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Electrochemical reactors can reduce the carbon intensity of cement production by using electricity to
convert limestone (CaCO3) into Ca(OH),, which can be converted into cement clinker by reacting with
silica (SiO,) at high temperatures. A key challenge with electrochemical reactors is that the deposition of
solid Ca(OH), at the membrane leads to unacceptably low energy efficiencies. To address this challenge,
we connected the electrochemical reactor used for limestone calcination (“cement electrolyser”) to a
distinctive chemical reactor (“calcium reactor”) so that Ca(OH), forms in the calcium reactor instead of
within the electrochemical reactor. In this tandem system, the cement electrolyser generates H* and
OH™ in the respective chemical and cathode compartments. The H* then reacts with CaCOs to release
Ca®*, which is diverted into the calcium reactor to react with the OH™ to form Ca(OH),. We fabricated a
composite membrane to selectively block the transport of Ca?* into the cathode compartment. Charge
balance in the cement electrolyser was enabled with monovalent ions (e.g., K*) as the positive charge
carrier. This orthogonalized ion management was validated by operando imaging. The tandem reactor
enabled the electrolysis process to operate for 50 hours at 100 mA cm™2 without any voltage increase,
which represents a meaningful step forward for electrochemical cement clinker precursor production.

Cement production is a significant source of global carbon emissions, partly because of the energy intensity of thermally converting limestone (CaCO;) into
cement clinker. To reduce this energy intensity, electricity can be used to convert limestone into calcium hydroxide (Ca(OH),), which can then be processed into

cement clinker. A significant challenge in using an electrolyser to decompose limestone is the deposition of Ca(OH), on the membrane that separates the

reaction compartments. This deposition of Ca(OH), reduces the energy efficiency of the system. To address this issue, we developed a tandem unit that

connects an electrochemical reactor (“cement electrolyser””) with a chemical reactor (“‘calcium reactor”). In this tandem unit, the cement electrolyser produces
hydrogen ions (H") and hydroxide ions (OH") in separate compartments. The H" ions react with CaCO; to form calcium ions (Ca®"), which are diverted to the

calcium reactor to form Ca(OH), with the OH™ ions. A composite membrane that selectively blocks Ca** from entering the cathode compartment enabled the

operation of this tandem reactor for 50 hours at 100 mA em > without a voltage increase. This development represents a step forward in reducing the carbon

footprint of cement production using electrochemical methods.

Introduction

Cement production accounts for ~8% of global CO, emis-
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sions," primarily due to the production of cement clinker, the
active component of cement.> The commercial production of
cement clinker involves the thermal decomposition of lime-
stone (CaCOj;) into CaO and CO, (~900 °C, eqn (1)). Heat
generated from the combustion of fossil fuels drives this
decomposition and releases significant amounts of CO, into
the atmosphere." Demonstrations of electrochemical reactors
(“cement electrolysers”) have emerged that can convert CaCOj3
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Fig. 1 Comparison of our previous electrochemical cement production scheme (top) and the proposed cement production scheme (bottom). In our
previous work, Ca(OH), was produced directly from a cement electrolyser as a precursor to cement clinker. In this new proposed scheme, Ca®* and OH~
are produced from a cement electrolyser and then Ca(OH); is produced in a calcium reactor. For both pathways, Ca(OH), are converted into clinker by

reacting with SiO, in a high-temperature kiln.

into Ca(OH), (slaked lime; a cement clinker precursor) using
renewable electricity to reduce CO, emissions from cement
production.”™ The Ca(OH), can then be reacted with SiO, to
form cement clinker (>1450 °C, eqn (2))." While these cement
electrolysers eliminate only one of two high-temperature steps
(CaCO; calcination, eqn (1)), they produce a pure stream of CO,
byproduct that can be stored or converted into value-added
products.”” This electrochemical approach could reduce the
carbon intensity of cement production by up to 75% (Fig. 1).!

(1)
(2)

CaCOz5) = CaOg) + COyy)

3Ca(OH)2(S) + SiOZ(S) — 3C30'Si02(5) + 3H,0q

There are two key factors to consider when designing a
cement electrolyser to decompose CaCO;. The first is that
CaCO; is not electrochemically active; it cannot be decomposed
by electron transfer reactions at an electrode. However, CaCO;
reacts with acid to form soluble Ca** and gaseous CO, (eqn (3)).
A cement electrolyser must therefore continuously generate
acid to drive the decomposition of CaCO; and generate the
reactive Ca>* needed to form the Ca(OH), product. The second
factor is that the two-step conversion of CaCO; into Ca(OH),
needs to occur at high production rates (e.g., current densities,
Jj, above 100 mA cm™?). Consequently, a cement electrolyser
must effectively manage the collective transport of the CaCO;
feedstock, reactive Ca**, and Ca(OH), product.

We addressed these points by designing an electrolyser that
consisted of three compartments: an anode compartment
for oxygen generation; a cathode compartment for hydroxide
generation; and a chemical compartment situated between the
anode and cathode compartments for CaCO; decomposition
with acid (Fig. 2)." A bipolar membrane (BPM) separated the
anode and chemical compartments, and a cation exchange

2396 | Energy Environ. Sci., 2025, 18, 2395-2404

membrane (CEM) separated the chemical and cathode compart-
ments. The BPM delivered H' into the chemical compartment to
react with CaCOj; (eqn (3)).>* In the anode compartment, the
oxygen evolution reaction (OER) consumed the generated OH . In
the cathode compartment, the hydrogen evolution reaction (HER)
generated H, and OH™ to create an alkaline environment with a
pH of ~12 (eqn (4))." The working principle of the cement
electrolyser is that Ca** generated in the chemical compartment
passes through the CEM and enters the cathode compartment to
react with OH™ and form Ca(OH), (eqn (5) and Fig. 2). At the
anode, the OER generates a pure O, stream that can be com-
busted with the H, generated at the cathode as a source of heat for
thermal steps in cement production (Fig. 1)."

CaCOﬂS] +2H" (aq) ~ = Ca* (aq) T COZ(g] + H,O (3)
2H,0 — ZOHi(aq) + HZ(g) +2e (4)
Ca®'(aq) + 20H (5q) — Ca(OH)y) (5)

This cement electrolyser was capable of operating at a
current density of 100 mA cm ™ with 100% current efficiency
and enabled the highest rates of electrochemical Ca(OH),
formation reported in the literature to date (486 mg h™%).
However, this electrolyser was not able to sustain operation
for extended time periods without incurring a massive increase
in cell voltage (Fig. S1, ESIt). This drop in electrolyser perfor-
mance occurred due to Ca(OH), deposition at the CEM
(Nafion™), which stunted Ca®" transport into the cathode
compartment (Fig. S2, ESIt). This factor, as well as a decrease
binding and
consequent membrane dehydration,> led to a significant
increase in cell voltage within hours (Fig. S1 and S2, ESIf).
A robust cement electrolyser capable of sustained continuous

in membrane conductivity caused by strong Ca**

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Orthogonalization of ion vectors enables sustained electrolytic synthesis of cement clinker precursor. (a), Schematic representation of the
dominant chemical and electrochemical reactions occurring in the cement electrolyser that contains a Ca®*-blocking cation exchange membrane
(CEM). A bipolar membrane (BPM) and a Ca*-blocking CEM separate the anode and chemical compartments, and the chemical and cathode
compartments, respectively. The BPM generates H™ for the reaction with CaCOsz which releases Ca®". In the cathode compartment, HER produces H.
and OH™. Ca®* and OH™ are directed to a calcium reactor outside the cell to produce Ca(OH),. K* serves as the charge carrier across the Ca®*-blocking
CEM. (b), The long-term durability of a cement electrolyser that contains a Ca®*-blocking membrane and operates at 100 mA cm~2. The voltage of the
cement electrolyser with a Ca2*-blocking membrane remains stable at around 5 V for 50 hours. We used a “simulated scenario” where the [Ca®*] is at
0.05 M and the [K*] is at 1 M. The electrolyte was refreshed every 6—8 hours. A trace amount of Ca®* was detected in the catholyte during the entire

electrolysis. Excessive CaCO3z was added into the chemical compartment to consume H* from BPM.

operation (i.e.,, >100 hours) would manage the transport
of Ca®>" more effectively to avoid Ca(OH), deposition on the
membrane.

We report here a cement electrolyser that can sustain
operation at 100 mA cm ™ for at least 50 hours. The electrolyser
was designed to use potassium ions (K') rather than calcium
ions (Ca”") as the positive charge carrier between the chemical
and cathode compartments (Fig. 2). Unlike Ca®*, K" does not
form an insoluble deposit with OH™ on the CEM or dehydrate
the CEM. Moreover, the ionic mobility of K" (~30 mS ecm ™ )" is
higher than Ca** (~14 mS cm™*),"” which increases the energy
efficiency of the cement electrolyser.'®'” We designed a com-
posite CEM to selectively block Ca®>" and accommodate the
selective transport of K* (Fig. 2). When K" is forced as the main
charge carrier across the membrane, Ca®>" and OH ™ accumulate
in the chemical and cathode compartments, respectively, during

This journal is © The Royal Society of Chemistry 2025

electrolysis. We directed these ions out of the cement electrolyser
and into a “calcium reactor” where Ca(OH), was formed (Fig. 1
and 2). This cement electrolyser and calcium reactor in tandem
orthogonalized the transport of ions to enable the continuous
conversion of CaCO; into Ca(OH), at a current density of
100 mA cm > and voltage of ~5 V over 50 hours. This report
is the first demonstration of sustained cement clinker precur-
sor production at high current densities.

Results
Design of electrochemical reactors for Ca(OH), production

This study was conducted using both a previously reported
cement electrolyser design" and a modified cement electrolyser
with a calcium reactor. In the typical three-compartment

Energy Environ. Sci., 2025, 18, 2395-2404 | 2397
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cement electrolyser (Fig. S2, ESIf), the anode and cathode
compartments were supplied with 1 M potassium hydroxide
(KOH) and 1 M potassium chloride (KCl) solutions, respec-
tively, and the chemical compartment was supplied with an
aqueous slurry of CaCO; microparticles in 1 M KCl at a flow rate
of 300 mL min~'. For the 50-hour experiments, additional
CaCO; was added to the electrolyte reservoir after 24 h.
A BPM (Fumasep FBM) separated the anode and chemical
compartments, and a CEM (Nafion™ 117) separated the
chemical and cathode compartments. The primary difference
in the modified cement electrolyser was the use of a composite
CEM in place of a pristine Nafion™ membrane. This composite
membrane blocked Ca®" transport and instead enabled K to be
selectively transported across the CEM, which caused Ca** and
OH™ to accumulate in the chemical and cathode compart-
ments, respectively. The Ca** and OH™ enriched electrolytes
from the chemical and cathode compartments were then
manually mixed in a calcium reactor (specifically a 200 mL
beaker) to form the Ca(OH), product (Fig. 2). The precipitated
Ca(OH), was filtered from the mixed electrolyte so that the
remaining KCl solution could be treated and reused. This
stepwise CaCOj;-to-Ca(OH), conversion process demonstrates
the feasibility of the hybrid electrochemical and chemical
method for Ca(OH), production, and future work could involve
building a fully automated system.

Design and fabrication of a composite membrane to block Ca>*
transport

To establish a baseline for the durability of the cement electro-
lyser, we ran an electrolysis experiment using a pristine

(a)
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Nafion™ membrane (positioned between the chemical and
cathode compartments) under constant current conditions.
The cell voltage (Vo) increased from 5 V to 8 V within
60 minutes of electrolysis at 100 mA cm 2 (Fig. S1, ESIf). After
disassembling the cell, we observed white deposits on
the cathode-facing side of the Nafion™ membrane. Scanning
electron microscopy (SEM) and X-ray fluorescence (XRF) images
indicated the deposits consisted of a calcium-containing
species (Fig. S2, ESIT), and Fourier transform infrared spectro-
scopy (FTIR) confirmed the precipitates consisted primarily of
Ca(OH), with trace amounts of CaCOj; (Fig. S3, ESIt). We also
observed that the Nafion™ membrane became dehydrated and
developed wrinkles and cracks. The pliable texture of the
Nafion™ membrane also became rigid (Fig. S4, ESIt).

To circumvent the deleterious effects of Ca(OH), deposition
on the membrane, we set out to prevent Ca>" from transporting
through the CEM as the charge carrier. We fabricated a
composite CEM that permitted only monovalent ion transport
and blocked divalent ions such as Ca** (Fig. 3). We deposited
layers of polyaniline (PANI) on both sides of a Nafion™ 117
membrane.'® The PANI-modified membrane was prepared by
ion exchange of the protons in a pristine Nafion™ membrane
with protonated aniline. Potassium persulfate (K,S,05) was
then used to polymerize aniline into PANI. The composite mem-
brane was then stored in a hydrochloric acid (HCI) solution
for 24 hours to ensure the PANI layer was fully protonated
(ie., positively charged). Following these steps, the composite
membrane turned a translucent dark green colour in contrast
to the translucent colourless appearance of pristine Nafion™.
Scanning electron microscopy (SEM) images indicated the

(b)

Polyaniline
(PANI) — ﬁNaflon
ca* @ °
° o
K@ Mok
e o ©
Chemical Cathode
compartment L compartment
1 ]
T 1
() (d) (e)
2100 i ] s L i0fs e ° bs . gwo ° °
« H 5
2 S 3
E 504 E 50 - E 50
Q - . 2+] = . 2+] = .
o Yaacropss = 115 Y [Ca™] = 0.05 M; ) [Ca®] = 0.05 M;
5 100 mA cm%; g 100 mA cm2 2 t =1h;
S (&) O ‘electrolysis
[§)
0 . . . . 0 . ; ‘ . . 0 " "
000 025 050 075 1.00 0 10 20 30 40 50 2.6-cm? electrolyzer 100 cm?electrolyzer
Ca?* concentration (M) Time (hours)

Fig. 3 Characterization of the composite membrane that blocks Ca®*. (a) lllustration of the composite membrane that selectively blocks Ca2*. (b) Photo
and SEM image of a composite membrane that consists of a Nafion™ membrane with PANI layers. The insert figure is an optical photo of the composite
membrane. Charge carried by K* through a composite membrane at various [Ca®*] (c) and times (d) at 100 mA cm™2. (e) K* carried 100% of charge in
both 2.6 and 100 cm? electrolysers with 0.05 M CaCl, in 1 M KCl electrolyte after one hour of electrolysis. Excess CaCO3z was added to the chemical
compartment to exhaust H. The 100 cm? electrolyser was operated at 50 mA cm ™2 with a total current of 5 A, and the 2.6 cm? electrolyser was operated
at 100 mA cm™2. All experiments were performed in triplicate, the error bars are within the size of the data point as plotted.
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prepared PANI layers were roughly 5-10 um thick and free of
defects such as pinholes and large pores (Fig. 3).

Sustained electrochemical Ca(OH), production enabled by a
Ca**-blocking membrane

To evaluate the Ca®"-blocking capacity of the composite
membrane, we modulated the CaCl, concentration in the
CaCO;j; slurry fed to the chemical compartment of the cement
electrolyser and monitored the amount of Ca>" passing through
the membrane during electrolysis. Excess CaCO; was added to
the slurry to consume H' generated by the BPM and ensure the
charge carrier across the composite membrane was only K*."
We measured the concentration of calcium ions ([Ca*']) in
the cathode compartment over the course of each experiment
using inductively coupled plasma optical emission spectrome-
try (ICP-OES) and used this data to calculate the charge carried
by K" across the CEM (details are shown in the Methods section
and Tables S1 and S2, ESIf). We found the composite
membrane blocked ~100% of Ca®* from crossing into the
cathode compartment over a wide range of [Ca**], specifically
from 0.05 to 1.0 M (Fig. 3).

We also measured the charge carried by K' through the
composite membrane over 50 hours of electrolysis. A constant
[Ca®>"] of 0.05 M was used to match the [Ca®>"] measured in the
chemical compartment after 120 minutes of electrolysis at
100 mA cm 2. Periodic deposition of Ca(OH), in the calcium
reactor prevented the [Ca®'] from exceeding 0.05 M. We found
the composite membrane demonstrated ~100% Ca>" blockage
over the 50 hour test period (Fig. 3). We verified the robustness
of the PANI layer by performing FTIR (Fig. S5, ESIt) and SEM
(Fig. S6, ESIT) on the composite membrane before and after the
50-hour test. We observed no change in the FTIR spectra, and
the PANI layer appeared intact after the 50-hour test. (Fig. S7,
ESIT). We also fabricated a much larger composite membrane
for testing in a zero-gap electrolyser with an active area of
100 cm” to explore the scalability of the composite membrane.
This experiment was again performed with a [Ca**] of 0.05 M
and a [K*] of 1 M in the 100 cm? electrolyser, which we operated
at 50 mA cm >. The membrane maintained 100% charge
carried by K" when operating at a total current of 5 A (Fig. 3
and Fig. S8, ESIT).

When the composite membrane was used in the modified
cement electrolyser, concentrations of Ca** and OH™ in the
chemical and cathode compartments, respectively, increased
stoichiometrically during electrolysis. We manually mixed the
Ca®"-rich and OH -rich electrolytes in the calcium reactor after
two hours of electrolysis at 100 mA cm™ > The Ca*"-blocking
membrane in the cement electrolyser coupled with the calcium
reactor enabled the cement electrolyser to operate for 50 hours
with a stable cell voltage (Fig. 2). A ‘“simulated scenario”
was used for the durability test wherein [Ca®"] was maintained
at 0.05 M (the [Ca®"] in the electrolyte after 120 minutes of
electrolysis at 100 mA cm™?) and [K'] was set at 1 M.
To maintain a constant [Ca>'], the electrolyte in the chemical
compartment was refreshed every 6-8 hours and the catholyte
was regularly monitored to confirm that no detectable Ca®* had

This journal is © The Royal Society of Chemistry 2025
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crossed the membrane. We observed a 0.4 V increase in cell
voltage at 100 mA cm > compared with the pristine Nafion™
membrane, where the voltage increased by 2 V. This prolonged
stability is a notable improvement on the previous electrolyser
containing a pristine Nafion™ membrane. However, we initially
observed CaCO; impurity in the Ca(OH), product in the cal-
cium reactor. We removed unreacted CaCOj; from the chemical
compartment electrolyte by centrifuging the mixture at
3000 rpm for 10 minutes before mixing. We hypothesized that
the HCO;™ in the chemical compartment reacts with the OH™
from the catholyte to form CO;>~ which then reacts with Ca>" to
form CaCOs;. To mitigate this effect, we mixed the electrolytes
in the calcium reactor only when the chemical compartment
was below a pH of 5, which significantly decreased the CaCO;
impurities in Ca(OH),.

We ran an additional experiment where we tested the pH in
each compartment of the cement electrolyser containing the
composite membrane every 30 minutes for two hours with a pH
probe. We found that both the chemical and cathode compart-
ments rapidly approached steady pH values of 5.6 and 13.5,
respectively, with a significant pH change in both compart-
ments within the first 30 minutes (Fig. S9, ESIT). The chemical
compartment pH decreased from 9.9 to 6.1 in 30 minutes, and
then to 5.6 by the end of the experiment (total experiment time
of 2 hours). The cathode compartment became more basic with
pH increasing from 8.8 to 12.9 in 30 minutes and then to 13.5
by the end of the 2-hour experiment. The anode compartment
pH did not vary significantly from its starting value of 13.8.

Purity of the electrochemical Ca(OH),

The American Society for Testing and Materials (ASTM) sets
limits on the allowable amounts of potassium and chlorine in
cement clinker because of their potential to adversely affect the
finished product.”*" In our study, we filtered out the solid
Ca(OH), product after mixing the Ca*>*-rich and OH -rich
electrolytes in the calcium reactor. The volume loss during
filtration was consistently 2.5 + 0.5 mL, independent of the
total volume filtered, which ranged from 100-500 mL. This
corresponds to KCl recovery efficiencies between 97.5-99.5%.
After filtration, the solid product (~1.5 g) was rinsed with
3 x 50 mL of water and then dried in an oven at 60 °C for at
least 24 hours before analysis. The Ca(OH), particles had an
average size of 1.45 + 0.13 pm, as determined by SEM (Fig. S10,
ESIt). This value closely matches the typical particle size of
~4 um found in commercial Ca(OH),.>*

ICP-OES was used to quantify the amount of potassium
retained in the Ca(OH), product from the supporting electro-
Iyte. A dilution series of KCl in 2 wt% HNO; was prepared to
generate a calibration curve for potassium concentrations. The
amount of residual potassium in the isolated product was
determined using a 40 000 ppm solution of the electrochemi-
cally produced Ca(OH), prepared with 2 wt% HNOj;. The results
indicated a potassium concentration of 62.5 &+ 4.2 ppm, equat-
ing to 0.16 &+ 0.011 wt% potassium in the solid Ca(OH),. This is
less than the ASTM limit of alkali metals (K and Na) allowed in
cement according of 0.60 wt%."? To supplement the ICP-OES

Energy Environ. Sci., 2025, 18, 2395-2404 | 2399
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Fig. 4 Customized operando imaging system for Ca(OH), deposit observation. (a) Schematic representation of the operando imaging system. 1 M CaCl,
with 0.2 M KCl solutions were fed into the anode compartment and 1 M KOH was added to the catholyte reservoir. A Pt wire was placed in the catholyte
reservoir as the cathode. The current density was maintained at 100 mA cm™2 during electrolysis. (b) Optical pictures of Ca(OH), deposit nucleation and
growth processes at different time scales (observation window is 1 x 1 cm). An air bubble was trapped between the anode and membrane due to the

orientation of the electrolyser.

results, the Ca(OH), product was also characterized by X-ray
diffraction (XRD; Fig. S11, ESIt). No KCl or CaCl, was observed
in the diffractogram, supporting the purity of the electroche-
mically produced Ca(OH),.

Conversion of Ca(OH), into calcium silicates

The electrochemical Ca(OH), was then converted into calcium
silicates by thermal treatment with SiO,. We mixed Ca(OH),
with SiO, particles in a mortar and pestle and then transferred
the mixture to a Pt crucible. The crucible was placed in a kiln
and heated to a temperature of 1050 °C and held for 2 hours to
form dicalcium silicate (2Ca0-SiO,; Fig. S12, ESIt), and 1500 °C
to form tricalcium silicate (3Ca0-SiO,; Fig. S12, ESIt).

Operando imaging system to diagnose membrane failure
modes

We designed an operando imaging system to directly visualize
Ca(OH), deposition on the CEM and diagnose this membrane
failure mode in real time (Fig. 4). The imaging system consisted
of a modified two-compartment electrolyser with an open
cathode compartment so we could image the CEM through
the transparent catholyte with a high-resolution single-lens
reflex (SLR) camera fixed above the electrolyser (Fig. 4 and
Fig. $13, ESIT). A 1 M KOH solution was used as the catholyte to
mimic the alkaline conditions of the chemical compartment
in a cement electrolyser. A Pt wire was immersed into the
catholyte to serve as the cathode. The anode on the opposite
side of the CEM consisted of nickel (Ni) foam to facilitate the
OER. Ni foam is an inexpensive, porous, and high surface area
electrode material that is ideal for use as an OER electrocata-
lyst. The anode compartment was fed with an electrolyte
containing 1 M CacCl, and 0.2 M KClI through a serpentine flow
plate pressed directly against the Ni foam. This mixed electro-
Iyte solution created a scenario where Ca** and K could both
serve as charge carriers across the CEM. We performed experi-
ments using this setup with both pristine Nafion™ 117 and
the PANI-modified composite membrane. With the pristine
Nafion™ membrane, where Ca*>" was the charge carrier across
the CEM, we observed the immediate formation of white

2400 | Energy Environ. Sci.,, 2025, 18, 2395-2404

Ca(OH), precipitates on the CEM surface that faced the cathode.
These Ca(OH), precipitates (white spots in Fig. 4) formed on
the Nafion™ membrane within five minutes of electrolysis at
100 mA cm ™ * (Fig. 4) and grew in size over time. In contrast, no
precipitate formed on the composite membrane. The high-
resolution camera also detected the presence of bubbles trapped
between the anode and CEM from the vertical orientation of the
electrolyser, which was required to perform imaging.

Energy and CO, emission analysis

We calculated the energy required to convert CaCO; into
cement when using our cement electrolyser and compared it
to the conventional thermal process (Fig. 5). We also calculated
the net CO, emissions per ton of cement for both methods
(Fig. 6). The system boundary for the electrochemical pathway
includes the electrolytic conversion of CaCO; to Ca(OH),,
followed by its conversion to clinker in a kiln. In contrast, the
system boundary for the thermal process includes the direct
conversion of CaCOj; to clinker in a kiln. We modeled both
processes based on a hypothetical production capacity of
3000 tons of cement per day, assuming 95 wt% of the product
is clinker, and the clinker is 65 wt% CaO.

8 /_AuxA equipment

—— Carbon capture

—— Electrical energy

Thermal energy
Ve

Energy recovered
— from combustion
of H,/0,

Energy Consumption (GJ ton™")

Thermal Electrochemical (5V) Electrochemical (2.5 V)

Fig. 5 Energy comparison for the production of 1 ton of cement via the
conventional thermal pathway vs. electrochemical cement clinker pre-
cursor production at Ve = 5V (current performance) and 2.5 V (optimistic
case).

This journal is © The Royal Society of Chemistry 2025
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— Encapsulated CO,

25V)

Thermal E (5Vv) E

Fig. 6 Comparison of net CO, emissions for production of 1 ton of
cement via conventional thermal pathway vs. electrochemical cement
clinker precursor production at Ve = 5 V (current performance) and 2.5 V
(optimistic case) with carbon capture. To calculate the emissions from the
electrochemical processes, we used a grid emissions intensity of 0.030 kg
CO, kWh™%, the same as that for the Province of Ontario,>® where the
majority of Canada's cement is produced.?*

For the thermal process, 3.4 GJ of thermal energy is required
per ton of cement,”” provided by a fuel mix that would be used
at a Canadian cement factory: 28% natural gas, 27% coal, 35%
coke, 2% fuel oil, and 8% waste tires.”® The emissions intensity
of the kiln fuel was calculated to be 87.3 kgco, GJ”*.*” Addi-
tional energy for auxiliary equipment (e.g., pumps, conveyors,
crushers) adds approximately 0.4 GJ, bringing the total to 3.8 GJ
ton™" of cement.

In the electrochemical pathway, we considered two scenar-
ios: one using the cell voltage reported in this study (5 V, Fig. 2);
and another optimistic scenario where the cell voltage has been
reduced by half to 2.5 V, which has been demonstrated to
be feasible in prior work.”® In both cases, the electrical
energy required to decompose limestone dominates the total
energy input, with values of 10.6 GJ ton * and 5.3 GJ ton ' of
cement for the 5 V and 2.5 V cases, respectively. Both systems
need an additional 2.8 GJ ton™" of cement to convert Ca(OH),
into clinker.” However, the eletrochemical reactors also gener-
ate pure streams of H, and O,, which can be combusted to
supply most of the thermal energy of this step. If combusted
with a thermal efficiency of 70%, the H, and O, streams supply
2.2 GJ ton ' of cement. Retrofits will be required to safely
handle and burn these gas streams due to the flame character-
istics of H, and its potential to embrittle stainless steel.>*""
Hydrogen blending has already been successfully demon-
strated in several cement kilns.*>"*

The electrochemical process also produces a stream of pure
CO, from the chemical compartment of the electrolyser when
CaCO; reacts with acid. Our model assumes 90% of this CO, is
captured by an amine scrubber with a reboiler duty of 3 MJ kg ™*
of CO,.*> The reboiler and balance of the secondary kiln are
fueled by pure natural gas for the electrochemical processes.
Carbon capture is not considered for the thermal process as it
remains very rare at established cement plants.*>> "% The largest
carbon capture unit currently operational at a cement plant,
located at the Baimashan Cement Factory in Anhui, China,*

This journal is © The Royal Society of Chemistry 2025
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captures 50 000 tons of CO, annually, much less than 1% of the
company’s annual CO, emissions of 183 million tons.*’

The low adoption of carbon capture at cement factories
is due to sorbent degradation from O,, NO,, and SO, in flue
gas,"'™*? difficulty in retrofitting existing cement plants with
large carbon capture units,** and high capital and operating
costs.*® In prior work we demonstrated that the CO, emitted
from the electrolyser chemical compartment can be fed directly
into a CO, electrolyser for conversion into valuable products.’

Discussion

Our previously reported cement electrolyser electrochemi-
cally generated acid in a chemical compartment to decompose
limestone into Ca”*, which migrated across a CEM into a
cathode compartment to react with OH™ and form Ca(OH),.
The challenge with this setup was Ca(OH), deposited on
the surface of the CEM during electrolysis, which impeded
additional Ca** transport into the cathode compartment. This
deposition caused the cement electrolyser to exhibit voltages
much higher than 5 V.

This study describes our effort to address the calcium deposi-
tion to achieve sustained cement electrolysis. To directly observe
the Ca(OH), deposition on the membrane surface, our operando
imaging system featured an electrolyser with an open cathode
compartment. This cathode compartment resembled a batch-
type cathode compartment without a flowing catholyte to
improve visualization and provide favourable conditions for
precipitate formation.

We observed that Ca(OH), deposited on the pristine Nafion™
membrane within five minutes of electrolysis. The spatial loca-
tion of the deposits on the membrane appeared to have been
influenced by the catholyte flow. Specifically, we observed that
Ca(OH), deposits initially formed near the compartment walls or
as static bubbles when the catholyte flow was stagnant (Fig. 4).
The initial deposits served as “seeds” for subsequent Ca(OH),
accumulation. These observations provide insight into how
Ca(OH), deposition occurs and can inform alternate mitigation
strategies.

In our first experiment, we attempted to remove the Ca(OH),
deposits (when AV > 2 V) by periodically treating the CEM with
acid (i.e., HCI). The acid treatment appeared to remove Ca(OH),
deposits from the membrane surface, but not the Ca** bound
within the membrane. This experiment proved that V.. could
be recovered when the Ca(OH), deposits were promptly
removed (Fig. S14, ESIt), but would not recover after three
hours of electrolysis. We attribute this irreversibility in voltage
to the strong binding of Ca®" to the sulfonic groups in Nafion™
membranes, which decreased H,O diffusion and membrane
conductivity."

We then set out to use membranes that would prevent the
transport of Ca®>" across the CEM. Selective blocking of divalent
cations (e.g., Ca®*, Mg”") across CEMs has been reported in the
fields of electrodialysis and water treatment, where chemical,
mechanical, and electrochemical techniques have been used to
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modify ion-exchange membranes.*>*” Prior reports achieved
this goal by applying a PANI coating to the surface of CEMs.
This strategy increases K' permselectivity by leveraging
increased electrostatic repulsion between the modified cationic
surface of Nafion™ (i.e., emeraldine-based PANI) and divalent
cations in comparison to monovalent K. We borrowed from
these fields to chemically modify the surface of Nafion™ with
thin PANI layers to design a composite membrane for excep-
tional selectivity for monovalent cation transport (i.e., K*).*°
We observed high K* selectivity over Ca** when using this
composite membrane. We attribute this result to three reasons.
First, the larger size of hydrated Ca** (effective radii = 0.412 nm)
relative to K' (effective radii = 0.331 nm) results in slower
transport through the dense PANI layer.*® Second, the positively
charged PANI layer leads to a large Donnan potential for
divalent cations including the blocked Ca*", since electrostatic
repulsion effects are stronger for divalent cations.*® Finally, the
much larger dehydration energy of Ca®" (AGgeny = 1505 kJ mol ")
relative to K (AGgeny = 295 KJ mol ') makes the transport of
desolvated Ca®" through the membrane less energetically favorable
than K".*

When designing our modified cement electrolyser, we used
a similar configuration to our previous three-compartment
cement electrolyser, which had a BPM to decompose CaCOj;
and release Ca®" and pure streams of CO,, O,, and H,. The CO,
could be utilized directly (e.g., with electrolysis) without further
processing” and the H, could be used as fuel for a subsequent
thermal kiln or be fed back to the anode for the hydrogen
oxidation reaction (HOR) to reduce the electrolysis voltage.”®
The key difference in the design was the composite CEM used
to separate Ca®>" and OH ™~ production and combining enriched
electrolytes in a dedicated reactor to produce the target pro-
duct, Ca(OH),. This new design enabled us to generate the solid
products in a separate chemical reactor without compromising
the performance of the electrolyser and allowed us to optimize
the electrochemical and chemical systems independently.

The electrolyser demonstrated in this study was operated as
a batch process. However, for large-scale production, such as
cement manufacturing, continuous operation is far more desir-
able. We hypothesize that our electrolyser can now be run
continuously as Ca(OH), precipitation no longer limits its
stability. Furthermore, we satisfied the two criteria required
for continuous electrochemical production of a cement clinker
precursor by maintaining a steady-state pH in the chemical
compartment that is low enough to dissolve CaCOj;, while
simultaneously ensuring a high enough pH in the cathode
compartment to precipitate Ca(OH),. Our future work will
explore continuous electrochemical cement clinker precursor
production.

The supporting electrolyte in this study was 1 M KCI. The
presence of potassium and chloride in cement clinker can
negatively impact the final product. Elevated levels of alkalis
(Na and K) can decrease the final strength of the cement,*® and
promote the alkali-silica reaction, which can cause expansive
stresses in concrete.*®*® Alkali concentrations in cement below
0.60 wt% are generally preferred, which is the limit for ordinary
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Portland cement (all types, I-V) when mixed with aggregates
that are potentially reactive."®>" Chloride ions pose another
risk by accelerating the corrosion of the steel reinforcements in
concrete.>"*? The resulting oxidation of the iron in the steel bar
generates internal stresses in the concrete and weakens the
bar itself,>*** and is the most common mode of failure
for reinforced concrete structures.”? Chloride content in
cement is limited to between 0.06-1.00 wt%, depending on
the end use.”

In this work, we demonstrated that the Ca(OH), produced by
our electrolyser has concentrations of potassium and chloride
well below the limits set on ordinary Portland cement. We
also demonstrated the formation of calcium silicates by ther-
mal clinkering of electrochemical Ca(OH), with SiO, (Fig. S12,
ESIt). This demonstrates that the Ca(OH), produced by
our electrolyser is suitable for use as a clinker precursor
free of harmful impurities, and is capable of forming
dicalcium silicate at 1050 °C and tricalcium silicate at
1500 °C in a kiln.

The arrangement of an electrolyser and calcium reactor
in tandem to produce Ca(OH), avoided the issues associated
with Ca(OH), accumulation in the cement electrolyser. A simi-
lar and alternative approach could involve operating an inde-
pendent electrolyser to generate acid and base by splitting
water, then reacting CaCOj; with the acid and base in sequence
to form Ca(OH), (Fig. S15, ESIt). However, a major shortcoming
of this approach is the current efficiency of the electrolyser used
to generate acid and base. Two-compartment electrolysers
using CEMs or anion exchange membranes suffer from the
significant crossover of H' or OH ™, respectively. Consequently,
the majority (as much as 95%) of electrochemically generated
H' and OH™ are neutralized rather than being consumed in
Ca(OH), production. We fed CaCO; to the three-compartment
electrolyser to react with H' in situ to mitigate H" crossover and
avoid this issue. Our previously reported experiments estab-
lished that 100% of electrochemically generated H' (i.e., 100%
current efficiency) can be utilized in reactions with CaCO;."
In this work, we showed how to maintain this efficient utiliza-
tion of electrochemically generated H® while increasing the
durability of the electrolyser with a calcium reactor where Ca>*
reacts with the electrochemically generated OH .

In our system, we demonstrated a path to substantially reduce
the capital expenditure (CAPEX) required for industrial operation
of this process. By utilizing an integrated electrolyser to generate
H" and OH" in situ, we eliminated the need for the procurement,
regeneration, and storage of large volumes of acids and bases. This
minimizes the infrastructure investments, consequently reducing
the overall CAPEX, a critical metric in the evaluation of new
industrial processes (Fig. S16 and S17, ESIf).>

Our integrated electrolyser not only reduces the operational
complexities, but also the risks associated with chlorine hand-
ling in traditional saltwater electrolysis.”” By bypassing these
intricacies, we streamlined the production process and
enhanced its economic feasibility. The avoidance of potential
regulatory, safety, and environmental costs associated with
chlorine further contributes to the financial viability of our

This journal is © The Royal Society of Chemistry 2025
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approach, emphasizing the value of our integrated electrolyser
system from a CAPEX perspective.

We compared the energy and CO, emissions intensity of a
plant employing the cement electrolyser against a conventional
thermal cement plant. For the energy analysis, we considered
two voltages for the cement electrolyser, current performance
(5 V), and an optimistic future case (2.5 V). We found that the
thermal cement plant consumes less energy, 3.8 GJ ton
of cement, than the cement electrolyser at its current perfor-
mance (13.1 GJ ton~ "' of cement) or in the future performance
case (7.8 GJ ton™ " of cement, Fig. 5). However, the gas stream of
pure CO, exiting the chemical compartment of the cement
electrolyser enabled direct integration of either carbon capture
or utilization processes."”® When combined with an amine
scrubber, the cement electrolyser reduced CO, emissions by
67-73%, from 785 kgco, ton ! of cement for the thermal
process to 254 and 209 kgco, ton~" of cement for the cement
electrolyser with current (5 V) and future (2.5 V) performance,
respectively (Fig. 6). This finding is consistent with our previous
estimates.”

Conclusion

In summary, electrochemical methods for cement clinker pre-
cursor production have the potential to significantly reduce
CO, emissions from cement production. However, a major
operational issue for cement electrolysers is the deposition of
the Ca(OH), product on the CEM. This process increases cell
voltages, damages the CEM, and limits electrolyser durability.
To address this issue, we introduced a calcium reactor to form
Ca(OH), outside the electrolyser. A Ca®"-blocking composite
membrane, which we developed by chemically modifying a
commercial CEM, decoupled electrochemistry from the chem-
istry. This design enabled the cement electrolyser to operate
over 50 hours at 100 mA cm ™ with no notable increases in cell
voltage. The effectiveness of the composite membrane was
validated using an operando imaging system. This work repre-
sents an advance towards decarbonizing one of the highest-
emitting manufacturing industries and describes a durable
method for producing cement clinker precursors.
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