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ABSTRACT: Consumption of acid and base drives chemical . 1 M MOH oy 052
transformations underpinning industrial hydrometallurgical
processes and many proposed carbon management technolo-
gies. Production of acid and base is the key driver of the energy
demand, emissions, and waste generation of these processes.
Generating acid and base electrochemically from salt solutions
enables their production without stoichiometric waste using
low-carbon power. However, conventional electrochemical
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poor impurity tolerance. These shortcomings can be addressed

by the diaphragm flow cell (DFC), which has a lower resistance and an improved impurity tolerance. Here we report an
improved DFC design that produces a concentrated (1.1—1.5 M) acid and base from neutral salt at the lowest energy demand
(0.051—0.067 kWh mol ') and highest productive current densities (275—367 mA cm™>) reported to date at 70 °C, a realistic
temperature for a scaled system. Using a continuum model, we show that the electrolyte residence time has a significant
impact on current efficiency by controlling diffusive losses.

cids and bases are widely used in industrial processes which is supplied by coal or natural gas combustion.” Beyond
to extract and purify chemicals and materials. For H,SO, and Ca(OH),, HCI and NaOH are also widely utilized.

example, Ni and Co hydroxide precipitates that are NaOH is a direct product of the chlor-alkali process, whereas
feedstocks for stainless steel and Li ion battery cathodes are most HCI is produced as a byproduct of hydrocarbon
obtained from limonite ores by sequential acidic leaching and chlorination processes, which utilize the Cl, generated by
basic precipitation.”” Rare earth elements are separated from chlor-alkali.” As such, NaOH and HCI have the embedded
each other using hundreds of solvent extraction stages wherein energy cost of chlor-alkali, which corresponds to 0.088 kWh
acid and base are consumed in the transfer of rare earth ions per one mole of acid and base.”
from one phase to another.” Battery recycling technologies that As an alternative to conventional sources, acid and base can

be generated from salt solutions by using electrochemistry to
drive the dissociation of water into H* and OH™ and the
selective transport of salt ions into separate streams. Electro-
chemical acid—base production is attractive because it can
readily be powered by low-carbon energy and it eliminates salt
waste by turning acid and base into regenerable reagents.' It
also has potential applications for carbon management, for
which waste production is completely infeasible. To this end,

are being scaled up to handle growing volumes of end-of-life
batteries also utilize multiple acid—base steps to extract Li and
transition metal ions from spent cathodes.”” The (super)-
stoichiometric consumption of acid and base in such processes
comes with a significant energy cost and emissions footprint,
and generates large volumes of salt waste products, which are
becoming increasingly problematic.’

The dominant acid and base used at scale are H,SO, and
Ca(OH), (slaked lime). H,SO, is produced by oxidation and

hydration of elemental sulfur generated by petroleum Received: July 24, 2025
desulfurization, and Ca(OH), is made by hydrating CaO, Revised:  September 13, 2025
which is produced by calcination of CaCOj. Because CaCO, Accepted: September 22, 2025

calcination is highly endothermic (AH® = 178 kJ mol™"),
Ca(OH), production uses 0.031—0.065 kWh of thermal
energy per mol of base equivalent for calcination alone,
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recent studies have described lab-scale processes that use
electrochemlcally generated ac1d and base to concentrate CO,
from air'' ™" and seawater, 8 or to produce reactive solids
for CO, mineralization'”*’ and building materials.”' ~**

The fundamental challenges for current methods of
electrochemical acid—base production are energy demand
and throughput. The commercial technology is bipolar
membrane electrodialysis (BPMED), which consists of a
repeating cell that has three solution compartments, a bipolar
membrane (BPM), an anion exchange membrane (AEM), and
a cation exchange membrane (CEM) (Figure S1A).
Application of a voltage drives water dissociation at the BPM
to produce H' in the acid compartment and OH™ in the base
compartment while cations migrate from the salt compartment
across the CEM to balance the OH™ and anions migrate across
the AEM to balance the H'. BPMED can generate
concentrated (>1 M) and relatively pure acid and base
solutions, but the use of three compartments and multiple ion
exchange membranes (IEMs) per cell imposes large resistive
losses that result in a high energy demand per mol of acid and
base generated (E,,) and low current density (j).

The thermodynamic minimum energy required to generate
1 M H" and OH~ solutions from a salt solution input is 0.022
kWh mol™ (see Note Sl). To generate >1 M acid and base
with a BPMED system, E,, ranges from 0.073 to 0.21 kWh
mol ™! with a productive current density (}prod) the total current
den31ty (?_;tot) minus recombination losses) less than 40 mA

In addition, BPMED cannot tolerate polyvalent
catlons that are likely to be present in a closed-loop process
(e.g, Ca**, Mg*, Ni*") because precipitation of polyvalent
metal hydroxides in the ion channels of CEMs causes
permanent damage to this component.”*>°

Recent advances in fabrication’' ™** and water dissociation
catalysis®™*> have improved the performance of the BPM
component of BPMED. However, as shown independently in
two recent reports,”>’ the cell voltage (E.,;) quickly becomes
dominated by resistive losses across the IEMs for j,,, > ~60
mA cm ™ in cells configured to generate acid and base. The
AEMs used in BPMED are especially resistive because they are
designed to block crossover of highly mobile H* ions.***’
Although there has not been a thorough investigation of the
efficiency of a BPMED system that uses advanced BPMs to
date, these results indicate that improving the BPM does not
address the root cause of efliciency loss.

To address the limitations of BPMED and other IEM-based
acid/base generation technologies, we previously reported the
design of a diaphragm flow cell (DFC) for acid—base
generation (Figure 1A).*” The DFC minimizes resistive losses
by using only two compartments and replacing IEMs with a
single diaphragm spacer, which has pores that are much larger
in diameter (ca. 100 nm) than the ion channels of IEMs. To
minimize E_, we used the H, oxidation reaction (HOR) and
H, evolution reaction (HER) for electrochemical H* and OH~
generation, respectively. Recombination of H* and OH™ is
suppressed by using a high electrolyte concentration such that
transport of electrolyte ions (M*, X~) out-competes H*/OH"~
transport. This design outputs acid and base solutions
containing additional electrolyte, but the presence of salt is
inconsequential for many closed-loop applications. We showed
that the DFC could produce acid and base at lower E, and
higher j;..q than BPMED systems and demonstrated that the
output solutions could be used in closed-loop processes that
extract Mg(OH), from ultramafic rocks. We also showed that
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Figure 1. (A) Diagram of the DFC generating acid and base in a
closed-loop hydrometallurgical process. (B) Expanded render of
the 1 cm?® cell used in this work. It is composed of (1) Zirfon
Diaphragm Separator, (2) Framing Gasket, (3) Face Gaskets, (4)
Flow Plates, (5) Spacers, (6) Gas Diffusion Electrodes, and (7)
Cell Hardware.

the cell design can be stacked by using a bipolar gas diffusion
electrode (Figure S1B), although it should be noted that the
cell design is also stackable with suitably stable BPMs, which
could potentially reduce losses from kinetic overpotentials.

Here we report engineering advances that substantially
improve the performance of the DFC. We show that rigidifying
the electrolyte compartments and reducing the electrolyte
residence time increases current efficiency (CE), defined as the
yield of acid and base per electron, thereby reducing E,;, while
increasing j,..q- We also investigate the temperature depend-
ence of acid—base production and find that performance
increases at moderately elevated temperatures that are relevant
for real devices. Using an input of KCl electrolyte and
optimized conditions, the DFC can generate 1.1-1.5 M HCl
and KOH solutions at 70 °C with E; = 0.051—-0.067 kWh
mol™" and Jprod = 275—367 mA cm™?, which to our knowledge
is the most efficient and high-throughput acid—base generation
reported to date.

The DFC has a symmetrical cell design consisting of two
flow plates with electrolyte compartments separated by a
Zirfon diaphragm (Figure 1B). The compartments are
contacted by gas diffusion electrodes (GDEs) that are coated
with catalysts for HOR and HER. The back sides of the GDEs
are contacted with Ti cell blocks. In our previous study of the
DEC, the electrolyte compartments had no internal support
structures. For this work, we inserted plastic woven mesh
spacers into the electrolyte compartments to provide rigidity in
the current-carrying direction and reduce the residence time by
reducing the compartment volume. Mesh spacers are a
common design feature for membrane-based electrodialyzers.*!
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Figure 2. Efficiency data for different temperatures as a function of current density as electrolyte is flowed through each compartment at Q =
0.15 mL min~' cm ™2 (A) Current efficiencies and (B) cell potentials for 3 M KCl versus total current density.( C) Energy required per mole
to generate the acid and base streams for 3 M KCl versus productive current density. (D) Current efficiencies and (E) cell potentials for 0.75
M Na,SO, versus total current density. (F) Energy required per mole to generate the acid and base streams for 0.75 M Na,SO, versus
productive current density. Error bars represent the standard deviation of at least 3 independent samples.

Acid—base production was performed by flowing electrolyte
at a fixed flow rate through each compartment and supplying
H, to the anode while applying a fixed current (see Supporting
Information). H" and OH™ are electrogenerated by HOR at
the anode and HER at the cathode, respectively. The
concentration of product ions in each electrolyte stream
exiting the cell (coupu) depends on j, the current efficiency
(CE), and the flow rate of the electrolyte normalized to the
electrode surface area (Q) according to
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where ji,.q is the productive current density, the portion of j,
that results in separated H" and OH™ ions, and F is Faraday's
constant. The quotient j.,,/QF is equivalent to the output
concentration at 100% CE. The actual concentrations of H*
and OH™ in the acid (anolyte) and base (catholyte) outputs of
the cell were quantified by performing potentiometric titrations
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Figure 3. Comparison of E,;, for producing strong acid and base equivalents across the literature®* as a function of (A) output concentration
and (B) productive current density. Cells in which the acid or base is consumed in situ, for example to liberate CO, using electrogenerated
acid, are excluded from panel A. Triangles indicate cells that are prone to fouling by polyvalent metal cations. Circles indicate cells that are
not prone to fouling by polyvalent metal cations. Stars indicate the DFC in this work running with 3 M KCl at 70 °C.

of aliquots of each stream, and the measured concentrations
were used to determine CE and ji,,q- The energy demand of
the cell per mol of acid and base generated is given by

Ece]lF

7 CE

(2)
where E_ is the full cell potential.

The thermoneutral voltage for acid—base production is
substantially smaller than the thermodynamic voltage (i.e.,
IAH®l < IAG®l). As a result, an acid—base producing cell will
generate heat, even at zero overpotential (see Note S1). We
estimated that the heat generated at relevant current densities
would be enough to raise the operating temperature by a few
tens of degrees (see Note S2), and therefore incorporated
temperature control in our cell design. To operate at elevated
temperatures, the cell was heated using electrically insulated
heaters on either side of the Ti blocks and the electrolyte was
pumped through a preheater (see Supporting Methods and
Figure S2).

We first performed experiments using 3 M KCI as the input
electrolyte to generate HCl and KOH. KCl was chosen over
NaCl due to its higher conductivity,42 which reduces iR losses,
and the higher transference number for K* relative to Na’,
which improves CE. We collected CE and E_ data for cells
operating at ji,, values ranging from 100 — 600 mA cm™> with a
fixed flow rate of Q = 0.15 mL min™" ecm™2, each at 20, 50, and
70 °C (Figure 2 and Table S1). At 20 °C, the CE was 92.2% at
100 mA cm™? and remained above 60% up to 600 mA cm™>
(Figure 2A). These values are substantially higher than what is
observed when operating without a mesh spacer (see below).
Interestingly, CE was not affected by operating temperature,
indicating that the high values seen at ambient temperature
would be maintained in a real system operating at elevated
temperature. Because the conductivity of the electrolyte
increases with temperature, E_; was reduced by increasing
the temperature, with a 250 mV difference between 20 and 70
°C at 600 mA cm™ > (Figure 2B).

The key performance metrics for generating HCl and KOH
from neutral 3 M KCl are summarized in Figure 2C.
Remarkably, the DFC produced 1.16 M outputs at 275 mA
cm™? of productive current density with an energy demand of
only 0.051 kWh mol™" at 70 °C. The output concentrations
could be increased to 1.52 M and jp,q to 367 mA cm™ with a
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higher E,, of 0.067 kWh mol™, or less concentrated but still
useful outputs of 0.38 M could be generated with a very low
E,, of 0.029 kWh mol ™. To assess durability, we performed a
30 h stability test with 3 M KCl at 200 mA cm ™2 and observed
a net decay rate of just 350 x#V h™' and no change in CE
(Figure S3).

We also used the DFC to generate acid and base from
Na,SO,, which was chosen because it is a common
hydrometallurgical waste product that poses a growing
problem for industries such as battery recycling. It is
challenging to regenerate acid and base from Na,SO,
efficiently because it is not highly soluble in water at room
temperature,”’ and it exhibits a high degree of ion pairing,
which limit the maximum conductance achievable with
Na,SO, electrolytes. Experiments were performed using 0.75
M Na,SO, to avoid precipitation in the cell at 20 °C.
Processing Na,SO, in the DFC generates bisulfate (HSO,™)
on the acid side (pK, = 2) instead of H;O". While masking H*
as an anionic species is beneficial for CE, this effect is offset by
the lower concentration, lower mobility of Na* compared to
K*, and formation of low mobility, SO42_-masking NaSO,” ion
pairs in 0.75 M Na,SO, electrolyte such that the CE is
somewhat lower compared to 3 M KCI (Figure 2D). The CE
again showed no dependence on temperature, but elevated
temperature improved performance by reducing iR losses. At
70 °C, the DFC generated 0.38—0.99 M NaHSO, and NaOH
solutions with E,, ranging from 0.029—0.071 kWh mol ™" at
jprod Of 91—240 mA cm™>. With 0.75 M Na,SO, at 70 °C and
600 mA cm ™2, the anode could no longer provide a durable
phase boundary preventing intrusion of H, bubbles into the
anode compartment, so these data are not reported in Figure 2.

The performance of the DFC demonstrated here substan-
tially exceeds that of previously reported acid—base generating
systems. Figure 3 compares key metrics for reported cells that
are capable of generating at least moderately concentrated
(>0.3 M) acid and base outputs and/or operating at high
current density (jprod > 100 mA cm™?) using neutral salt inputs.
The DFC is uniquely capable of generating concentrated
outputs (0.37—1.52 M HCI/KOH) at low energy demand
(0.029-0.067 kWh mol™") and high current density (j,oq of 89
mA — 367 mA cm™?). By comparison, a recent study of a pilot-
scale BPMED stack reported generating ~1 M HCl and NaOH
from NaCl brine with a minimum E,, of 0.096 kWh mol™" at
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least 3 independent samples..

jprod = 32.5 mA cm™> A recently reported acid—base
generating system employing H, looping demonstrated high
current densities (jpmd of 88—427 mA cm™), but only for the
production of very dilute outputs (7—33 mM) and at high
energy demands (E, of 0.06—0.19 kWh mol™)."® Other
studies have described cell designs that integrate electro-
chemical acid—base production with a chemical step
performed inside the cell, such as acid-promoted decom-
position of CaCO;. Such integration is beneficial for CE, but
comes at the expense of additional resistance and cell
complexity. A recently reported acid—base generating cell
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with in situ CaCO; decomposition demonstrated j,..q = 100
mA cm™?, but with large E,, of 0.134 kWh mol ™.

To understand the factors that determine performance of
the DFC, we assembled a continuum model of the cell with
physics to describe both the hydrodynamics and the discrete
ion concentrations (see Supporting Information). We solved
the stationary Nernst-Plank and Navier—Stokes equations on a
two-dimensional representation of the cell over a wide range of
current densities using the finite element method to obtain
spatially resolved ion concentrations and the flux of each
species from migration, diffusion, and advection. The Reynolds
Number in each compartment was estimated to be <1 under
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all conditions (see Note S3) and therefore laminar flow was
assumed, which is in agreement with studies of the fluid
dynamics in electrodialyzers with similar geometries and
spacers.”” ™"

Figure 4A,B shows the fluid velocity and H;O" concen-
tration profile for one ji,, value (200 mA cm™) at the value of
Q used for the experiments in Figure 2 (0.15 mL min™" cm™2).
The model predicts the buildup of a large H*/OH™ gradient
from the inlet to the outlet of the anolyte/catholyte
compartments. The CE for a given j,, and Q was computed
based on the average efflux of each species from the outlet of
the anolyte and catholyte simulation domains (eq SS). Figure
4C shows the calculated CE as a function of ji, at fixed Q. The
model captures the trend and the CE values are in good
agreement with experimental values. Notably, the CE
predictions are substantially higher than what we calculated
in our earlier model of the DFC, which used a fixed-point
iteration method to calculate individual ion contributions to
the current (Figure S4A). The fixed-point model assumes
complete mixing in the electrolyte compartments, whereas the
continuum model here captures spatial concentration
gradients, which favor the transport of supporting electrolyte
ions over H;O"/OH™ ions. The good agreement between
experimental and modeled CE values in Figure 4C indicates
that spatial gradients and thus incomplete mixing is an
important factor for high CE in the DFC with mesh spacers.

The predicted value of CE depends only on the combination
of operating parameters (j,; and Q) and not the electrode area.
To test whether the CE values were maintained at larger
electrode sizes, we 3D printed a prototype 4 cm” cell using our
rapid prototyping method*® (Figure S5). The CE values
matched those of the 1 cm® cell within the range of current
measurable by our instruments (up to 1 A) (Figure 4C).

Figure 4D shows the relative contributions of diffusion,
migration, and advection to the current as a function of j, at
fixed Q. Since a finite volume of bulk electrolyte is charge
balanced, the model correctly predicts that the current carried
by advection is 0. The total contributions of migration and
diffusion show essentially no dependence on ji. As j is
increased, the electric field experienced by the ions and the
concentration of H;O0" and OH™ are increased, which
increases migration; at the same time, there is an increase in
ion concentration gradients, which increases diffusion. In terms
of individual ions, the contribution of the migration of H;O"
increases substantially and the OH™ contribution to a lesser
extent, while the K" and CI~ contributions decrease. This result
reflects the relative mobilities of these ions and is largely
responsible for the reduction in CE.

In contrast to the result when Q is fixed, CE is predicted to
increase when both j,,, and Q are increased proportionally
(Figure S6). At fixed j,/Q, the relative contribution of
migration to the total current increases as ji is increased, while
the individual relative contributions of H;O" and OH™ to
migration remain essentially unchanged because the concen-
trations are the same. Gratifyingly, the measured CEs were
found to increase in accordance with the predicted trend for
jiot(QF)™ = 0.83 M as ji,, was varied from 100 to 600 mA
cm™2 This result shows that the volumetric productivity of the
cell can be increased without sacrificing CE.

Additionally, when compared to CE data for cells assembled
without spacers, as shown in Figure S4B, CEs in those cells
were found to be significantly depressed.
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Finally, we sought to ascertain whether the spacer mesh acts
purely to maintain the separation between the electrode and
separator, or whether it significantly alters the flow of
electrolyte and transport of ions. Without a spacer, a cell
assembled with an identical compartment thickness (0.8 mm)
showed 20% lower CE than the same cell with a spacer (Figure
4E). Only some of this loss can be recovered by increasing the
compartment thickness (see Note S4 and Figure S7),
suggesting that the spacer has another effect beyond enforcing
a fixed separation. The presence of a spacer reduces the
residence time of electrolyte in the electrolyte compartment
because of the volume fraction occupied by the spacer (see
Note SS). We hypothesized that this reduction in residence
time increases CE because the product ions (H;0* and OH™)
must travel across the thickness of the electrolyte compartment
to be neutralized, and fewer product ions are able to cross over
per unit volume as the residence time is decreased.

To test this hypothesis, we prepared spacer meshes of
different densities of threads per millimeter at identical
thickness (Figure 4F and Table S2). Because woven spacer
meshes with varying densities and identical thread diameter
(and therefore thickness) were not available, we 3D printed a
series of spacers with woven geometry (Figure S8). One spacer
with a density of 0.8 mm ™" was designed to be as geometrically
similar as possible to the polypropylene woven spacer mesh
used above. We assembled cells with normal compartment
thicknesses (0.8 mm) with each of these spacers and measured
the CE under the same conditions (Figure 4E). At a low mesh
density of 0.4 mm™', the cell achieved a CE of 74%, increasing
to 83% at 0.8 mm™’, which confirms that a spacer can affect
CE beyond enforcing separation and supports the effect of
residence time. Interestingly, increasing the thread density to
1.2 mm™ resulted in a small decrease in CE to 80%. The
reversal of this trend could be caused by increased convective
mixing in the current-carrying direction, which diminishes
product ion concentration gradients that are critical for
maximizing CE. A high mesh density will also reduce the
conductance of the electrolyte compartment, increasing E .
Therefore, as a general design principle, minimum E_, can be
achieved with an intermediate spacer thread density.

In this study, we have introduced a modified design of the
DEC that includes a woven mesh spacer to support the
electrolyte compartments. This modification greatly improved
CE and by extension E,, for generating acid and base from
both KCl and Na,SO, electrolytes. Studies at different
operating temperatures revealed that elevated temperatures
(up to 70 °C) reduced iR losses without compromising CE,
which resulted in further improvements to performance. A
continuum model of the DFC with spacers that captures both
the hydrodynamics and ion transport phenomena revealed that
large spatial ion gradients are present at steady-state, which
contributes to high CE. The spacer also serves to reduce the
residence time of the electrolyte in the cell, which suppresses
recombination losses. Due to its combination of high
throughput, output concentration, and low energy demand
without the use of IEMs, this cell represents the most eflicient
reported method for producing strong acid and base streams
that are relevant for applications in hydrometallurgy and
carbon management.
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