Developments in the Built Environment 21 (2025) 100595

ELSEVIER

Contents lists available at ScienceDirect
Developments in the Built Environment

journal homepage: www.sciencedirect.com/journal/developments-in-the-built-environment

Check for

Enhancing sustainable utilization of iron-based alkaline solid wastes for e
carbon mineralization: Insights into CO, transport and adsorption dynamics

a,*

Gen Li", Jie Yang ", Hao Li¢, Jiaxiang Liew

, Jiasheng Huang

a,**

2 Department of Civil and Environmental Engineering, The Hong Kong Polytechnic University, Hong Kong, China

b Shenzhen Institute of Advanced Electronic Materials, Shenzhen, China
¢ China Railway Inspection and Certification Center Co., Ltd., Beijing, 100081, China

ARTICLE INFO ABSTRACT

Keywords:

Iron-based solid wastes

CO,, adsorption

Carbon mineralization

Grand canonical Monte Carlo
Molecular dynamics

Iron-based alkaline solid wastes provide substrates for carbon mineralization, addressing global warming.
However, the mechanisms of CO, transport and adsorption within their porous structures are not fully under-
stood. Using advanced grand canonical Monte Carlo (GCMC) methods, this study explores CO, transport and
adsorption in iron-based alkaline wastes under different humidity conditions. The results show that FeO and
Fep03 reduce the CO;, adsorption capacity in calcium hydroxide (CH) nanopores, a key component of these

wastes. The presence of iron-based solids causes inhomogeneous porewater distribution, diminishing COy
dissolution and adsorption on the gas-liquid interface. By analyzing adsorption energy and CO; diffusion co-
efficients, we found that iron-based porous systems have lower CO, transport efficiency and storage capacity,
highlighting their limited carbonation potential. The weak COz-surface interactions in these wastes are identified
as the primary challenge to improving carbon mineralization. These findings provide crucial insights for
enhancing the sustainable use of iron-based alkaline wastes.

1. Introduction

The exponential increase of global population and urbanization has
led to an extensive demand for fossil fuels (Lin et al., 2024), resulting in
the intensive discharge of greenhouse gases into the atmosphere (Caudle
et al., 2023). Therefore, global polices stress the limitation of COq
emission (Change, 2021) and promotion of CO, capture and storage
(CCS) (Metz et al., 2005). Among them, carbon mineralization has
emerged as a promising strategy for CCS for its long-term security and
favorable public acceptance (Matter et al., 2016). The concept of carbon
mineralization originates from the utilization of natural ores, with a
primary focus on the geologic formations (Romanov et al., 2015). These
methods center around Ca/Mg-rich underground minerals, facilitating
the permanent storage of CO, through the formation of carbonate
minerals (Snabjornsdottir et al., 2020). However, the intrinsically slow
reaction kinetics and strict thermodynamics of carbonation reaction
leads to the relatively low carbonation efficiency (Xie et al., 2015).
Meanwhile, accelerated carbonation techniques using these nature ores
typically require high-temperature and high-pressure conditions
(Verduyn et al., 2011), resulting in elevated costs and energy input for
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activation, critically limiting the commercialization of these technolo-
gies (Matter et al., 2016). Alkaline solid wastes, owing to their abun-
dance of alkaline-based components, emerge as promising candidates
for carbon mineralization (Kravchenko et al., 2024; Pan et al., 2020; Yin
et al., 2024). These alkaline solid wastes primarily stem from industrial
residues, including combustion residues (Velts et al., 2011), mining/-
mineral processing wastes (Harrison et al., 2013), cement/concrete
wastes (Lu et al., 2024; Ostovari et al., 2021) and steelmaking slags (Pan
et al., 2013). Among them, the steelmaking and cement industries are
major contributors to the global CO, emission, demanding substantial
energy input and resource exploitation (Jiang et al., 2023; Thonemann
et al., 2022). Millions of tons of alkaline solid wastes are generated
through these industrial activities. Therefore, harnessing cement and
iron-based wastes for the long-term CO, storage could significantly
expedite the achievement of the net-zero target, aligning with the
principles of clean and sustainable production.

It is estimated that 310 million tons of CO, could be directly or
indirectly sequestered (Liu et al., 2021) through the carbon minerali-
zation, with 43.5% of this amount contributed by carbonation of steel
slags. This process relies on the abundant alkaline metal ions present in
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waste solids, including Ca®" and Mg?*. (Jiang et al., 2020; Zhang et al.,
2023). Typically, the carbonation pathways involving steel slags are
divided into two routes: direct mineral carbonation and indirect
carbonation. Indirect carbonation methods achieve a higher carbon-
ation conversion rate but necessitate a complex metal leaching and
precipitation process involving acidic chemicals, which increases capital
investment and pollution risks (Said et al., 2013). Direct carbonation
sequesters CO5 through carbonation reaction with calcium and magne-
sium oxide (e.g., CaO and MgO), silicates (e.g., CasSiOs and CaSiO4.)
(Azdarpour et al., 2015) and their hydroxides (e.g., Ca(OH),, Mg(OH),
and calcium silicate hydrate (C-S-H)) (Chen. et al., 2021b). These direct
carbonation methods utilize metal oxides to sequester CO2 through the
solid-gas reactions (Bobicki et al., 2012). However, the kinetics of these
reactions are very slow, and their thermodynamics favor occurrence at
very high temperatures (Fagerlund et al., 2009), thereby intensively
increasing the energy input.

On the other hand, aqueous carbonation methods exhibit markedly
superior efficiency, which leverages solid-liquid-gas reaction at ambient
temperature and moderate pressures (Ibrahim et al., 2019). Evolving
from the fundamental principles of aqueous carbonation, accelerated
carbonation techniques are proposed to further augment the carbon-
ation efficiency (Song et al., 2021). Accelerated carbonation technology
meticulously regulates parameters including temperature (Nielsen et al.,
2020), COy concentration and injecting pressure (Ko et al., 2015),
relative humidity (RH) (Veetil and Hitch, 2020) to attain optimal COy
sequestration conditions. Notably, RH enhances the CO5 transport and
adsorption within the porous matrix of steel slags, expediting the release
of cations such as Ca?* and Mg?" into the aqueous film on the moist
solid surface, thereby enhancing COy sequestration efficiency (Song
et al., 2021). In the broader context of sustainability, this methodolog-
ical finesse underscores the imperative for environmentally benign
processes, positioning aqueous carbonation and its accelerated variants
as instrumental in realizing cleaner and more sustainable carbon capture
technologies.

To date, extensive research has been conducted on the accelerated
carbonation of steel slags. However, current body of literature has not
substantially advanced carbonation efficiency, primarily due to the
absence of comprehensive bottom-up theories elucidating the mecha-
nisms governing CO, transport and adsorption within these porous
media, particularly at the micro and nano scales. Previous scientific
inquiries have explored the impact of Relative Humidity (RH) on COy
adsorption within C-S-H nano channels (Zare et al., 2022). Nevertheless,
in the context of steel slags, the presence of iron-based metal oxides (FeO
and Fey03) significantly influences CO5 transport and adsorption, as-
pects that remain inadequately addressed, impeding the progressive
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experimental methodologies prove inadequate in precisely capturing
CO4 adsorption and its intricate interactions with solid and liquid pha-
ses. In this work, we employed the advanced grand canonical Monte
Carlo (GCMC) method to investigate the CO, transport and adsorption in
the porous structure of alkaline solids, meticulously assessing the impact
of FeO and Fe;O3 on the CO5 adsorption within calcium hydroxide (CH)
system. The elucidation of CO4 storage efficiency and the characteriza-
tion of the solid-solid interface functionality serve as pivotal contribu-
tions to the scientific discourse on developing clean and sustainable
carbon capture technologies leveraging steel slag accelerated
carbonation.

2. Methods
2.1. Model construction

To investigate the CO, transport and adsorption in nanopores of
wasted iron-based alkaline solid, three different models are constructed
as shown in Fig. 1. The first model denotes the general nano porous
structure of alkaline solids, in which CH establishes the nano channel
structures. The second and third model are built by the incorporation of
FeO and Fey0s3 to investigate the effects of iron wastes. In each model,
the solid substrates of CH, FeO and Fey;O3 are generated from their
crystal unit cells. Then their supercells are obtained by expanding the x,
y and z directions to create simulation boxes. The expanded structures
are relaxed through NPT and NVT ensembles to reach the balanced
energy state. Finally, their 001 surfaces are cleaved to build the 3 nm
width nanopores. Although pore size of alkaline solids ranges from
micro to nano scale, the nanosized pores majorly contributes to the
carbonation reaction (Placencia-Gomez et al., 2020). The formation of
wet surface provides the media for the dissolution of metal irons, CO,
molecules and their reactions (Miller et al., 2019; Stack et al., 2014).
Therefore, we focus on the nanopore, here, and employ 3 nm as the
representative structure.

The thickness of water film also critically influences the CO;
adsorption and transport. Here, we use 0-5 water layers to present
moisture content ranging from 0 to 100 % with each layer representing
an increase in 20 % moisture content of the alkaline solid system. The
distance between each water layer is controlled by 0.23-0.29 nm, which
is calculated from the density field of common water-solid system (Tao
etal., 2022). When 5 water layers are added into 3 nm nanochannel, the
channel is fully saturated with water film, exhibiting the 100% moisture
content condition.

The relation between water layer thickness and RH can be calculated
through Kelvin equation, which is written as
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Fig. 1. Schematic illustration of molecular models of CH, CH-FeO and CH-Fe;O3 system for CO, adsorption and transport.
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where p and pg denote the actual and saturated vapor pressure. y is the
solid-liquid surface tension and V;, represents the molar volume of
water. R and T are universal gas constant and temperature, respectively.
d — 2t here is the modified pore size, in which t equals 0.23 nm to avoid
the strong solid-liquid interactions of the first water layer.

2.2. Force field

ClayFF and CVFF force fields are employed to describe the solid-
liquid-gas interactions in the entire simulation. In particular, ClayFF is
used to describe CH, FeO, Fe;0O3 and water film behaviors and CVFF is
incorporated for the determination of the interaction between CO» and
other phases. ClayFF has been widely used and shows strong capability
in precisely capturing the atomic interactions in clay-based materials
(Cygan et al., 2021), especially the solid-liquid interactions (Li et al.,
2023a) and small molecule adsorptions (Li et al., 2023b) in these sys-
tems. The combination of ClayFF and CVFF has been explored and
validated by (Cygan et al., 2012). Therefore, incorporating ClayFF and
CVFF in our system is highly capable of investigating the CO5 adsorption
and transport in the alkaline porous system. All the parameters are
shown in Table 1.

2.3. CO3 adsorption

The CO; adsorption in nanopores of iron-incorporated alkaline solid
highly depends on the adsorption pressure. In experimental studies, it is
found that an injection pressure of 10 bar benefits accelerated carbon-
ation while higher injection pressure barely further affects carbonation
efficiency (Hyvert et al., 2010). Here we adopted the 10-bar pressure for
CO2 injection to keep a high computational efficiency and clearly
observe the CO; quantity variation in nanopores. The chemical potential
under different pressure can be calculated by

,4,.:,40+RT1npﬂ, @
0

where yu, equals —40 kJ/mol at 300 K and 1 bar. GCMC method is used
in the simulation of COy adsorption, which is a reliable tool applied in
studying small molecules adsorption and transport (Honorio, 2019;
Qomi et al., 2014; Zare et al., 2022). In our simulation, CO5 molecules
are inserted, removed or exchanged every 1 ps under NVT ensembles,
after which another 1 ps NVT relaxation is utilized for the CO2 molecules
to freely transport in nanochannel. The total CO, adsorption continues
for 2 ns to reach the fully adsorption state, during which the CO,
quantity, distribution and energy variation are recorded every 1 ps.
Finally, the adsorption properties in three systems are compared and
analyzed.

The gaseous and dissolved CO; is determined by the coordinated

Table 1
Force Field parameters of modified CLAYFF and CVFF (Cygan et al., 2012).

Nonbonded potential

Atom qi (e) & (kcal/mol) oij &)

Ca 1.05 0.0000050298 5.566690
Och -0.95 0.1554000000 3.170000
Hch 0.425 0.0000000000 0.000000
ow 0.82 0.1554000000 3.170000
Hw 0.41 0.0000000000 0.000000
C 0.6512 0.0536490000 2.800000
Oc —0.3256 0.1569730000 3.028000
Bond & Angle

kv 0,-H, 554.197 keal/mol Ty 0,-H, 1.0000 A
ka H,—0, -5, 45.7696 kcal/mol o 109.47°
ks ¢ o, 1009.028 keal/mol s ¢ o, 1.162 A
ke 0.-c-o. 54.0500 keal/mol 0o 180.00°
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number of C in CO, with respect to O in HyO. To obtain the radius be-
tween CO; and HyO, several CO, molecules are put into a large water
box and freely moved to the equilibrium state. Then the radial distri-
bution function (RDF) is tested as shown in Fig. 2(a). We select 5.2 A as
the coordination distance between CO5 and H,O molecules and calculate
the average coordination number of CO, in water box. It can be observed
from Fig. 2(b), the average coordination number of CO, with respect to
H,0 oscillates around 11, thereby the coordination number of 11 is used
to determine the dissolved and gaseous CO2 molecules.

3. Results and discussion

For most alkaline solid wastes, the quantity of reactive Mg>" and
Ca%* is the pivotal factor contributing to the carbonation capacity.
Therefore, investigation of CO, transport and adsorption in CH nano-
pores exemplifies the carbon mineralization in alkaline solid wastes.
Fig. 3(a) illustrates the total COy adsorption in CH nanopores across
varying RH. For the dry state (0 water layers), CO, molecules are
consistently adsorbed into CH nanopores and reach the equilibrium state
at 1.5 ns. Fig. 4(a-b) shows the gathering region of CO5 molecules. Most
of the CO, molecules concentrate on the solids surface due to the solid-
gaseous attraction potentials. Concurrently, the CO, concentration on
CH surface gradually increases (Fig. 4(b)) to the maximum quantity
when the attraction potential equals to the CO; diffusion energy. On the
other hand, only a few CO, molecules freely diffuse in the CH nano
channel, which is determined by the injection pressures and tempera-
tures. It has been experimentally demonstrated that increasing injection
pressure from 1 to 10 bars could obviously promote the CO; carbonation
while a higher pressure barely influences the further CO, adsorption
(Fang et al., 2017; Fernandez Bertos et al., 2004).

The humid environment progressively promotes the CO, adsorption
in CH nanopores as referred in Fig. 3(a). With 3 and 4 water layers, the
adsorbed CO; quantity reaches the maximum value. However, the CO,
adsorption capacity of CH nanopores with high moisture content (5
water layers) sharply decreases. This result indicates that a moisture
content around 60%-70% could significantly benefit the CO, accom-
modation by promoting the CO5 adsorption capacity. Specifically, a low
RH constructs a lower moisture content, exhibiting the thinner water
film thickness, creating a large space for CO, transport while lowering
CO4, storage capacity (Fig. 4(c—d)). Conversely, a higher RH generates a
thick water film, promoting the CO, storage capacity while hindering
the CO; transport in nanopores due to the water film blocks nano
channels.

Compared with CH nanopores, the Fe-incorporated nano porous
system shows obvious differences. In the FeO-CH system, CO, adsorp-
tion capacity of dry channel shows similar values to that of CH system
(shown in Fig. 3(b-c)). However, with the increment of water film
thickness, the CO5 storage capacity directly shrinks. A higher moisture
content continuously limits CO2 adsorption in such system, resulting in
the maximum CO3 adsorption capacity occurring at the totally dry state.
The Fe;03-CH system exhibits the similar CO, adsorption scenario, in
which the increment of water film thickness hinders the CO, adsorption
capacity. Experimental findings also reveal that decreasing the liquid to
solid ratio benefits the CO conversion rate in aqueous carbonation of
steel slags (Huijgen et al., 2005; Song et al., 2021). The different effects
of water films on CO; adsorption in these porous systems indicate the
varying intrinsic properties of Fe-incorporated porous systems. How-
ever, mechanisms underlying these intricate phenomena remain elusive.

To further illustrate the effect of water film in each system, we
compared the dissolved CO, quantity in three porous media (Fig. 5). In
the 3 nm CH pores (Fig. 5(a)), the CO2 amount in pore solution elevates
with the increment of water layers. The total dissolved CO, quantity
reaches the maximum with 4 water layers above CH solid surface. As
shown in Fig. 4(d), with the increase of water film, several OH™ ions
dissolve into the pore solution, which promotes the dissolution of CO5
molecules. The full saturation (5 water layers) leads to the blockage of
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Fig. 3. Total CO, adsorption in different alkaline nanopores: (a) 3 nm CH pores; (b)3 nm FeO-CH pores and (c) 3 nm Fe;O3-CH pores.
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CO4 transport, thereby drastically limiting the COy adsorption in its
channel. Compared with CH pore solution, water films within the Fe-
incorporated CH system show a much lower CO, storage capacity
(Fig. 5(b-c)). With the increment of water layers, the total CO2
adsorption quantity barely changes in FeO-CH and Fe;03-CH system. In
these pore waters, the dissolved CO5 quantity extensively varies, infer-
ring that most of these dissolved CO, molecules exist at the liquid-gas
interface. At these areas, gaseous and dissolved CO» molecules contin-
uously transferred to each state, forming a dynamically equilibrium
status. Such results indicate that the Fe-incorporated porous system
creates a harsh environment for the dissolution of CO5 molecules (Zare
et al., 2022).

To further illustrate the Fe-incorporation effects on the pore solution,
we depict the water distribution in Fig. 6. In 3 nm CH nanopores (Fig. 6
(a)), the water film symmetrically distributed along the Z direction. For
1 and 2 water layers, the peaks at 20 and 40 A illustrate the concen-
trating layer of water films, where the range between the two peaks
show the free gas region. With the increment of water layers, the peaks
move to the middle part, showing the progressive shrinkage of free gas
region. It should be noted that, some water molecules also evaporate
into the free gas region as water vapors to reach the liquid-gas equilib-
rium, leading to the rise of trough. Compared with CH nanopores, the
Fe-incorporated porous system shows an obvious uneven water distri-
bution Fig. 6(b—c). Take FeO-CH system as an example, the water film
symmetrically distributed with 1 water layer. However, the peaks on the
left side become much higher than the right side when water layers
reach 3. The shifted peaks illustrate the uneven distribution of pore-
water on two sides of nanopores, contributed by the water adsorption
differences between CH, FeO and Fe;Os. Due to CH acquiring a more
hydrophilic surface compared with FeO and FeyOs, it attracts water
molecules to aggregates on its side. Theoretical and experimental studies
also demonstrated a much higher water adsorption energy (absolute
value) of CH than FeO and Fe;O3 (Chen et al., 2021a; Joseph et al., 1999;
Manzano et al., 2012). The uneven distribution of water film can be
directly observed in Fig. 7, in which the nanopore media with 3 water
layers are illustrated. In the CH nanopores, water film uniformly
distributed, forming a large water-gas cluster. However, in the FeO-CH
nanopore, most of the water layers are attracted to the CH side, while
only leaving a thin water film on FeO side. Similar results can be seen in
Fey03-CH nanopores, only a few water molecules are adsorbed on the
Fe,03 surface, whereas the majority of water film covers the entire CH
surface, holding a high thickness.

The uneven distribution of water film definitely influences the COy
adsorption and transport in nanopores. Then we plot the CO, and water
distribution in three nanopores to further investigate the porewater ef-
fects on CO, transport and adsorption. As shown in Fig. 8(a), CH
nanopores holds the symmetrical distributed water films (green curve).
Concurrently, the CO, distribution peaks appear in the inner side of
water film, where the liquid-gas interface existed. As discussed, swift
gaseous-dissolved CO; exchange occurs in these areas, leading to the
CO aggregation. The overlapping area denotes the dissolved CO, and
the gaseous CO molecules exist in the middle region where water films
do not reach. These results show that gas/liquid interface is the CO,
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aggregated area. When water film thickness increases, a lot of gaseous
CO2 molecules mix with water molecules, forming the coexisted gas-
liquid state in CH nanopores as shown in Fig. 7(a). Such state acceler-
ates the liquid-gas mixing, significantly enhancing the contact area for
CO,, dissolution, thereby increasing the total CO, adsorption quantity.
Similar in FeO-CH and FeyO3-CH nanopores, the distribution peak
shown is close to the peak of water films (Fig. 8(b—c)). However, due to
the uneven distribution of water film, the CO, molecules barely occur in
the porewater, whereas showing in the empty area not covered by water
film. Fig. 7(b-c) illustrate the CO, distribution in Fe-incorporated
nanopores. In these system, dissolved CO, disappears, with only
gaseous CO, molecules remaining. Fe-incorporated nanopores lead to
the uneven distribution of porewater so that diminishes the interaction
area between CO3 molecules and water film, thus significantly limiting
the CO, adsorption quantity. The CH side with thicker water film hin-
ders the CO, molecules to interact with CH surface, where abundant
Ca* and OH ™ ions concentrate. The thicker water film also lowers down
the CO, molecules diffusion in solutions and carbonation reactions thus
weakening its adsorption. On the other hand, the Fe side with thinner
water film attracts CO5 molecules based on interaction between CO5
with FeO and Fe;0s3 solid surface. However, the low carbonation reac-
tivity of these components cannot attract high quantity of CO, mole-
cules. Therefore, in these porous systems, most CO5 molecules occur as
gaseous state.

The CO, concentration in pore waters is analyzed as presented in
Fig. 9. In the CH nanopores, the CO2 concentration in the first water
layer exhibits a much higher value. Such results come from the strong
interaction between solid CH surface and CO, molecules, where the
solid surface adsorption promotes the CO, dissolution in the thin water
film. Theoretical investigation has identified the water condensation in
nanopores caused by strong solid surface attractions and described such
behaviors through Kelvin equation (Yang et al., 2020). With the incre-
ment of water layers, the solid surface attraction potential among CO;
molecules sharply decreases, leading to the deterioration of CO, con-
centration in water film. When water layer reaches 5, the CO2 concen-
tration shows a much smaller value due to the low CO, transport
efficiency, which limits the total CO adsorption and dissolution quan-
tity. Here, we can also find the critical value of CO, concentration in
normal pore solutions, about 0.43 g/L in CH nanopores (referring to 2—4
water layers). This value is much higher than CO, dissolution in pure
water (about 0.046 g/L) (Gilbert et al., 2016). Compared with CH
nanopores, CO5 concentration in pore solution of Fe-incorporate system
exhibits much smaller value. The highest CO, concentration in FeO-CH
and Fe;03-CH nanopores is lower than 0.1 g/L, which is close to its
dissolution concentration in pure water. The low CO; dissolve capacity
in Fe-incorporated nanopores is highly related to the uneven distribu-
tion of porewater. On the CH side, accumulated water film prevent the
solid-gas interactions. On the Fe side, few water film exists. Meanwhile
the weak solid-gas interactions lead to the low CO5 adsorption capacity.
Therefore, in the Fe-incorporated alkaline solids, CO2 molecules mainly
exist as the form of gaseous state. Most of the CO5 molecules in these
nanopores are adsorbed on the solid surface, rather than dissolved in
porewaters, thereby contributing to their weak CO5 adsorption capacity.
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Fig. 10. CO, adsorption energy in porous system: (a) 3 nm CH pores; (b) 3 nm FeO-CH pores and (c) 3 nm Fe;O3-CH pores.
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To further illustrate the CO, adsorption capacities in these systems,
we calculate the CO; adsorption energy in 3 nm nanopores with varying
water layers as shown in Fig. 10. It can be observed that with the
increment of water layers, the CH nanopores acquire a higher CO,
adsorption energy (absolute value). The adsorption energy of first
several CO5 molecules in 3 and 4 water layers is lower than —25 kcal/
(mol-nm?), indicating a strong CO adsorption capacity. With the
accumulation of CO; on the surface, the adsorption energy gradually
decreases, until the equilibrium state is established. The stable adsorp-
tion energy shows an identical tendency with respect to total CO5
adsorption quantities. The CO5 adsorption energy at equilibrium state is
enhanced with the growth of water layer in nanopores, indicating the
optimal water layers benefit the CO, adsorption in CH nanopores.
Contradictory results are found in Fe-incorporated system (Fig. 10
(b—c)). The adsorption energy of CO5 in FeO-CH and Fe;03-CH channel
is much smaller than that in CH nanopores, which explains their weak
CO4 adsorption capacities. Particularly, the CO5 adsorption energy in
both Fe-incorporated systems is higher than —2.0 kcal/(mol-nm?),
testifying such system can barely adsorb COj in its channel. Due to the
low adsorption capacity, the density of CO only reaches 3 nm ™2, most of
which forms as the gaseous state. These results demonstrate that COy
molecules in Fe-incorporated nanopores are hard to be adsorbed on their
wet solid surface, and instead freely diffuse as gaseous state. Besides,
when water layers are higher than 4, the adsorption energy in such
system becomes positive, showing as the repulsive interactions, thereby
significantly preventing the dissolution of COy molecules in pore
solution.

The transport behaviors of CO2 molecules in nanopores are charac-
terized through their diffusion coefficients. As shown in Fig. 11(a), CO2
diffusion coefficient (D¢p2) in CH nanopores varies with different water
layers. The highest Do reaches with respect to 3 water layers. At low
water thickness, the CO, diffusion is limited by both solid surface
attraction as well as water dissolution, therefore the dry surface shows a
higher D¢oy than 1 water layer. With the increase of water layer, the
solid surface attraction diminishes so that CO, diffusion is only
controlled by water dissolution. At 3 water layers, the CO, intensive
exchange occurs between liquid and gas state so that the D¢y reaches
the maximum value. For the 4 and 5 water layers, the CH channel is
filled with water films, leaving little space for gaseous CO, diffusion,
thereby Dcoz in these systems sharply decreasing. In the FeO-CH and
Fep03-CH systems, CO, molecules barely dissolve into the porewater,
according to the COy adsorption energies. Besides, the solid surface
attraction is also weak. Therefore, the CO;, diffusion is only affected by
the pore size. With the increase of water layer, empty space available for
gaseous COy free diffusion becomes smaller and smaller, so that D¢z in
these systems continuously decreases. It should be noted that, D¢y in
Fe-incorporated system is much smaller than that in CH nanopores. This
can be explained by the weak CO, adsorption and dissolution capacity of
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Fe-incorporated system. Liquid-gas exchanges in these systems provide
high dynamic energy for CO2 molecules and providing them thermo-
dynamic potentials. Due to much smaller quantity of dissolved CO5 in
Fe-incorporated nanochannel, liquid-gas transition barely occurs in
these systems so that the adsorbed CO; molecules are not activated to
participate into the heat and thermodynamic exchange, leading to the
much lower D¢y in these systems.

4. Conclusion

In this work, we employ the advanced GCMC method to meticulously
probe the intricate dynamics of CO transport and adsorption within the
nanopores of alkaline solids. We systemically compared the CO,
adsorption capacity and transport efficiency in CH and iron-
incorporated alkaline systems under varying RH conditions. A notable
reduction in the total CO3 adsorption amount upon the integration of
FeO and Fe,03 highlights the significant impact of iron incorporation on
COg capture efficiency. Furthermore, CO2 solubility within the pore-
water of FeO and Fe,O3 systems was considerably diminished due to the
creation of weak alkaline environments. Concurrently, the distinct water
adsorption capacity between CH and iron-based solids results in an
uneven distribution of porewater. The strong solid-liquid interactions
observed in CH side lead to the formation of thicker water films, which
not only attenuates the surface affinity for CO, molecules but also im-
pedes carbonation reactions by reducing CO, diffusion efficiency. In the
context of FeO and Fe;,Os3, weak solid-water interactions result in
significantly reduced water film thickness. Coupled with weak solid-gas
interactions, this phenomenon limits the adsorption of CO3 molecules
within Fe-incorporated nanopores, predominantly maintaining them in
a gaseous state, with the majority dissolving in CH porewater. These
findings provide valuable insights into the disparities of CO; transport
and storage in varying alkaline solids systems, thus contributing to the
development of sustainable strategies for their effective carbon
mineralization.

Through comparative analysis across varying humidity levels, we
observed shifts in porewater thickness from complete dryness to full
saturation. While CO» adsorption in CH nanopores demonstrates an
optimal water thickness, elevated water content progressively di-
minishes CO; adsorption in Fe-incorporated nanopore systems due to its
poor solubility. Further studies underscore that iron-based alkaline
solids exhibit much lower CO, adsorption energy and diffusion coeffi-
cient, providing empirical support for their diminished carbonation ef-
ficiency. This work provides bottom-up pictures of CO5 adsorption and
transport in iron-based alkaline solids, elucidating the mechanisms of
low carbonation efficiency in iron-based materials, with implications for
the development of sustainable and environmentally sound waste
management strategies. By elucidating the intricate interplay between
solid-water-gas interactions, this research advances our understanding
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Fig. 11. CO, diffusion coefficient in porous system: (a) 3 nm CH pores and (b) 3 nm FeO-CH pores and 3 nm Fe;03-CH pores.
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of CO5 sequestration mechanisms within iron-based alkaline solids,
thereby informing the design of more effective and sustainable carbon
mineralization methods.

Future work focuses on the extension of the current study to various
alkaline minerals, searching for the optimal alkaline solids for CO,
adsorption and carbon mineralization. A large-scale simulation will be
conducted and a database for varying minerals will be established. Then,
the simulated data would be utilized to guide the experimental studies,
finding out the most effective alkaline solids for practical CCS.
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