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ABSTRACT: Coral reefs suffer from climate change, including long-term ocean acidification
(OA) and warming and short-term bleaching, tropical storms, and pollution events, all of
which are increasing in frequency and severity. It is urgent yet unclear how to intervene to save
coral reefs. Reversal of the ocean pH to preindustrial levels could restore coral reefs to their
preindustrial growth rates; however, strategies to reverse OA on environmentally relevant
scales have not been established. Anecdotally, electrolysis seems to help coral reefs recover
from acidification and short-term events, but few uncontrolled studies support such claims.
Here, using two independent continuum simulation approaches (COMSOL and CrunchFlow),
we show the effect of electrolysis on seawater chemistry relevant to coral reef survival and
growth. We conclude that near the negative electrodes, the cathodes, seawater pH,
supersaturation, and carbonate concentration all increase significantly. Electrolysis of seawater,
therefore, can be used to restore preindustrial ocean conditions locally to save coral reefs, an
approach termed eCoral here. We anticipate these simulation results to be the starting point
for controlled experiments to test whether seawater electrolysis promotes coral reef growth and restoration, as these simulations
predict.

Using seawater electrolysis to increase ocean pH to supersaturated with respect to aragonite (CaCO;), meaning
preindustrial levels is the most promising strategy to that their conditions induce net precipitation, but by 2050 they
mitigate the lethal effect of climate change on coral reefs. Coral are predicted to switch to net dissolution of aragonite."’
reefs suffer from climate change,' including long-term ocean Organisms that form aragonite skeletons therefore may no
acidification and warming, plus short-term bleaching, tropical longer be able to do so in 25 years. All corals that form a hard
storms, and pollution events, all of which are increasing in skeleton, termed stony or scleractinian corals, have been
frequency and severity.” Corals that host symbiotic dino- depositing exclusively aragonite skeletons since the mid-
flagellates, expel them at high temperatures, a behavior termed Triassic, 240 million years ago (Ma);'" thus, they are not
coral bleaching,” and if the temperature remains elevated for expected to survive or make skeletons in the second half of this
several weeks they die. Ocean acidification (OA)," instead, is century.'’ Coincidentally, the 7.7 pH predicted for 2100 is
constantly and linearly progressing since industrial times, with identical to that estimated for 240 Ma'® when scleractinian
seawater pH decreasing from 8.2 in 1800 to 8.0 today, and corals first appeared, but of course we cannot expect corals to
predicted to reach 7.7 by 2100.° pH has a unique adapt in decades rather than millions of years."’

thermodynamic definition (pH = —logo(ay’), where ay: is Bleaching events are short-lived but increasing in frequency

the H* activity or free concentration, but the term “pH” has
been used by various scientific communities in association with
different measurement procedures and assumptions.” The
above pH values 8.2, 8.0, and 7.7 use the most common
definition in seawater geochemistry (pH = —log,, [H*], where
[H*] is the H molal concentration.® Using the thermody-
namic definition, the preindustrial, current, and end of century
pH values are 8.4, 8.2, and 7.9, respectively. Interventions to
reduce atmospheric CO, are being proposed,”® but their effect
is going to be too slow for coral reefs’ survival. Directly
addressing OA by increasing ocean pH could more rapidly
restore coral reefs to their preindustrial growth rates’ and thus
ensure their survival.

It is urgent yet unclear how to intervene to rescue coral reefs
from both OA and warming. Currently, oceans are still

and duration,'* and OA is constantly worsening; thus,
interventions to save corals and the entire reef ecosystems
they support are urgently needed. Most interventions, thus far,
include reintroduction, after bleaching events, of coral
fragments,lS which have limited success and are unfeasible
on a global scale. Reversal of OA, however, enhances
calcification in coral reefs and may significantly help corals
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Figure 1. Simulation results of pH and supersaturation (Qaragonite) at the cathode in seawater, plotted as a function of distance from the cathode, at
different times (1 s to 1 day) at 3 different current densities. Simulation results were obtained using CrunchFlow at 28 °C.
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Figure 2. Simulation results of calcium and carbonate concentrations at the cathode, plotted as a function of distance from the cathode, at different
times and current densities as in Figure 1. CrunchFlow results were at 28 °C.

survive both OA and bleaching events.” Instead of chemically
reversing OA, a completely different approach involving
electrical currents in metal grids (i.e., electrolysis’) has been
used for decades,'®'” but, surprisingly, there have not been
controlled studies to quantify the effect of water electrolysis on
coral reef growth, to see if corals benefit from seawater
electrolysis, and, if so, why. Anecdotally, direct seawater
electrolysis enhances coral growth rate, protects corals during
bleaching events and during the seawater turbidity events that
follow tropical storms and kill surrounding corals.'®'® These
statements, however, remain anecdotal because without
control, nonelectrified grids with precisely the same corals, in
the same environment, at the same time as electrified grids, a
rigorous comparison is impossible. Such controlled experi-
ments have never been done, and as a first step, it is prudent to
examine and test the theoretical validity of this approach. To
this end, we set out to simulate electrolysis in seawater, as
previously done in other systems,'” in order to evaluate
beneficial or detrimental chemical conditions for coral growth
on electrified grids.

Here, we used two independent approaches (COMSOL
Multiphysics and a version of CrunchFlow that includes
electrical currents’®) to simulate the response of all relevant
seawater parameters in proximity of the working negative
electrodes. These simulations take into account diffusion,
migration, and acid—base reactions of the 15 most abundant
ionic species in seawater using a comprehensive set of activity
coeflicients. They also take into account convection, that is,
mass transport due to ocean currents. These simulations
helped understand the dynamics of the calcium and carbonate
speciation in the vicinity of the two electrodes where water
oxidation'” takes place. The negatively charged electrode is the
cathode, where the pH increases due to hydroxide formation
and H, gas evolves. Corals should be installed directly on or
near the cathode. The positively charged electrode is the
anode, where pH decreases, Cl, and O, gases evolve in
seawater”' (as opposed to only O, in distilled water). The
anode should be installed downstream with respect to the
water currents in coral reefs. The results for pH, super-
saturation with respect to aragonite (Qaragonite), calcium, and
carbonate concentrations by the cathode are presented in
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Figure 3. Simulation results for the transient and steady-state pH and supersaturation (Qaragmte) near the cathode, again plotted as a function of
distance from the cathode, after 6, 12, and 24 h and at steady state, which is reached after 7 days, using 3 different current densities. Simulation

results obtained using COMSOL at 28 °C.
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Figure 4. Simulation results for the transient and steady-state Ca and carbonate concentrations near the cathode, again plotted as a function of
distance from the cathode, after 6, 12, and 24 h and at steady state, which is reached after 7 days, using 3 different current densities. Simulation

results obtained using COMSOL at 28 °C.

Figures 1 and 2. The same parameters by the counter
electrode, the anode, are presented in Figure S1 and S2.

Importantly, the pH used in the simulations is the
thermodynamic definition, which includes the activity of
protons (aH+):6

This thermodynamic definition of pH is important to use in
the simulations to account for and simulate the (bi)carbonate
equilibrium properly. Using the thermodynamic definition, the
current seawater pH is 8.2; thus the simulations in Figure 1
and Figure S1 converge to this value at a distance of a few
centimeters from the cathode and the anode, respectively.
From thermodynamics, the aragonite supersaturation

(Qaragonite) is defined as

aragonite

Aca**dco,>”

K,

12208

where K, is the solubility product of aragonite from seawater,
K, = 10-82422

From the results in Figures 1 and 2, we conclude that, even
at relatively low current densities (I = 0.01—0.05 A/m?) the
seawater conditions near the cathode are much more favorable
to aragonite formation than those in bulk seawater, with much
higher pH, and carbonate concentrations up to 3.3 cm from
the cathode. Note that the Ca®* concentration decreases only
very slightly near the cathode, leading to an overall marked
increase of €, ;onie- The equal and opposite results at the
anode are presented in Figures S1 and S2.

To understand the mass-transfer “boundary layer” between
the surface of the cathode and bulk seawater with higher
fidelity, COMSOL Multiphysics was used with a linear
convective velocity of 1 m/s, which is representative of
ocean current velocities measured by NASA.>® In contrast to
the CrunchFlow model, the COMSOL simulation uses
nonequilibrium mass-action kinetics to describe the rate of
buffer, diffusion, migration, and ion-complexation reactions

https://doi.org/10.1021/acs.jpclett.4c02715
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Figure 5. CrunchFlow and COMSOL simulation results compared. These are the same data already presented in Figures 1 and 3, plotted here on

the same scales and panels to estimate the goodness of their agreement.

within the boundary layer. This is an important feature because
near the cathode, where hydroxides are formed rapidly, the
(bi)carbonate buffer reaction is known to occur out of
chemical equilibrium.”*** The boundary-layer thickness (Lg; )
for the COMSOL model is defined using the Churchill-
Bernstein equation for cross-flow of fluid across a cylindrical
geometry to account for convection,26

s/8\4/S
Sh=03+

0.62Re'/2Sc!/3 Re
|1+
04\2/3 282000
1+ (S—)

where Sh, Sc, and Re are the Sherwood, Schmidt, and Reynolds
numbers, respectively. The boundary layer thickness was
determined based on a cathode cylinder diameter of 1 cm,
which is a typical diameter for the rebar electrodes used for
seawater electrolysis.

_lcm
BL _Sh

In this simulation, the boundary layer is where all
concentrations change from the surface reaction site out to
the bulk values (Lg; = ~3.3 cm from the cathode).

The COMSOL simulations show in Figure 3 that the
Q,agonite and pH profiles increase with an increasing current
density in close proximity to the electrodes. In addition, the
simulation elucidates the conditions near the cathode at
steady-state, which is particularly important for understanding
how coral growth will benefit from prolonged electrolysis. The
results shown in Figure 3 demonstrate that the elevated
Q,agonice and pH extend further into the boundary layer at
steady-state than during transient operation. The correspond-
ing Ca** and carbonate concentration profiles are shown in
Figures 3 and 4. The transient simulations of 30 and 50 mA/
m* no longer change with time after 6 days of electrolysis,
indicating that a steady state is reached after 6 days (Figure
S3). At 10 mA/m?, 12 days of electrolysis are required to reach
steady-state.

The COMSOL results are consistent with the CrunchFlow
results for pH and Q,,,,ne» Whereas the calcium and carbonate
concentrations are significantly different. The Ca concentration
by the cathode decreases slightly in CrunchFlow, but it

12209

increases slightly in COMSOL. In COMSOL, Ca** ions are
attracted to the negatively charged cathode and are driven
there by migration. In CrunchFlow the consideration of
additional aqueous complexes (NaHCO;, MgHCO;",
NaCO;~, CaHCO;7, CaCO,; SrHCO,;', SrCO;, CaSO,,
CaCl*, CaCl,, MgSO,, KSO,” and MgCl") as well as the
update of aqueous activity coefficient with changes in water
composition led to additional intricate coupling terms, which
were responsible for the observed small Ca** concentration
decrease. A simulation run made without the consideration of
calcium aqueous complexes resulted in the prediction of an
increase in Ca®" concentration at the cathode (not shown). In
both cases, however, the calcium concentration changes are
minimal, and not relevant, because there is plenty of Ca in
seawater, and [Ca] never limits calcification.

Carbonate ions, instead, increase by the cathode for both
simulations but by different amounts, ~3X more in COMSOL
than in CrunchFlow. In both approaches, the carbonate
concentration goes up near the cathode because the OH™ ions
produced at the cathode react with dissolved bicarbonate to
form carbonate. The discrepancy between the COMSOL and
CrunchFlow concentration profiles is due to the ion complex-
ation reactions considered by CrunchFlow, which cause Ca**
and carbonate to be complexed with other species in solution.
The COMSOL simulation considers only MgCO; complex-
ation. Thus, COMSOL finds a greater concentration of both
free Ca®* and free carbonate. Most relevantly, in both
simulations, the carbonate concentration increase by the
cathode is significant. This is important because seawater is
relatively carbonate-poor, thus increasing carbonate signifi-
cantly increases aragonite’s stability (i.e., its supersaturation),
thus favoring higher precipitation rate, biogenically or
abiotically.

The two simulation approaches are dramatically different:
one assumes that all aqueous complexation reactions are at
equilibrium (CrunchFlow), and the other uses the law of mass
action to calculate the buffer reaction rates explicitly in the
forward and reverse reaction directions (COMSOL). The
COMSOL simulation, therefore, accounts for the finite nature
of the forward and reverse buffer reaction rates, which can
result in nonequilibrium distributions of dissolved buffering
species when the rate of hydroxide generation is faster than the

https://doi.org/10.1021/acs.jpclett.4c02715
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carbonate buffer reaction rates.”* Conversely, CrunchFlow
accounts (i) for the formation of a larger number of aqueous
complexes, which is only limited by the information provided
by the thermodynamic database, and (ii) for the changes in the
activity coeflicients of aqueous species in agreement with
changes in water composition. Despite these significant
differences, the results of the two approaches are in agreement,
as demonstrated by the almost overlapping curves in Figure S.

These results are promising because they indicate that
conditions favorable for aragonite precipitation (abiotic or
biogenic alike) extend 3.3 cm from the cathode surface during
the continued electrolysis. These results demonstrate that
corals could, in principle, benefit from electrolysis, because the
pH is locally higher near the cathode, the carbonate
concentration, normally very low in seawater (40 ymol/kg of
seawater), is much greater (5% to 10x greater for 10 to 50
mA/m? respectively). The supersaturation with respect to
aragonite (Qaragonite) is also much higher. All three parameters
contribute to making the energetic cost of calcification
significantly lower, thus making it easier and/or faster for
corals to build their spherulitic aragonite skeletons.”” More-
over, the alkaline and carbonate-rich conditions enabled by
electrolysis could, in principle, help corals survive stress events.
Controlled experiments, to compare coral growth rates on
electrified and nonelectrified grids, are therefore justifiable on
the solid basis of seawater chemistry and electrolysis.

The results of two independent simulation approaches
demonstrate that electrolysis effectively and locally restores
seawater to preindustrial conditions. A scaling up to global
proportions, by using, for example, inexpensive, movable,
floating solar panels and wire electrodes is how eCoral could
potentially save entire reefs. But first, experimental validation
with living corals is necessary to measure if, by how much, and
with which values of voltage, current, current density, and
range of effectiveness corals most benefit from seawater
electrolysis.
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