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ARTICLE INFO ABSTRACT

Handling Editor: Jason Michael Evans Carbon capture and utilization technology is the research stream dedicated to mitigating the pressing effect of

rising atmospheric carbon dioxide (CO3). The present study investigates a potential environmentally conscious

Keywords: solvent to capture and utilize CO, using waste concrete and seawater under reactor conditions. Although sea-
Carbon capture and storage water’s CO2 soubility is low due to salinity, waste concrete raises seawater’s pH and alkalinity, acting as a
Seawater

feedstock for CO; dissolution and offsetting the adverse effects of salinity. To evaluate the performance of the
novel natural seawater-concrete solutions for COy capture, time-dependent pH changes of solutions exposed to
CO, were measured in a microchannel using fluorescence microscopy. The concentration of dissolved CO5 in the
solution was derived from pH change, revealing a 4-fold increase in the total dissolved carbon from 0.034 to
0.13 M and a 57.54% increase in the CO, dissolution coefficient from 530 to 835 um?/s in seawater upon
concrete addition. Electrolysis further enhanced the CO, capture capacity of the seawater-concrete solution by
increasing the pH, enabling the solid precipitation of carbonate minerals. Raman spectroscopy and scanning
electron microscopy showed that electrolysis-driven precipitates are mainly amorphous calcium carbonates,

Waste concrete
CO,, dissolution
Microfluidics fluorescein

useful building blocks for seashells and coral reefs.

1. Introduction

Over the past several decades, excessive anthropogenic CO; pro-
duction and emission have led to numerous environmental and societal
repercussions. The atmospheric CO; concentration has grown from 280
to 416 ppm since the beginning of the industrial revolution, delineating
the drastic influx over recent years (Nayak et al., 2022). The increased
CO, concentration has led to elevated global temperatures, warming the
earth significantly, and subsequently bringing catastrophic natural di-
sasters and exaggerated climatic phenomena, such as increased fre-
quency and intensity of hurricanes (A Pielkejr et al., 2005). The melting
of polar ice induced by global warming is another threatening issue
raising sea levels and decreasing ocean salinity (Sabine et al., 2004).
These processes have led to an alarming rate of coral bleaching,the loss
of color in coral reefs. It is estimated that over 450 million people across
more than 100 countries rely on coral reefs for their livelihoods, and
they generate an estimated $375 billion per year through the goods and
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services they provide (Ritchie et al., 2022).

Using carbon capture and storage technology (CCS), CO5 gas can be
captured from emission sources like coal power plants and stored in a
safe and permanent manner. For example, anthropogenic carbon storage
has reached 40 megatons per year as of 2020 with CCS technology (Ma
et al., 2022). Various CCS technologies have been proposed over the
decades to further improve operational efficiency and reduce associated
costs. Currently, amine scrubbing for CO, capture and injection into
saline aquifers for CO, storage, are the most prominent methods used in
real-world applications (Lv et al., 2015; Bennaceur et al., 2004). How-
ever, these available CCS methods have numerous shortcomings. In-
dustrial amine scrubbing requires a 15-30% (v/v) monoethanolamine
(MEA) solution in freshwater for CO5 absorption, invoking a significant
demand for freshwater. For example, the amine scrubbing process in-
creases the freshwater consumption of an industrial plant by an addi-
tional 38% (Magneschi et al., 2017). Amine scrubbing also requires the
regeneration of MEA at temperatures of 120-150 °C, increasing the
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Fig. 1. (a) Schematic diagram of the experimental setup containing a microscope, a microfluidic chip, a syringe pump, and a CO, cylinder. (b) Aerial view of the
microfluidic chip, clamped by two PMMA pieces with 6 screws. (c) Illustration showing the interface between CO, gas and test solution in the microchannel after
injection. (d) Time-dependent pH change (gradual color variation) of the test solution in a microchannel due to CO, diffusion.

energy demands (Jung et al., 2013). On the other hand, once CO; is
injected into geologic formations such as saline aquifers, CO, must be
converted into a safe form to prevent possible environmental risks such
as leakage. However, the high salinity of these formations hampers CO»
reactions with the surrounding fluid, leading to prolonged reaction
times (Ringrose et al., 2021).

More sustainable practices have been proposed in the literature to
overcome the shortcomings of the conventional CCS methods. We found
that natural seawater could replace freshwater in an amine-scrubbing
CO4 capture process (Ratanpara et al., 2020). The seawater-based
MEA solution yielded similar CO, absorption performance to that of
the DI water-based MEA solution. Furthermore, nickel nanoparticles as
catalysts could further improve CO5 absorption in seawater (Ratanpara
et al., 2021). While this approach would save ample amounts of fresh-
water, the issues of toxic amine solvents and energy-intensive regener-
ation processes persist.

To move towards CO capture processes independent of the harmful
chemical MEA, we investigated the role of alkaline metal ions in the
capture process. Indeed, researchers have utilized industrial wastes
containing alkaline earth metal ions, such as calcium (Cau) and mag-
nesium (Mg“) ions, for CO, capture and storage in freshwater (Botha
and Strydom, 2001 Skocek et al., 2020). For example, integration of
carbon sequestration into the curing process of concrete shows great
potential (Kazemian and Shafei, 2023). While this process shows
promise as a carbon storage option, the capture of the CO, gas remains
unanswered. Similarly, many other industrial wastes haven’t been
studied under reactor or reactor-simulating conditions, but their po-
tential has been demonstrated (Baena-Moreno et al., 2022). Alkaline
hydroxides increase pH, which increases CO3 solubility, and the alkaline
metal ions form ionic bonds with dissolved carbonate ions precipitating
into carbonate minerals (i.e., CaCO3 and MgCO3). Other waste products,
such as fly ash, steel slag, and concrete waste, also contain ample Ca®** or
Mg>" ions. Concrete is considered one of the most abundant materials in
the world (Gagg, 2014). Therefore, this seemingly useless industrial
waste may prove to be a viable feedstock for sustainable CO, capture.

In this study, we analyze the effects of concrete in natural seawater
for CO, capture and storage under reactor-like conditions (i.e., high COy
concentrations). The CO, solubility in natural seawater is inherently
lower than in freshwater due to its salinity. However, with the addition
of alkaline minerals from concrete, seawater can be effective for CO5
capture. Also, with an innate abundance of alkaline ions, seawater-

concrete solutions show great potential for enhanced CO, storage. To
evaluate the CO; capture performance of the seawater-concrete solu-
tion, COy solubility, and the dissolution rate were measured in a
microfluidic environment, and comparisons were made between natural
seawater and deionized (DI) water-based solutions. The potential for
CO, storage using seawater-concrete solution was also analyzed through
electrolytic experiments, and the precipitated carbonates were exam-
ined. This study shows potential of implementing the environmentally
benign concrete-based seawater solution in industrial CO; capture
facilities.

2. Materials and methods
2.1. Materials

The microfluidic channel was fabricated from 1.5 mm thick PMMA
sheets (McMaster-Carr). Uranine acid yellow 73, a pH-sensitive dye
(FL116, fluorescein), was used to measure the instant pH change during
the experiments. Natural seawater was collected from the Atlantic
Ocean near the shore of Boca Raton, FL. The salinity of the seawater was
measured by a salinity tester (HI98319, Hanna Instruments) and found
to be 34.3 g/L. The concrete mix was purchased from Quikrete Holdings
Incorporation. The Eclipse TE2000-S microscope was set up with a UV
light source to conduct optical and fluorescence microscopy, equipped
with a high-speed microscope camera (IL5, FASTEC) for recording
(Fig. 1a). Pure CO3y (99%, research grade, Airgas) was used in all ex-
periments at constant pressure, controlled and measured by a pressure
controller (185756, Alicat Scientific). Test solutions were injected into
the microfluidic channel with a syringe pump (Pump 11 Pico Plus Elite,
Harvard Apparatus) to ensure a constant flowrate. For the electrolysis, a
BK precision 9131B triple output programmable DC power supply was
utilized to regulate the voltage, and a Hanna edge portable pH probe was
utilized to take pH measurements with +0.01 pH accuracy.

2.2. Microfluidic channels and test solutions

To fabricate microfluidic channels, PMMA sheets were cut by a CO;
laser cutter after being modeled in AutoCAD. The cut pieces were
thermally bonded with a solution of 70% isopropyl alcohol and 30%
ethanol at 50 °C for 30 min. Due to low temperature bonding, the
channel shape was intact after the bonding (Nayak et al., 2010). The
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straight microfluidic channel was 80,000 pm long with a 1500 x 1500
pm? rectangular cross-section, having one inlet and one outlet port
(Fig. 1b). A special nanoport fitting (N-333, Idex Corp.) was used to
ensure the effective injection of solutions and CO, gas. To minimize the
leakage of solutions, the microfluidic chip was clamped with two PMMA
pieces (top and bottom) and 6 screws (Fig. 1b).

Four test solutions were prepared for experiments to evaluate CO,
dissolution: DI water, DI water with 10 g/L concrete powder (DI water-
concrete), seawater, and seawater with 10 g/L concrete powder
(seawater-concrete). DI water and seawater were used as control solu-
tions compared with their concrete counterparts. From elemental anal-
ysis by microwave plasma optical emission spectroscopy (MP-OES), we
found that a 50 g/L concentration of concrete induced 44% more cal-
cium ions present in a solution after filtration than at 10 g/L concrete,
and negligible pH differences were observed. Along with calcium, other
elements in different solutions were also analyzed with MP-OES (Sup-
porting Information). Therefore, a 10 g/L concentration of concrete was
chosen in both DI water and seawater, as our observations showed that
greater concentrations of concrete were less effective in increasing so-
lution alkalinity and pH with respect to the amount of concrete added. It
should be noted that alkalinity change with respect to the amount of
concrete added will vary depending on the source of concrete (i.e.,
waste-concretes, in-situ concretes, etc.). Water-concrete solutions were
mixed for 15 min with a magnetic stirrer and then filtered through 2.5
pm pore-size filter paper to remove undissolved particles. pH-sensitive
fluorescein in a concentration of 200 pM was then added to each test
solution. Due to the photosensitivity of fluorescein, all the experiments
were conducted in a room with minimal light to minimize the photo-
bleaching effect.

2.3. Fluorescence microscopy for CO2 dissolution

CO,, dissolution lowers the pH of the solutions resulting in a change
in fluorescein intensity. We used the fluorescein’s emission intensity at a
given time and distance within the microchannel to determine the so-
lution pH (see the Results and discussion section for details). First, the
microchannel was placed under the microscope for fluid and gas injec-
tion. The volume of the test solution in the microchannel was controlled
at 90 pL for consistency. Once injected, the solution inlet was closed,
followed by CO4 gas injection on the other inlet port at a constant 0.5
PSIG. Throughout the experiment, the solution was kept static. As soon
as the interface between CO, gas and the test solution was formed, the
changes in emission intensities from fluorescein were recorded at 30
frames per second in real-time using the camera (Fig. 1c and 1d). The
room temperature was kept at 22 °C, and the ambient lighting was
maintained dark consistently. The experiments with each test solution
were repeated four times for reliable results with less than 5% standard
deviation. Unlike the other conventional pH measurement techniques,
this set up did not require the conventional pH probe, creating an un-
disturbed environment for testing (Marinenko et al., 1986; Monteiro
et al., 2021). Additionally, this set up enables spatially and temporally
resolved pH measurements in 1D allowing us to track dynamic pH
change throughout the microchannel at 5 ym and 10 ms, respectively.

2.4. Image processing

Information on real-time changes in fluorescein’s emission intensity
along the channel was extracted from the recorded experimental video
in MATLAB. It should be noted that the changes in emission intensity
perpendicular to the channel were negligible and hence, averaged out
for simplification in further analysis. Intensity changes along the chan-
nel were then mapped onto a calibration curve relating intensity to pH,
providing the corresponding pH changes.
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Fig. 2. Calibration curve of pH as a function of fluorescein’s emission intensity
fitted to a 4th-degree polynomial function along with error bars. The error bars
are invisible because of the small values.

2.5. Electrolysis for CO2 storage

Electrolysis was needed to study the seawater-concrete solution for
CO4, storage. This process invokes drastic changes in local pH near the
electrodes to drive precipitation. A conventional electrolysis H-cell was
used and filled with solution. A platinum-coated titanium electrode was
placed on each side of the H-cell. The DC power supply then provided
power at 30 V and 6 amps for 5 min. To evaluate the electrolysis per-
formance, the solution pH was measured before and after the electrolysis
using the portable pH probe.

2.6. Raman spectroscopy and electron microscopy

The precipitates from electrolysis experiments were analyzed by
Raman spectroscopy as follows. The precipitates were transferred to
centrifuge tubes and isolated by centrifugation at 4000g for 5 min. Su-
pernatants were discarded, and the precipitates were washed five times
with HPLC-grade water with repeated centrifuging. The washed pre-
cipitates were transferred to a CaFy microscope slide and dried under
vacuum at 30 °C overnight. Raman spectra were collected from the dried
samples using a HORIBA XploRA ONE Raman microscope (532 nm laser,
10x objective, 2400 g/mm grating, 100 pm hole, 50 pm slit). Spectra
from reagent grade CaCO3 and MgCO3 were collected in the same
manner for comparison. Scanning electron microscopy (SEM) was per-
formed on precipitates using a Coxem EM-30N microscope. For scanning
transmission electron microscopy (STEM) and energy dispersive spec-
troscopy (EDS), precipitates were placed on formvar-coated copper grids
and analyzed by a 120 kV JEOL JM-1400 transmission electron micro-
scope in a beryllium sample holder.

3. Results and discussion
3.1. pH calibration of fluorescein

For the calibration of pH changes to fluorescein’s emission intensity,
nine different buffer solutions were prepared using a mixture of potas-
sium dihydrogen phosphate (KH2PO4) and sodium hydroxide (NaOH).
These buffers had pH values ranging from about 4 to 7, within the pH
sensitivity of fluorescein between 3.5 and 7 (Diehl and Markuszewski,
1989). With a 200 uM concentration of fluorescein, the intensity values
of all the solutions were measured and subsequently plotted against pH.
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Fig. 3. Local solution pH changes along the channel at different time steps after injection and their exponential curve fits as dashed lines for (a) DI water, (b) DI

water-concrete, (c) Seawater, and (d) Seawater-concrete solutions.

Fig. 2 shows the calibration results with a polynomial curve fitting the
measured data with R? = 0.998. The maximum relative standard devi-
ation of the pH measurements was 1.5%.

3.2. CO; dissolution analysis

The CO5 dissolution and its rate can be estimated by the time-
dependent change of solution pH caused by COy absorption. The ab-
sorption of gaseous CO3 in an aqueous solution is diffusion-driven (when
there is no convective flow) and governed by Henry’s law (eq (1)),
where Ky represents Henry’s constant, which is used to find the theo-
retical CO; solubility in a given solution. Upon absorption, CO; reacts
with water to form carbonic acid, which deprotonates into bicarbonate
and carbonate ions while producing H" ions, decreasing pH (egs (2)-

(4).

COx 2 COY ¢h)
COnag) + H 0SS HyCOx ) 2
HyCOy ) SHY + HCO;,, 3
HCOy,,SH' + CO%, )

Here, K¢, K3, and K, denote equilibrium constants in each reaction,
which can be calculated with empirical models (Millero et al., 2007).

Fig. 3 shows the time-dependent pH changes along the channel for four
test solutions at time steps of 75, 100, 125, 150, and 175 s after the
gas-fluid interface (i.e., meniscus) was formed. Each dataset at a given
time step was averaged with four experimental results. The typical error
of these results is negligible (for example, the maximum error is 0.1%
in DI water). Since the pH sensitivity of fluorescein is limited to a
maximum of 7, the measured pH asymptotes at 7 in all the solutions,
regardless of initial pH. In all experiments, the lower pH is observed
closer to the meniscus (0 pm) due to the more prolonged exposure to
CO,. The pH values increase with different gradual slopes along the
channel according to the inherent CO3 dissolution characteristic in each
test solution. It should be noted that the time-dependent changes of pH
values with different slopes at different times provide different degrees
of CO, dissolution rates. At 175 s after CO5 injection, a variation of
solution pH was observed at 1800 + 25 and 1320+ 25 pm in the DI water
(Fig. 3a) and seawater (Fig. 3c), respectively. In comparison, pH vari-
ances were observed at 2150 + 25 pm and 1730 + 25 pm for DI
water-concrete (Fig. 3b) and seawater-concrete (Fig. 3d), respectively.
The shorter distance from the meniscus to the intact solution at pH 7 (i.
e., where no observable pH change has occurred) indicates that the CO4
dissolution occurs more slowly due to the lower dissolution rate or
diffusion rate, therefore transferring CO2 molecules less effectively from
the meniscus toward the solution inlet (Fig. 1¢). This behavior is more
noticeable in seawater-based solutions (Fig. 3c and d) than in
DI-water-based ones (Fig. 3a and b).

Inherently low dissolution of CO5 in seawater is well documented,
attributed to salinity effects (i.e., increased salinity contributing to a
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Fig. 4. Estimated CO, concentrations along the channel (symbols) and the diffusion models (dotted lines) at different time steps in (a) DI water, (b) DI water-

concrete, (c) Seawater, and (d) Seawater-concrete solutions.

reduction in CO dissolution) (Seo et al., 2020). However, the results
suggest that adding waste concrete increases CO9 dissolution signifi-
cantly in both seawater and DI water, increasing CO, absorption, which
is seen in the distances where the pH values vary. This phenomenon is
because CO; is dissolved more actively in an alkaline solution. When
concrete is added to an aqueous solution, calcium oxide (i.e., lime) in
concrete is dissociated, increasing pH and Ca2! concentration and
making the solution alkaline, which are favorable conditions for COy
dissolution (Seinfeld and Pandis, 2008). The pH of DI water was
measured, increasing from 7 to 10, while the seawater pH increased
from 7.8 to 9.5 by adding 10 g/L concrete.

By comparing the pH variation of the solvent, we found that the
seawater-concrete solution performs lower than pure DI water (ie.,
1730 pm in seawater-concrete in Fig. 3d vs. 1800 pm in DI water in
Fig. 3a) even after the concrete had been added. This behavior is due to
the inability to measure the change in fluorescein’s emission intensity at
basic pH. The initial pH of seawater, seawater-concrete, and DI water-
concrete solutions were all greater than 7, impossible to be measured
by fluorescein. To estimate the pH change greater than 7 based on the
measured data, we used an extrapolation method, providing a curve fit
for the pH-distance relationship using exponential and polynomial
functions. Exponential functions were found to be the best representa-
tion of the data with R? values closest to 1 and were used to extrapolate
pH values beyond 7 (Supporting Information). It should be noted that
the results with exponential functions provide conservative estimations;
for example, in DI water (Fig. 3a), the distance from the meniscus to the
location with pH 7 is much shorter in calculation with exponential
functions than observation from the experiments. Additionally, diffusion
is typically modeled with exponential functions (Chen et al., 2017). With
the extrapolation, the distance of pH variations can be approximated as

1746 pm and 1611 pm in DI water and seawater, respectively, at 175 s.
Similarly, with the addition of concrete, the pH variation reaches 3398
pm and 3123 pm in DI water-concrete and seawater-concrete solutions,
respectively. This suggests that the seawater-concrete solution would
perform better for CO, dissolution than pure DI water.

To estimate the amount of dissolved CO5 in the solvent (i.e., solu-
bility) from pH measurements, we considered the speciation of dissolved
CO4, in an aqueous solution using eqs (1)-(4). Here, we develop a model
for CO; dissolution based solely on pH change under current experi-
mental conditions (see SI for details). A more comprehensive model
would be required to accurately predict CO» dissolution if the concrete
contains major amounts of CO; dissolution hindering compositions, like
salt. The concentration of total dissolved CO, (TDC) at time t, [COo
(el is equal to the sum of all possible “forms” of CO, and is expressed
in eq (5). With the assumption of rapid equilibrium, the equilibrium
constants in eqs (2)-(4) can be expressed as shown in eq (6) (Mitchell
et al., 2010). To determine the concentration of carbonic acid at any
given time t, we formulated eq (7) (Supporting Information), where the
subscript 0 represents the values at t = 0 while the subscript t represents
the values at t. At some time after CO; exposure, the change in [H"] and
[OH™] represents the amount of [H'] generated from CO, dissolution
over that time. Using eqs (6) and (7), the concentration of carbonic acid
can be expressed in eq (8) at time t, which can be determined from the
pH measurement.

[COx o)) = [CO2ug |, + [H2COs], + [HCO; | + [CO5] (5)
K. — [H:COs], _ A, [HCO ], :[H+][[CO§’L ©
¢ [COwg], T €Oy T [HCO, ],
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[H'], = [OH ", = [H"], - [OH], — [HCO; |, —2[CO5 ], @

[H']} — K,[H'], + [OH ], — [H]))[H'];
Ki([H'], + 2K>)

[H2CO03g)| = ®
To determine TDC at any given time t, we combined egs (5) and (6) to

get eq (9). This equation shows that measurements of initial pH, real-

time pH, and empirical equilibrium constants can provide the estima-

tion of temporal changes in TDC. With eq (9), the change in TDC can be

estimated from the change in pH and equilibrium constants.

1 Kl K] Kz

I — ©)]

[COxrpe) |, = [HoCOs), VTw T

Fig. 4 displays temporal changes in CO; concentration according to
the distance along the microchannel at three different time steps at 75,
125, and 175 s. The CO, concentration was estimated using eq (9), based
on the pH regression data in Fig. 3. In all test solutions at different time
steps, the CO, concentration decreases exponentially along the channel
and reaches zero, where no CO5 dissolution occurred. In addition, the
CO, concentration increases at the same location with time as CO,
dissolves. For example, TDC is 0.010, 0.028, and 0.049 M at the
meniscus at 75, 125, and 175 s in DI water. On the other hand, at a given
time step, TDC differs at the same channel location in different solutions.
The pH change after 150 s is negligible in all the test solutions and
started to saturate from the meniscus. At 175 s, the estimated CO,
concentrations at the meniscus are 0.049M (2.14 g/L) and 0.0347 M
(1.49 g/L) in DI water and seawater, respectively. These concentrations
increase to 0.57 M (25.08 g/L) and 0.129 M (5.72 g/L) in DI water-
concrete and seawater-concrete, respectively. These values represent
the solubility of the CO; in respective solutions. Moreover, these in-
creases indicate that the waste concrete enhances CO5 dissolution in DI
water and seawater with 12 times and 4 times increase, respectively,
compared to their counterparts without concrete. The CO; solubility
results of the seawater is 0.0347M which is well aligned with Henry’s
law at near atmospheric value of CO, (0.5PSIG) with 0.0007M differ-
ence (Li et al., 2018). Many parameters like handling of the sample,
calibration, testing instrument’s accuracy can be sources of error. In the
current approach considering the pH meter accuracy, the error propa-
gation calculations show the error in the experimental results are 3.6 pM
(0.007%), 34 uM (0.1%), 292 uM (0.05%), 5.2 pM (0.04%) in DI water,
seawater, DI water-concrete and seawater-concrete, respectively. Based
on the previously published article, the average CO; dissolution and
total alkalinity measurement reports are 0.5 to 0.1% accurate (Bockmon
and Dickson, 2015). In comparison to the report analytics, this method
yields better results.

In addition to the COs solubility, the rate of CO, dissolution into the
test solutions was estimated. The gas dissolution into a solution is
generally governed by diffusive and convective mass transport (LIU
et al., 2016; Seager et al., 2018; Wang et al., 2020). In our experiments,
convective effects are negligible as no macroscopic mass transport
occurred while temperature and pressure are maintained constant. It is
clear in the literature that the diffusion coefficient of COy gas in an
aqueous solution is directly proportional to its dissolution rate when
there is no convective motion of the fluid (Cho and Choi, 2019).
Therefore, a semi-infinite, one-dimensional diffusion model, called
Fick’s law of diffusion (Chen et al., 2017; Crank, 1979; Sell et al., 2013)
(eq (12)), was used to find the diffusion coefficient and to study the
effect of concrete on dissolution rate. To obtain the diffusion coefficient,
the plots of CO;, concentration in Fig. 4 were fitted to Fick’s diffusion
model where the gas-liquid interface is considered the highest concen-
tration of COz (¢o). Here, D represents the diffusion coefficient (um (A
Pielkejr et al., 2005)/s), x is the distance in the direction of diffusion
(pm), and t represents the time (s).

x
¢ =cperfc (\/m> 12)
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Table 1
Estimated diffusion coefficients for different test solutions.

Solution D (um (A Pielkejr et al., 2005)/s)
DI water 800

DI water with concrete 2600

Seawater 530

Seawater with concrete 835

The dotted lines in Fig. 4 show the diffusion models, fitted to eq (12),
for the four test solutions at 75, 125 and 175s after the meniscus is
formed. Fig. 4 shows that the experimental results align well with the
theoretical models. Using these models associated with eq (12), we
estimated the diffusion coefficient D, as shown in Table 1. It should be
noted that, although diffusion models are shown in Fig. 4 at three-time
steps for better visibility, D in Table 1 represents the average value with
five-time steps. Based on diffusion coefficients in Table 1, it can be
estimated that the rate of dissolution in seawater (530 pmz/s) is lower
than that of DI water (800 pm?/s), corresponding to our observations of
CO4 solubility in Fig. 3. As aforementioned, the strong ionic activity of
the salt in seawater hinders CO; dissolution. However, the diffusion
coefficient of seawater improves by 57.54%, surpassing that of the DI
water despite salinity effects, with the addition of 10 g/L concrete.

The DI water-concrete solution had an average diffusion coefficient
of 2600 um?/s, the highest among all test solutions in this study. It
should be noted that the CO, concentration data near the meniscus does
not completely align with the theoretical model. This discrepancy is
probably attributed to calcium carbonate precipitation observed in the
microchannel, which was most likely driven by the high pH. The high
alkalinity promotes the formation of carbonate ions (CO%’), which
combine with calcium ions (Ca?"). This precipitate was redissolved as
CO- invokes acidity, buffering pH change (Fig. 3b and Supporting In-
formation). The seawater-concrete solution also contains ample
amounts of calcium ions, but precipitation was not observed in the
microchannel. This is likely due to a lower pH than the DI water-
concrete solution and the presence of other dications (i.e., Mg2+) and
organic compounds, which may slow precipitation (Moras et al., 2022).
Nonetheless, as discussed in Section 3.3, the potential to store CO; in the
form of solid calcium carbonate still exists in seawater-concrete solu-
tions with proper modifications of fluid properties.

3.3. CO; storage analysis

One critical benefit of seawater-concrete-based CO5 capture is the
high possibility of creating biologically benign carbonate minerals
simultaneously from the associated COs-water reactions, which are an
important building block for many sea creatures, such as shells and coral
reefs. In the ocean, precipitation naturally occurs, forming various
minerals (Coggon et al., 2012). However, under a test environment,
mineral precipitation was not observed in the seawater-concrete solu-
tion, although substantial amounts of alkaline dications are available.
This is because of the absence of bio-organisms that incite precipitation
and atmospheric temperature (Turchyn et al., 2021). An increase in the
temperature of the seawater-concrete solutions may drive precipitation
(Riding, 1992), but this process could be very energy-demanding,
especially at a large commercial scale. As an alternative, we propose
to use electrolysis to drive carbonate precipitation, although further
studies on costs/benefits comparing lowering temperatures to electrol-
ysis are required to determine the most practical approach on a com-
mercial scale. Since seawater is an electrically conductive solution,
electrolysis can be directly performed without any additional conduc-
tive agents. Additionally, seawater electrolysis produces industrially
sought-after gases (i.e., hydrogen, chlorine, and oxygen) as byproducts.
There have been many studies published in a similar field (Xia et al.,
2023; Yan et al., 2022). Electrolysis drives the precipitation of alkaline
carbonate minerals (carbon storage) by drastic shifts in the protonation
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Fig. 5. Raman Spectra of (a) Seawater-concrete precipitates, (b) DI water-
concrete precipitates, (c) Pure CaCOs, and (d) Pure MgCOs3.

states, and hence equilibriums of carbonate species. Upon electrolysis
the local pH nearthe cathode increases substantially,causing the over-
whelming majority of carbonic acid and bicarbonate ions to dissociate
forming carbonate ions (Cosmo et al., 2023). These carbonate ions may
then precipitate with alkaline ions into alkaline carbonate minerals.

Electrolysis was performed in the same seawater-concrete solutions
used for CO, capture and storage. After 5 min of electrolysis, the local
pH near the cathode increased to 12, and we found that this was suffi-
cient for considerable precipitation to occur. To analyze the precipitated
minerals, Raman spectroscopy was performed. Raman spectra of pre-
cipitates indicated that both DI water-concrete and seawater-concrete
solutions yielded calcium carbonate (Fig. 5).

The presence of distinct lattice vibrational bands at 152 and 279
em ™! in the Raman spectrum of the DI water-concrete precipitate sug-
gests calcite formation. A lack of lattice vibrational bands and a
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broadened internal vibrational band at 1080 cm ™" in the spectrum of the
seawater-concrete precipitate indicate an amorphous calcium carbonate
(Wang et al., 2012). Electron microscopy was used to further analyze the
structure of the precipitates. SEM images showed a more ordered
structure for the precipitate from DI water-concrete solutions compared
to seawater-concrete solutions (Fig. 6). This confirms the observation
from Raman spectra that precipitation in seawater-concrete was likely to
be amorphous. The presence of numerous ionic species, particularly
magnesium, in the seawater-concrete solution, is likely responsible for
the amorphous state of seawater-concrete precipitates (Wang et al.,
2012). It should be noted that this amorphous state of CaCO3 is more
useful in the growth of aqua health (i.e., corals, crustaceans, etc.) (Mass
et al., 2017). The precipitates were analyzed by MP-OES, and to our
surprise the seawater-concrete precipitate contained more magnesium
than calcium (Supporting Information). This was confirmed by scanning
transmission electron microscopy (TEM) paired with energy-dispersive
spectroscopy (STEM-EDS) which showed precipitates dominated by
magnesium signals (Fig. 6e). The strong presence of magnesium in the
seawater-concrete precipitate is likely a result of its greater concentra-
tion in the seawater-concrete solution (Supporting Information) and its
theoretically more rapidly forming hydrated carbonate complexes than
calcium (Hu et al., 2020).

4. Conclusion

Freshwater-amine solutions have shown excellent CO dissolution in
commercial power plants. However, the scarcity of freshwater, toxicity
of amine chemicals, and cost- and energy-intensive operations deem
water-amine unreasonable for large-scale applications. As a more sus-
tainable option, this study shows that waste concrete-seawater could be
a potentially effective solvent for CO5 capture and storage, which can
possibly be used in industries as an environmentally green solution. The
waste concrete raises the solution pH (from 7.8 to 9.5) and alkalinity in
seawater solutions. With the addition of concrete, the maximum TDC
estimated from the change in pH is increased by a factor of 12 and 4, and
dissolution rates increase by 225% and 57.54% in DI water and
seawater, respectively. In addition, the seawater-concrete solution was

Spm

Iron Magnesium

Spm Spm

Fig. 6. SEM images of (a) Seawater-concrete precipitates, (b) DI water-concrete precipitates, (c) Pure MgCOs, and (d) Pure CaCOs3. The scale bar represents 10 pm.

(e) TEM image with STEM-EDS analysis for seawater-concrete precipitates.
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subjected to electrolysis following the controlled contact with CO» to
favor the precipitation of carbonates as an alternative storage option.
Raman spectra and SEM analyses determine seawater electrolysis yields
amorphous calcium and magnesium carbonates, effectively storing the
captured carbon. The highest CO, dissolution of the proposed study is
around 5.72 g/L, which is significantly lower than the conventional
methods like amine scrubbing (more than 100 g/L with similar physical
parameters to this study) (Jou et al., 1995). However, this method could
be viable if other parameters like regeneration, cost of solvent, in-situ
storage, and environmental impact are considered. Before speculating
the proposed method’s implementation into existing industrial CO2
capture and storage technologies, a thorough cost benefit analysis is
required. Additionally, to verify the performance of the proposed solu-
tion on an industrial scale, a large-scale experimental analysis will be the
focus of future work.
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