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While CO, mineralization using carbonatable binders and solid waste has
become an overwhelming trend in laboratory and industrial trials, a lack of
fundamental understanding of the underlying carbonation mechanisms hin-
ders advancement of carbonation technology for large-scale applications. This
study addresses this gap by employing Grand Canonical Monte Carlo simula-
tions to unravel the optimal CO, sequestration conditions within the meso-
pores of calcium silicate hydrates, a ubiquitous component of construction
materials. Here we show that CO,-surface interactions dominate at low relative
humidity (RH), while CO,-water interactions prevail at high RH, maximizing
CO, uptake during capillary condensation, where the metastable porewater
boosts CO, dissolution. Furthermore, we reveal the influence of surface
hydrophilicity on the critical RH for optimal carbonation, indicating that less
hydrophilic minerals require higher optimal carbonation RH. These insights
into the complex CO,-water-surface interactions within minerals’ mesopores
provide a foundation for developing effective CO, mineralization strategies

and advancing our understanding of geochemical carbonation processes.

To alleviate global warming', mainly contributed by excessive carbon
emissions?, carbon capture and storage technologies have been
intensively increasing in the past decades’. Among them, carbon
mineralization is developed to effectively utilize the inorganic solid
carbonates transformations to fix the anthropogenic CO,
permanently*. This technology originates from the carbonation reac-
tions of Mg and Ca-rich rocks, in which gaseous and dissolved CO, are
captured and stably stored in carbonate minerals. It is estimated that
the CO, storage potential of natural ores achieves a scale of gigatons
every year’. However, due to their inherently low carbonation rate, an
extremely high temperature and pressure activation process is always
required to drive the reaction, leading to high energy input and cost®.
On the contrary, each year, gigatons of alkaline solid wastes are gen-
erated from activities such as iron/steel production’, construction and
demolition®, coal combustion’, etc. The high alkalinity of these

materials enhances their carbonation reactivity and accelerates the
kinetics'®, offering a more viable solution for carbon mineralization.
More importantly, carbonating these solid wastes not only alleviates
their environmental footprints but also promotes material upcycling
for a sustainable construction industry. The potential profit is more
appealing than many other decarbonization strategies, which are
economically unfeasible for large-scale industrial applications. Among
a series of alkaline solid wastes, construction and demolition waste is
rich in calcium, like calcium hydroxide and calcium silicate hydrates
(C-S-H), presenting significant opportunities for CO, sequestration
and mechanical strengthening through carbonation®.

The carbonation reaction front is believed to be at the solid/liquid
interface at the nanoscale, where the nanometer-thick water film
adsorbed on the solid surface under specific humidity conditions acts
as a nano-reactor for the carbonate precipitation and nucleation™. For
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alkaline materials such as C-S-H, the water film formed on the wall of
mesopores performs as the medium for the formation of H,COj3,
HCOj5", COs> species as well as interlayer Ca®* dissolution, significantly
controlling carbonation reactions®. On the other hand, the infiltration
and diffusion of CO, within these pores play a pivotal role in reactant
supply, which governs the entire CO, mineralization efficiency in
practical applications'. Experimental studies have extensively focused
on the C-S-H carbonations”, pointing out the critical role of Ca/Si ratio
and relative humidity (RH) in influencing carbonation thermo-
dynamics and kinetics'®”. C-S-H with a higher Ca/Si ratio typically
acquires a faster carbonation reaction for its high dissolution rate'®,
Optimal water content constructs a suitable water-saturated porous
system, enhancing the CO, diffusion in voids and solid grains'®. How-
ever, the carbonation enhancement of thin water film can diverge
drastically when confined to nanoscale pores (<10 nm)"” due to the
constitutive behaviors of water film under such dimensions often
defying its macroscopic description®’. Therefore, the mechanism of
water content affecting CO, docking in C-S-H remains controversial.
The thermodynamics of thin water film is highly affected by solid-
liquid interactions”, which is motivated by solid surface properties.
Hence, critical research gaps are exposed to demonstrate the impact
of solid-liquid-gas interactions on CO, docking in hydrophilic meso-
porous minerals.

In this work, we focus on C-S-H, the most important CO,-reactive
minerals in global construction and demolition wastes that hold
gigatons of CO, removal capacity, to investigate its surface property-
regulated CO, adsorption behavior using the advanced Grand Cano-
nical Monte Carlo (GCMC) method. The optimal CO, adsorption
capacity is observed within the C-S-H gel pores at a critical water
content, corresponding to the metastable water layer at the onset of
capillary condensation. More importantly, the critical water content
for capillary condensation is found to be regulated by the surface
charges and texture, which are related to the Ca/Si ratio of C-S-H. A
more hydrophilic surface with a lower Ca/Si ratio necessitates a lower
water content for optimal CO, adsorption. This study reveals the
nanoscale mechanisms by which the interfacial properties of alkaline
minerals influence maximum CO, uptake. It provides fundamental
guidelines for efficient CO, sequestration through accelerated
mineralization.

Results

Optimal humidity for CO, adsorption

The stacking voids in between C-S-H nanograins store nanometer-thick
water films under varying RH prior to local capillary condensation®,
which perform as nano-reactors for carbonation”. The water film
thickness and state are highly dependent on the surface properties of
C-S-H, which are controlled by the Ca/Si ratio. CO, adsorption and
transport in these nanometer-thick environments critically influence
carbonation efficiency. Experimental investigations typically apply a
constant environmental RH to keep the equilibrium moisture content
of the minerals during carbonation. Therefore, we delicately con-
trolled the water content within the C-S-H pores, mimicking the dif-
ferent RH environments, to simulate its impact on CO, adsorption.
Here, the split pore models (referred to as nanochannels) of C-S-H are
constructed to reproduce the CO, adsorption process. Slit pore
models have been widely utilized to investigate small molecule
adsorptions in porous media from both simulation*2° and theoretical
aspects” (see Supplementary Note 6). Such models provide simple
and effective insights in simplifying the complicated pore structure
system.

Figure 1a and Supplementary Fig. 1la-c exhibit the total CO,
adsorption amount in C-S-H nanochannels for varying RH and Ca/Si
ratios. Generally speaking, the CO, adsorption amount increases with
water content, indicating that the higher water film thickness benefits
partial CO, solvation. The highest CO, adsorption amount is reached

when RH reaches 0.46-0.54. However, when the water coverage den-
sity exceeds a critical value, the CO, adsorption amount sharply
decreases to a very low value. Under very high-water coverage condi-
tions, the nanochannel is filled with liquid water, leaving little space for
CO, diffusion. Thus, the adsorption efficiency is highly limited. Fig-
ure 1b shows the total (dissolved and gaseous) CO, intake as a function
of water saturation degree for different C-S-H slit pores. The water
saturation degree is defined as the ratio of the water amount to the
maximum amount that fills up the entire pore. Figure 1c further clas-
sifies the dissolved CO, into fully dissolved and interfacially dissolved
CO, based on their water coordination numbers (see Supplementary
Note 4). When the water saturation degree is no greater than 0.5, with
the increase of water film thickness, the dissolved CO, amount gra-
dually increases while the interfacial CO, amount remains stable. The
dissolved CO, amount barely changes when the water film is thick
enough (water saturation degree >0.5), indicating the same solubility
of CO, under varying RH. The fully dissolved CO, amount is expected
in theory to be comparable to the condition of water saturation degree
of 0.87. The apparently lower CO, amount is due to the slow CO,
diffusion kinetics in liquid water, which requires further increase of
simulation time to reach its dissolution limits. Based on Fig. 1a-c, the
two-fold effect of the Ca/Si ratio on CO, adsorption in the C-S-H
nanochannel is observed. Under low water coverage density (water
saturation degree <0.5), a high Ca/Si ratio acquires high CO, adsorp-
tion capacity. However, the CO, adsorption capacity under high-water
coverage density becomes more complicated. The C-S-Hs with Ca/Si
ratios of 1.2, 1.5, and 1.8 reach the maximum CO, intake at RH=0.46,
0.48, and 0.54, respectively. It is interesting to observe that these
critical water contents all correspond to a transition state of the pore
water at the onset of water capillary condensation (Fig. 1f).

Taking the water state in C-S-H with the Ca/Si ratio of 1.8 as an
example, the pore water exists as the layered water film on the C-S-H
pore wall at low RH (Fig. 1d), whereas it suddenly saturates the entire
mesopore (Fig. 1e) when the RH reaches 0.54. The layered water refers
to the stable liquid water state with a density of ~1g/cm®. The con-
densed water exhibits a metastable condition (transition state), where
the density of the water is lower than that of normal bulk water (1g/
cm?®), as theorized by Saam and Cole®. Based on the oscillatory mode
of helium at low temperatures, they proposed a universal theory to
describe the metastable state of liquids at capillary condensation
within confined porous media, which was later successfully adopted by
Keizer et al.”’ to investigate the phase transition of sulfur hexafluoride
in controlled-pore glass using molecular simulations and experiments.
In our simulations, we observed that the C-S-H pore appears filled with
liquid water at the onset of capillary condensation, yet the actual water
content is slightly lower than the theoretical volume required for
complete pore filling. This incomplete filling with barely discernible air
voids results in a lower average water density within the pore com-
pared to the fully saturated state (bulk water density). For more dis-
cussion on the low-density water at capillary condensation, please
consult Supplementary Note 1.

The critical water film thickness to activate capillary condensation
has been discussed in the literature through the f/d ratio, where f is
the maximum thickness of the stable water film prior to capillary
condensation and d is the split pore width*’. The theoretical value of
f/d is -0.3, subject to variation based on the material properties™. This
indicates that the maximum water content that remains stable in the
capillary pore is ~60%. Figure 1g-i demonstrates that water con-
densation occurs when RH reaches 0.46, 0.48, and 0.54 in C-S-H slit
pores with Ca/Si ratios of 1.2, 1.5, and 1.8, respectively. This result
indicates that C-S-H pores with a higher Ca/Si ratio necessitate a larger
RH to trigger capillary condensation, which is the optimal condition
for maximum CO, intake, as exhibited in Fig. 1f. The synergistic effects
of water content and Ca/Si ratio intricately influence not only CO,
adsorption but also the phase transition of pore water. Subsequent
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Fig. 1| CO, adsorption in 4 nm C-S-H slit pores under different RHs. a Effect of
RH on the total CO, amount in C-S-H slit pores with different Ca/Si ratios. b Effect
of water saturation degree on the total (dissolved and gaseous) CO, amount for
different C-S-H slit pores. ¢ Further classification of fully dissolved and interfacially
dissolved CO, amount based on their water coordination numbers (see Supple-
mentary Note 4). The water saturation degree is defined as the ratio of the water
amount to the maximum amount that fills up the entire pore. Error bars are from
the standard deviation resulting from the last 1ns simulation of CO, adsorption.
The unit is the number of molecules. d, e Molecular simulation snapshots showing

CO, adsorption into the C-S-H (Ca/Si=1.8) pores at RH = 0.40 and 0.54, respec-
tively. These images were generated using Visual Molecular Dynamics software®’.
fNormalized CO, adsorption capacity as a function of RH and Ca/Si ratios of C-S-H.
The white dashed line outlines the onset of pore water condensation states, below
and above which are the unsaturated pore with an adsorbed water film and the fully
saturated pore, respectively. g-i Water density distributions along the Z direction
of the C-S-H nanochannels with varying Ca/Si ratios at different RHs. Red lines show
the water density distribution at the critical RHs where capillary condensation
initiates. Source data are provided as a Source Data file.

sections will delve deeper into the surface effects on CO, adsorption
and water phase transformation within C-S-H mesopores by answering
three questions: why the C-S-H with a higher Ca/Si ratio possesses a
higher CO, adsorption amount, why maximum CO, intake occurs at
the capillary condensation states, and why the capillary condensation
happens at a lower RH for C-S-H with a lower Ca/Si ratio.

Water-mediated CO,-surface interactions
To answer the first and second questions, two key factors influencing
CO, adsorption in mesoporous media should be addressed: the solid-

gas® and liquid-gas interactions®. The former mainly contributes to
CO, adsorption in dry conditions, while the latter facilitates CO, dis-
solution in pore solutions when surface water is thick enough at higher
RH prior to the water capillary transition. Both interactions are domi-
nated by surface texture and electrical properties. Surface water film
acts as a dielectric barrier and attenuates CO,-surface interactions.
This electrostatic shielding effect is directly related to the dielectric
constant (&,) of adsorbed/confined water, which varies in different C-S-
H systems and reflects the strength of the electrostatic interaction
between the water film and solid surfaces. It is interesting to observe
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Fig. 2 | Surface-water-CO, interactions and their impact on CO, adsorption.
a Dielectric constants of the water film as a function of RH in different C-S-H pores.
The dashed line indicates the experimental dielectric constant of bulk water®%

b Water molecule orientation in C-S-H slit pores. The orientation angle (6) is cal-
culated as the angle between the symmetry axis of water molecules and the C-S-H
surface. c Isosteric heat of CO, adsorption in different C-S-H pores with a water
saturation degree of 0.17. The water saturation degree is defined as the ratio of the
water amount to the maximum amount that fills up the entire pore. d Surface
textures of C-S-H with different Ca/Si ratios. The red, white, yellow, and cyan

spheres represent oxygen, hydrogen, silicon, and calcium atoms, respectively.
These images were generated using Visual Molecular Dynamics software®.

e Surface charge distributions of C-S-H with different Ca/Si ratios. f Ca/O ratios on
different C-S-H surfaces. g Water dipole moment as a function of RH in different C-
S-H pores. The dashed line indicates the experimental dipole moment of bulk
water®, h CO, distribution along Z distance in the C-S-H pore (Ca/Si=1.8) at low
RHs. i CO, distribution along Z distance in the C-S-H pore (Ca/Si =1.8) at different
RHs. j Effect of RH on isosteric heat of CO, adsorption in different C-S-H pores.
Source data are provided as a Source Data file.

that with the increase of the Ca/Si ratio, a lower &, is observed (Fig. 2a),
indicating a weaker electrostatic shielding effect. This can be attrib-
uted to the differences in C-S-H surface texture. C-S-H with a higher Ca/
Si ratio exhibits more surface defects (Fig. 2d), facilitating the
entrapment of water molecules in confined environments, leading to a
more ordered dipole moment orientation distribution. Consequently,

the water orientation distribution in C-S-H with a Ca/Si ratio of 1.8 is
more centered, whereas it is more evenly distributed in C-S-H with a
Ca/Si ratio of 1.2 (Fig. 2b). The ordered arrangement of water mole-
cules finally leads to a lower dielectric constant. The dielectric constant
of the surface water film shows its potential to weaken the interactions
between the solid surface and CO, molecules, which could be
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described in a dielectric continuum view by £{*P~°" = E{* /¢2 as the
dominating term in the water-mediated CO,/surface potential is the
dispersion interaction term (the electrostatic quadrupolar CO,/surface
contribution is of smaller magnitude as the CO, quadrupole moment is
small and writes E§" = E{*! /g ). It should be noted that this
scaling relation is used here only as a conceptual framework to explain
the shielding effect of the surface water layer. We did not apply this
equation to modify the force field parameters or the Coulombic
interactions in our atomistic simulations because the dielectric
screening effects are inherently captured through explicit water
molecules. Such empirical scaling might be appropriate in coarse-
grained or continuum models where water is treated as a simplified
continuum dielectric. Therefore, at low RH, the less pronounced
shielding effect of the water film on high-Ca/Si-ratio C-S-H explains its
larger CO, adsorption capacity (Fig. 1a, b).

To quantify the surface-CO, interactions at low RH conditions, the
isosteric heat of CO, adsorption (Q,;) was calculated from fluctuations
in internal energy and the adsorbed quantity of CO,*. Q, represents
the heat released per unit of CO, adsorbed, indicating the stability of
CO, adsorption. We calculated Q,, of equilibrium CO, adsorption at
different CO, gaseous pressures under low RH conditions where water
is adsorbed on the pore walls to form thin water films (Fig. 2c). The CO,
adsorption amount increases with the gas pressure as expected
(Supplementary Fig. 3). The gradual increment of CO, adsorption
amount results in the decrease of Q,, (Fig. 2c). This is because the
accumulated CO, molecules have weaker interactions with the solid
surface than the first adsorption monolayer, causing a decrease in the
average Q,; of adsorbed CO, molecules. The higher Ca/Si ratio always
leads to higher Q, which indicates stronger surface-water-CO, inter-
actions, resulting in a larger CO, adsorption amount.

Besides the different shielding effects of surface water film on
surface-CO, attractions that impact CO, adsorption, the difference in
CO, solvation ability of C-S-H surface water also leads to different CO,
intake, which is related to the surface charges (see Supplementary
Note 8). It is observed that C-S-H with a higher Ca/Si ratio acquires a
lower surface charge density (Fig. 2e). As the Ca/Si ratio increases, the
silicate chain becomes more defective due to the depletion of bridging
silicate tetrahedra, leading to a larger diffusion of inner intralayer Ca
ions into the surface silicate chain layer (Supplementary Fig. 13). This
process elevates the Ca/O ratio on the C-S-H surface (Fig. 2f), resulting
in a reduction of surface negative charges (Fig. 2e). This observation
aligns with experimental conclusions derived from zeta potential
testing®. Due to the negative charges on the C-S-H surfaces, most CO,
molecules are horizontally adsorbed on the surface so that their posi-
tive centers (carbon atoms) are more closely attracted to the surface
(Supplementary Fig. 2). Similarly, this negatively charged surface sig-
nificantly influences the water film structure by attracting hydrogen
atoms while repelling oxygen atoms. This behavior alters the bond
lengths and angles of water molecules, leading to the enhanced polar-
ization of the water film compared to bulk water (Fig. 2g). With
increasing RH, the dipole moment of water in all C-S-H models
decreases and approaches that of bulk water. This occurs because the
accumulating water layers further from the C-S-H surface are less
affected by the surface charge. C-S-H with lower Ca/Si ratios exhibits
higher surface charge densities, leading to increased polarization of the
water molecules, as reflected by their enhanced average dipole moment
(Fig. 2g). The highly polarized surface water depresses the solubility of
the non-polar CO, molecules, thus accounts for the reduction of dis-
solved CO, amount in C-S-H with low a Ca/Si ratio (Fig. 1c). Previous
study on calcium silicate minerals has confirmed that the enhanced
polarization of surface water would limit the CO, dissolution®.

Predominant CO,-water interactions
With the increase in water film thickness, the surface-CO, interaction
sharply shrinks. In such conditions, the surface-adsorbed water film

becomes the dominant CO, sink where the water-CO, interactions rule
the CO, adsorption capacity. The abrupt increases in &, of pore water
(Fig. 2a) coincide with the RH values at which capillary condensation
occurs within the C-S-H pores (Fig. 1g-i). At these RH levels, the strong
dielectric screening effect of water renders surface-CO, interactions
negligible, and CO, adsorption is therefore primarily driven by water-
CO, interactions. As illustrated in Fig. 2h and Supplementary Fig. 4,
CO, molecules favor positioning at the water/CO, interface, which
confirms the predominant impact of gas-liquid interactions on CO,
adsorption. The liquid/gas interface exhibits the lowest free energy,
providing the most stable environment for CO, docking®. At the onset
of capillary condensation, metastable pore water forms numerous gas-
liquid interfaces and leads to more violent liquid-gas interactions than
the water film at low RH, thereby significantly intensifying its CO,
storage capacity. The diffusion coefficient of adsorbed CO, sharply
decreases at this moment (Supplementary Fig. 5) due to the suddenly
increased water density hindering CO, molecules’ movement. The
increased number of water molecules interacting with CO, leads to
stronger CO,-water interactions, limiting the dynamics of CO,. Above
the critical RH of capillary condensation, the adsorbed CO, molecules
are homogeneously distributed in the entire pore (Fig. 2i). The liquid/
gas interfaces totally disappeared so that CO, adsorption is ruled by
the limited CO, solubility in bulk-like water, leading to a sharp decrease
in CO, adsorption capacity. The entire RH-dependent CO,-water
interactions are quantified by the calculated Q (Fig. 2j). With the
increase of RH, Q,; gradually increases and reaches the maximum value
when water capillary condensation occurs, after which it suddenly
drops to the lowest.

Hydrophilicity-driven water condensation

Figure 1g-i shows that C-S-H mesopores with Ca/Si ratios of 1.2,1.5, and
1.8 reach their condensation states at the critical RHs of 0.46, 0.48, and
0.54, respectively. This discrepancy indicates that the surface prop-
erties influence water phase transformation within C-S-H mesopores.
More specifically, when RH = 0.46, water condensation is achieved in
the C-S-H slit pore of Ca/Si ratio=1.2, while the Ca/Si ratio=1.5
mesopore exhibits water bridges. In contrast, under the same RH, the
pore water in C-S-H with a Ca/Si ratio of 1.8 remains a stable surface
film. To further uncover the underlying mechanism, we compared the
surface potential between water molecules and different C-S-H sur-
faces. Figure 3a presents the C-S-H surface potential to a single water
molecule. The growth of the Ca/Si ratio largely reduces the surface
attraction, implying that C-S-H with a lower Ca/Si ratio exhibits much
higher attraction to water molecules. Taking the system of Ca/Si
ratio =1.8 as an example, the oxygen ion in water molecules (O,) is
repulsed by the C-S-H surface due to the Coulombic repulsive potential
being stronger than Lennard-Jones attractive potential (Fig. 3b). On the
contrary, the hydrogen atoms in water molecules (H,) are strongly
attracted by the negatively charged C-S-H surface, thereby exhibiting a
closer distance with C-S-H surface compared to O,, species (Fig. 3f).
The water molecule orientation distribution (Fig. 2b) also provides
identical results that most water molecules exhibit a positive orienta-
tion angle, indicating H,, tends to be closer with the C-S-H surfaces. The
water isosteric heat of adsorption also shows stronger hydrophilic
behaviors of low-Ca/Si-ratio C-S-H (Fig. 3c). The Q,; of single water
molecule adsorption for Ca/Si ratios 1.2, 1.5, and 1.8 are ~82, 70, and
62 kJ/mol, respectively, which is comparable with previous studies?*°.
Q,; gradually decreases to a low value (-10kJ/mol) as the water
adsorption amount increases, which is due to the reduced interactions
between the solid surface and accumulated water molecules. The Q;
value reflects the energy associated with the adsorption process, that
is, the sum of the water-surface and water-water interactions. To
evaluate the Q of bulk liquid water, we constructed an empty box
(30 x 30 x 30 A% to adsorb liquid-state water using the GCMC method
and calculated its Qg evolution. The Q,; of bulk liquid water is -3 kJ/mol
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Fig. 3 | Surface-water interactions and their impact on water condensation.

a H,O-surface potentials as a function of distance for different C-S-Hs. b Lennard-
Jones potentials and Coulombic potentials of O and H in a single H,O molecule with
respect to the C-S-H surface (Ca/Si=1.8). ¢ Q of H,0 adsorption on C-S-H surfaces
with varying Ca/Si ratios. The dashed line indicates the Qg of bulk water calculated
with a water box of 30 x 30 x 30 A%, d Water sorption isotherms for different C-S-
Hs. Error bars are from the standard deviation resulting from the last 1 ns simula-
tion of H,O adsorption. The unit is the number of molecules. e Accumulative
surface water layers with the increase in RH predicted by the Frenkel-Halsey-Hill
Equation®”**, A larger surface adsorption energy () leads to a thicker adsorbed
water layer. f Molecular simulation snapshots showing water molecules adsorbed
on the C-S-H surface. The H atoms in H,O molecules are oriented to the C-S-H

surface due to the negative surface charges. g Water diffusion coefficients in C-S-H
pores at different RH conditions. Due to the size effect of finite systems on the
simulation of self-diffusion coefficients, the calculated results are slightly under-
estimated (see Supplementary Method). It does not influence the comparison of
the different C-S-H systems as they have the same model size. h Effect of Ca/Si
ratios and water saturation degrees on water adsorption energy. The adsorption
energy is normalized with the maximum of absolute values. The water saturation
degree is defined as the ratio of the water amount to the maximum amount that
fills up the entire pore. i Molecular simulation snapshots showing water states in
different C-S-H pores at the RH of 0.46. These images were generated using Visual
Molecular Dynamics software®’. Source data are provided as a Source Data file.

(Fig. 3c), which is slightly lower than the Q, observed for condensed
water in the fully saturated C-S-H mesopores. This discrepancy arises
from the enhanced water-surface interactions that facilitate water
adsorption in the C-S-H matrix.

As observed from surface potentials and Q, low-Ca/Si-ratio C-S-
Hs exhibit a more hydrophilic surface. Therefore, more water could be
adsorbed into the low-Ca/Si ratio-C-S-H nanochannel at the same RH,
leading to the earlier initiation of water capillary condensation

(Fig. 3d). Similar results could be found through the Frenkel-Halsey-
Hill equation®, which describes the water layer thickness in the slits
under varying RH. The material-related parameters highly affect the
accumulative water layer thickness on the materials’ surface, as the
larger surface adsorption energy (a) leads to the thicker water layer
(Fig. 3e). When the surface water film is sufficiently thin, it experiences
negligible interaction with the opposing pore wall due to the large
separation distance. As the film thickens, its upper layers approach the
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opposite wall, progressively sensing stronger intermolecular attrac-
tions. This interaction eventually leads to capillary condensation of
water within the pore. In this regard, a more hydrophilic surface,
meaning stronger water-surface affinity, requires a lower water con-
tent to initiate capillary condensation. In the C-S-H system, a lower Ca/
Si ratio leads to an increase in water adsorption energy (Fig. 3h and
Supplementary Fig. 6), thereby necessitating less water content to
trigger water condensation (Fig. 3i). The influence of hydrophilicity on
pore water phase behavior is further supported by the variation in
water diffusion coefficients at different RH (Fig. 3g). In the direction
perpendicular to the surface, water molecules located closer to the C-
S-H surface experience stronger surface attraction, which restricts
their mobility and results in lower self-diffusion coefficients. As the
distance from the surface increases, the influence of surface interac-
tions diminishes, and the diffusivity correspondingly increases. At the
vapor-liquid interface, water molecules exhibit the highest mobility
due to the minimal constraints, leading to the highest local diffusion
coefficients. While it is challenging to compute the self-diffusion
coefficient for each individual water layer with high accuracy, we
instead analyze the average self-diffusion coefficient of the surface
water film as a function of its thickness under various RH conditions. At
low RH, the C-S-H system with a lower Ca/Si ratio exhibits larger
hydrophilicity, resulting in thicker surface water films (Fig. 3e). These
thicker films include water layers further from the surface, which
contributes to a higher average self-diffusion coefficient (Fig. 3g). As
RH increases and capillary condensation occurs, the active water
molecules at the vapor-liquid interface disappear abruptly, and the
confined pore water recovers a bulk-like state. This transition leads to a
drop in the average diffusion coefficient to values closer to those of
bulk water. C-S-H with a lower Ca/Si ratio undergoes capillary con-
densation at alower RH, causing this drop in diffusivity to occur earlier
compared to systems with higher Ca/Si ratios.

Discussion

Calcium-bearing minerals such as calcium oxide and calcium silicates
can, in principle, directly react with CO, to form calcium carbonate
through a surface-mediated pathway. This pathway typically involves
surface adsorption of CO,, CO, speciation into CO5*, and sub-
sequent in-situ nucleation and growth of CaCO3. However, due to the
relatively high energy barriers associated with CO, speciation and
CaCOj; nucleation on dry solid-gas interfaces, such reactions gen-
erally require elevated temperatures or mechanical activation to
proceed efficiently®®. In contrast, minerals containing structural

hydroxyl groups, such as portlandite, undergo carbonation more
readily at the solid-gas interface. The presence of surface hydroxyl
groups facilitates CO, speciation by lowering the activation energy,
making carbonation of portlandite more kinetically favorable.
Nevertheless, even in this case, solid-gas interface reactions remain
limited by slow proton transfer and atomic rearrangement, which can
constrain the overall efficiency of CO, mineralization. Compared to
these dry pathways, the introduction of water fundamentally alters
the reaction mechanism by establishing a solid-liquid-gas three-
phase interface. This transition effectively shifts the reaction envir-
onment into the aqueous phase, significantly lowering the energy
barriers for ion migration, CO, speciation, and CaCO; nucleation and
growth. As such, water-mediated carbonation has become the pre-
dominant focus of both experimental and computational studies in
CO, mineralization®*™*'. The water-mediated mechanism typically
involves five key steps: CO, adsorption, Ca* dissolution, CO, spe-
ciation, CaCO5; complexation, and nucleation/growth. Variations in
water content and state under different RH conditions within mineral
mesopores can critically influence each of these steps. Among them,
CO,, physisorption reaches equilibrium rapidly, which is the first step
followed by a series of slower, non-equilibrium reactive steps that
face substantial free energy barriers*>*>, While our future work will
address these complex reactive steps, the current study focuses on
evaluating how nanoconfined water content affects the equilibrium
CO, adsorption capacity, serving as the CO, reservoir size within
mineral mesopores (see Supplementary Note 5). This is a crucial
factor that determines the local concentration of reactants available
for downstream reactions and ultimately governs the kinetics and
efficiency of mineral carbonation. Our previous study on portlandite
established a basic engineering model to predict the optimal RH for
CO, uptake, which involves a material-specific factor?. In this work,
we extend that framework to C-S-H, a more structurally complex
alkaline solid waste system, to reveal how surface structures and
chemistry modulate nanoconfined water states, which in turn control
CO; adsorption behavior. Since the surface structures and chemical
properties of C-S-H are directly determined by the Ca/Si ratio by
regulating the silicate chain length, the CO, adsorption behavior
within the C-S-H pore is thus correlated to the Ca/Si ratio (Fig. 4).
Under the low water coverage conditions, the gas-solid interac-
tion rules the CO, adsorption amount within the pore, while the
dielectric properties of the water film serve as a shielding effect on the
gas-solid interaction. A higher Ca/Si ratio of C-S-H results in a smaller
dielectric constant of the surface water film due to the more defective

lg=s Lotal
] — total CO, —
" Ca/Si ratio intake, I,oza1 . Ca/Si ratio
28 |
o| 3¢ !
S =3 |
o | S E i
e €O, intake by !
o gas/liquid W, 1
g_ interaction, |
S I, Ca/Siratio |
% CO, intake by , g _ P ! critical water
< gas/solid £ S ! ConFent for
C‘)“ interaction, é g ! capillary .
2 9 ! condensation,
(&) Ig—s o= 1
o .S R4
2 Ca/Si ratio e
]
0 0.2 0.4 0.6 0.8
RH

Fig. 4 | Schematic demonstration of water content and Ca/Si ratio-dependent CO, adsorption in C-S-H mesopores. The Ca/Si ratio-dependent surface properties
control the strength of gas/solid (/;_;) and gas/liquid interactions (/,_,), while the water content rules the contribution rates of them to the CO, adsorption capacity.
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surface texture, which leads to a weaker shielding effect on the gas-
solid interactions. This causes enhanced CO, adsorption with an
increased Ca/Si ratio. Under high-water content conditions, the gas-
liquid interaction becomes the determining factor for CO, adsorption,
with a maximum intake achieved during capillary condensation, where
the density-fluctuating pore water significantly intensifies the gas-
liquid interfacial interactions. Therefore, achieving this critical state of
pore water by precise control of the external water supply is impera-
tive for improving CO, mineralization in experiments and industrial
applications. Moreover, it is interesting to observe that capillary con-
densation within the C-S-H pore is delayed with an increased Ca/Si
ratio, suggesting that C-S-H with a higher Ca/Si ratio requires a larger
water amount to attain the optimal carbonation condition. This phe-
nomenon is fundamentally governed by water-surface attractions,
where a higher Ca/Si ratio of C-S-H exhibits a weaker surface attraction
to water molecules, resulting in a less hydrophilic surface. These
comprehensive insights into CO,-water-surface interactions within
mineral mesopores advance our ability to control CO, mineralization
kinetics and deepen the understanding of geochemical carbonation
processes. Building on these findings, we plan to investigate more
complex systems, such as multiphase and polydisperse environments,
in order to develop a more robust and generalized predictive model.
This will provide theoretical guidance for scaling up CO, mineraliza-
tion technologies utilizing carbonatable industrial wastes and natural
minerals.

Methods

Model construction

The C-S-H models used in this study were constructed based on the
11 A tobermorite with a Ca/Si ratio of 1.0*. Starting from an orthor-
hombic 11 A tobermorite unit cell by redefining the lattice, supercell
models were constructed (Supplementary Fig. 7). The C-S-H models
with the Ca/Si ratio of 1.2, 1.5, and 1.8 were built by carefully removing
the bridging silicate monomers (SiO,)*™*, in which process the Q,
factors of these models follow the realistic C-S-H characteristics
determined by Si?’ NMR***°, Then, a reactive force field (ReaxFF)*
was used to reproduce the reaction between interlayer water and
silicate sheets. In this process, the reaction between interlayer water
molecules and silicate chains could be reproduced to form Si-OH
groups and OH™ ions. ReaxFF has been widely used in simulating the
reactions in silicate minerals”, especially describing the bond for-
mation and breakage in hydro-reactions®’. The atom charges were
calculated during the ReaxFF simulations using the charge equili-
bration method®**. The supercells were relaxed for 6 ns at 300 K and
1bar under NPT ensembles to reach the equilibrium of silicate chains’
protonation/deprotonation, after which the models were further
relaxed with the C-S-H force field (CSH-FF)*® for 1ns under NPT
ensembles. All parameters are provided in Supplementary
Tables 1 and 2. Based on the atom charges calculated by ReaxFF, we
specified the charges of each atom type according to the CSH-FF
framework"” to ensure they remain within suggested ranges by the
force field. After full relaxation, the C-S-H surface models were built
with a 4 nm slit pore (Supplementary Fig. 7c). Water films were put on
both sides of the C-S-H pore walls. Different water contents were
considered to build the C-S-H mesopores with different water
saturation degrees. A 12A cutoff distance is utilized, higher than
which the non-bonded interactions are ignored. In this condition, the
water capillary condensation is influenced by the water film thick-
ness. The relation between water content and RH was derived
through a series of water adsorption tests (see Supplementary
Note 7). Finally, the water-saturated models were relaxed again with
CSH-FF under NPT ensembles for 1ns, in which three diagonal
components were coupled. All simulations in this work were con-
ducted with LAMMPS*® software. The Nose-Hoover barostat and
thermostat were used for constant pressure and temperature

control. The integration timesteps for CSH-FF and ReaxFF*' simula-
tions were set as 1fs and 0.2fs, respectively. For the treatment of
long-range electrostatics, we employed the standard Ewald method
with full 3D periodicity due to the model consisting of two C-S-H
slabs forming a slit pore of 4 nm in width, with water and ions con-
fined in between. This configuration is designed to represent a rea-
listic interlayer or interparticle environment within cementitious
materials, rather than a single isolated surface exposed to vacuum.
We did not use the slab correction option for the 3D Ewald method,
as it is specifically designed to eliminate spurious interactions in
systems with single-surface geometries and artificial vacuum spacing
in the non-periodic direction®>. Applying such a correction in our
case would artificially suppress the electrostatic interactions
between the two physically meaningful confining surfaces, which are
central to the behavior of the confined aqueous phase.

CO, and water adsorption process

CSH-FF was utilized in the entire CO, and water adsorption processes,
in which the parameters of CO, molecules were obtained from Cygan
et al's work™. GCMC methods were employed to reproduce the CO,
adsorption in C-S-H mesopores with different water saturation
degrees. GCMC provides a solution to exchange species in a simulation
box with the pre-defined reservoirs so that CO, molecules can be
inserted, moved, or removed in C-S-H mesopores, which allows us to
mimic the CO, adsorption in wet C-S-H mesopores. The chemical
potential of CO, adsorption reflects the equilibrium state of CO, in a
confined system, which also highly affects the CO, adsorption amount.
The chemical potential of CO, under ambient conditions of atmo-
spheric pressure (1bar) and room temperature (300 K) is —40 kJ/mol.
The variation of chemical potential in other pressure conditions can be
calculated by

L

H=Ho +RTIn M

where uy and p,, represent the chemical potential and pressure under
ambient conditions, respectively. The amount of CO, adsorption
increases with the gas pressure, i.e., chemical potential. A CO,
pressure of 10 bars was selected following preliminary adsorption
tests to ensure a sufficient number of CO, molecules for statistical
analysis and to maintain a pressure comparable to that utilized in
carbonation experiments (see Supplementary Note 2). In the simu-
lation procedure, we used a timestep of 1fs, and CO, molecules were
cyclically absorbed, desorbed, or moved 100 times every 10 ps, and
the entire system was relaxed for another 10 ps. The CO, adsorption
continued for 8ns to reach the equilibrium state, with 8 million
Monte Carlo moves to ensure the convergence of the CO, amount in
the reservoir (see Supplementary Note 3). The configuration-biased
Monte Carlo probability was set as 0.125, with a maximum rotation of
0.05rad and a maximum displacement of 0.5A. In the entire
simulation process, the trajectories of all atoms were recorded every
10 ps for further analysis. The amount of adsorbed CO, is obtained
every 1ps, and the total CO, adsorption amount is calculated from
the average CO, amount in the last 1 ns after the adsorption reaches
equilibrium. The standard deviation in these periods is computed as
the error bar.

As for the water adsorption, we adopted the saturated vapor
pressure of 4.4kPa for SPC water®. The corresponding chemical
potential of SPC water under saturated pressure and 300 K is —46 kJ/
mol”. The configuration-biased Monte Carlo probability was set as
0.25, while other parameters are all the same as in CO, adsorption. The
water vapor pressure was changed to evaluate the total amount of
adsorbed water under the RH ranging from 10% to 100%. Each
adsorption process contained at least 5 million Monte Carlo steps to
ensure the equilibrium state is achieved.
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Surface attraction of C-S-H

The atomic charges of the C-S-H slit pore systems were calculated
using the ReaxFF”. The surface attraction potentials of C-S-H with
respect to H,O molecules were calculated based on the Lennard-Jones
(E;;) and Coulombic (E,,) potentials by

b0 0 >
coul = CZ::.IZ 3)

where g; and o represent the usual Lennard-Jones potential para-
meters. C, £, =1 and gy are energy-conversion constant, dielectric
constant, and charges of the paired atoms, respectively. Here, we
assume a H,O molecule is placed at the center of the C-S-H surface
(Supplementary Fig. 8). Then, the selected molecule was gradually
moved away from the C-S-H surface vertically, during which Lennard-
Jones and Coulombic potentials were calculated to obtain the total
surface attraction of C-S-H to the H,O molecule. The distance cutoff
for the vertical displacement of the HO molecule was set at 12 A.

Isosteric heat of adsorption

The adsorption isotherms of CO, and water molecules are obtained by
the average number of adsorbed molecules as a function of the pressure
of the gas reservoir. Based on the saturated vapor pressure of water and
CO, at 300K>***%, the chemical potential p is changed to reach the
varying adsorption quantity, and the deduced p/p, can be obtained
from Eq. (1) according to the bulk equation of state for an ideal gas. The
calculated fi¢o, and py, o and the deduced p/p, can be found in Sup-
plementary Tables 3 and 4. Here, the total energy of the equilibrium
system of adsorbate/substrate is computed under varying u after energy
minimization. The isosteric heat of adsorption (Q) is then computed by

((UN) — (U){N))
()~ we)

where R and T are the universal perfect gas constant and temperature,
U and N represent the energy fluctuation and adsorbed quantity,
respectively.

Q. =RT —

Diffusion coefficient

The diffusion coefficients (D) of water and CO, molecules are calcu-
lated through the mean square displacement (MSD) according to their
trajectories as

_ MSD(¢)
b= 6AL

4

where At is the time interval. The periodic boundary conditions
influence the self-diffusion coefficient, caused by the altered hydro-
dynamic interactions between particles in a periodic system®. To
evaluate the system-size-independent self-diffusion coefficient in C-S-
H with PBC structures, we referred to the work done by Yel and
Hummer®®, which could directly calculate the error between corrected
and uncorrected diffusion coefficient through the formula: kg 7&/613L,
where £=2.837297, kg is the Boltzmann constant, T is the absolute
temperature, and 7 is the shear viscosity of the solvent. The induced
errors could be estimated through a linear relationship between Dpgc
and the inverse of box length L (Supplementary Fig. 10a). Based on
their findings, we calculated the error in our diffusion coefficient
according to the size of the slit geometry to be ~11% lower, which is
acceptable within our simulation results.

The determination of time difference (At) for calculating the dif-
fusion coefficient is critical as the self-diffusion coefficient should be

assessed in the region where a linear behavior is observed in the log-
log plot of MSD versus time. Therefore, we used a water box sized
25x25x% 25 A? to calculate the MSD of the system after full relaxation.
The log-log plot of MSD versus time was analyzed (Supplementary
Fig. 10b-g). We found that when the time interval is less than 6 ps, the
linear behavior is not well fitted, while a clear linear trend is observed
for time intervals greater than 6 ps. Thus, we selected 6 ps as our time
interval for calculating MSD.

Dialectical constant
To calculate the dielectric constant (g;) of surface water, the dipole
moment (M) of the surface water film is determined from

M= "qd (6)

where d represents the displacement vector from the negative to the
positive charge, and g denotes the charge. The total dipole moment is
calculated by summing the contributions from each water molecule
adsorbed on the C-S-H surface. Following this, the system is fully
relaxed using the NPT ensemble at 300 K and 1bar for 1ns. The NVT
ensemble is then applied at 300K to record the trajectories of the
water molecules over a period of 2ns, during which the dipole
moment is computed every 1 ps. Finally, the mean value and variance
of the dipole moment are calculated, which allows for the estimation of
the dielectric constant through

Var[M]

&1t 3o Vi T @

r

where g is the vacuum permittivity, Vis the volume of pore water, kg is
the Boltzmann constant, and T is the temperature. Var[M] is calculated
from <M*> — <M>?, implying the mean square fluctuation of the total
dipole moment.

Water adsorption energy

The adsorption energy of water in the C-S-H pore with water film was
calculated through:E g, = E o1 — Ecsy — nEy,0, Where E, is the total
potential energy of the C-S-H slab with water adsorption. £ gy and £y,
are the potential energies of the C-S-H slab with water film and a single
water molecule, respectively. n is the number of adsorbed water
molecules. To record the adsorption energy variation with respect to
water surface coverage, the configurations of C-S-H with water
adsorption were output every 1ps (GCMC step). The potential energy
at a certain step was then calculated through energy minimization. The
water saturation degree is calculated by N/N,,.,, where N represents
the adsorbed water molar amount in the slits and N, refers to the
maximum water that could be adsorbed into the nanopores.

Water orientation distribution

We analyzed the water orientation distribution on C-S-H surfaces with
varying Ca/Si ratios. Utilizing C-S-H pore models with a water satura-
tion degree of 0.33 as a representative, the statistical water orientation
distribution is illustrated (Supplementary Fig. 12a). This water content
ensures a sufficient number of molecules to mitigate randomness in
our simulation results while maintaining a layered water state to
exclude the effects of capillary condensation. The humid C-S-H models
were fully relaxed using minimization and NPT ensembles, after which
a 2ns NVT ensemble at 300 K was utilized to equilibrate the surface
water. The atom trajectories were recorded every 1ps, and the water
orientation was calculated every 10 ps, and the average orientation
angle in the last 1 ns was employed as the final orientation distribution.
Water molecules can interact with the C-S-H surface in two orienta-
tions, depending on whether the O,, or H,, atom is closer to the solid
surface (Supplementary Fig. 12b). For simplification, we focused on the
water molecules at the bottom of the C-S-H slit pores. The orientation
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angle (6) describes the order of water orientation: a positive 8 indicates
that the H,, atoms face the solid surface, while a negative 6 suggests
that O,, is closer to the C-S-H surface.

Data availability

The data supporting the findings of this study are included within the
paper and its Supplementary Information. Source data are provided
with this paper.

Code availability
All the software used in this work is open source. No specific code was
developed for this work.
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