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Electrochemical production of acid and base from water enables their use as
regenerable reagents in closed-loop processes, with attractive applications
including CO, capture or mineralization and low-temperature production of
Ca(OH),. Conventional systems utilize ion exchange membranes (IEMs) to
inhibit H/OH™ recombination, which leads to high resistive losses that com-
promise energy efficiency and poor tolerance for polyvalent metal ions that
complicates applications involving mineral resources. Here we use ion trans-
port modeling to guide the design of a system that uses a simple porous
separator instead of IEMs. Using H, redox reactions for H/OH™ production, we
demonstrate acid-base production at useful concentrations in the presence of
polyvalent impurities with lower energy demand and higher current density
than reported IEM-based systems. Cells can be stacked by combining H, elec-
trodes into a bipolar gas diffusion electrode, which recirculates H, with near-
unity efficiency. We show that the cell outputs extract alkalinity from olivine
and serpentine as Mg(OH), and MgsSi,O¢(OH),, which remove CO, from
ambient air to form Mg carbonates. These studies establish the principles for
membrane-free electrochemical acid-base production, enabling closed-loop
resource recovery and material processing powered by renewable electricity.

Chemical transformations that are critical for carbon management can
be driven by sequential application of acid and base. For example, CO,
can be concentrated from dilute sources by capturing it as (bi)carbo-
nate with base and releasing it with acid'. CaCO3 can be converted to
slaked lime (Ca(OH),) at ambient temperature by sequential proto-
nation to form soluble Ca?* and basic precipitation’. Similarly, the
extraction and purification of metal ions from natural resources or
waste products can be achieved by sequential acid leaching and basic
precipitation. Extracting Mg(OH), from ultramafic rocks by acid-
base processing could be used to remove CO, from the atmosphere
and permanently store it as Mg carbonates®*. Carrying out these

pH-swing transformations at scale without stoichiometric waste
requires efficient and sustainable methods to generate acid and base
from water.

Renewable electricity can be used to drive the dissociation of
water into H" and OH’, either at electrodes that carry out acid and base-
generating electrocatalytic half-reactions or at the junction of cation
and anion exchange membrane components of a bipolar membrane
(BPM)’. A major source of efficiency loss is deleterious recombination
of H" and OH™ before they are removed from the cell by flowing elec-
trolyte or utilized in productive chemistry. Recombination is a parti-
cularly pernicious problem because the diffusion coefficients of H and
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OH" greatly exceed that of all other cations and anions in water due to
rapid Grotthuss hopping®. Traditionally, this problem is mitigated by
incorporating one or more ion-exchange membranes (IEMs) between
the acid and base compartments (Fig.1A). Cation-exchange mem-
branes (CEMs) serve to inhibit OH™ transport, whereas anion exchange
membranes (AEMs) serve to inhibit H* transport. The commercial
technology for acid-base co-generation, bipolar membrane electro-
dialysis (BPMED), combines both modes of inhibition by utilizing a
stack consisting of a CEM, AEM, and BPM (Fig.1B). BPMED has been
employed for many years in specialty chemical processes®’. More
recently, proof-of-concept studies have described the use of IEM-
based acid-base co-generation for CO, capture from gas streams®™®
and seawater”, the conversion of limestone (CaCO;) and H,O into
Ca(OH), and CO,"", and the conversion of gypsum (CaSO,) and H,0
into Ca(OH), and H,SO4*".

Notwithstanding these precedents, the reliance on IEMs presents
a substantial impediment to large-scale application of acid-base co-
generation in carbon management and sustainable resource
utilization®. The narrow ion channels of an IEM restrict ionic
current flow, thereby introducing substantial resistive losses even at
modest current densities. Furthermore, CEMs become much more
resistive in the presence of polyvalent cations (e.g., Ca®", Mg”, transition
metal ions, etc.) and can be irreversibly damaged by the precipitation
of polyvalent hydroxides or carbonates in their channels”.
Consequently, the NaCl solutions used in CEM-based chloro-alkali
technologies must be scrubbed of polyvalent ions to low parts per bil-
lion levels to prolong membrane lifetimes®. Since most potential
applications of acid-base co-generation involve resources with high
polyvalent cation content (e.g., CaCO;, CaSO,, ultramafic rocks, sea-
water), the use of CEMs would require extensive pre-scrubbing. AEMs
tolerate polyvalent cations, but most AEMs do not block H transport
very well and/or are incompatible with alkaline electrolytes”. An
advanced H' blocking AEM could address this problem but would incur
even larger resistive losses®.

We hypothesized that efficient acid-base co-generation could be
achieved without IEMs by using the supporting electrolyte to out-
compete H* and OH™ transport and mask H" as a low-pKa anion in a

AEM CEM

Fildefloof:

[
Repeating Unit Cell

Fig. 1| Comparison of approaches to generating acid and base solutions.

A Conventional acid-base generating schemes that use either a CEM to inhibit OH"
crossover (left) or an AEM to inhibit H' crossover (right). B Schematic of a BPMED
system, which uses a BPM to dissociate H,O into H" and OH™ and a combination of a
CEM and AEM to generate separate acid and base streams. C Acid-base generation

diaphragm flow cell (Fig.1C). This approach enables the use of a simple
porous diaphragm to separate the acid and base streams, which greatly
reduces the ionic resistance and removes the polyvalent intolerance
imposed by IEMs. Additionally, we anticipate negligible energy effi-
ciency (EE) loss from concentration-polarization effects due to a large
surplus of supporting ions and free diffusion of all ionic species. Herein,
we develop a transport model that predicts the effect of competitive
electrolyte migration on the efficiency of electrochemical acid-base co-
generation. Guided by this model, we design a simple 2-compartment
cell that generates acid and base solutions at useful concentrations (up
to 1.275M) with efficiencies exceeding the state-of-the-art membrane
electrodialysis systems and that tolerates polyvalent cation impurities.
Optimal performance is achieved by using mixed electrolytes in which
CI" is employed to outcompete OH™ transport and SO,* binds H' as
HSO,". To minimize the cell potential, we utilize the H, oxidation reac-
tion (HOR) and H, evolution reaction (HER) for H* and OH™ generation,
respectively” . By combining HOR and HER gas diffusion electrodes
(GDEs) into a bipolar gas diffusion electrode (BPGDE), we show that cells
can be combined into a stack such that H, produced by HER is con-
sumed by HOR with near-unity efficiency (Fig.1D).

To demonstrate the utility of the acid and base solutions gener-
ated by the cell, we use them to perform closed-loop processes that
extract Mg(OH), and Mg;Si,0¢(OH), from olivine and serpentine,
respectively. In sharp contrast to the inertness of olivine and serpen-
tine, these materials carbonate rapidly under 1atm CO, in an aqueous
suspension to form Mg(HCOs),. We also show that the Mg(OH),
extracted from olivine carbonates under wet conditions in ambient air
within 8 months to form nesquehonite (MgCO3+3H,0). The approach
demonstrated here enables the use of electrochemical acid-base gen-
eration to drive key chemical transformations in carbon management
and sustainable resource utilization.

Results and discussion

Acid-base generating cell design, modeling, and performance
To evaluate our strategy for acid-base generation, we fabricated a cell
consisting of two flowing electrolyte compartments separated by a
porous diaphragm (Zirfon) and two GDEs (Fig. 2A and Fig. S1). Each
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using a diaphragm separator instead of IEMs. Suppressing recombination relies on
out-competing H and OH" transport with excess electrolyte ions and “masking” H*
as a low-pKa anion. D Design for a IEM-free stack using a BPGDE to generate H" and
OH™ by HOR and HER, respectively.
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Fig. 2 | Design and performance of membrane-free acid-base-producing elec-
trochemical cell. A lon transport schemes for three electrolytes. B Model and
validation of CE at different current-to-flow ratios, which correspond to what the
output concentrations would be if CE were 100%. The actual output concentrations
are obtained by multiplying the value of the current-to-flow ratio on the x-axis by
the corresponding CE value (Table S2). Error bars were calculated from the stan-
dard error of the data (n=3). Error bars are rendered for all points, where not
visible they are smaller than the marker. C Contributions of H" and OH" to the loss
of CE as a function of the current-to-flow ratio. Note that 100% - sum of

contributions = predicted CE. D E,, and EE values for a range of jio at a constant
Q=0.1mL min™. Error bars were calculated from the standard error of the data
(n=3).E Corresponding values for productive current density and output acid and
base concentrations. Error bars were calculated from the standard error of the data
(n=3). F Cell voltage vs. time trace for a 35h run at o, =100 mA cm™ and
Q=0.1mLmin cm™ in mixed NaCl/ Na,SO, electrolyte containing Mg and Si
impurities. The cell was operated in reverse polarity for 60 s every 5 h. The average
Veen is 1.04 V. Ve decays by 1-22mV h (inset), but it is recovered by brief reverse
polarization. Voltage data is not iR corrected.
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electrolyte compartment was assembled out of a 3D printed plate and
gaskets for sealing such that the thickness of the flowing anolyte and
catholyte layersis only 810 um each, which reduces solution resistance.
A GDE with a Pt/C catalyst layer was used for the anode and one with a
PtNi/C catalyst layer was used for the cathode because of their superior
performance for HOR and HER, respectively, and their use in large-
scale industrial processes®. While Pt is a precious metal, at the modest
loadings used in GDEs it is not a barrier to scaling. A cost sensitivity
analysis of Proton Exchange Membrane electrolyzers showed that
reduction of Pt loading by an order of magnitude represented less than
a 5% reduction in the overall cost basis of the device”. The use of GDEs
facilitates H, transport to the anode catalyst and clears H, efficiently at
the cathode to prevent bubble formation.

Acid-base generation with this cell is performed by flowing elec-
trolyte through the two compartments at a fixed volumetric rate per
electrode area (Q) while applying a fixed total current density (o) and
supplying the anode with H,. To simplify the operation of the cell for
our initial experiments, H, was supplied to the anode from an external
source rather than using the cathodic H,. The ability to recirculate the
H, produced by the cathode for consumption at the anode at high
efficiency was demonstrated for a stack configuration (see below).

The key performance metrics for electrochemical acid-base co-
generation are the current density for productive acid and base gen-
eration (j,), the energy demand per mol of acid and base generated
(Eap), the concentration of the acid and base outputs (Cy+ and Coy-),
and the stability of the system over time and to the impurities in the
input salt solution. ji, is given by Eq. 1:

jp =jt0t -CE (1)

where CE is the current efficiency, which is the percentage of the
current that results in productive acid and base generation. 100% CE
corresponds to zero recombination of H* and OH". E,, is determined
by Eq. 2:

Vear - F
Eab = CE:"E

2)
where V.o is the measured steady-state cell voltage and F is Faraday’s
constant. Ve includes the thermodynamic voltage and resistive losses
(iR) as well as the HOR and HER overpotentials. V.. and CE can also be
used to calculate the EE according to Eq. 3:

_0.0592- ApH - CE

EE
Vcell

3

where 0.0592 = ApH is the thermodynamic minimum cell voltage for a
given pH difference between the output acidic and basic solutions.
Finally, Gy and Coy- are determined by Eq. 4:

Cr = 4% “

where Q is the volumetric flow rate through the cell compartment.
Note that Cy:. = Con- if the anolyte and catholyte flow rates are
the same.

Since acid-base generation with this design relies on out-
competing H" and OH" transport with other ions, the composition of
the electrolyte is critical to maximizing CE. We focused on electrolytes
made from NaCl and Na,SO,4 because these salts are the most abun-
dant and lowest-cost choices. With a pure NaCl electrolyte, acid is
generated exclusively as H;O" (Fig. 2A). While H30" is the strongest
possible acid in H,O, the very high mobility of H* is expected to
negatively impact CE. With SO,*- containing electrolytes, electro-
generated H" can be masked as HSO,~, which is a weaker acid than H;0"

(pKa 2 vs. pKa 0) but still strong enough to leach cations from ultra-
mafic rocks (see below). Since HSO,~ must oppose the electric field to
cross the separator and has a relatively low diffusion coefficient, the
use of SO,> is expected to improve CE*. This masking effect has been
leveraged in the context of BPMED? but is expected to play a stronger
role in the diaphragm flow cell because H" would already be blocked to
some extent by the presence of an AEM.

To guide optimization of the electrolyte composition and gain
insight into the physicochemical phenomena that affect cell perfor-
mance, we developed a model that predicts the steady state con-
centration of all the ions in the catholyte and anolyte streams for a
given electrolyte composition and ji,,/Q ratio. The model functions by
employing a damped fixed-point iteration algorithm to simultaneously
solve the coupled equations that describe ion transport, acid-base and
ion-pairing equilibria, and the deviations from ideality captured by the
activity coefficients (y) (see Model Design). Since ji/Q determines the
concentration of H* and OH™ generated by the electrodes and the
model calculates the transport of all the ions, the model directly pre-
dicts the steady-state acid and base concentrations (Cy. and Cop-),
which can be used to calculate the predicted j, and CE by Eqs. 4 and 1.
Note that Cy. includes both the H;0* and HSO,~ concentrations.

Acid-base generation with our cell was first evaluated by per-
forming a series of short (1590 min) runs at variable ji,
(50-500 mA cm™) using fixed Q (0.1mL min™ cm™ for both anolyte
and catholyte) with three different electrolytes: 3M NaCl, 0.75M
Na,S04, and 3M NaCl+0.75M Na,SO,. For each experiment, the
steady-state V. was measured and Coy- and Cy. (which are neces-
sarily equal) were determined by potentiometric titration of the out-
put catholyte and anolyte with HCl and NaOH standards, respectively.
The Con- was used to calculate CE and ji, and then CE and V¢ were
used to calculate £,, and EE according to Eqs. 2 and 3, respectively.

Figure 2B shows the predicted and experimental values for CE as
Jior Was varied. The x-axis is the ratio ji./QF, which has units of con-
centration corresponding to the output acid and base concentrations
that would be attained if CE were 100%. The predicted curves showed
good quantitative agreement with the data for both the pure NaCl and
mixed NaCl + Na,SO, electrolytes, and only a slight offset for the pure
Na,SO, electrolyte. The CE increases in the order Na,SO4<NaCl
<mixed NaCl + Na,SO, electrolyte, with an unexpectedly large benefit
afforded by the mixed electrolyte.

The model provides insight to explain the electrolyte-dependence
of CE by revealing the current contributions of each ion (Fig. S2).
Figure 2C shows the contributions of H* and OH™ crossover to the loss
in CE as a function of j/QF. (H" crossover includes both H;0" and
HSO, for the Na,SO, -containing electrolytes). With the NaCl elec-
trolyte, H30" crossover is the major source of CE degradation,
accounting for ~27% CE loss at 50 mAcm™ and rising to 60% at
500 mAcm™?, while OH  crossover accounts for only 5 and 11%,
respectively. Upon switching to pure Na,SO,4, H;0" transport is atte-
nuated by the formation of HSO,". The ability of this electrolyte to
mitigate H" crossover is limited, however, because a substantial por-
tion of the SO,* ions are masked as NaSO,~ ion pairs (Fig. S2) and there
is also a small amount of diffusive crossover of HSO4 . Because of the
lower mobility and lower concentration of NaSO,~ ** compared to CI',
there is substantially greater OH™ crossover from the catholyte in
Na,S0, vs. the NaCl electrolyte, which more than offsets the difference
in H' crossover and thereby leads to lower CE.

In the case of the mixed electrolyte, OH™ crossover is mitigated by
the supporting CI~ as compared to the pure Na,SO, electrolyte. More
strikingly, the H" crossover is reduced compared to both the NaCl and
Na,S0, electrolytes, much more than would be expected from simply
having a higher Na' concentration in the anolyte (except at the highest
Jiow Where it is the same for the mixed and Na,SO, electrolytes). The
model reveals that this outsized benefit arises because y>1 for H;0"
and y <1 for all other species in this highly non-ideal electrolyte. As a
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result, HSO4 formation increases and NaSO,4" decreases, which redu-
ces H* crossover and improves CE.

Key performance metrics of the acid-base generating cell across
the three electrolytes are summarized in Fig. 2D, which shows the £,
and EE values, and Fig. 2E, which shows the ji, and the output Cy. and
Con- values over the ji, range of 50-500 mA cm™. Complete electro-
lyte speciation data is shown for 3 M NaCl in Fig. S5 and V¢ values are
provided in table S2. The mixed electrolyte showed the best perfor-
mance, generating acid and base at concentrations ranging from 0.26
to 1.25 M with the corresponding E,p, of 0.03 to 0.116 kWh mol™ and j,
of 42 to 206 mA cm™. The E,, values correspond to Ve values of 0.90
to 1.54 V and EE values of 64 to 19%. Although EE is highest for the
mixed electrolyte, the V. values are lower for the NaCl electrolyte,
which may arise from the lower viscosity and the higher free H;0"
concentration in the anolyte, both of which raise the conductivity of
the NaCl electrolyte.

To assess stability, the two-compartment cell was operated in
longer runs using mixed NaCl + Na,SO, electrolyte that had been used
to process ultramafic rocks (see below). This recycled electrolyte was
found to contain ~300 uM each of Mg and Si impurities by ICP-OES
(table S4). At jior =100 mA cm™ and Q=0.1mL min™ cm?, V¢ exhib-
ited a steady increase of ~1 mV h™. We hypothesized that this voltage
decay is the result of scale deposits on the cathode from precipitation
of Mg(OH), or SiO, as base is generated. One method that is used to
reverse voltage decay from small-scale deposits in industrial saline
concentrating stacks is to periodically apply a brief reverse polariza-
tion to generate acid that dissolves the deposits”. We therefore used a
duty cycle where the cell was operated in reverse polarity at the same
Jior fOr 60s every 5h. The net current passed is 99.7% of that which
would have been passed over the same time span without the reverse
polarization duty cycle. As seen in Fig. 2F, reverse polarization
repeatedly restored the voltage decay that occurred over each 5h
period, demonstrating that this strategy is viable for maintaining effi-
ciency in long-term operation of the cell. The average voltage
restoration after every step was 6 mV + 1 mV with individual steps
having a decay rate of .6 mVh™+0.4mVh™. The CE measured by
titration after 25 h of operation was 68%, agreeing with the value pre-
dicted by the model (71%).

The performance summarized in Fig. 2 demonstrates that our
strategy for acid-base production can achieve EE, throughput, and
impurity tolerance that rival state-of-the-art IEM-based systems. In the
commercial BPMED technology, a stack of cells composed of an AEM, a
CEM, and a BPM convert a concentrated salt solution into acid and base
solutions along with a depleted salt solution (Fig. 1A)*". In the best
performance reported to date, a BPMED system operated with an E,,
ranging from 0.073 to 0.145kWh mol™ at j, of only -30 mAcm™
to generate solutions ranging from 0.6 to 2.1 M. At an E,;, of 0.060
kWh mol™, our cell operates at a j, of 140 mA cm™ while generating
0.87 M output solutions. While our system generates acid and base
solutions with high salt concentration, the salt is not likely to pose a
problem for most closed-loop applications, as demonstrated below for
ultramafic processing. BPMED also requires water removal when used in
a closed loop system because it effectively dilutes the salt solution by
generating separate acid and base solutions, which has an additional
modest energy demand but substantially increases process complexity.
Critically, BPMED systems require rigorous removal of polyvalent
cations from the input salt streams to avoid irreversible CEM damage,
while our system can tolerate polyvalents with periodic polarity rever-
sals. Recently reported acid-base generating cells for CO, capture and
slaked lime production have exhibited either substantially higher
energy demand and/or even lower j,, than BPMED*>'*"">', In addition,
some of these systems have shown rapid and irreversible voltage decay
arising from incompatibility with polyvalent cations (see table S1).

Practical application of the acid-base generating strategy descri-
bed above requires a way to combine cells into a stack such that H,

generated at the cathode of one cell is utilized at the anode of the
adjacent cell. We hypothesized that cells could be stacked using a
BPGDE, which combines an HER GDE cathode and HOR GDE anode
back-to-back so that H, can be transported easily from one electrode
to the other (Fig. 3A). A previous report demonstrated the use of a
BPGDE as a substitute for an IEM whereby H" was transported between
two acidic compartments by the HER/HOR combination. This prior
construct was unable to function without supplying additional current
to the cathodic half of the BPGDE, producing excess H, to make up for
poor hydrogen crossover efficiency from cathode to anode®. To be
used as a stack element for acid-base generation with our cell design,
the BPGDE must generate a large pH gradient, and the H, generated at
the cathode side must be consumed at the anode side with very high
efficiency to avoid large parasitic energy losses associated with sup-
plying makeup H,. We made a BPGDE by sandwiching a GDE cathode
and GDE anode between two bipolar half-plates (Fig. S6). In this
experiment, the BPGDE served as the bipolar element for the simple
two-cell stack depicted in Fig. 3A. In this design, the BPGDE has access
to the H, stream supplied to the terminal anode by an internal tee in
the electrolyzer hardware to help moderate the pressure in the BPGDE
and provide a mechanism to make up for potential H, losses. The stack
was then operated at ji,, =100 mAcm™ (200 mA total current) and
Q=0.1mLmin™ cm? using the mixed NaCl + Na,SO, electrolyte.
Figure 3B shows the voltage vs. time traces for the stack and the
two component cells over a 25 h segment at ji, =100 mA cm™ (200 mA
total current) and Q= 0.1mL min* cm™? using the mixed NaCl + Na,SO,
electrolyte. The stack voltage maintained a quasi-steady state value of
2.03 V. The CE was determined by titration at the beginning and end of
the 25 h segment to be 73%, which is comparable to the performance
of a single cell. The H, stream supplying the terminal anode and
connected to the BPGDE was supplied 1.025 (+ 0.026) equivalents of
H, relative to what is required to operate a single 1cm? anode at
100mAcm™ As the BPGDE produces and consumes exactly 1
equivalent of H,, it does not in principle require any from the flowing
stream except to replace any H, losses. In a separate experiment, the
BPGDE was not connected to the terminal anode’s gas supply and was
required to operate only on the H, it could produce itself. Under the
same conditions of j.,; =100 mA and Q=0.1mL min™ cm™ using the
mixed NaCl + Na,SO, electrolyte, the BPGDE operated for 24 h with no
external gas supply. Throughout this period, the voltage across both
cells was below the thermodynamic energy requirement for oxygen
evolution and chlorine evolution, indicating both anodes were per-
forming hydrogen oxidation and at least 99.9% of the H, generated at
the BPGDE’s cathode is oxidized at the connected anode (Fig. S7).

Ultramafic rock processing

Olivine (Mg endmember: Mg,SiO,) and serpentine (Mg endmember:
Mg3Si,O5(0H),) are attractive resources for CO, removal because of
their abundance®* and high MgO content. While the reaction of these
minerals with CO, to form Mg carbonates is thermodynamically
favored™, it is extremely slow under ambient conditions and limited to
low conversions because of passivation phenomena®-*®, Acidic leach-
ing of Mg?* followed by alkaline precipitation provides a way to extract
the alkalinity from olivine and serpentine in the form of Mg(OH),*,
which can react with CO, under ambient conditions at useful rates*®*,
The acid and base solutions generated by our cell were therefore
evaluated for their ability to process olivine and serpentine for this
purpose (Fig. 4A, B).

To process olivine, the anolyte output from the extended single-
cell run described above (Fig. 2F) was combined with five molar
equivalents of olivine sand (Mg,_4Fe,SiOy;, X~0.15, see table S3), where
1 equivalent corresponds to 1 Mg,_.Fe,SiO4 per 4 H' in the anolyte
(HSO,4 ™ + H30"). The suspension was stirred until the solution pH rose
to >2.5, which took ~48h, and then separated from the remaining
olivine by filtration.
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Fig. 3 | Results of the 2-cell stack experiments. A Schematic of a two-cell acid-
base generating stack with a BPGDE linking the cells. B Voltage vs time trace for a
25 h segment of operating the stack with mixed 3 M NaCl + 0.75 M Na,SO, elec-
trolyte at jioc =100 mA cm™?, Q= 0.1 mL min™ cm™. Shown are the full stack voltage
and the voltages of the individual cells. Voltage data is not iR corrected. The

terminal anode was supplied with H, at a flow rate corresponding to 1.025
equivalents of H, compared to the stoichiometric requirement for the terminal
anode. This H, supply was connected to the BPGDE by channels in the stack
hardware, as shown in (A), which allows for the small excess of H, supply to the
terminal anode to provide H, to the BPGDE to compensate for potential H, losses.
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Fig. 4 | Ultramafic processing and CO, removal. A Schematics of acid dissolution
and processing method for olivine. Orange, blue, red and pink represent Mg, Si, O,
and H. B Schematics of acid dissolution and processing method for serpentine.

C pXRD of Mg(OH), obtained from olivine processing and its carbonated product
after 8 months in air under wet conditions at ambient temperature. D Extent of
carbonation vs. time under 1 atm CO, for Mg(OH), obtained from processing olivine

and Mg3Si,O4(OH), obtained from processing serpentine. E Apparent 2nd order rate
constants for uptake of CO, from dilute streams for Mg(OH), obtained from pro-
cessing olivine (ol) and MgsSi,O¢(OH), obtained from processing serpentine (srp).
Starting ol and srp showed no measurable uptake. Error bars were calculated from
the standard error of the data (n = 2). F TGA of magnesium carbonate product from
the carbonation of Mg(OH), obtained from olivine in air for 8 months.
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Since olivine dissolves congruently in acid*?, the contacted ano-
lyte solution at this point contains Mg, Fe?*, soluble silicic acid
(H4Si0,), other metal ion impurities, and the electrolyte components.
To remove the Fe, Si, and other impurities®****, the catholyte was
added drop-wise to reach pH~8 and the resulting dark precipitate was
separated by filtration. Analysis by SEM-EDX indicated that it is com-
posed predominantly of Si, Fe, and Mg compounds, with a 10:2.3:1.0
Si:Fe:Mg ratio (Fig. S8). The filtrate was then combined with additional
catholyte to increase the pH to ~10, which resulted in a white pre-
cipitate that was confirmed by powder XRD (pXRD) to be Mg(OH),
(Fig. 4C). SEM-EDX analysis showed that only trace amounts of Si
(<1mol%) and no Na, Cl, S or other elements were detected, indicating
nearly complete recovery of electrolyte for continued electrolysis
(Fig. S9). Based on the amount isolated, the efficiency of converting
the acid and base generated by the cell into Mg(OH), extracted from
olivine is ~-90%, with most of the balance accounted for by the
extraction of Fe(OH),.

In addition to this batch experiment, we confirmed that the dis-
solution of olivine can be performed continuously by flowing an acidic
electrolyte through a bed of olivine sand (Fig. S10). By adding olivine as
it is dissolved and controlling the flow rate, it is possible to achieve
both high proton consumption and essentially quantitative con-
sumption of the olivine with this simple design.

In contrast to olivine, acid digestion of serpentine, a phyllosilicate,
only releases the cations and trace amounts of Si species, leaving
behind an insoluble, amorphous silica passivation layer that inhibits
further dissolution®. Previous reports have used energy-intensive ball
milling or grinding methods to remove the passivation layer***’. We
found that the silica passivation is removed in alkaline solutions
(>0.1M NaOH) under ambient conditions to form soluble silicate
species (e.g., Na,SiO3). We therefore developed a procedure to process
serpentine consisting of alternating acid (anolyte) and base (catholyte)
treatments. For a batch experiment, anolyte was stirred with five molar
equivalents of ground serpentine until the pH rose to ~2.5 and then
separated by filtration. SEM/EDX analysis indicated a decrease in the
Mg:Si ratio of the serpentine after this step and pXRD analysis showed
no crystalline SiO, phase, which are consistent with the accumulation
of an amorphous SiO, passivation layer (Fig. S11). Instead of adding the
catholyte directly to the contacted anolyte at this point, the catholyte
was added to the serpentine to dissolve the SiO, layer as a silicate
solution. The anolyte and catholyte were then combined, yielding a
white precipitate. SEM/EDX showed relatively large particles
(100-400 um) with Mg and Si as the only major cations detected, and
pXRD showed only very broad, low-intensity peaks that could not be
definitively assigned (Fig. S12). Thermogravimetric analysis (TGA)
showed a sharp mass loss at 300 °C-500 °C, which is characteristic of
Mg(OH), dehydration.

Based on the ratio of this mass loss to the residual mass, the
approximate composition of the precipitated material can be assigned
as MgsSi,04(0OH),, which is the expected composition assuming that
the NaOH in the catholyte quantitatively removes the amorphous silica
formed from the acidic Mg*" leaching. (Fig. S13)

The reactivities of solids obtained from acid/base processing were
compared to the parent minerals by performing carbonation reactions
in which 5wt% slurries of each solid were stirred under 1atm CO, at
ambient temperature. Under these conditions, carbonation produces
soluble Mg(HCO3),. The extent of carbonation was assessed by peri-
odic analysis of the supernatant (see Materials characterization
methods). The Mg(OH), obtained from olivine fully carbonated into
soluble Mg(HCO3), in 45 min, forming a clear solution. The carbona-
tion of Mg3Si,04(OH), obtained from serpentine demonstrated slower
kinetics but still reached >90% carbonation in 4 h (Fig. 4D). By contrast,
no carbonation was observed for olivine or serpentine under the same
conditions. The complete lack of carbonation reactivity for olivine was
also confirmed by IR and TGA analysis (Fig. S14).

To compare reactivity at lower partial pressures, the CO, uptake
kinetics of the various rock samples were also measured in CO,
absorption experiments for 30 wt% CDR material slurries with CO,
concentrations of 2000 and 40,000 ppm (Fig. 4E). The apparent rate
constants, k,pp, provide a quantitative descriptor to compare the car-
bonation reactivity of alkaline solids. Carbonation rates were found to
be roughly first order in CO,, with second-order apparent rate con-
stants of 5.6min™ g’ and 24 min? g found for olivine-derived
Mg(OH), and serpentine-derived Mg;Si,Oc(OH),, whereas rates of
uptake were negligible for olivine and serpentine themselves. Finally,
the carbonation of olivine-derived Mg(OH), was also tested in ambient
air. The solid was kept under wet conditions by adding 1g H,0/g
material daily. The progress of the carbonation was tracked by ana-
lyzing solid content by pXRD. Mg(OH), was converted into nesque-
honite (MgCOs - 3 H,0) in 8 months (Fig. 4C, F).

The above results enable a preliminary assessment of the energy
demand for performing CDR by combining electrochemical acid-base
production with isolation of reactive alkalinity from ultramafic rocks in
a cyclic process. Balancing throughput and energy, we assume the
performance metrics obtained at jio =250 mA cm™ (j, =140 mA cm ),
for which E,p, is 0.066 kWh mol™ (Fig. 2D). Using olivine as the feed-
stock and assuming 90% efficiency for the extraction of Mg(OH),, the
estimated total energy demand for acid and base generation is
0.134 kWh per mol Mg(OH),, which corresponds to 2.30 MWh per ton
Mg(OH),. The energy required for extracting and grinding olivine and
pumping solutions through the acid-base generator are very modest
additional demands, bringing the total to 2.34 MWh per ton Mg(OH).
One ton of Mg(OH), can remove up to 0.75 ton CO, as MgCOs; in
terrestrial applications or up to 1.5 ton as Mg(HCOj3), in aquatic
applications. Thus, the energy demand for CDR is estimated as
3.10 MWh/tco; if the captured form of CO, is MgCO; and 1.55 MWh/
tcoz if it is Mg(HCOs),. This range compares favorably to leading direct
air capture technologies, for which the estimated energy just for
capture is estimated as 1.8-2.7 MWh/tco, and the CO, must then be
injected subsurface and monitored for centuries*®*’.

The foregoing studies emphasize the power of electrolyte design
in enabling high-efficiency acid-base generation without the need for
ion exchange membranes. The studies also evince the viability of using
reversible H, electrocatalysis to drive acid-base formation with mini-
mal H; loss in a stack configuration and the use of the resulting acid-
base equivalents to convert olivine and serpentine to active materials
for irreversible CO, removal. By exploiting electrolyte non-idealities
and binding acid or base equivalents, electrochemical acid-base pro-
duction using the designs described here could be extended to enable
an array of resource recovery and mineral transformations powered by
renewable electricity.

Methods

Materials

Olivine (100 mesh) was purchased from Teton Supply Co. Serpentine
(~10x10x10 cm) was purchased from merchants on Etsy. Sodium
chloride (99.9%) was purchased from Sigma Aldrich. Sodium sulfate
(99.9%) was purchased from Fisher Scientific. H,O was taken from a
Nanopore filtration system (18.2 MQ). All chemicals were used without
further purification. Porous diaphragm Zirfon PERL 500 UTP was
obtained from Agfa. Gas Diffusion Electrodes were obtained from De
Nora: 0.5 mg cm? PtNi/C with no Teflon wetproofing and 0.85 mg cm™
Pt/C with wetproofing.

Procedure for electrochemical acid/base generation

Electrolyte preparation. Electrolyte was prepared by dissolving the
relevant salts in deionized water in volumetric flasks. Prepared elec-
trolyte was stored in plastic bottles. The pH of the 3 M NaCl electrolyte
was 6.45+0.01, the pH of the 0.75M Na,SO, electrolyte was
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6.45 +0.05, and the pH of the 3M NaCl + 0.75 M Na,SO,4 mixed elec-
trolyte was 5.76 + 0.04 as measured by pH meter.

Single cell experiment

The single cell was assembled from machined Grade V Ti blocks that
deliver H, and electrolyte, plates for flowing electrolyte past the
electrodes, and gaskets (Fig. S1). 3D-printed plastic plates with rubber
o-rings seal each electrode against a flow field and interface with the
liquid ports on the blocks. The alternate side of each plate defines the
active electrode area and seals the GDE’s edges from electrolyte while
sealing against a PTFE gasket to define channels that direct the solution
path across the GDE. The solution compartments for the anolyte and
catholyte are only 32 thou or 810 um thick. Each electrolyte compart-
ment is 0.08 cm’, and the active area of the electrodes is 1cm?
Alignment is assured by 4 plastic rods in each corner of the cell. A piece
of Zirfon and an accompanying polyurethane gasket separate the
anode and cathode assemblies. The final full cell assembly is placed
into a Palmgren vise and compressed to 200 in. Ibs. Co-generation of
acid and base was performed using a BioLogic VSP-3e potentiostat in
galvanostatic mode performing the hydrogen oxidation reaction at the
anode and the hydrogen evolution reaction at the cathode. Solution
was flowed through the cell with a 4 channel, 12 roller Masterflex
Ismatec Reglo ICC Digital peristaltic pump.

Two cell stack experiment

The two-cell stack (Fig. S6) has the same design as the single cell with
the inclusion of a BPGDE assembly that serves as the anode of one cell
and the cathode of the next. Implementation of the internal tee gas
flow architecture simply consists of putting extra holes in the flow
plates and gaskets such that H, supplied to the electrode block is also
allowed to flow through these holes past the liquid compartments. The
plates for the BPGDE assembly were made conductive via electroless
silver plating®. Prior to any full-stack measurements, the BPGDE must
be pre-charged with H, and any atmosphere in the porous transport
layer displaced. This is accomplished by running current through only
cell 1 and thus generating excess H, at the cathode side of the BPGDE.
This is done at an applied current density of 100 mA/cm? with the
bipolar plate acting as a current collector for the cathode/working
electrode for between 30 and 60 s. Following pre-charging, the stack is
run in reverse for 1 min at 100 mA/cm? This is done as a pretreatment/
break-in process that improves stack performance. The stack was
operated galvanostatically while the stack and cell voltages were
measured by two channels of a BioLogic VSP-3e in stack mode.

Current efficiency measurement

Current efficiency was measured by potentiometric titration of cath-
olyte and/or anolyte against an HCI or NaOH standard, respectively.
Secondary standards were standardized against dry Na,CO; or potas-
sium hydrogen phthalate, respectively.

VOIumestandard . Cstaﬂdafd
Jrot * A - Leoliection/F

=CE 5)

Ultramafic rock processing and carbonation procedures
Preparation of ground rock. As-purchased serpentine samples were
cut into pieces by a diamond saw, crushed by a jaw crusher, ball-milled
in a SPEX mixer mill, and sieved to obtain a particle size fraction from
75 to 106 microns. The composition of the ground sample was exam-
ined by X-Ray fluorescence and pXRD.

Acid leaching of olivine in a batch reactor
Olivine (5 molar equivalents) was mixed with the anolyte from the cell
output. The solution was stirred at 500 rpm under ambient conditions.

The solution pH was checked by pH paper. The reaction was stopped
with an ending pH -3, which corresponds to >99% of H* (H;0" and
HSO,") consumption. For a more quantitative pH measurement, ali-
quots were taken and diluted 100x by adding deionized water. The pH
was read by pH Sensor InLab Routine Pro-ISM.

Acid leaching of olivine in a flow contactor

~25g of 100 mesh (150 microns) olivine was packed into a glass col-
umn (d = 0.5 cm). Anolyte stream was flowed in at a rate controlled by a
valve at the bottom of the glass column. The pH of the inlet and outlet
stream was recorded to evaluate the efficiency of the contactor. A
contact time of ~30 min is needed to achieve >90% proton consump-
tion efficiency for an inlet of 0.1M acid. The contact time can be
shortened to <15min with the use of finer olivine particles (~75
microns) for an inlet of 0.1 M acid.

Precipitation of impurities and Mg(OH), from olivine leaching
solution

The anolyte contacted with olivine in the batch reactor was separated
from the remaining olivine and the catholyte from the cell output was
added dropwise at a rate of 0.3 mL min™. Addition was continued until
the pH reached -8 (indicated by pH paper), which resulted in a dark
precipitate. The precipitate was filtered off and washed with 50 mL
starting electrolyte, which was added to the filtrate. Additional cath-
olyte was added at 0.3 mL min™ into the filtrate to produce Mg(OH),.
After all the catholyte was added, the slurry was filtered and the
regenerated electrolyte was recovered (pH 10.63 + 0.01). The product
was washed with 20 mL water, resulting in a gel. The gel then was dried
under vacuum oven at 50 °C overnight to form a solid, which was
crushed, washed with 20 mL water and dried at 120 °C in air overnight
before mass measurement and further characterization.

Procedure for processing serpentine

Anolyte from the cell output was stirred with five molar equivalents of
serpentine at ambient temperature. The reaction was stopped when
the pH of the solution reached 2.5-3 and the slurry was centrifuged to
separate the solid. The solid was then stirred with an equal volume of
catholyte for 1-2 h to generate a silicate-rich stream from dissolution
of the amorphous SiO, layer and the solid was filtered off. The derived
silicate-rich filtrate was added drop-wise into contacted anolyte filtrate
to form a precipitate. The material was isolated by filtration and then
dried under vacuum at 50 °C.

Carbonation of Mg(OH), or silicate under 1 atm CO,

CO, was bubbled into DI water until the pH reached ~4. 50-100 mg
material was suspended in 10 mL CO,-saturated DI water in a 20 mL
vial. The headspace was filled with 1 atm CO,. The slurry was stirred at
500 rpm at ambient temperature. To analyze the extent of carbona-
tion, the suspension was filtered at each time point to separate the
supernatant from remaining solid. The supernatant was fully dried at
50°C. Any Mg(HCOs), present in the solution is transformed into
MgCO; by this drying step. The solid separated by filtration (i.e.,
uncarbonated material) was washed with ethanol once and dried
under vacuum overnight. The mass of the product isolated from the
supernatant and the mass of the unreacted solid were recorded and
used to calculate the extent of carbonation.

Carbonation in air under ambient conditions

100 mg of Mg(OH), obtained by precipitation from the olivine leach-
ing solution was placed in a 20 mL glass vial without a cap. 100 uL DI
water was added to wet the solid daily. Carbonation was tracked by
periodically taking pXRD patterns of dried materials. Before analysis,
the solid material was dried under vacuum at 30°C overnight to
remove any water.
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CO, uptake kinetic measurements
The rate of CO, uptake in mol dm® min? is described by

d[Cco
% =Kapp - [CO2a)] (6)
Where k,pp, is the apparent rate constant and has units of min™. To
compare the CO, uptake kinetics of the parent minerals and derived
alkaline solids, we measured k,p, normalized to sample mass. Break-
through experiments were performed by passing a mixed gas stream
of Ar (40amu) and CO, (44 amu) through a vial containing water
sample and sending the output to an in-line mass spectrometer. The
ratio of the MS signal for peaks at 44/40 amu was calibrated in the
range of 1000-40,000 ppm CO, by sparging known concentrations
through a background vial containing 1 mL of water. For all sample
measurements, the mixed gas stream of Ar and CO, was first sparged
into a vial containing 1 mL of water to obtain a background trace. Once
the signal had stabilized, data was collected for 10 min. The ‘back-
ground’ vial was then replaced with a vial containing 0.5g of sample
with 1mL of water and when the signal had stabilized, data was
collected for 10 min. The calibration curve was used to convert the
ratio of the MS signal for peaks at 44/40 amu to the concentration of
gaseous CO, in ppm. Henry’s Law was used to calculate the
concentration of aqueous CO,, assuming gaseous CO, in the head-
space and dissolved CO, in solution are at equilibrium.

Estimation of energy demand for CDR

The energy demand for CDR was estimated for a case in which the acid
and base outputs of the cell are used to extract Mg(OH), from olivine
and the Mg(OH), is carbonated under ambient conditions. Two acid-
base equivalents are consumed per mol Mg(OH),. Using E,, = 0.060
kWh mol™ (corresponding to j,=240mA cm™) and an efficiency of
converting acid and base into Mg(OH), of 0.9, the energy demand of
the echem system (Eecnem) for generating Mg(OH), can be estimated as
2*Ea/0.9 = 0.134 kWh molyig(omyz™ = 2.30 MWh tygomy2 . The energy
demand for extracting and grinding olivine to moderate particle sizes
(~100 pm) is estimated to be 20 KWh tgjivine * >, Which corresponds to
25.6 KWh tygony2 " assuming 32.5 wt% Mg in the olivine (Table S4). To
estimate the pumping energy demands, we assume that the echem
system will operate with a total flow rate of 120 L m2 h™! (0.1 mL cm™
min for each of catholyte and anolyte) and that the pumping energy is
0.2 kWh m=3!, Assuming output concentrations of 0.87 M for the acid
and base, the total volume of liquid that must be pumped through the
echem system is 87.5m’ tygomy2”, Which corresponds to an energy
demand of 17.5 kWh tygomny ™

Materials characterization methods

Characterization of the materials produced in the course of processing
ultramafic rocks was performed in part using methods described
previously*.

Scanning electron microscopy (SEM) and energy dispersive X-ray
(EDX) spectroscopic imaging were performed on a Thermo-Fisher
Scientific Apreo S LoVac SEM equipped with an Everhart-Thornley
Detector (ETD). Element compositions were analyzed using an XFlash
6 — 60 SDD EDS detector. Powder samples were affixed to the SEM
holder via a double-sided, adhesive-coated, conductive carbon sheet
obtained from Ted Pella. The sample was coated with 15 nm carbon
or gold.

Powder X-ray diffraction (pXRD) measurements were done on a
PANalytical Empyrean using copper (8.04 keV) as the source. The
instrument was operated at 45 kV, 40 mA. Data were collected over a
260 range of 15° - 65° or 10° - 65° with a step size of 0.025° - 0.05°.
Phase identification was performed using Highscore.

TGA was carried out on SDT 650 high-temperature DSC/TGA.
Samples of ~5 mg were sealed in alumina crucibles purchased from TA

Instruments. Measurements were performed under 50 mL min dry N,
flow with a temperature ramp rate of 20 °C min™.

Inductively coupled plasma optical emission spectroscopy (ICP-
OES) was performed on a Thermo Scientific iCAP 6300 Duo View
Spectrometer. The uncertainty in the values in table S4 represents the
propagated uncertainty from the linear regression parameters.

Model Design
In our acid-base generating cell, the anodic reaction generates H" and
the cathodic reaction generates OH", creating an imbalance of charge
and concentration that drives the movement of ions in solution. To
compute the steady state concentrations (SSC) of ions in the cell, it is
necessary to solve the steady state equations that define, on the
timescale of a given packet of electrolyte’s presence in the current
path, how much of every ionic species is introduced, transported, and
neutralized. In the literature this has been accomplished by the
simultaneous solution of partial differential equations in a finite ele-
ment analysis simulation package such as COMSOL Multiphysics’*.
However, given the complexity of the coupled partial differential
equations that govern ion transfer in our system, we developed an
alternative approach that greatly reduces the computational resources
required.

The mass transfer of an ion, j is described by the Nernst-Planck
Equation:

D.z;F
Ji= =DV - GV +ou @)

where J; is the flux, and the three terms on the right correspond to the
contributions from diffusion, migration and advection, respectively*.
Assuming no advection and considering mass transfer in only one
spatial dimension (along the path of current), the current carried by an
ion j is given by:
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where the first term on the right-hand side is the diffusion current and
the second term is the migration current. The total current, iy, is then
the sum of the partial currents from each ion in solution:
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This equation is difficult to utilize because it requires knowledge
of the electric field (¢) experienced by each ion. However, with the
assumption of a linear electric field, the fraction of the total migration
current carried by an ion j can be expressed as the transference
number of j, &:

5 1)
Zk|zk Mkck

where J; is the specific molar conductivity of ion j. Combining
Egs. 9 and 10, replacing partial derivatives with finite differences, and
rearranging for partial current yields:
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In this equation, A and Ax are modulated by the MacMullin

number to account for the tortuosity and porosity of the separator
(i.e., Zirfon)*. It is important to note that Eq. 5 assumes ideal behavior;
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approaches to describing the behavior of real electrolytes will be
discussed below.

The finite timescale that controls the proceedings of the electro-
chemical reactions and resulting mass transfer can be thought of as the
residence time of a packet of electrolyte in the electroactive com-
partment of the cell. Conveniently, the actual value of the residence
time need not be calculated, as it is reflected in the ratio of current to
flow rate. This value is equivalent to the expected concentration of acid
or base at the output of the reactor under 100% current efficiency
conditions. That being the case, we can recast Eq. 11 in terms of
deviation from this 100% scenario to express the steady-state con-
centration of ion j, cjSS as:

#SS

sts - Cjo _ ;7 (12)
where ¢° is the concentration in the case of 100% current efficiency and
ris the flow rate of electrolyte. For the supporting electrolyte ions, ¢’ is
equal to the input concentration.

We can now see in Eq. 12 that the SSC for a given ion is dependent
on the SSC of all other ions in the reactor. This demands the solution of
a minimum of two coupled equations in the trivial case of no sup-
porting electrolyte. In this case, the steady state concentrations of OH™
and H" are each 0, as all the current must be carried by one or the
other, resulting in complete neutralization of both. This case also
demonstrates the inextricable link between the concentrations of H*
and OH’, as the transport of one in one direction is equivalent to the
transport of the other in the opposite direction. Adding a supporting
electrolyte of any kind adds a minimum of 4 additional equations to be
solved, an anolyte and catholyte instance of the anion and cation of the
salt. In the event that some of those ions can participate in chemical
equilibrium, i.e. SO4* with H*, then that equilibrium must also be
satisfied in accordance with a local equilibrium approximation (LEA)
and may also be liable to deviations from ideality*°.

To solve these many simultaneous equations, a damped fixed-
point iteration method was employed. Mathematically, a fixed point of
a function is an input that returns an identical value as the output, and
in reaction modeling refers to a steady state’. The solutions were
found using a simple Python program where Eq. 13c is performed until
AC* is below some cutoff, chosen to be 1 pM for this work as this cutoff
uniformly resulted in convergence.

C=[c, €y, €3+ Cpy] (13a)
Ce_,=C° (13b)

1(CSS
Clii=w (CO - '(rc—F")> +(1— w)C* (13¢)

In this context, the capitalized “C” represents the collection of all
jonic concentrations, and 1(C) denotes the execution of Eq. 11 on all
species. The term w serves as a damping term, modulating the pace of the
computation to prevent errors and facilitate convergence. In this instance,
w was set to 33% which is known to enhance convergence rate and
reliability®. Due to the inherent properties of transport, where an increase
in the quantity of a species leads to an increase in its transport, this
iteration will always converge to a unique set of fixed points. These fixed
points define the efficiency of the electrolysis cell and can be viewed as
self-solving™. Approaches to addressing non-idealities were implemented
to improve model accuracy. Concentrations were converted to activities
using activity coefficients calculated by the Pitzer equation, which are
included in the PyEqulon package. Aqueous speciation and coupled
equilibria are also activity-corrected and handled by the PyEqulon pack-
age. Diffusion coefficients were divided by the relative viscosity of the

electrolyte solution in line with Stokesian behavior: (below)**“.

=2 14)
! Nrel

where 1, is the relative dynamic viscosity of the solution compared to

the reference solvent and D is the diffusion coefficient in the refer-

ence solvent. The framework of this model is generalizable to any

finite-gap steady-state device with non-selective separators but could

be adapted to situations with selective membranes.

Qualitative Description of lon-Transport Model

The fixed-point iteration model was implemented in a simple Python
program and can run a single set of conditions in ~5 seconds on an M1
ProMacbook Pro. All speciation and activity coefficients in a given
round of the convergence loop were calculated by the PyEqulon
package. For each round, diffusion for all ions was calculated first,
ignoring the resulting charge imbalance. Then, starting from the initial
charge imbalance of electrogenerated species + charge imbalance
from diffusion, ionic current is calculated for each ion based on its
transference number. This process would necessarily result in a fully
charge-balanced system after every iteration, but this is purposefully
prevented by the w damping term to avoid oscillation. The transient
charge imbalance during the convergence loop is incompatible with
PyEqulon, so fictitious Cl"and Na* concentrations are used in early
steps for balance; the final result of a given convergence never includes
this fictitious balancing term. We note that the PyEqulon package has
since been deprecated and replaced with a PyEqulon2.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Source data are provided with this paper.

Code availability
Code used to perform ion transport modeling is provided in the linked
repository.
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