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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 hinders advancement of carbonation technology for large-scale applications. We use Grand
Canonical Monte Carlo simulations to unravel the optimal CO; sequestration conditions within the mesopores
of calcium silicate hydrates. 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. We reveal that less hydrophilic minerals require higher
optimal carbonation RH. Moreover, using portlandite as an example, we find that the maximum CO: intake
occurs at an optimal relative humidity (RHopt) when capillary condensation initiates within the hydrophilic
mesopores. At this transition state, the pore becomes filled with metastable low-density water, providing an
1deal docking site for CO; adsorption and forming a mixed metastable state of water/CO,. We prove that RHopt
depends on the mesopore size through a Kelvin-like relationship. Furthermore, we conduct reactive molecular
simulations and metadynamics to elucidate the complete interfacial CO; mineralization pathways within a
portlandite mesopore adsorbed with a nanometric water film. Here we reveal for the first time, a global CO;
mineralization spectrum describing the local molecular environment and the thermodynamics of the five critical
steps: water adsorption, calcium dissolution, CO> adsorption, CO: speciation, and CaCO; ion pairing. We
1dentify kinks as the primary reactive sites for surface dissolution and demonstrate how the water film’s acid-
base environment modulates these processes, creating an energetically favorable reaction loop for sustained

CO; mineralization.
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