compounds.
CO, from the air dissolves in seawater as carbonic acid, which speciates as bicarbonate and

carbonate ions by releasing protons according to the reactions®?

€0, + H,0 2 H,CO; 2 HCO; + H* (1)

HCO; 2 C03 +HY 2

Since this equilibrium is based on the proton concentration, the dissolved inorganic carbon (DIC)
can be converted back to molecular CO, by simply lowering the pH of the ocean water; the CO,
can be removed as a pure gas by stripping under vacuum. The pH of the treated water can then be
raised before it is returned to the ocean, which has the benefit of countering the acidification of the
oceans, and fostering the further absorption of CO, from the atmosphere. The discharge of the
CO,-depleted water into the ocean after treatment imposes significant limitations in choosing a
method of altering pH.?° For example, modulation of the pH through addition of acid or base raises
concerns about residual chemicals affecting the marine ecosystem, as well as the added cost of
chemical supplies. For this reason, electrochemical systems have been considered as good options
for the pH swing of oceanwater due to their reversibility.?®334 Since the reactions are driven by
supplying electrons in a controllable manner, we can avoid chemical use and parasitic reactions.
31,35,36

To date, two approaches have been proposed for electrochemically driven CO, removal

from seawater: electro-deionization’%3* and electrodialysis.?*33739 In the electro-deionization
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process, water splitting reactions generating hydrogen and oxygen gases occur at each electrode
to modulate the pH, driving CO, removal from the oceanwater.3?** However, the high resistivity
of the system and high overpotentials for the reactions lead to a high overall process energy
consumption. In contrast, bipolar membrane electrodialysis (BPMED) provides a more energy-
efficient means to dissociate water molecules.?3-® The water dissociation catalysts embedded in a
bipolar membrane enable decomposition of water molecules into protons and hydroxide ions
without generating gases*’, dramatically reducing the energy consumption to 242 kJ per mol of
CO, removed.’” The energy efficiency can be further improved by introducing a redox-couple in
the electrolyte. By adopting the ferricyanide/ferrocyanide redox pair, Digdaya et al.?’
demonstrated energy consumptions as low as 155 kJ/mol. However, the high cost of bipolar
membranes might impede the commercialization of the process, and these architectures present
risks of toxic redox-couples leaking into the oceanwater.*!

We describe here a new approach based solely on electrochemical modulation of the pH to
initially release the CO, and then to alkalize the treated water before it is returned to the ocean.
This approach does not require expensive membranes or addition of chemicals, is easy to deploy,

and does not lead to formation of byproducts or secondary streams. The CO, removal modules

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

can be installed on stationary platforms co-located with wind farms or solar islands in the seas, or
on cargo ships plying the oceans; they can also be integrated with on-shore desalination processes

to take advantage of the installed water-handling facilities. The captured CO, can be injected
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directly from platforms into sub-surface geologic structures for long term sequestration, or used as
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a feedstock for fuels or for commodity and specialty chemicals production.

Concept


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ee03804h

Open Access Article. Published on 13 February 2023. Downloaded on 2/19/2023 7:40:02 PM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy & Environmental Science

Release of CO, from seawater for sequestration
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Fig. 1. (a) General principle of the chloride-mediated electrochemical pH swing system for CO,
removal from ocean water. (b) Electrochemical reactions at bismuth (red) electrode and silver
(blue) electrode in each step, and subsequent CO, release in the acidified oceanwater.

The pH of ocean water is currently at about 8.1, and most of the inorganic carbon exists in the
form of bicarbonate and carbonate ions.3%*> As noted above, when the concentration of protons in
water increases, the bicarbonate and carbonate ions re-speciate to molecular CO,, which can be
then be stripped under vacuum. After the CO, removal process is complete, the CO,-depleted
stream can be re-alkalized before being returned to the ocean. The general principles of the process
are illustrated schematically in Fig. 1a, where two electrochemical cells work in tandem. In the
first cell, protons are released by one electrode to modulate the pH of the feed stream, while the
counter electrode releases chloride ions to ensure charge balance. In the second cell, the reverse
reactions occur, with regeneration of the electrodes by storage of protons, recapture of chloride
ions, and alkalization of the stream before it is returned to the ocean. In between these steps,
molecular CO; is stripped under vacuum in a hollow fiber membrane contactor. The cell pair is
operated cyclically, with one cell operating until the active electrode is depleted of protons, and
the other cell being regenerated as the active electrode is replenished. At the end of a cycle, i.e.,
when the active electrode is depleted, the flows to each cell are switched, and the polarity of the
applied voltages reversed. For this approach, means for the storage and release of H* through
electrochemical reactions are required. Proton intercalation into metal oxides can be considered,*3~

45 but high concentrations of Na* present in seawater interfere with H* intercalation,* making it
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difficult to use for a pH swing. Therefore, we adopted a method to change the pH that exploits
chloride ions present in high concentration in ocean water as a mediator (Fig. 1b).

A bismuth (Bi) electrode was used in which Bi reacts under an oxidizing potential to form
bismuth oxychloride while releasing protons into the oceanwater feed according to the half

reaction:*’

Bi + Cl™ + H,0 2 BiOCl + 2H' + 3e~ E°=0.16V (vs. SHE)  (3)

Silver chloride (AgCl) was selected as a counter electrode, because of its low overpotential, rapid
kinetics, and high capacity for chloride ions. In ocean water, under reducing conditions, AgCl

releases chloride ions without impacting the proton concentration, by the following half reaction:*3

AgCl + e~ 2Ag + CI” E°=0.23V (vs. SHE) 4)
Based on the stoichiometry of the Bi reaction, two protons are released when three electrons are
applied, decreasing the pH of the oceanwater to induce the speciation of the DIC toward molecular

CO,; simultaneously, three chloride ions are released by the AgCl electrode, but one is lost to the

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

formation of BiOCI. The overall reaction can be expressed as

Bi + 34gCl + H,02BiOCL + 3Ag + 2Cl~ +2H* AE°=0.07V (5)

Open Access Article. Published on 13 February 2023. Downloaded on 2/19/2023 7:40:02 PM.

From the positive cell potential for the overall reaction, the forward reaction should be spontaneous.

(cc)

Then, on reversal of these reactions, the CO,-depleted oceanwater can be re-alkalized, giving
sufficient alkalinity to ocean water to reabsorb CO,, while regenerating the electrodes for the next
cycle. This approach, which relies on a swing in chloride ion concentration between two different
CI capture electrodes, bismuth and silver, to modulate the solution pH, is shown in this paper to
have high Faradaic efficiency under cyclic flow conditions, with a CO, capture energy of 122

kJ/mol.

Thermodynamic considerations
The desired pH target range for DIC speciation to be primarily toward molecular CO, in solution
can be assessed through equilibrium concentration calculations of the inorganic carbon species

distribution. Here, we consider simulated seawater with a representative composition of 502.5 mM
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Na*, 500 mM CI, and varied concentrations of inorganic carbon species to ensure charge neutrality.
The concentration of each inorganic carbon species can be calculated based on the acid dissociation

constants K, and K,,», and on Henry’s Law constant Ky, defined as:%

Ky = [coz(aq)] (6)

Pco,

Ag+agco; Yut¥aco; [HYI[HcOZ]
Ka.l = H 3 — H 2 . 3 (7)

acos (ag) Ycos(aqy  [C02(aq)]

ArpZ— At YeoZ-Yut [H+][coZ™]
oo = TR T s ®)

aHCcoZ ¥cos (aq) [HcoZ]

where [€O,(aq)] is the molar concentration of molecularly dissolved CO; (aq), Pgo, is partial

pressure of CO,, ay is the activity of aqueous species M, and y,, is its activity coefficient

(ap = ¥u[M]). The equilibrium concentrations of the components are then given by:

[CO;(aq)] = Ky FPeo, 9)

[HC'OE._] _ Ka1KuPco,¥cosiag) (10)

vucoz Ya+[H']

Kp1Kq Ky P ‘aq)

2—7 _ Baalfaz2fHPco¥VCog(ag)

[co?] = lalte (11)
Ycoz-Yu+[H"]

The initial concentration of aqueous CO, is constant no matter the pH, and is determined by its

partial pressure in the ambient air, P.o,. The concentrations of HCO;™ and COs%, on the other

hand, are strongly affected by the proton concentration, and thus the total dissolved inorganic

carbon (DIC) concentration is a function both Pco, and [H']:

[DIC] = [COx(aq)] + [HCO57] + [CO57] (12)
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The activity coefficients for the charged species were calculated from the Debye-Hiickel extension

law:

Azﬁ,f il

logym = -3 57 (13)

where A and B are the Debye-Hiickel parameters, z,, is the electrical charge of the species, I is
ionic strength of the solution, and d; is the hydrated diameter of the ionic species. The activity of

CO; (aq) was calculated as:

10g Yco,ap = (C+FT +2)1— (E +HT) - (14)
where T is the absolute temperature, C=-1.0312, F=0.0012806, G=255.9 K, E=0.4445, and H=—
0.001606 K.

As shown in Fig. 2a, the total DIC of the seawater in equilibrium with the ambient
environment is at a concentration of 1.76 mM at pH 8.06, and the relative distributions of HCOj5-

and CO5?* in this solution are 56% and 43%, respectively, under the ionic strength conditions used

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

here. These values are significantly different from those calculated for ideal solution conditions

with all activity coefficients set to unity (Fig. S1), where the DIC concentration is larger at 2.5

Open Access Article. Published on 13 February 2023. Downloaded on 2/19/2023 7:40:02 PM.

mM, emphasizing the importance of incorporating the strong effect of ionic strength in
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thermodynamic analyses of CO, speciation in seawater. It is clear that the total DIC solubility
decreases sharply with decreasing pH, so that most of the DIC exists as molecular CO, when the
pH approaches neutral or slightly acidic conditions.

The equilibrium speciation calculated under different charging conditions can be used to
estimate the energy requirement for electrochemical modulation of the proton concentration for
CO, desorption. Under constant current operation, the corresponding release rates of ClI- and H*
from the electrodes can be assumed to be constant. Given that net two moles of Cl~ are released
when three moles of electron flow in the electric circuit, the concentration of Cl~as a function of

the applied charge O can be written as
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Fig. 2. (a) Equilibrium concentration of inorganic carbon species (CO,, HCO5-, CO;3?") and total
DIC at pH 6-8.1 in simulated seawater and estimated equilibrium concentration of each ionic
species in simulated oceanwater in pH decrease step (((b) HCO;", COs*, and total DIC, and (c)
pH of oceanwater) and in the regeneration step ((d) CO,, HCOs-, CO3%, and total DIC, and (e)
pH during the regeneration step. (e) Equilibrium voltage vs. charge curve of chloride-mediated
electrochemical pH swing system for CO, removal based on the thermodynamic modeling.

[CI]=05M +>> (15)

where V' is the volume of the oceanwater treated. On the other hand, Na* does not participate in
the reactions, and the concentration of Na* is constant.

The aqueous feed solution is assumed to be in equilibrium with the ambient environment
(containing 420 ppm of CO,), and thus the concentration of molecular CO, is determined by
Henry’s Law, while [HCOs] and [CO3*] are functions of the oceanwater pH, or [H'], as in
equations (10) and (11). Charge neutrality in the solution will then be satisfied through the balance

equation
[HY]+ [Nat] = [Cl"] +[HCO;] + 2[CcOZ7] + [OH] (16)

Since [OH] is a function of [H*], as determined by the water dissociation constant (K,, = 10-14),32

and the concentrations of the remaining ionic species are also functions of [H'], the overall
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concentration of dissolved inorganic species in the feed introduced to the electrochemical modules
can be determined. This total DIC remains constant at [DIC], during charging, which impacts only
the relative concentrations of the individual inorganic carbon species, which can be determined

from

DIC
(€0, (aq)] = S
( , Kai1¥co,(aq) , KarKzbeo faq‘.')

VacogVu+HT] Pcoz—V?{+[H+]2
. 3

mM (17)

( KiPCOZi'an ])IDIC]G

VHCOEVH'*'[H

[HCOZ] = mM (18)
14 Kai1¥co.(aq) J,Ka-l-’le’co (ag)
_ YucosVu+H"] PCOE‘P?{+[H+]2
' RyKay aa)
(42—2’}, : 2;0 [L,f]’ )[DIC]G
2-¥ e+
[coz ] =% 7 mM (19)

(1+[g_1]+;=;;g)

The changing distributions in the various components as charge transfer occurs are shown in Fig.

2b. Of particular interest here is the concentration of molecular aqueous CO,; as a function of

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

applied charge, as it is this quantity that will determine the conditions needed for effective stripping

from the solution post-charging. Note that at low pH with a total [DIC], of about 1.8 mM, the

Open Access Article. Published on 13 February 2023. Downloaded on 2/19/2023 7:40:02 PM.

fugacity, or effectively the partial pressure, is approximately 0.07 bar, and thus either a vacuum or
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a sweep gas must be used to strip the CO, from the unsaturated solution. The pH is shown as a
function of applied charge in Fig. 2¢. Initially, HCO; and COs? exist in a 1:0.7 ratio, but the
proportion of carbonate quickly decreases” with a lowering of the pH, to generate primarily HCO;,
which then decomposes to form molecular CO, (or carbonic acid). Because proton release from
the electrode is buffered by these combination reactions with HCO;™ or COs%, the relatively slow
decrease in pH from 8.0 to about 6.0 is expected Fig. 2¢; when most of the HCO5™ has been
consumed, the pH drops rapidly, approaching 5.0.

The reverse process is operative during the regeneration step, in which the concentration of CI-
increases linearly with applied charge, and [Na*] again remains constant (Fig. S2b). The total DIC

concentration is also constant, determined by the residual CO, remaining in solution following the
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stripping step; we set it here as 5% of the initial DIC in oceanwater on the assumption that 95% of
the DIC is removed by stripping (i.e., [DIC]y = 0.1 mM for an initial oceanwater DIC of 2 mM).
The calculated concentrations of individual inorganic carbon species during the regeneration step,
determined from Equations (17)-(19) with [DIC], = 0.1 mM, are shown in Fig. 2d, while the pH
is shown in Fig. 2e. It was assumed that the same total amount of charge was applied to the cell as
in the first step to ensure complete regeneration of the electrodes. As the buffer capacity is low for
the CO,-depleted oceanwater, the pH increases rapidly to 10 and ultimately reaches 11 by the end
of the cycle. The proportion of CO;?" in the DIC increases rapidly at the beginning of this process,
reaching 99% when 64 C/L of charge is applied.

The electrochemical thermodynamic cycle can be constructed with the half-cell

equilibrium potentials calculated according to the Nernst equation:

RT Aalgy
E:EQ ‘l—glnm (20)
where E| is the standard electrode potential for the reactions, R is the gas constant (8.314 J mol~!
K~1), T'is the temperature (K), F is the Faraday constant (96485 C mol™1), and a,, a,, and a,.,

represent the activities of electrons, and oxidized and reduced species, respectively. If we assume
that the activities of solids and electrons are unity, the electric potential established for the reactions

at equilibrium can be expressed by the Nernst equation:

2

2
Ep; (V) = 0.16 + Zin ZH* = 0.16 + 0.00856 In —H* (21)
nF aci— ag]—
RT 1 1
Eag (V) =023+, In —— =023 +0.0257 In _— (22)
cl— cli=
ECE” (V) = Eﬂg — E.Bi = 0.07 — 001714{3’1 Q- — 001712!}’1&.H+ (23)

Since the equilibrium electrochemical potentials of the system are determined by the
concentrations of H" and Cl-, and these concentrations are dependent on the charge transferred, the

equilibrium cell voltages for the pH decrease and electrode regeneration steps will also depend on
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the applied charge, as plotted in Fig. 2f. In the absence of an overpotential, the voltage gap between
the two steps was found to be significantly below 1 V, with an estimated thermodynamic minimum

energy for the process given by

w=-"-1+4 vdQ (24)

of 32 kJ/mol, where N is the total moles CO, captured and released. This value represents a penalty
in DIC conversion due to H concentration hysteresis and does not account for the energy for the
stripping of the molecular CO, from the acidified solution, and for overpotentials required to

ensure sufficient driving forces for conversion at finite rates.

Electrode Characterization

The material and electrochemical characteristics of the Ag and Bi electrodes employed in the
electrochemical system will determine the efficacy of the process. The surface morphologies of
the electrodes were observed by SEM. The Ag composite electrode with surface silver

microparticles of 1-2 um size is shown in Fig. 3a, while Fig. 3b shows the surface structure of the

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Bi composite electrode prepared with sub-micrometer particle-sized bismuth powders obtained by

ball-milling of large (hundreds of micrometers) pristine bismuth particles with conductive carbon

Open Access Article. Published on 13 February 2023. Downloaded on 2/19/2023 7:40:02 PM.

(Fig. S2). The electrochemical properties of the electrodes under simulated oceanwater conditions

(cc)

were investigated by cyclic voltammetry (CV) analysis. As shown in Fig. 3¢, both electrodes
exhibited apparent reversible redox peaks in the solution that were well-matched with those of
Ag/AgCl and Bi/BiOCl reactions. The onset potential difference for oxidation and reduction peaks

was larger for Bi than for Ag, which might result in higher overpotential requirements. XRD
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analyses conducted before and after oxidation of the Bi and Ag electrodes in a simulated
oceanwater yielded XRD patterns that show clearly that the crystalline structures of Bi and Ag
converted to those of BiIOCI and AgCl during oxidation (Fig. 3e and f).

Static Cell Characterization

The pH swing system was first demonstrated in a static cell either in direct contact with ambient
air, so that CO, can transfer to and from the solution under alkalization and acidification conditions,
respectively, or with release under a nitrogen sweep stream, as illustrated schematically in Fig. 4a.
The bismuth (Bi) and silver chloride (AgCl) electrodes were placed 1 cm apart in 9 mL simulated
oceanwater, and the pH and electrochemical potentials of the individual electrodes were monitored
throughout the operation. A current of —1 mA/cm? was applied to the electrochemical cell until the
total applied charge reached the amount theoretically required to remove 95% of the total DIC. At
this point, +1 mA/cm? of current was applied for the same length of time. When the negative
current was applied, the pH decreased gently for a short time at the beginning of the operation,
before dropping rapidly to a final value of 5.2 (Fig. 4b), indicating that the protons were

successfully released into the electrochemical cell. This trend is consistent with that estimated by

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

the thermodynamic analysis shown in Fig. 2¢. The initially slow increase in pH in the first half of
the second step can be attributed to the residual CO, in the solution acting as a buffer. After this

residual CO, was converted to bicarbonate, the pH rapidly increased to above 9 and another plateau

Open Access Article. Published on 13 February 2023. Downloaded on 2/19/2023 7:40:02 PM.

appeared due to the conversion of the bicarbonate to carbonate. Measurements of the concentration
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of CO; in a nitrogen sweep stream used to elute the evolved gas indicated that the diffusion of CO,

from the solution continued for up to 2 hours following completion of the first step (Fig. S3).

The cell voltage (i.e., difference in potentials between the two electrodes) plateaued at 0.1V in
the first step and between 0.6 and 0.7 V in the subsequent step (Fig. 4¢), resulting in an average
voltage gap of 0.55 V between the two steps. Given that the cell voltage of the BPMED in previous
reports is usually above 1 V, this suggests that our proposed electrochemical system can be
competitive energetically with the state-of-the-art process. The potential at each electrode was also
monitored with a reference electrode during the operation (Fig. 4d). The electrochemical potential
for the silver electrode was 0.1 V and 0.2 V (vs. Ag/AgCl) in the first and second steps, respectively,
showing 0.1 V of potential difference between the two steps. On the other hand, the potential gap
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for the bismuth electrode was relatively large, 0.45 V calculated from the values of 0 V and —0.45V
(vs. Ag/AgCl) in the first and second steps, respectively. This indicates that the resistance due to
the Bi/BiOCl reaction, which is significantly larger than that of the Ag/AgCl reaction, is the
primary determinant of the energy consumption in this system. Given that the standard potential
of Bi is —0.05 V (vs. Ag/AgCl), the reaction kinetics for the Bi to BiOCI oxidation is quite fast.
On the other hand, the kinetics for the reduction reaction (BiOCI to Bi) is sluggish as water

dissociation should be involved in the reaction mechanism to generate H.

11
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Fig. 4. Electrochemical results and pH profile monitored during CO, release step (yellow) and
re-alkalization step (pink) in the pH swing operation using a static cell. (a) Electrochemical cell
exposed to ambient air, and closed with nitrogen sweep stream, (b) pH change of the electrolyte,
(c) voltage profile, and (d) electrochemical potential of individual electrodes.
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For practical demonstration of the electrochemical Cl- swing proton modulation process, it will be

necessary to implement these concepts in a continuous swing mode of operation. The ocean water
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Fig. 5. Profiles monitored during the continuous electrochemical pH swing process operation for
10 cycles. (a) Voltage and (b) pH of the effluents from two cells. (¢c) Molar amount of released
CO, (red, left) and fraction of CO, removed (blue, right). (d) Relative Faradaic efficiency (red,
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entering the electrochemical modules needs to undergo three steps: (1) acidification to release CO,,
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(2) stripping of CO, into a gaseous phase, and (3) re-alkalization to regenerate the electrodes for
the next swing cycle. For these purposes, two cells were prepared with identical compositions
(bismuth and silver) but in different oxidation states: Bi/AgCl for Cell 1 and BiOCl/Ag for Cell 2.
As shown in Fig. 5a, the oceanwater passed through the two cells consecutively with acidification
of the oceanwater in Cell 1, and alkalization of the acidified water in Cell 2 once the CO, had been
stripped in a hollow fiber membrane contactor by a nitrogen sweep gas used to emulate vacuum
degasification of the water in which the CO, fugacity (partial pressure) is only ~0.07 bar. The
water was pumped to Cell 1 at a flow rate of 1.04 mL/min, in which 99.3% of DIC could be
removed from the oceanwater if the Faradaic efficiency were to be 100%. CO, removal was
tracked by measuring the concentration of CO, in the nitrogen sweep gas (5 mL/min), and the pH
of the CO,-depleted stream was monitored to evaluate the system performance. The water then
entered Cell 2, in which the pH of the oceanwater increased by the reverse reactions of Cell 1. The
pH of the effluent from Cell 2 was also monitored before discharge. After 30 min, the system was
allowed to rest under the same flow conditions, with no current applied, before the operation mode
was changed to the second step, in which the roles of the two cells were switched such that the
oceanwater flowed in the opposite direction, sequentially passing through Cell 2 and then through
Cell 1. The CO; in the simulated oceanwater could be removed continuously by repeating these

steps, discharging water with increased alkalinity.

Fig. Sb shows the measured voltage when the system operated under constant current conditions.

A negative current (—1 mA/cm?) was applied for 30 minutes to Cell 1 to decrease pH in the ocean
water, while a positive current (+1 mA/cm?) was applied for same amount of time to Cell 2 to
increase the pH of CO,-depleted oceanwater. During the operation, the voltage of the charging cell
was maintained at 0.7 V, while that of discharging cell was about 0.1 V. The voltage gap between
two cells was 0.6 V on average, which is similar to the result shown for the static cell. Fig. Sc¢
shows the pH profile during the operation. The pH of the effluent from the cells operating in the
acidification mode decreased to 6, indicating that the ocean water was acidified, while in the
regeneration cells the pH approached 12, as anticipated. The pH profiles were similar no matter
which of the two cells was being used for acidification, and there was no observable decline in
performance over ten cycles. When the acidified oceanwater passed through the membrane
contactor, the CO, was stripped out by the nitrogen sweep stream; there was a rapid increase in

the measured CO, concentration to 8000-10000 ppm in the sweep stream when the current was
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applied to the electrochemical cells, as shown in Fig. S6, from which the average amount of CO,
removed per cycle of 0.0543 mmol, shown in Fig. 5d, could be calculated, indicating that 87% of
the DIC was removed from the oceanwater These calculations allowed for the fact that a small
amount of CO, (about 500 ppm) was released even during the rest period when no current was
applied, which was subtracted from the concentration of CO, released during the operation when
estimate the amount of released CO, in each step that could be attributed to pH modulation.
Meanwhile, the pH measured in the re-alkalizing cell effluent reached about 10-11, which is
consistent with the thermodynamic calculation (Fig. 2e). This value is much higher than the pH of
the initial oceanwater, which was about 8, owing to the reduction in buffering capacity after most
of the DIC was removed from solution. After discharge of the effluent into the ocean, the solution
will be restored to pH ~8, the typical pH of oceanwater, by absorbing CO, from the atmosphere.
Fig. Se shows the relative Faradaic efficiency (1) and the energy consumption during operation.
Based on the stoichiometry of the electrochemical reactions, the theoretical maximum FE is 67%,
as two protons are released for every 3 electrons applied to the system. Therefore, the relative 5

was defined as the 5 divided by the theoretical maximum 1 (1,,.; = %) . During the 10-cycle

operation, the average relative FE was 90.4%, and 122 kJ/mol of energy was expended, on average.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Compared to previous studies that had electrochemical energy consumption of more than 155

kJ/mol, our proposed system is energetically competitive at the applied current densities, with the

Open Access Article. Published on 13 February 2023. Downloaded on 2/19/2023 7:40:02 PM.

caveat that these current densities are lower than those used in earlier studies; further development
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of this process may require increased current densities to reduce total electrode area needed.

The contents of bismuth and silver in the effluent were measured by ICP-MS. No bismuth was
detected in the effluent solution, but the content of silver was 0.255 mg/L. Means for the
amelioration of this slow loss of silver will need to be addressed through identification either of
other electrode compositions, or of methods to prevent the dissolution of the silver electrode.

Additional tests were carried out using synthetic seawater with the same composition as
seawater. As shown in Fig. S7, the amount of released CO, decreased over the 4-cycle operation,
dropping to 31% in the second cycle and further decreasing to 13% after four cycles relative to the
first cycle. The reason for the rapid decrease is attributed to possible Mg(OH), formation on the
electrode surface owing to the high local surface pH relative to that in the bulk flow. This pH

difference is due to the establishment of a concentration boundary layer to balance the


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ee03804h

Open Access Article. Published on 13 February 2023. Downloaded on 2/19/2023 7:40:02 PM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy & Environmental Science

Page 20 of 33

View Article Online
DOI: 10.1039/D2EE03804H

concentration-driven proton fluxes with the applied reducing current. With a lowered current
density (+0.125 mA/cm?) in the regeneration step, the pH difference between the bulk and surface
was reduced, and hence also the precipitation of fouling compounds such as Mg(OH),, culminating
in a 96% performance retention in the second cycle and 67% in the fourth. Strategies to enhance
the overall stability of these electrochemical systems under more realistic conditions are clearly

needed, and will be a focus of our future studies.

Transport Modelling

The importance of transport phenomena on system performance was evaluated using a COMSOL
Multiphysics model developed to determine ion distributions during flow cell operation. The
simulated flow cell geometry was simplified to a 2D axisymmetric domain of an equal active

surface area (6.25 cm?) and gap size (3 mm) as the experimental cell, and simulations were
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Fig. 6. COMSOL transport model and results (a) simulated flow cell geometry during
acidification (b) pH profile of the simulated cell during steady state operation (c) dependence
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conducted under the same flow rate conditions (1 ccm). Physics were governed by coupling the
time-dependent Nernst-Planck equations to a steady state flow profile. DIC interconversion was
modelled pointwise by homogeneous rate laws.*> Electrodes were modelled as 2D electrode
surfaces governed by Butler-Volmer kinetics, with externally applied potentials varied to elicit a
steady state current density of 0.9mA/cm? (corresponding to an experimental 1mA/cm? with 90%
Faradaic efficiency). Electrolyte inlet compositions were selected to match simulated seawater (pH
8.1, 2mM DIC) during acidification, and post-treatment water (pH 6, 0.lmM DIC) during
regeneration. Additional model parameters are detailed in the supplementary information.

Fig. 6a shows the COMSOL abstraction of the experimental flow cell, reduced to an
equivalent 2D axisymmetric domain to minimize computational intensity while retaining essential
transport characteristics. Fig. 6b illustrates the corresponding pH distributions during acidification
and alkalization operations, with the r-coordinate compressed by a factor of 10 for clearer
visualization. Due to the sluggish kinetics of conversion from HCO; to CO, relative to H*
diffusion timescales, a sharp reaction front can be observed during forward operation, dividing the
channel into a highly acidic (pH ~3.5) top region near the Bi electrode and a region of unaffected

seawater near the Ag counter electrode. Prior to alkalization, 95% of DIC buffering capacity has

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

been removed from the cell, resulting in a much smoother pH profile, with inhomogeneities
primarily owing to recirculation effects near the inlet.

Fig. 6c¢ illustrates the dependence of cell potential on pH experienced at the bismuth

Open Access Article. Published on 13 February 2023. Downloaded on 2/19/2023 7:40:02 PM.

electrode, highlighting notable values in the system. Losses in performance due to variations in
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open circuit potential throughout the channel can be formulated as a concentration overpotential:
N — ‘d¢eq([H]sttr'f) _‘dq)eq([H]bqu}‘ (24)

Fig. 6d indicates the total measured overpotential experienced by the bismuth electrode in
the real system relative to the inlet conditions, compared to average calculated concentration
overpotentials relative to the inlet and channel cross section. Acidification calculations suggest
that a significant portion of the Bi overpotential during this step might be due to an excess
concentration of protons at the bismuth surface, whereas spatial variations in concentration likely

only account for only a small portion of the re-alkalization overpotential. Mixing is therefore an
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important consideration in a real system, as improving the spatial uniformity of conversion of DIC

to CO, at a pH closer to 6 could improve energetics in the acidification step.

Overall performance of modules.

The thermodynamic model described earlier can be used to estimate the impact of current density

and flow rates in the modules. Consider a module illustrated schematically in Fig. 7a of cross-

sectional area S (m?) and length L (m), with flow channels occupying a fraction £ of this volume,

the remainder being the electrode materials themselves. The volumetric rate at which seawater is

treated is v m3/s, while the current density is 7 (C/m?s); the total electrode area per unit volume

of module is given by a (m?*/m?). The applied charge Q (C/m?) in the flowing seawater at point z

in the module is obtained from the balance equation
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vQ = lacSz (25)

which can be rearranged to give the axial location at which the given amount of charge has been

transferred, i.e., at which the effective charge accumulation is Q:

z (&

(=2="Q=—""0 (26)

L IaeSL TaTygs

where 7,.. = &5L/v is the residence time of the fluid in the module. Thus, we can re-formulate
the results given in Fig. 2 for pH and concentration of molecular CO, as functions of O to show
how these quantities will vary with position { in the module for various values of Iat,,., which is
the total charge accumulation per unit volume of treated water. The profiles in Fig. 7b and c
showing the variation in molecular CO, and pH, respectively, with position during the acidification
process can be used to determine the residence times (and hence module size) required to attain a
desired conversion of DIC to molecular CO, for a given current density, or the current density
required to treat a given amount of water in an existing module. Note that for some values of
Iat,.; full conversion of the DIC is attained fairly early in the unit, and the remainder of the

module is not utilized effectively. An appropriate value for Iat,.; can be obtained from the plot

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

of the exit CO, concentration vs [at,.; as shown in Fig. 7d and will depend on the desired exit

concentration. A total applied charge of between 3 and 4 x 10® C/m? would be sufficient to convert

Open Access Article. Published on 13 February 2023. Downloaded on 2/19/2023 7:40:02 PM.

the DIC in ocean water almost completely to molecular CO, in the contactor.
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We can use a similar analysis to look at the regeneration modules, and explore scenarios
for the reduction of the final pH in these modules. In many cases, it would be desirable to ensure
that the pH did not reach levels of 9.5 or greater at which precipitates of, say, Mg(OH),, form,
which may foul the electrodes and reduce the overall efficiency of the process. A strategy to
overcome this limitation would be to mix the decarbonated solution with fresh oceanwater as
shown in Fig. 7e so that the residence time restrictions can be disentangled from the current density
needs, and, moreover, the buffering capacity of the bicarbonate solution may limit the overall
increase in pH. In Fig. 7f we illustrate the results from such a mixing of the acidified, decarbonated
stream with fresh oceanwater in different proportions, which has the effect of increasing slightly
the pH of the feed to the regeneration unit, but also decreases the required residence time in the

unit for constant total charge transferred (i.e., constant /a). With increasing addition of ocean
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water, the pH of the regeneration stream decreases, which is the desired effect. Since this increase
in volumetric flow to the unit would be at the expense of added pumping costs, however. This
simple model provides added insight into different operational strategies, but will need to be
augmented with more detailed analyses that account for transport and other kinetic limitations

within the cells, a topic for future studies.

Technoeconomic Analysis and Optimization

A detailed technoeconomic analysis (TEA) was performed to explore the economic
viability and cost drivers of the asymmetric electrochemical pH-swing DOC approach when
implemented at commercial scale. While a complete DOC system requires oceanwater intake,
degasification, and compression systems,?%37 this analysis focuses on the systems specific to the
electrochemical pH-swing approach developed herein. It is important to note that the asymmetric
chlorine-mediated pH swing process is not expected to substantially change the operating
requirements of the pre-filtration and subsequent degassing steps when compared to alternative
methods of acidification (See Supplementary Information). Thus, other analyses can provide
estimates for the expected vacuum degassing, filtration, and auxiliary costs outside of the
electrochemical system for a complete system involving the asymmetric cells?-37-38,

For the electrochemical system, cost estimates for the cell stack capital expenditures
(CAPEX), cell stack electricity costs, and pumping capital and operating costs are shown in Fig.
8a. The CAPEX of the Bi/AgCl electrode cell stack at scale is estimated using alkaline water
electrolyzer costs adjusted for our process specifics. Cell electricity costs are calculated using the
experimental 122 kJ/mol-CO, as the base required energy and adding ohmic losses through the
electrolyte which become relevant at high current densities and large cell gaps. Pumping
investment and operating costs are calculated given the flow rate and pressure drop through the

cells. Detailed calculations and assumptions can be found in Supplementary Information.
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Fig. 8. (a) Complete DOC system including intake systems, gas separations, and compression.
The scope of this TEA is shown by the dashed box, including cell stack costs, electricity, and
pumping. (b) System cost optimization of cell current density and inter-electrode gap. When
current density is varied, electrode gap is fixed at 1.1mm. When electrode gap is varied, current
density is fixed at 76mA/cm?. (c) System cost components at a current density of 76mA/cm?
and an inter-electrode gap of 1.1mm where total costs are minimized at $56/tCO..

The model cell stack operational current density and electrode gap are varied in the TEA
as shown in Fig. 8b, highlighting some key physical system design tradeoffs. At low current
densities, large electrode areas are required and cause cell CAPEX costs to dominate. Beyond
76mA/cm?, additional benefits from increasing current density are outweighed by increased ohmic
losses through the oceanwater and increased pumping costs due to higher required flow velocities.
Pumping costs dominate for slim electrode gaps, while ohmic losses drive costs at large electrode
gaps, resulting in an optimum at 1.1mm. The minimized system cost at these optimized parameters
is $56/tCO, with cost components shown in Fig. 8c.

The balancing act between the current density, gap width, and pumping costs is
generalizable to all electrochemical DOC systems with flow between parallel electrodes, including
electrodialysis systems. A notable effect of this interplay is the constraint of the current density to
a value much lower than the >1A/cm? typically sought for large-scale industrial electrochemical
plants.’%->3 The inflexibly low conductivity of oceanwater and extremely high required oceanwater

throughput are fundamental characteristics which elevate the relevance of electrolyte ohmic losses
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and limitations on the cell gap for current DOC systems compared to other large-scale
electrochemical technologies. To the best of our knowledge, this effect has not been explored in
previous technoeconomic or system analyses, which assume operation at higher current densities
in excess of 100’s of mA/cm?.

However, these physical tradeoffs reveal avenues for continued system cost reduction.
Moving away from parallel-electrode architectures towards alternatives such as inter-digitated
electrodes could decouple the opposing nature of electricity costs and pumping costs. With such a
design, larger cell gaps which minimize pumping costs could be attained while keeping ohmic
losses low and allowing higher current density operation. Though our base energy consumption of
122 kJ/mol-CO; is a record-low, it may still be substantially decreased towards the thermodynamic
limit of 32 kJ/mol-CO,. Finally, high cell stack CAPEX costs at low current densities motivate the
development of electrodes which operate efficiently at higher current densities by mitigating the
overpotentials shown in our transport modeling.

The $56/tCO; initial cost estimate of our asymmetric electrochemical pH-swing system is
comparable to that of electrodialysis system costs under the same assumptions.?® The promising
energetics of our process yield lower cell electricity costs, though our initial investment CAPEX
estimates are slightly higher (see Supplementary Note 3). However, our analysis does not account
for replacements and O&M costs which we expect to be significantly lower for our system
involving only two electrodes, no redox couples, and no membranes which typically require
frequent replacement. The reduced part count and simplicity of our system is promising for its
scalability.

Our electrochemical system cost estimates fall within commonly accepted targets of
$100/tCO,,>* but other system costs are critical to evaluate as well. Previous analyses indicate that
intake filtration, pumping and gas separation costs may incur total process costs as high as
$2,000/tCO,.2%37 At present, these costs dominate those associated with the electrochemical
system and motivate further work in reducing degassing costs and pumping costs in addition to

electrochemical improvements.

Conclusions
The chloride-mediated electrochemical pH swing system in this proof-of-concept study provides

a new method to achieve negative emissions by removing CO, from seawater without the use of
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expensive bipolar membranes or the need for specific anolytes and catholytes to drive the reactions
in the electrode cells. In contrast to previously reported electrodialysis systems, the chloride-
mediated electrochemical pH swing system is used to modulate the pH of oceanwater, and hence
the speciation of the DIC, by reversible electrochemical reactions at the electrodes instead of by
water dissociation in the bipolar membranes. These advances are possible through adoption of two
different electrodes, bismuth and silver, that capture chloride ions. Continuous CO, removal from
simulated oceanwater was demonstrated by combining two silver-bismuth systems and showed
robust behavior over 10 hours of operation. Removal of 87% of the DIC in the simulated
oceanwater was observed, with 92% relative Faradaic efficiency and 122 kJ/mol energy
consumption. The bismuth electrode is inexpensive and can robustly modulate the pH of chloride-
containing salt water regardless of the type and concentration of cations. On the other hand,
although silver has the advantage of large capacity and low energy penalty, electrode dissolution
will need to be overcome by modifying the silver particles or replacing silver with another material;
this is to be the subject of future studies. Methods to overcome the fouling of electrodes during
the regeneration step owing to local high surface pH conditions that promote the formation of

precipitates such as Mg(OH), must be developed, and several engineering and electrochemical

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

approaches are currently being considered to alleviate the fouling issues; one such method was
discussed in which the degasified water was mixed with fresh ocean water before being fed to the

regeneration cell to reduce the overall pH increase in the flow channel.
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For convenience, in the small demonstration unit a nitrogen sweep gas was used to emulate the
drawing of a vacuum for disengagement of the CO, (at a fugacity of ~0.07 bar) from the
acidified water, since the partial pressure of CO, in the sweep stream will be on a par with the
actual pressure of pure CO, obtained under vacuum degasification at, say 0.01 bar. As with
other published processes for CO, removal from ocean waters, this low-pressure CO, would
need to be compressed either for use as a feedstock for production of chemicals, materials and

fuels, or for sequestration in sub-surface geologic formations.

The techno-economic analysis shows that this ocean capture system can be economically feasible
with costs ranging from $50-$100 per ton CO2 depending on the current applied and the gap

between electrodes, and could be lowered to $56 per ton CO2 under optimized conditions.
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However, these calculations only considered the economic feasibility of the electrochemical
system itself, and it is necessary to perform an integrated analysis, including other equipment such

as intake systems, gas separations, and compression.

Experimental

Preparation of electrodes

The electrodes were prepared by mixing 80 wt% bismuth powder (Alpha Aesar), 10 wt% carbon
black (Super P, Timcal), and 10 wt% polyvinylidene fluoride (PVDF, Sigma Aldrich) binder.
Before the fabrication, the bismuth and carbon black were ball-milled together for 1 h to reduce
particle size and increase the contact between bismuth and carbon powder. The mixture was
dispersed in an organic solvent (N-Methyl-2-pyrrolidone, NMP), and cast on a graphite sheet (200
um of thickness) using the doctor blade method. The silver electrode was fabricated by mixing
silver powder (Sigma Aldrich), carbon black (Super P, as conducting agent), and
polytetrafluoroethylene (PTFE) binder (8:1:1 by weight, respectively) in ethanol. The mixture was
placed in a roll pressor and a sheet-type electrode was obtained with 200 um of thickness. Both

electrodes were dried in an oven overnight to remove the residual solvent.

Characterization of the electrodes

The surface morphology of the electrodes was characterized by field emission scanning electron
microscopy (FE-SEM, Zeiss MERLIN). The crystalline structure was analyzed by X-ray
diffraction (XRD, Rigaku) in a 20 range of 10°-80° with a ramping step of 5° min~!. Cyclic
voltammetry (CV) analyses were carried out to determine the electrochemical properties of the
electrodes in 0.5M NaCl and 2.5 mM NaHCOs solution in a three-electrode cell. A platinum wire
was used as a counter electrode and a commercial Ag/AgCl (3 M KCl) was applied as a reference

electrode. The CV scan was obtained by a potentiostat (PAR) with scan rates of 2 mV s!.

CO; removal experiments
The flow-type CO, removal cell was assembled with the silver chloride as a positive electrode and

bismuth as a negative electrode. A pair of graphite sheets (~200 pm of thickness) was used as
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current collectors to connect the electrodes to the potentiostat. The silver electrode was cut into a
square shape (2.5 x 2.5 cm?) with a 3 mm hole located at the center to make a flow channel between
the electrodes. The bismuth electrode was also cut into a square shape without any hole. For the
flow channel, two nylon spacers (~100 um) and one filter paper (~200 pm) were placed between
the electrodes. For the test, a simulated oceanwater containing 0.5 M of NaCl and 2.5 mM of
NaHCOj; was pumped into the cell at a flow rate of 1.04 mL/min with a peristaltic pump. Two pH
micro electrodes (8220BNWP, thermo fisher) were connected to the flow channel to monitor the
pH of the effluents from each cell, and the data were acquired with isoPods (eDAQ). A membrane
contactor was used to promote the CO, release from water into a flowing nitrogen sweep stream,
which was used to emulate the drawing of a vacuum on the unit. A CO, sensor (CO2Meter) was
connected right after the membrane contactor to measure the concentration of CO, in the gas phase.
The content of silver and bismuth in the effluent was analyzed with ion-coupled plasma-mass
spectroscopy (ICP-MS, Agilent). For this measurement, the effluent and 5 M nitric acid solution

were mixed in a 6:4 volume ratio.
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