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Electrochemical hydrogen looping is a recently developed, sustainable technology to address decentra-
lized anthropogenic carbon dioxide emissions by indirectly retrieving CO, from oceans. However, various
economic and technical challenges such as efficiency and scalability remain, currently inhibiting industrial
implementation. Moreover, salt management will be of particular importance as a consequence of the
alkaline hydrogen evolution reaction in combination with the ionic seawater content, causing precipi-
tations. This work explored and improved the feasibility of the electrochemical hydrogen looping system
by benchmarking the performance using synthetic seawater and, for the first time, realistic seawater,
comparing cell voltage, capture efficiency, and electrochemical energy consumption. Using synthetic
seawater, a record-low electrochemical energy consumption of 77.5 kJ mol™ CO,, was obtained.
Transitioning to realistic seawater, enabled us to uncover challenges such as Mg(OH), and Ca(OH), salt
precipitation on the cathode and membranes, resulting in a continuously rising cell voltage, impeding
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long-term operation. Introducing an in situ acidic wash step (0.5 M HCl, 45 mL min™

voltage increase over a 4-hour operation by 13%, improving long-term stability. Despite membrane
scaling challenges, a record-low electrochemical energy consumption of 100.8 kJ mol™ CO, was

rsc.li/greenchem achieved employing realistic seawater.

Green foundation

1. The real world feasibility of an electrochemical hydrogen looping (EHL) system was assessed by mapping the challenges that arise when realistic seawater
is utilised, for the first time, and a preliminary mitigation strategy was proposed to advance this young technology toward removing CO, from the Earth’s
atmosphere by indirect ocean capture.

2. Here, the electrochemical energy consumption to recover CO, from seawater was lowered by 19% from the state-of-the-art. Simultaneously, invaluable
insights were gained on the effect of realistic seawater on the EHL system, which had previously solely been tested with synthetic seawater.

3. Further research should focus on elevating the operating current density toward more industrially relevant values, as well as investigating a more sustain-
able mitigation strategy. The latter currently consists out of an acidic wash step, which should ideally be eliminated in future research.

emerging as key solutions."™ These approaches pursue the
reduction of anthropogenic CO, emissions, which is crucial to

1. Introduction

The increasing urgency of global warming has intensified
efforts to reduce carbon dioxide (CO,) emissions, with carbon
capture and storage (CCS) or - utilization (CCU) technologies
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meet the Paris Agreement goals."”” Among the various carbon
capture methods, capturing CO, directly from industrial point
sources or indirectly from natural carbon sinks like the
atmosphere® '® and oceans'"'? offer distinct benefits. Next to
direct air capture (DAC), which is currently being piloted to
remove 4000 tons of CO, annually, indirect ocean capture pro-
vides several advantages."*'* This approach represents a prom-
ising alternative to DAC due to the higher volumetric concen-
tration of CO, in seawater, which is approximately 140 times
higher than in the Earth’s atmosphere.’®'® Oceans also serve
as a vast carbon reservoir with natural sequestration capabili-
ties. While the atmosphere’s overall volume is larger, the
oceans contain about 50 times more CO,, making it the largest
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natural CO, sink.’>'” When optimized, indirect ocean capture
has the potential to remove gigatons of CO, per year, which
could significantly help in mitigating climate change.
Additionally, this method addresses ocean acidification by
reducing the CO, content in seawater, potentially helping to
restore the marine pH balance and support biodiversity in
ocean ecosystems.'®

Electrochemical oceanic carbon capture has been identified
as a promising decarbonization route in which several
approaches are being explored, including electrochemical
hydrogen looping (EHL),'® bipolar membrane electrodialysis
(BPMED),*® and electrolytic cation exchange modules
(E-CEM).>" Provided that these methods are powered by
renewable energy sources, they could support a sustainable
future by decarbonizing seawater without significant
environmental impact. However, technical and economic
challenges remain for transposing these technologies toward
industrial levels, including issues such as salt precipitation,
membrane fouling, and high costs associated with energy
and materials.**>™>*

While BPMED and E-CEM technologies have already been
thoroughly explored,”>*® the EHL system (Fig. 1) is relatively
new and uninvestigated since it was first reported by Yan et al.
in 2022." Additionally, it has a lower theoretical cell voltage
(0.48 V) than BPMED (0.83 V) and E-CEM (1.73 V) and a record
low energy consumption for CO, removal from synthetic sea-
water (SSW) requiring 660 kW h per ton CO, was achieved."®
The EHL system operates on the same principle of pH swing
as BPMED and E-CEM, targeting an acidified seawater stream
to extract CO, from seawater (Fig. S1}). However, instead of the
oxygen evolution reaction (OER), EHL uses the hydrogen oxi-
dation reactions (HOR) at the anode (eqn (1)). This produces
protons that acidify the seawater in the central compartment,
releasing CO, for capture (eqn (2)). At the cathode, the hydro-

Acidified seawater Basified seawater

+ CO, + Hydrogen
PEM T Na'EM T
H
H, z
OH
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H H,0
Hydrogen Seawater Seawater

Fig. 1 Schematic overview and principle of the EHL flow cell for indir-
ect ocean capture.
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gen evolution reaction (HER) generates hydroxyl ions, creating
a basic solution (eqn (3)). Finally, these acidified and basified
seawater streams can be combined to form a slightly alkaline
solution suitable for ocean discharge.*”

Anode:

H, — 2H" +2e” (1)
Center compartment:
H' + HCO;~ — H,0 + CO,(g) (2)
Cathode:
2H,0 +2¢~ — 20H™ + H, (3)

Furthermore, the EHL process theoretically creates a self-
sustaining system by circulating hydrogen generated at the
cathode back to the anode for continuous use, thereby mini-
mizing material consumption. Additionally, the system main-
tains charge neutrality by transporting sodium ions to the
cathode, where they react with hydroxyl ions to form sodium
hydroxide, further increasing the alkalinity of the discharge
stream. When fully scaled, EHL offers an efficient, cost-
effective option for indirect ocean capture, addressing both
decentralized CO, emissions and ocean acidification.

In the present study, an EHL system was developed to
enhance the performance and to examine its real world feasi-
bility by optimizing the electrochemical energy consumption
(EEC) under various conditions, such as current density and
seawater flow rate. Moreover, this approach was tested for the
first time with realistic seawater (RSW), containing all naturally
occurring ions. The system demonstrated an optimal energy
consumption of 536 kWh per ton of CO, with synthetic sea-
water, an improvement of 19% over previously reported values.
With realistic seawater, the energy consumption was 636 kWh
per ton of CO,, which remains comparable to more established
capture technologies as shown in Table S1.f However, pro-
longed use with RSW revealed several challenges, particularly
salt precipitation caused by reactions between hydroxyl ions
and minerals like magnesium and calcium. To address this, a
preliminary in situ acidic wash step was introduced to prevent
fouling and salt buildup, allowing the system to maintain its
record-low efficiency over an extended operation of 10 hours.
These results indicate that mitigating the inherent salt precipi-
tation and membrane scaling are crucial for this young techno-
logy to become industrially feasible, operating at high current
densities with real world seawater.

2. Materials & methods

Synthetic seawater (SSW), was prepared by dissolving sodium
chloride (99.5%, for analysis, Thermo Scientific, Denmark)
and sodium hydrogen carbonate (99.7+%, Chem-Lab,
Belgium) in ultrapure water (Milli-Q, resistivity 18.2 MQ cm,
Millipore, USA) to obtain concentrations of respectively 0.5 M
and 2.5 mM.

This journal is © The Royal Society of Chemistry 2025
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Realistic seawater (RSW) was prepared from a seawater con-
centrate (Absolute ocean, ATI-Aquaristik, Germany) which was
diluted to the right concentration (12 vol% concentrate) in
ultrapure water.

The washing agent in this research was 0.5 M hydrochloric
acid (37%, Thermo Fisher Scientific, Belgium).

The Anode catalyst ink was prepared by mixing Pt/C nano-
powder (platinum, nominally 20% on carbon black, powder,
Thermo Scientific, Germany) with a Nafion dispersion (D520,
5% w/w in water and 1-propanol, AlfaAeser, Belgium) as
binder so that a mass ratio of catalyst to binder of 85/15 was
obtained. Thereafter, ultrapure water and isopropanol (99.8%,
Chem-lab, Belgium) were added in a 40/60 volume ratio,
before sonication (NexTgen Lab120) for 30 minutes at 34 kHz
and an 84 pm amplitude.

Gas diffusion electrodes (GDEs) with dimensions of 4 by
4 cm (16 cm® geometrical active surface area) were made by
spray coating the above mentioned anode catalyst ink upon
the microporous layer of a carbon paper (Sigracet GDL 39 BB,
Ion Power, Germany) using an airbrush (FE-186K, Fengda,
Airgoo Pneumatic, The Netherlands) fitted with a 0.5 mm
nozzle, employing argon (99.999%, Air Liquide, Belgium) as
carrier gas. During this process, the GDE was fixed on a hot
plate at 70 °C to evaporate the ink’s liquids and deposit the
catalyst particles. The GDE loading was aimed at 2.5 mg cm >
which was verified by weighing the GDE before and after spray
coating.

The electrochemical reactor is a three-compartment cell
used at ambient conditions. The anode consists of a graphite
plate holding the GDE, pressed against a pretreated Nafion™
117 (Ion power, Germany) proton exchange membrane (PEM).
The pretreatment consists of four consecutive steps which are
conducted in the following order: boiling the membrane in (I)
3% H,0, (hydrogen peroxide, 30%, VWR Chemicals, France),
(I1) ultrapure water, (III) 0.75 M H,SO, (sulfuric acid, 95-97%,
Honeywell, Belgium) and (IV) ultrapure water for one hour
each. The middle compartment is a 3D-printed plate that
creates a spacing of 5.4 mm and supports both membranes
bordering this open space. The cathode is a graphite plate that
presses a platinum gauze (52 mesh woven from a 0.1 mm dia-
meter wire, 99.9%, Thermo Scientific Chemicals, Belgium)
against a sodium exchange membrane, which is obtained by
soaking an activated Nafion™ 117 in 3 M NacCl (99.5%, for
analysis, thermos scientific, Denmark) for two days. The plati-
num gauze was chosen to aim for improved bubble removal,
as in a previous study a GDE was employed as the cathode sub-
strate.’® The graphite plates of both the anode and the catho-
dic compartment are in contact with copper plate current col-
lectors. All these reactor parts are fixated between two PMMA
insulators and aluminum backplates to construct the electro-
chemical cell, which was torqued at 5 Nm. Fig. 2 illustrates a
schematic overview of the experimental setup in which the
experiments were conducted. The anode compartment was fed
with 5% H, in Ar (Air liquide, Belgium) at approximately
100 mL min~", regulated via a Matheson flow meter (FM-1050,
Matheson, US). All electrolytes were pumped through the cell

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Exploded view of the in-house manufactured and engineered
EHL reactor highlighting the 3D printed middle compartment. The com-
ponents which make up the reactor are from left to right: endplate;
insulating plate; current collector; anodic bipolar plate; carbon GDE;
gasket; PEM; gasket; 3D printed middle compartment with supporting
structure for the membranes; gasket; NaEM; gasket; Pt gauze; cathodic
bipolar plate; current collector; insulating plate; endplate.

at flowrates varying from 15 to 35 mL min™" (1.37 to 3.2 mm
s™') with a peristaltic pump (Shenchen LabVi, Drifton,
Denmark). To release the carbon dioxide in the middle com-
partment and basify the cathodic compartment, chronopoten-
tiometry was carried out at current densities ranging from 1 to
9 mA cm™?, with a power source (Bi-directional DC power
supply, ITECH Electronic, USA).

Sample analysis was performed by measuring the synthetic
seawater’s pH (LL-Electrode Plus WOC, Metrohm, Belgium) to
indicate the carbon content left in the sample (Fig. S1t). For
confirmation, the total inorganic carbon (TIC) content was
measured to establish the analysis method necessary for realis-
tic seawater. Therefore, a 225 mL sample was taken and
sparged with nitrogen (Air Liquide, Belgium) for 12 minutes to
remove the dissolved CO,. After removal of the gaseous
content in the sample, TIC measurements were performed
with a TOC analyzer (TOC-L CPH + TNM-L, Shimadzu,
Belgium).

Scanning electron microscopy (SEM) measurements were
performed using a Thermo Fisher Scientific Quanta FEG
250 microscope operated at 20 kV. Energy dispersive X-ray
spectroscopy (EDS) spectra and elemental maps were acquired
using the X-MAX"™ detector (Oxford instruments) in combi-
nation with the Aztec software (v2.1a).

3. Results & discussion

In order to benchmark and compare the experimental results
and EHL performance to previously published research, the
EHL system was first operated using synthetic seawater (SSW)
as electrolyte in the middle and cathodic compartment. The
small theoretical potential difference (0.48 V) between the

Green Chem., 2025, 27, 7137-7146 | 7139
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Fig. 3 (a) Cell voltage profile of the EHL reactor at three different SSW flow rates and varying current densities; (b) capture efficiencies of the EHL
reactor at three different SSW flow rates and varying current densities; (c) electrochemical energy consumption of the EHL reactor at three different
SSW flow rates and varying current densities; and (d) cell voltage response of a four hour experiment with a SSW flow rate of 25 mL min~ and a
current density of 5 mA cm™2. For (a), (b) and (c) all data points are the result of one hour experiments of which the mean value is shown on the

graphs.

HOR and HER in the acidic and alkaline solution, respectively,
combined with the fast kinetics of both reactions led to cell
voltages below 1.2 V when operating the flow cell. Fig. 3 shows
the performance of the EHL flow cell under different operating
conditions, varying current density and SSW flow rate in both
liquid compartments during one hour experiments to obtain
the optimal operating parameters. Fig. 3a depicts the depen-
dency of cell voltage as function of current density for three
different electrolyte flowrates, i.e. 15, 25 and 35 mL min .
Here, it is clear that, as expected, cell voltage increases with
current density, but the influence of the flow rate hereon is
negligible. Previously, Yan et al. reported a decrease in cell
voltage with increasing flow rate.'® However, this reactor con-
figuration does not show a similar effect since a platinum
gauze is used as cathode material, instead of a carbon GDE,
which allows for better bubble removal even at low flow rates.
As a result, all flow rates show similar resistance profiles and
there are no significant benefits concerning cell voltage to
increase the electrolyte flow rate. Capture efficiencies corres-
ponding to the previously discussed experiments are calcu-

7140 | Green Chem., 2025, 27, 7137-7146

lated according to eqn (4) through TIC measurements and
shown in Fig. 3b. These results show an increased capture
efficiency with an increasing current density, as more protons
are supplied to the SSW in the middle compartment. A logar-
ithmic trend is obtained as this metric is determined by the
pH of the outgoing seawater stream, which also utilizes a log-
arithmic scale. The curves recorded at the three different flow
rates are similar as this parameter is determined by the charge
per volume. Consequently, the lowest occupied flow rate
requires a lower current density to achieve a capture efficiency
above 80%, while the higher employed flow rates need a
higher current density to reach the same capture efficiency, as
demonstrated in Fig. 3b. A capture efficiency as high as 98%
was achieved at a flow rate of 35 mL min~' and a current
density of 9 mA cm™>. From this the electrochemical energy
consumption (EEC) can be calculated, which corresponds to
the amount of energy needed for the electrochemical process
to capture one mole of CO,. The formula for the EEC is given
in eqn (5), with I the current, E..;; the cell voltage, ¢ the time, Q
the volumetric flow rate of the seawater, C the concentration of

This journal is © The Royal Society of Chemistry 2025
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CO, in the seawater and 7 the previously calculated capture
efficiency.

o Ccarbon before acidification — CCarbon after acidification ( 4)

Ccarbon before acidification

_ I Ec-t
Q-t-C-g

The resulting EECs for all experimental conditions are
depicted in Fig. 3c, with the lowest recorded value being
77.5 k] mol™ CO,, when operating at a current density of 2 mA
em™ and a flow rate of 15 mL min~"', outperforming the
lowest reported energy consumption of Yan et al. by 25% and
the BPMED-2 system, investigated by Digdaya et al., by more
than 49%.'%*® The former reported 104 k] mol™ CO, for their
EHL system utilizing SSW, while the latter reported a minimal
energy consumption of 155.4 k] mol™" CO, for their improved
BPMED system, employing a reversible ferricyanide/ferrocya-
nide redox couple.”® In addition to improving the EEC due to

EEC
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efficient bubble removal, the system has proven to be a stable
configuration with a stable cell voltage response for four hours
of testing with SSW, as shown in Fig. 3d.

After optimizing the performance and ensuring stable oper-
ation of the system using SSW, the feasibility of the EHL flow
cell was investigated using realistic seawater (RSW). To this
end, a seawater flow rate of 25 mL min~" was selected as this
flow rate yielded the lowest EEC for a targeted capture
efficiency above 80%. A comparison between the results from
the experiments conducted with SSW and RSW, as a function
of current density, is shown in Fig. 4.

Fig. 4a illustrates the cell voltage response of the EHL
system when either SSW or RSW was used as electrolyte in
both the middle and cathodic compartment. Relative to the
experiments with SSW, the RSW cell voltage was 9% higher on
average after one hour of operation. Moreover, using RSW the
cell voltage was not stable over the course of the experiment,
but increased over time (first hour of Fig. 4d), contrary to the
experiments with SSW. Although, only a minimal loss in
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Fig. 4 (a) Cell Voltage profile of the EHL reactor comparing SSW and RSW as an electrolyte in both the middle- and cathodic compartment at
varying current densities; (b) capture efficiencies of the EHL reactor comparing SSW and RSW as an electrolyte in both the middle- and cathodic
compartment at varying current densities; (c) electrochemical energy consumption of the EHL reactor comparing SSW and RSW as an electrolyte in
both the middle- and cathodic compartment at varying current densities; (d) cell voltage response of a four hour experiment with RSW at a current
density of 5 mA cm™2. All experiments were carried out with a seawater flow rate of 25 mL min~* and all data points in (a), (b) and (c) are the result of

one hour experiments of which the mean value is shown on the graphs.

This journal is © The Royal Society of Chemistry 2025
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capture efficiency is observed going from SSW to RSW
(Fig. 4b), the elevated cell voltages for RSW resulted in an
average 15 kJ mol™' CO, increased EEC for RSW compared to
SSW (Fig. 4c). However, it is important to note that the lowest
recorded energy consumption for RSW was 100.8 kJ mol™* CO,
at 5 mA cm ™, which is still an improvement on the previously
reported minimal value for a one hour experiment with SSW
by Yan et al.'® Fig. 4d shows the rise in cell voltage which was
exemplified even more during a four-hour experiment using a
flow rate of 25 mL min™" and a current density of 5 mA cm™2.

The increasing cell voltage is a direct consequence of the
use of RSW, which contains Mg>* and Ca®" ions that precipi-
tate in the form of their hydroxide salts in alkaline conditions.
Since the cathodic HER (eqn (3)) produces hydroxyl ions, this
salt precipitation is inherently connected to the EHL system in
combination with RSW and could pose a real obstruction for
this technology regarding industrial applicability. Therefore,
we looked into a mitigation strategy to tackle this salt precipi-
tation and further improve the EHL system. Moreover, an
in situ mitigation strategy was opted, preventing the use of
expensive antiscalants.

When RSW is pumped through the alkaline compartment
(cathode), where hydroxyl ions are continuously being pro-
duced, Mg(OH), and Ca(OH), precipitate on the cathode
surface, thereby blocking parts of the active surface area and,
consequently, increasing the cell resistance, as shown in
Fig. 4d. This precipitation was also visually observed in the
flow channels of the cathodic bipolar plate and on the cathode
after four hours of continuous operation (Fig. S3at). Pushing
the runtime beyond four hours without any mitigation would
lead to the total obstruction of flow in the cathodic chamber.
However, salt formation in the cathodic compartment
appeared to be not the sole cause of the increasing cell
voltage. Membrane scaling resulting from the same mecha-
nism of salt formation was hypothesized to pose an equally
big problem. Since the EHL configuration employs cation
exchange membranes (CEM), Mg”* and Ca®" ions are trans-
ported through the membrane under the electrostatic force
generated by the negatively charged cathode. Even though the
CEM received a pretreatment to predominantly transport Na*
ions, this phenomenon is unavoidable when using Nafion™
membranes.?® Moreover, these membranes are known not to
be completely permselective, resulting in hydroxyl ions being
transported in the opposite direction due to the electrostatic
force driving them towards the positively charged anode.*® As
a result, hydroxyl ions come in contact with Mg** and Ca*
ions inside the membrane and at both surfaces of the mem-
brane where they are able to precipitate as salt on the surface
or in the membrane’s inner structure, a phenomenon typically
referred to as membrane scaling.*® Consequently, transport
pathways through the membrane are blocked over time, contri-
buting to the steadily increasing cell voltage. This phenom-
enon was also visually observed on the membrane surface after
4 hours of operation (Fig. S3bt).

To confirm this observation of membrane crossover,
various experiments were carried out during which RSW was

7142 | Green Chem., 2025, 27, 7137-7146
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only cycled through one compartment, this being either the
middle or the cathodic compartment. SSW, which contains no
Mg>" or Ca®* ions was utilized as electrolyte in the other com-
partment. Fig. 5 shows the cell voltages during the first
4 hours of operation of each of the cases (SSW|SSW, SSW|
RSW, RSW|SSW, RSW|RSW). In the instance where RSW was
used solely in the cathodic compartment (Fig. 5, blue curve,
SSW|RSW), salt precipitation only occurred on the cathode
itself, since in this scenario there are no Mg** and Ca®" ions
present in the middle compartment and consequently there is
no flux of these ions from the middle compartment through
the membrane towards the cathode. This resulted in a sharp
rise of the cell voltage during the first one and a half hours of
operation, after which it stabilized, as the cathode was comple-
tely saturated with salt. From this point on, the additional salt
formation clogged the underlying flow field which had no
direct influence on the cell voltage, until it would eventually
block the entire electrolyte flow if the experiment was contin-
ued for more than four hours. When the use of RSW is limited
to the middle compartment (RSW|SSW), no visual salt precipi-
tation was observed on the cathode after four hours of chrono-
potentiometry. This resulted in a continuously rising cell
voltage (Fig. 5, pink curve, RSW|SSW), predominantly caused
by membrane scaling. Seeing as the continuously rising cell
potential is almost identical to the experiment in which both
compartments hold RSW, we concluded that membrane
scaling has the largest contribution to the unstable cell poten-
tial and, therefore, poses the biggest challenge in terms of
long-term operation and EEC.

To confirm the hypothesis of membrane scaling, both pris-
tine and membranes used in the cell during operation with
RSW were imaged using scanning electron microscopy (SEM),
and complementary energy dispersive X-ray spectroscopy (EDS)

1.3 T 1 1
— RSW|RSW — SSW|RSW
1.2 SSW|SSW RSW|SSW -
2 1.1 -
£
o
2 1.0+ -
©
o
0.9+ 1
0.8 T T 1
0 1 2 3 4
Time [hour]

Fig. 5 Cell voltage response of four hour experiments with different
electrolytes to unravel the different effects of salt precipitation on the
cathode (blue curve) and membrane scaling (pink curve). Legend labels
signify the types of seawater used in the middle (middle compartment
flow|...) and cathodic compartment (...|cathodic compartment flow). All
experiments were conducted at a current density of 5 mA cm~2 and with

a flow rate of 25 mL mint.
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measurements. Fig. 7a and b show the electron images of a
pristine and a used Nafion™ 117 membrane (membrane side
facing the cathodic compartment), respectively, together with
the EDS spectra and elemental maps for magnesium, calcium
and fluor, a main component in Nafion™ CEMs. While the
images show no contamination on the pristine membrane, the
used membrane clearly shows contamination of Mg and Ca,
visible in not only the electron image, but also in the elemen-
tal maps. It is important to note, however, that this only con-
firms scaling of the surface layer of the membrane as the pene-
tration dept of the electrons is only about 5 pm, while the
membranes have a thickness of 183 pm. Nonetheless, it can be
assumed that the inner membrane is also scaled since also the
side facing the middle compartment shows contamination of
Mg and Ca (Fig. S2at) and this can only be attributed by the
transport of Mg and Ca through the membrane as these ions
are only available in RSW that was only present in the cathodic
compartment.

Fig. 5 clearly indicates the necessity of a mitigation strategy
to counter the salt precipitation to operate the EHL system for
a longer duration. To this extent, the effectiveness of an in situ
acidic wash step with HCI (variable concentration, vide infra)
was investigated to regenerate the transport capacity of the
membranes and clearing the cathode by re-dissolving the Mg
(OH), and Ca(OH), salts. A wash step, which lasted
10 minutes, was introduced after every 50 minutes of continu-
ous operation. During these 10 minutes, an HCI solution was
flowed through both the middle and the cathodic compart-
ment for eight minutes at OCV, after which both compart-
ments were thoroughly rinsed using MiliQ for two minutes to
remove any acid or salt residues, before reintroducing the RSW
and applying a current density of 5 mA cm™>. To optimize this
wash step, the influence of the volumetric flow rate and the
concentration of the acid solution during the wash step was
investigated to distinguish the importance of increased mass
transfer over the amount of supplied acid. Keeping the total
amount of hydrochloric acid passing through each compart-
ment constant per wash cycle resulted in the utilization of
0.18 moles of HCI. Consequently, the concentration of HCI
was varied from 0.9 M to 0.64 M and finally 0.5 M, which
corresponds to flow rates of 25 mL min™", 35 mL min~" and
45 mL min~", respectively. The resulting cell voltages during
four hours of operation for each of these wash steps are com-
pared to the original situation before the introduction of an
in situ wash step and are depicted in Fig. 6.

From Fig. 6, it is immediately apparent that by introducing
an in situ wash step the cell voltage was lowered by 9.5% with a
wash step of 25 mL min~" with 0.9 M HCI after four hours of
operation, compared to no mitigation. At 0.5 M and 45 mL
min~" the improvement in cell voltage over four hours is 13%
relative to the original situation without any mitigation.
Additionally, taking the voltage recorded after one hour of con-
tinuous operation as a reference, the cell voltage, without miti-
gation, showed an increase of 14.2% over the next three hours.
By introducing the in situ acidic wash step, we managed to
reduce this to 1.6% at the end of the fourth cycle.

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Cell voltage response of various four hour experiments with a
RSW flow rate of 25 mL min~t and a current density of 5 mA cm™2. An
acidic wash steps is introduced every hour as a mitigation strategy. The
HCl wash step is carried out at different flow rates and with varying HCl
concentrations: 25 mL min~* with 0.9 M HCL; 35 mL min~* with 0.64 M
HCL; 45 mL min~* with 0.5 M HCL.

In order to further validate the effectiveness of the acidic
wash step mitigation, used membranes were imaged via SEM
EDS immediately after operation. Fig. 7c shows the secondary
electron image (SEI) and corresponding EDS spectrum and
elemental maps for Mg, Ca and F of a membrane washed
under the aforementioned ideal conditions. The SEI shows no
contamination on the membrane surface after a wash step.
However, the EDS spectrum shows peaks for Mg and Ca. This
is in accordance with the cell voltage response, which still
slightly increases over time during the 50 minutes chronopo-
tentiometry, indicating residual membrane scaling.
Nonetheless, it is clear that the peaks in the spectrum of
Fig. 7b are far more prominent compared to those in Fig. 7c
and membrane scaling has largely been mitigated by introdu-
cing an in situ acidic wash step.

To further explore the feasibility of the EHL system,
10 hours experiments were conducted to assess membrane
scaling and the proposed mitigation strategy. Fig. 8 shows the
cell voltage response combined with the EEC of each individ-
ual one hour cycle. The rate of increasing cell voltage remained
constant over a 10 hours period, which indicates a stable,
reduced membrane scaling. The increase in cell voltage was
limited to 0.106 + 0.004 V, demonstrating the effectiveness of
the wash cycles. Notably, our EHL displayed an average EEC of
97.8 k] mol ™', outperforming the best reported value in litera-
ture for SSW by 6%. Finaly, further optimization in terms of
volumetric flow rate, acid concentration, wash step duration
and cycle frequency are possible to further lower the EEC and
optimize the EHL system performance to improve industrial
feasibility.

This research improves upon the work of Yan et al. who pio-
neered the electrochemical hydrogen looping system for indir-
ect oceanic carbon capture, based on the principles of hydro-
gen oxidation and reduction.'® In the EHL system, a seawater
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Fig. 7 Secondary electron images, elemental maps and EDS spectra of
(a) a pristine Nafion™ 117 membrane, (b) a Nafion™ 117 membrane
imaged from the side of the cathodic compartment after 4 hours of
operation without washing steps (c) a Nafion™ 117 membrane imaged
from the side of the cathodic compartment after four hours of operation
including wash steps under the optimal conditions. All scale bars corres-
pond to 250 pm. Experiments with these membranes were carried out
at 5 mA cm™2 and with a flow rate of 25 mL min™.

stream undergoes acidification, facilitating the conversion of
bicarbonate into CO,, by means of a pH swing, which is sub-
sequently captured. This mechanism established EHL as an
effective approach for indirect ocean capture of decentralized
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Fig. 8 Cell voltage response and electrochemical energy consumption
of a 10 hours measurement with a RSW flow rate of 25 mL min~* and a
current density of 5 mA cm™2 while introducing a 0.5 M HCl wash step
every hour for 8 minutes with a flow rate of 45 mL min~2.

CO, emissions, while simultaneously combating ocean
acidification.

A comparison of the presented findings with the previous
state-of-the-art by Yan et al. demonstrates that the EHL flow
cell developed in this study is able to recover CO, from realistic
seawater with a significantly lower electrochemical energy con-
sumption, thereby increasing the green advancement of this
young technology. Yan et al. reported an EEC as low as 104 kJ
mol~" CO, with stable operation for 100 minutes. In contrast,
here, a record-low EEC of 84.9 k] mol™' CO, was achieved,
while maintaining operational stability for up to four hours,
representing a 19% reduction in energy consumption.
Moreover, this study revealed the future challenges of utilizing
RSW on the EHL performance, for the first time. This lead to
several critical challenges being identified for specific reactor
components, such as the sodium exchange membrane and
cathode. Finaly, a preliminary mitigation strategy was pro-
posed to assess the feasibility of overcoming these challenges
and to enable longer operation (10 h) which allowed to assess
whether RSW utilization would lead to other consequences
and challenges hampering real world application of the EHL
system. While the current density in this study remained
limited to a maximum of 10 mA cm™> and the previous study
of Yan et al. tested up to 40 mA cm™>, invaluable insights were
gained concerning the challenges of using realistic seawater.
Therefore, future research should focus on scaling up the
system to achieve industrially relevant current densities
approaching 1 A cm™2, which are relevant for real world appli-
cations. Nevertheless, the primary objective was to evaluate the
feasibility of the EHL technology under exposure to RSW.
Correspondingly, lower current densities were employed to
explore this under-investigated aspect of the EHL technology,
to unravel future challenges and to gain insights into whether
they can be mitigated. Furthermore, this indirect ocean
capture technology offers a viable alternative to BPMED and
E-CEM, both of which commonly require IrO, -catalysts,
thereby contributing to resource depletion. Notably, the EHL
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technology is inherently self-sustaining, requiring only a
minimal amount of hydrogen to initiate operation.

4. Conclusion

This work aimed to investigate the feasibility of the electro-
chemical hydrogen looping system to capture carbon dioxide
from seawater under real world conditions. The findings pre-
sented in this manuscript provide more insight into the
electrochemical energy consumption of the relatively new EHL
technology and the challenges that occur when realistic sea-
water is employed as an electrolyte for the first time.

To benchmark our EHL setup compared to previously
reported research, synthetic seawater was utilized. These
results demonstrated that our cell operates with a 25%
reduction in cell potential relative to the best-performing
system reported in the literature."® This optimal working point
was the result of a parameter study, varying the current density
and SSW flow rate to achieve an EEC of 77.5 k] mol™ CO,,
recorded at a flow rate of 15 mL min~" and a current density of
2 mA cm 2,

Subsequently, the EHL system was subjected to the utiliz-
ation of realistic seawater, introducing additional ions and
thereby identifying some of the challenges that this technology
will face under real world conditions to, ultimately, become
industrially feasible. Here, the anticipated issue of salt for-
mation, inherent to the characteristics of the technology was
confirmed, giving rise to salt precipitation on the platinum
cathode, in the cathodic flow field, and on/in the membranes.
SEM-EDS measurements illustrated the latter on a microscopic
level and additional chronopotentiometry experiments estab-
lished the magnitude of membrane scaling, which resulted in
an elevated cell voltage after only one hour of operation. Still, a
record-low EEC of 100.8 k] mol™ CO,. was documented at a
current density of 5 mA cm™> while employing a RSW flow rate
of 25 mL min~" in both the middle and cathodic compartment.

Finaly, the issue of salt precipitation and membrane
scaling was addressed with the introduction of an in situ acidic
wash step, during which the cathodic and middle compart-
ments were periodically washed using an aqueous HCI solu-
tion. After preliminary optimization of this mitigation strategy,
an increase in performance during long-term operation was
recorded. Consequently, the cell voltage increased by only
0.106 + 0.004 V over 10 hours of operation while without miti-
gation an increase of 0.191 + 0.026 V was already recorded
after four hours of operation. The former was established
when performing a wash step with 0.5 M HCI at 45 mL min™"
for 10 minutes every hour while operating the reactor at 5 mA
cm ™2 with a RSW flow rate of 25 mL min™".

While these results emphasize the potential of this young
technology for industrial oceanic carbon capture and utiliz-
ation, further optimization to counter salt precipitation and
membrane scaling remain necessary. Especially looking
toward real world application at industrially relevant current
densities, the necessity for a reliable and green mitigation
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strategy only increases. Together with electrochemical reactor
engineering, for example by developing thinner spacers to
further reduce the cell resistance and corresponding electro-
chemical energy consumption and the development of
improved membranes, have the potential to make the electro-
chemical hydrogen looping system even more sustainable and
to advance this young technology toward real world industrial
application.
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