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Abstract

Chemical transformations that are effected by sequential addition of acid and
base can be performed in closed-loop processes powered by electricity if the acid
and base are produced electrochemically from water. Conventional methods of
electrochemical acid-base production utilize ion exchange membranes (IEMs) to
inhibit proton (H+) and hydroxide (OH–) recombination, but these components
lead to high resistive losses, low current densities, and poor tolerance for poly-
valent metal ions, which compromise energy efficiency and scalability. Here we
use an ion transport model to guide the design of an acid-base co-generating
system that inhibits recombination via competitive transport of the supporting
electrolyte and masking H+ as HSO –

4 , which enables the use of a simple porous
separator instead of IEMs. Using the H2 oxidation reaction (HOR) and H2 evo-
lution reaction (HER) for H+ and OH– production, we demonstrate steady-state
co-generation of acid and base solutions at useful concentrations in the presence of
polyvalent impurities with lower energy demand and higher current density than
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state-of-the-art reported IEM-based systems. Cells can be stacked by combining
HER and HOR electrodes into a bipolar gas diffusion electrode, which recirculates
H2 with near-unity efficiency. The acid and base outputs of the cell are capable
of extracting alkalinity from olivine and serpentine in the form of Mg(OH)2 and
Mg(OH)2 ·2MgSiO3, which are shown to be competent for removing CO2 from
dilute streams to form Mg carbonates.

Introduction
Chemical transformations that are critical to carbon management and sustainable

resource utilization can be driven by the sequential application of aqueous acidic and
basic solutions(1 , 2 ). For example, CO2 can be concentrated from dilute sources by
capturing it as (bi)carbonate with base and releasing it with acid. CaCO3 can be con-
verted to slaked lime (Ca(OH)2) at ambient temperature by sequential protonation to
form soluble Ca2+ 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)2 from ultramafic rocks by
acid-base processing could be used to remove CO2 from the atmosphere and perma-
nently store it as Mg carbonates (3 , 4 ). 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)(5 ). A major source of efficiency loss is deleterious recombi-
nation of H+ and OH– before they are removed from the cell by flowing electrolyte or
utilized in productive chemistry. Recombination is a particularly pernicious problem
because the diffusion coefficients of H+ and OH– greatly exceed that of all other cations
and anions in water due to rapid Grotthuss hopping(6 ). Traditionally, this problem is
mitigated by incorporating one or more ion-exchange membranes (IEMs) between the
acid and base compartments (Fig.1A). Cation-exchange membranes (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
electrodialysis (BPMED), combines both modes of inhibition by utilizing a stack con-
sisting of a CEM, AEM, and bipolar membrane (BPM) (Fig.1B). BPMED has been
employed for many years in specialty chemical processes (5 , 7 ). More recently, proof-
of-concept studies have described the use of IEM-based acid-base co-generation for
CO2 capture from flue gas (8 ) and seawater (9 ), the conversion of limestone (CaCO3)
and H2O into Ca(OH)2 and CO2 (10 , 11 ), and the conversion of gypsum (CaSO4)
and H2O into Ca(OH)2 and H2SO4(12 , 13 ).

Notwithstanding these precedents, the reliance on IEMs presents a substantial
impediment to large-scale application of acid-base co-generation in carbon manage-
ment and sustainable resource utilization. The narrow ion channels of an IEM restrict
ionic current flow, thereby introducing substantial resistive losses even at modest cur-
rent densities. Furthermore, cation-exchange membranes (CEMs) become much more
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resistive in the presence of polyvalent cations (e.g. Ca2+, Mg2+, transition metal ions,
etc.) and can be irreversibly damaged by precipitation of polyvalent hydroxides or
carbonates in their channels (14 ). Consequently, the NaCl solutions used in CEM-
based chloro-alkali technologies must be scrubbed of polyvalent ions to low parts per
billion levels to prolong membrane lifetimes (15 ). Since most potential applications
of acid-base co-generation involve resources with high polyvalent cation content (e.g.
CaCO3, CaSO4, ultramafic rocks, seawater), the use of CEMs would require exten-
sive pre-scrubbing. AEMs tolerate polyvalent cations, but most AEMs do not block
H+ transport very well and/or are incompatible with alkaline electrolytes(16 ). An
advanced H+ blocking AEM could address this problem but would incur even larger
resistive losses(17 ).

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 (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. 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 1.275 M) with efficiencies exceeding the state-of-the-art mem-
brane electrodialysis systems and that tolerates polyvalent cation impurities. Optimal
performance is achieved by using mixed electrolytes in which Cl– is employed to out-
compete OH– transport and SO 2–

4 binds H+ as HSO –
4 . To minimize the cell potential,

we utilize the H2 oxidation reaction (HOR) and H2 evolution reaction (HER) for H+

and OH– generation, respectively(18–20 ). 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 H2 produced by HER is consumed by HOR
with near-unity efficiency (Fig.1D).

To demonstrate the utility of the acid and base solutions generated by the cell,
we use them to perform closed-loop processes that extract Mg(OH)2 and Mg(OH)2 ·
2 MgSiO3 from olivine and serpentine, respectively. In sharp contrast to the inertness
of olivine and serpentine, these materials carbonate rapidly under 1 atm CO2 in an
aqueous suspension to form Mg(HCO3)2. We also show that the Mg(OH)2 extracted
from olivine carbonates under wet conditions in ambient air within 8 months to form
magnesite (MgCO3 ·3 H2O). The approach demonstrated here enables the use of elec-
trochemical acid-base generation to drive key chemical transformations in carbon
management and sustainable resource utilization.

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 gas diffusion electrodes (GDEs) (Fig. 2A and fig. S1). Each electrolyte compart-
ment was assembled out of a series of gaskets such that the thickness of the flowing
anolyte and catholyte layers is only 375 µm, 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
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Fig. 1 Comparison of approaches to generating acid and base solutions. (A) Conventional
acid-base generating schemes that use either a CEM to inhibit HO– crossover (left) or an AEM to
inhibit H+ crossover (right). (B) Schematic of a BPMED system, which uses a BPM to dissociate H2O
into H+ and OH– and a combination of a CEM and AEM to generate separate acid and base streams.
(C) Acid-base generation 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.

HER and their use in large-scale industrial processes(21 ). The use of GDEs facilitates
H2 transport to the anode catalyst and clears H2 efficiently at the cathode to prevent
bubble formation.

Acid-base generation with this cell is performed by flowing electrolyte through the
two compartments at a fixed volumetric rate per electrode area (Q) while applying
a fixed total current density (jtot) and supplying the anode with H2. To simplify the
operation of the cell for our initial experiments, H2 was supplied to the anode from
an external source rather than using the cathodic H2. The ability to recirculate the
H2 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 generation (jp), the energy demand per
mol of acid and base generated (Eab), the concentration of the acid and base outputs
(CH+ and COH–), and the stability of the system over time and to the impurities in
the input salt solution. jp is given by Equation 1:

jp = jtot ∗ 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

4

https://doi.org/10.26434/chemrxiv-2023-5tndz ORCID: https://orcid.org/0000-0003-2327-2511 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-5tndz
https://orcid.org/0000-0003-2327-2511
https://creativecommons.org/licenses/by-nc-nd/4.0/


of H+ and OH–. Eab is determined by Equation 2:

Eab =
Vcell ∗ F ∗ 100

CE
(2)

where Vcell is the measured steady-state cell voltage and F is Faraday’s constant. Vcell

includes the thermodynamic voltage and resistive losses (iR) as well as the HOR and
HER overpotentials. Vcell and CE can also be used to calculate the energy efficiency
(EE) according to Equation 3:

EE =
0.0592∆pH ∗ CE

Vcell ∗ 100
(3)

where 0.0592 ∗ ∆pH is the thermodynamic minimum cell voltage for a given pH dif-
ference between the output acidic and basic solutions. Finally, CH+ and COH– are
determined by Equation 4:

CH+ =
jp

Q ∗ F
(4)

Note that CH+ = COH– 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 Na2SO4 because these salts
are the most abundant and lowest cost choices. With pure NaCl electrolyte, acid is
generated exclusively as H3O

+ (Fig. 2A). While H3O
+ is the strongest possible acid

in H2O, its very high mobility is expected to negatively impact CE. With SO 2–
4 -

containing electrolytes, electrogenerated H+ can be masked as HSO –
4 , which is a weaker

acid than H3O
+ (pKa 2 vs. pKa 0) but still strong enough to leach cations from

ultramafic rocks (see below). Since HSO –
4 must oppose the electric field to cross the

separator and has a relatively low diffusion coefficient, the use of SO 2–
4 is expected to

improve CE(22 ).
To guide optimization of the electrolyte composition and gain insight into the

physicochemical phenomena that affect cell performance, we developed a model that
predicts the steady state concentration of all the ions in the catholyte and anolyte
streams for a given electrolyte composition and jtot/Q ratio. The model functions by
employing a damped fixed-point iteration process 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 (γ) (see Supplementary
Matterials Section Model Design). Since jtot/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 predicts the steady-state acid and base concentrations (CH+

and COH–), which can be used to calculate the predicted jp and CE by Equations 4
and 1. Note that CH+ includes both the H3O

+ and HSO –
4 concentrations.

Acid-base generation with our cell was first evaluated by performing a series of
short (15-90 min) runs at variable jtot (50-500 mA cm–2) using fixed Q (0.1 mL min–1

cm–2 for both anolyte and catholyte) with three different electrolytes: 3 M NaCl, 0.75
M Na2SO4, and 3 M NaCl + 0.75 M Na2SO4. For each experiment, the steady-state
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Vcell was measured and COH– (which is equivalent to CH+) was determined by using
the output catholyte to precipitate Mg(OH)2 from a 2 M solution of MgCl2 and then
isolating and weighing the Mg(OH)2. The COH– was used to calculate CE and jp and
then CE and Vcell were used to calculate Eab and EE according to Equations 2 and
3, respectively.

Fig. 2B shows the predicted and experimental values for CE as jtot was varied.
The x-axis is the ratio jtot/QF , which has units of concentration 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+Na2SO4 electrolytes, and only a slight offset for the
pure Na2SO4 electrolyte. The CE increases in the order Na2SO4 < NaCl < mixed
NaCl+Na2SO4 electrolyte, with an unexpectedly large benefit afforded by the mixed
electrolyte.

The model provides insight to explain the electrolyte-dependence of CE by reveal-
ing the current contributions of each ion (fig. S2). Fig. 2C shows the contributions
of H+ and OH– crossover to the loss in CE as a function of jtot/QF . (H+ crossover
includes both H3O

+ and HSO –
4 for the Na2SO4-containing electrolytes). With the

NaCl electrolyte, H3O
+ crossover is the major source of CE degradation, accounting

for ∼27% CE loss at 50 mA cm–2 and rising to 60% at 500 cm–2, while OH– crossover
accounts for only 5% and 11%, respectively. Upon switching to pure Na2SO4, H3O

+

transport is attenuated by the formation of HSO –
4 . The ability of this electrolyte

to mitigate H+ crossover is limited, however, because a substantial portion of the
SO 2–

4 ions are masked as NaSO –
4 ion pairs (fig. S2) and there is also a small amount

of diffusive crossover of HSO –
4 . Because of the lower mobility and lower concentration

of NaSO –
4 (23 ) compared to Cl–, there is substantially greater OH– crossover from the

catholyte in Na2SO4 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
Cl– as compared to the pure Na2SO4 electrolyte. More strikingly, the H+ crossover is
reduced compared to both the NaCl and Na2SO4 electrolytes much more than would
be expected from simply having a higher Na+ concentration in the anolyte (except
at the highest jtot, where it is the same for the mixed and Na2SO4 electrolytes). The
model reveals that this outsized benefit arises because γ >1 for H3O

+ and γ <1 for
all other species in this highly non-ideal electrolyte. As a result, HSO –

4 formation
increases and NaSO –

4 decreases, which reduces H+ crossover and improves CE.
Key performance metrics of the acid-base generating cell across the three elec-

trolytes are summarized in Fig. 2D, which shows the Eab and EE values, and Fig.
2E, which shows the jp the output CH+ and COH– values over the jtot range of 50-500
mA cm–2. Vcell values are provided in table S2. The mixed electrolyte showed the best
performance, generating acid and base at concentrations ranging from 0.26 to 1.25 M
with the corresponding Eab of 0.03 to 0.116 kWh mol–1 and jp of 42 to 206 mA cm−2.
The Eab values correspond to Vcell values of 0.93 V to 1.79 V and EE values of 64%
to 19%. Although EE is highest for the mixed electrolyte, the Vcell values are actu-
ally lower for the NaCl electrolyte, which may arise from the lower viscosity and the
higher free H3O

+ concentration in the anolyte for the NaCl electrolyte.
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Fig. 2 Design and performance of membrane-free acid-base co-generating electrochem-
ical cell (A) Ion transport schemes for 3 different electrolytes. (B) Model and validation of current
efficiency at different current-to-flow ratios. (C) Contributions of H+ and OH– to the loss of current
efficiency as a function of the current to flow ratio. (D) Energy demand and energy efficiency values
for a range of jtot at a constant Q = 0.1 mL min–1. (E) Corresponding values for productive current
density and output acid and base concentrations. (F) Cell voltage vs. time trace for a 30 h run at
jtot = 100 mA cm−2 and Q = 0.1 mL min−1 cm−2 in mixed NaCl/Na2SO4 electrolyte containing
Mg and Si impurities. The cell was operated in reverse polarity for 60 s every 5 h. The average Vcell

is 1.04 V. Vcell decays by 1-2 mV h–1 (inset), but it is recovered by brief reverse polarization.

7

https://doi.org/10.26434/chemrxiv-2023-5tndz ORCID: https://orcid.org/0000-0003-2327-2511 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-5tndz
https://orcid.org/0000-0003-2327-2511
https://creativecommons.org/licenses/by-nc-nd/4.0/


To assess stability, the two-compartment cell was operated in longer runs using
mixed NaCl+Na2SO4 electrolyte that had been used to process ultramafic rocks (see
below). This recycled electrolyte was found to contain ∼300 µM each of Mg and Si
impurities by ICP-OES (table S4). At jtot = 100 mA cm−2 and Q = 0.1 mL min–1

cm–2, Vcell exhibited a steady increase of ∼1 mV h–1. We hypothesized that this voltage
decay is the result of scale deposits on the cathode from precipitation of Mg(OH)2 or
SiO2 as base is generated. One method that is used effectively to reverse voltage decay
from small scale deposits in industrial saline concentrating stacks is to periodically
apply a brief reverse polarization to generate acid that dissolves the deposits (24 ). We
therefore used a duty cycle where the cell was operated in reverse polarity at the same
jtot for 60 s every 5 h. 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 5 h period, demonstrating that this strategy is viable for maintaining efficiency
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 1.6 mV h−1 ± 0.4 mV
h−1. The CE measured by Mg(OH)2 precipitation was 65%, agreeing with the value
predicted by the model (71%).

The performance summarized in Fig.2 demonstrates that our strategy for acid-base
production can achieve energy efficiency, throughput, and impurity tolerance that rival
or exceed 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) (5 , 7 ). In the best performance reported to date, a BPMED system operated
with an Eab ranging from 0.073 to 0.145 kWh mol–1 at jp of only ≈ 30 mA cm–2 to
generate solutions ranging from 0.6 - 2.1 M (25 ). At an Eab of 0.066 kWh mol–1, our
cell operates at a jp of 140 mA cm–2 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. Because it effectively dilutes the salt solution by generating
separate acid and base solutions, BPMED also requires water removal when used in a
closed loop system, 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 reversals. Recently reported
acid-base generating cells for CO2 capture and slaked lime production have exhibited
either substantially higher energy demand and/or even lower jp than BPMED(8 , 11–
13 , 26 , 27 ). 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 described above requires
a way to combine cells into a stack such that H2 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 bipolar gas diffusion electrode (BPGDE), which combines an HER
GDE cathode and an HOR GDE anode back-to-back so that H2 can be transported
easily from one electrode to the other (Fig. 3A). A previous report demonstrated the
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Fig. 3 A. Schematic of a two-cell acid-base generating stack with a BPGDE linking the cells. B.
Voltage vs time trace for 24 h of operating the stack with mixed 3 M NaCl + 0.75 M Na2SO4

electrolyte at j = 100 mA cm−2, Q = 0.1 mL min–1 cm–2. Shown are the full stack voltage and the
voltages of the individual cells. The BPDGE was pre-loaded with H2 by brief polarization prior to
the start but no additional H2 was supplied over the course of the 48 h run.

use of a BPGDE as a substitute for an IEM whereby H+ was transported from one
acidic compartment to another by the HER/HOR combination. This prior construct
was unable to function without supplying additional current to the cathodic half of the
BPGDE only, producing excess H2 to make up for poor hydrogen crossover efficiency
from cathode to anode(28 ). 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 H2

generated at the cathode side must be consumed at the anode side with very high
efficiency to avoid large parasitic energy losses associated with supplying makeup H2.

We made a BPGDE by sandwiching a GDE cathode and GDE anode between two
bipolar half-plates (fig. S3). The BPGDE then served as the bipolar element for the
simple two-cell stack depicted in Fig. 3A. Prior to operating the stack, the BPGDE
was pre-filled with H2 by connecting potentiostat contacts to the terminal anode and
BPGDE and applying a brief fixed potential. The stack was then operated at jtot =
100 mA cm−2 (200 mA total current) and Q = 0.1 mL min–1 cm–2 using the mixed
NaCl+Na2SO4 electrolyte. Fig. 3B shows the voltage vs. time traces for the stack and
the two component cells after an initial break-in period of 24 hours. The stack voltage
maintained a quasi-steady state value of 2.25 V, and voltage spikes are attributed to
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concomitant bubble accumulation and release. The CE was determined by Mg(OH)2
precipitation to be 69% during both the break-in period and the quasi-steady-state
period, which is comparable to the performance of a single cell. Critically, the ability
of the BPGDE to operate with no external H2 supply for 48 h indicates that at least
99.99% of the H2 generated at the BPGDE’s cathode is oxidized at the connected
anode. The minimal H2 loss to the flowing electrolyte is attributed to the high ionic
strength of the BPGDE cathode environment, which further limits the already low
solubility of H2 in water.

Ultramafic Rock Processing
Olivine (Mg endmember: Mg2SiO4) and serpentine (Mg endmember:

Mg3Si2O5(OH)4) are attractive resources for CO2 removal because of their abundance
(29–31 ) and high MgO content. While the reaction of these minerals with CO2 to
form Mg carbonates is thermodynamically favored(32 ), it is extremely slow under
ambient conditions and limited to low conversions because of passivation phenom-
ena(33 , 34 ). Acidic leaching of Mg2+ followed by alkaline precipitation provides a
way to extract the alkalinity from olivine and serpentine in the form of Mg(OH)2(1 ,
35 ), which can react with CO2 under ambient conditions at useful rates(36 , 37 ).
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 and B).

To process olivine, the anolyte output from the extended single-cell run described
above (Fig. 2F) was combined with 5 molar equivalents of olivine sand (Mg2–xFexSiO4;,
x∼0.1, see table S3), where 1 equivalent corresponds to 1 Mg2–xFexSiO4 per 4 H+ in
the anolyte (HSO –

4 + H3O
+). The suspension was stirred until the solution pH rose to

>2.5, which took ∼48 h, and then separated from the remaining olivine by filtration.
Since olivine dissolves congruently in acid (38 ), the contacted anolyte solution at this
point contains Mg2+, Fe2+, soluble silicic acid (H4SiO4), other metal ion impurities,
and the electrolyte components (table S4). To remove the Fe, Si, and other impurities
(39–41 ), 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
composed predominantly of Si, Fe, and Mg compounds, with a 10:2.3:1.0 Si:Fe:Mg
ratio (fig. S4). The filtrate was then combined with additional catholyte to increase
the pH to ∼10, which resulted in a white precipitate that was confirmed by powder
XRD (pXRD) to be Mg(OH)2 (Fig. 4C). SEM-EDX analysis showed that only trace
amounts of Si (<1 mol%) and no Na, Cl, S or other elements were detected, indicating
nearly complete recovery of electrolyte for continued electrolysis (fig. S5).

In addition to this batch experiment, we confirmed that the dissolution of olivine
can be performed continuously by flowing an acidic electrolyte through a bed of
olivine sand (fig. S6). By adding olivine as it is dissolved and controlling the flow rate,
it is possible to achieve both high proton consumption and essentially quantitative
consumption 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 (42 ). Previous reports have
used energy-intensive ball milling or grinding to remove the passivation layer(43 , 44 ).
We found that the silica passivation is removed in alkaline solutions (>0.1 M NaOH)
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under ambient conditions to form soluble silicate species (e.g., Na2SiO3). We therefore

Fig. 4 Ultramafic processing and CO2 removal A. Schematics of acid dissolution and pro-
cessing 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)2 obtained from
olivine processing and its carbonated product after 8 months in air under wet conditions at ambi-
ent temperature. D. Extent of carbonation vs. time for Mg(OH)2 obtained from processing olivine
and Mg(OH)2 · 2 MgSiO3 obtained from processing serpentine E. Apparent 2nd order rate con-
stants for uptake of CO2 from dilute streams for Mg(OH2 obtained from processing olivine (ol) and
Mg(OH)2 · 2MgSiO3 obtained from processing serpentine (srp). Starting ol and srp showed no mea-
surable uptake F. TGA of magnesium carbonate product from the carbonation of Mg(OH)2 obtained
from olivine in air for 8 months.

developed a procedure to process serpentine consisting of alternating acid (anolyte)
and base (catholyte) treatments. For a batch experiment, anolyte was stirred with 5
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 ser-
pentine after this step and pXRD analysis showed no crystalline SiO2 phase, which
are consistent with the accumulation of an amorphous SiO2 passivation layer (fig. S7).
Instead of adding the catholyte directly to the contacted anolyte at this point, the
catholyte was added to the serpentine to dissolve the SiO2 layer as a silicate solu-
tion. The anolyte and catholyte were then combined, yielding a white precipitate.
SEM/EDX showed relatively large particles (100-400 µm) 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. S8). Thermogravimetric analysis (TGA) showed
a sharp mass loss at 300 ◦C - 500 ◦C, which is characteristic of Mg(OH)2 dehydration.
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Based on the ratio of this mass loss to the residual mass, the approximate compo-
sition of the precipitated material can be assigned as Mg(OH)2 ·2 MgSiO3, which is
the expected composition assuming that the NaOH in the catholyte quantitatively
removes the amorphous silica formed from the acidic Mg2+ leaching. (fig. S9)

The reactivities of solids obtained from acid/base processing were compared to the
parent minerals by performing carbonation reactions in which 5 wt% slurries of each
solid were stirred under 1 atm CO2 at ambient temperature. Under these conditions,
carbonation produces soluble Mg(HCO3)2. The extent of carbonation was assessed by
periodic analysis of the supernatant (see Supplementary Materials). The Mg(OH)2
obtained from olivine fully carbonated into soluble Mg(HCO3)2 in 45 min, forming
a clear solution. The carbonation of Mg(OH)2 ·2 MgSiO3 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. S10).

To compare reactivity at lower partial pressures, the CO2 uptake kinetics of the
various rock samples were also measured in CO2 absorption experiments for 30 wt%
CDR material slurries with CO2 concentrations of 2,000 and 40,000 ppm (Fig. 4E). The
apparent rate constants, ka, provide a quantitative descriptor to compare the carbona-
tion reactivity of alkaline solids. Carbonation rates were found to be roughly first order
in CO2, with second-order apparent rate constants of 5.6 min−1 g−1 and 2.4 min−1

g−1 found for olivine-derived Mg(OH)2 and serpentine-derived Mg(OH)2 ·2 MgSiO3,
whereas rates of uptake were negligible for olivine and serpentine themselves. Finally,
the carbonation of olivine-derived Mg(OH)2 was also tested in ambient air. The solid
was kept under wet conditions by adding 1g H2O/g material daily. The progress of the
carbonation was tracked by analyzing solid content by pXRD. Mg(OH)2 was converted
into magnesite (MgCO3 ·3 H2O) in 8 months (Fig. 4C and F).

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 hydrogen electrocatalysis to drive
acid-base formation with minimal H2 loss in a stack configuration and the use of the
resulting acid-base equivalents to convert olivines and serpentines to active materials
for irreversible CO2 removal. By exploiting electrolyte non-idealities and binding acid
or base equivalents, the principles outlined here could be extended to furnish acid-base
solutions tailor-made for close-loop resource recovery and material processing powered
by renewable electricity.
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