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CO2 mineralization, a process where CO2 reacts with minerals to form stable carbonates, 
presents a sustainable approach for CO2 sequestration and mitigation of global warming. 
While the crucial role of water in regulating CO2 mineralization efficiency is widely 
acknowledged, a comprehensive understanding of the underlying mechanisms remains 
elusive. This study employs a combined experimental and atomistic simulation approach 
to elucidate the intricate mechanisms governing moisture-driven carbonation kinetics 
of calcium-bearing minerals. A self-designed carbonation reactor equipped with an 
ultrasonic atomizer is used to meticulously control the water content during carbonation 
experiments. Grand Canonical Monte Carlo simulations reveal that maximum CO2 
uptake occurs at a critical water content where the initiation of capillary condensation 
significantly enhanced liquid–gas interactions. This phenomenon leads to CO2 adsorp-
tion–driven ultrafast carbonation at an optimal moisture content (0.1 to 0.2 g/g, water 
mass ratio to total wet mass of the mineral). A higher moisture content decimates the 
carbonation rate by crippling CO2 intake within mineral pores. However, at exception-
ally high moisture levels, the carbonation reaction sites shift from internal mesopores 
to the grain surface. This results in surface dissolution–driven ultrafast carbonation, 
attributed to the monotonically decreasing free energy of dissolution with increasing 
surface water thickness, as revealed by metadynamics simulations. This study provides 
a fundamental and unified understanding of the multifaceted role of water in mineral 
carbonation, paving the way for optimizing ultrafast CO2 mineralization strategies for 
global decarbonization efforts.

CO2 mineralization | moisture impact | carbonation kinetics | atomistic simulations

 CO2  mineralization offers a long-term and secure decarbonization strategy to help mitigate 
global warming ( 1   – 3 ). In situ CO2  mineralization involves the injection of highly con­
centrated CO2  underground for physical and chemical trapping, which takes decades to 
thousands of years for the geological conversion of CO2  ( 1 ,  4 ,  5 ). On the other hand, ex 
situ mineralization utilizes enhanced mineral carbonation reactions with reactive ores ( 6 ) 
or solid wastes ( 7     – 10 ). The resulting carbonation products are either disposed of or recycled 
( Fig. 1A  ) ( 11 ). Both approaches face a significant challenge in achieving desirable CO2  
mineralization efficiency at acceptable economic costs ( 12 ). Recent findings have revealed 
a substantial gap between the operational and announced CO2  capture and storage capac­
ities, underscoring the challenges faced in economically feasible real-world applications 
( Fig. 1B  ). Indeed, current CO2  mineralization technologies consume a lot of water and 
energy ( 13 ,  14 ). In particular, experimental studies and applications employ different 
water contents and states, such as vapor ( 15   – 17 ), mist ( 18 ), or bulk liquid ( 19   – 21 ) as 
depicted in  Fig. 1C  . Previous studies have highlighted the crucial role of water as a medium 
for various reactions (dissolution, solvation, diffusion, precipitation, nucleation, etc.) 
during the carbonation process, which governs the overall mineral carbonation kinetics 
( 22 ,  23 ). On the other hand, the influence of relative humidity on mineral carbonation 
efficiency presents a complex picture with varying findings. While most studies suggest 
optimal carbonation efficiency at low relative humidity (40 to 60%) ( 24 ,  25 ), some 
research points to maximum efficiency at high relative humidity (>90%) ( 16 ,  26 ). Notably, 
high carbonation efficiency is also observed in aqueous carbonation scenarios where the 
mineral reacts with CO2  in the bulk water ( 27     – 30 ). This discrepancy highlights the dif­
ferent carbonation pathways altered by water content ( 22 ). However, the fundamental 
mechanisms through which water supply acts as a facilitator in the mineral carbonation 
process are not yet fully understood. A unified understanding of the role of water in dif­
ferent carbonation conditions has not been provided.        

 For mineral carbonation in an aqueous solution, liquid water penetrates mesopores 
within the minerals through capillary imbibition and flow ( 31   – 33 ), which transports 
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carbonate/bicarbonate species into the internal pores for chemical 
reactions ( Fig. 1D  ). The capillary imbibition kinetics can be 
described by the classical Lucas–Washburn equation under the 
assumption of laminar flow and no gravity ( 34 ,  35 ):

﻿﻿  

﻿
 where L  and t  represent the penetration distance and time, respec­
tively. k  denotes the capillarity front coefficient which relates to 
the geometry and roughness of the capillary wall and the prop­
erties of the liquid. r , η ,  �  , and  �  are the pore radius, dynamic 
viscosity of the liquid, surface tension of the liquid, and the con­
tact angle at the three-phase contact point, respectively. This 
equation provides an estimate of the advancing rate of the menis­
cus, which, to some extent, reflects the rate of CO2  penetration 
into the materials. However, for mineral carbonation with a lim­
ited water supply, most internal mesopores are not fully saturated 
with water, where the external CO2  penetrates the materials in a 
different manner ( Fig. 1E  ). In our previous experimental studies, 

it has been observed that not only the transport behaviors but 
also the nucleation and growth of carbonation products are reg­
ulated with water content during carbonation ( 18 ,  23 ) Therefore, 
understanding the relationship between carbonation kinetics and 
mineral moisture is crucial for formulating high-efficiency and 
cost-effective carbonation solutions for real-world applications at 
scale.

 In this study, we aim to reveal the intricate role of moisture 
dynamics in enhancing mineral carbonation reactions to reveal 
the optimal conditions for ultrafast CO2  mineralization. Taking 
recycled concrete powder (RCP), one of the most commonly used 
alkaline solid wastes for CO2  mineralization ( 11 ,  36   – 38 ), as a 
representative example, we conducted comprehensive carbonation 
experiments under various water contents using our developed 
carbonation apparatus ( 18 ) that allows precise control of the water 
flux during carbonation. Advanced molecular simulation methods 
including Grand Canonical Monte Carlo (GCMC) and well- 
tempered metadynamics were employed to unveil the fundamental 
mechanisms of water-mediated carbonation reactions. This study 
provides comprehensive insights into moisture-driven thermody­
namics and kinetics of mineral carbonation, suggesting optimal 
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Fig. 1.   Schematic multiscale perspectives of CO2 mineralization. (A) The in situ and ex situ CO2 mineralization schemes with their shared basic water-mediated 
carbonation processes, i.e., mineral dissolution, CO2 speciation, and carbonate precipitation. MX represents alkaline earth metal compounds. (B) Comparison 
of globally announced and operational capacity on CO2 storage and capture in recent years (Source: International Energy Agency). (C) Schematic classification of 
CO2 mineralization based on water and CO2 sources and product utilization. (D) Schematic diagram illustrating capillary permeation during mineral carbonation. 
(E) Moisture-mediated CO2 transport within capillary pores in minerals. CO2 migrates in saturated pores in the form of hydrated ions as the meniscus advances, 
while gas CO2 can diffuse in unsaturated pores.
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water conditions for achieving ultrafast CO2  mineralization in 
global decarbonization practices. 

Results and Discussion

Effect of Water Flux on Carbonation Efficiency and Pore Structure. 
We further upgraded our recently developed carbonation system 
(Fig. 2A) (18) with precise control over water flux to investigate 
the moisture-driven carbonation kinetics of RCP. The reaction 
chamber is integrated with an ultrasonic atomizer nozzle to 
generate micron-sized mist droplets, driven by a high-precision 
peristaltic pump that delivers adjustable water flux to achieve the 
desired moisture conditions. Within the reaction chamber, the 
custom-designed specimen holder ensures uniform exposure of 
the samples to the water mist/CO2 mixed atmosphere. Inlet and 
outlet ports enable precise control of CO2 gas introduction and 
removal, facilitating carbonation reactions under well-defined 
and reproducible conditions. All carbonation experiments are 
conducted at ambient temperature and pressure. To accurately 
characterize water involvement in our experimental setup, we 
adopt two complementary metrics: the externally controlled 
parameter termed water flux (J, g/min) and the resultant moisture 
content ( w  , g/g) of the mineral sample after water infiltration. w  
is defined as the proportion of water mass to the total mass in 
the sample, i.e., w = mwater∕(msolid +mwater)  (16, 30, 39). Fig. 2B 
delineates the correlation between the input water flux and the 
resulting mineral moisture content at a constant time interval of 
15 min.

 Quantifying carbonation product formation under controlled 
water flux conditions is essential for understanding the mecha­
nistic carbonation pathways. We characterized the carbonation 
products formed under different water fluxes (0 to 2 g/min for 
15 min) using X-ray Diffraction (XRD) analysis (SI Appendix, 
Fig. S1 ). The corresponding quantitative phase composition via 
Rietveld refinement analysis is depicted in  Fig. 2C   and SI Appendix, 
Table S1 . The original RCP consists primarily of amorphous cal­
cium silicate hydrates (A-hydrates) and portlandite (calcium 
hydroxide, denoted as CH), with smaller amounts of clinker 
phases, calcite, monocarbonates, and other crystalline hydration 
phases (C-hydrates) such as hydrogarnet and hydrotalcite. To 
facilitate the analysis of the carbonation process, we focused on 
two key substances: CH (the most CO2﻿-reactive phase in RCP) 
and calcite (the main carbonation product).  Fig. 2 D  and E   shows 
the selected XRD patterns of CH and calcite under different water 
fluxes, respectively. The intensities of these peaks have been nor­
malized to the peak intensity of the ZnO marker phase, with the 
maximum intensity set to unity. The color scaling represents this nor­
malized intensity, ranging from 0 to 1. From the XRD data ( Fig. 2 D  
and E   and SI Appendix, Table S1 ), it is evident that when J  is less than 
0.05 g/min, the content of CH decreases with an increase in J . 
However, when J  reaches 0.4 g/min, the CH content initially increases 
and then continuously decreases as J  increases. Correspondingly, at 
the initial stages, as J  increases from 0 to 0.1 g/min, the content of 
calcite rises. This suggests that a slight increase in water flux enhances 
the carbonation reactions. As J  increases from 0.1 to 0.4 g/min, the 
calcite content decreases, which indicates a higher water content 
impedes the carbonation process. However, the calcite content starts 
to increase again when J  exceeds 0.4 g/min. The observed trends 
imply the complex influence of water content on mineral carbona­
tion kinetics, which will be further elucidated in the following 
sections.

 To illustrate the changes in pore structures of RCP after car­
bonation, we determined the pore size distribution and specific 
surface area using the Brunauer–Emmett–Teller (BET) method 

with N2  gas adsorption/desorption.  Fig. 2F   demonstrates that the 
content of small mesopores (<20 nm) increases after carbonation, 
particularly under a large water flux (e.g., 2 g/min), which is prob­
ably due to the densification of large mesopores by the carbonation 
products. The barely changed pore size distribution for the car­
bonated samples with J  = 0.05 and 0.4 g/min is due to the limited 
carbonate formation ( Fig. 2C  ). Moreover, the adsorption/desorp­
tion isotherm hysteresis suggests the mesopores within RCP 
belong to the V-type slit pore of the IUPAC classification 
(SI Appendix, Fig. S2 ). The width of isotherm hysteresis becomes 
larger for the highly carbonated samples under an appropriate 
water flux, indicating an increase in the size of nanopores 
(SI Appendix, Fig. S2 ). The specific surface area and cumulative 
pore volume ( Fig. 2G  ) increase from the initial 7.64 m2  g−1  and 
0.05 m3  g−1  to 11.45 m2  g−1  and 0.06 m3  g−1 , respectively, for J  = 
0.1 g/min, while the average pore size decreases from 21.95 nm 
to 17.14 nm. With a larger water flux (J  = 2 g/min), the changes 
are even more significant, featuring increased surface area and pore 
volume of 22.05 m2  g−1  and 0.07 m3  g−1 , and reduced average 
pore size to 12.31 nm. This is in line with  Fig. 2F  , which states 
that the content of smaller mesopores increased after carbonation. 
The accumulative pore volume analysis reveals two important 
findings ( Fig. 2H  ). First, carbonation increases the volume of small 
mesopores (<50 nm), which can be utilized as a qualitative indi­
cator of the carbonation degree because  Fig. 2 C  and H   forecasts 
precisely the same effect of water flux on the carbonation efficiency 
of RCP. Second, while the formed calcite contents are similar 
( Fig. 2C  ), the pore volume for J  = 2 g/min is notably larger than 
that for J  = 0.1 g/min. This may be attributed to the accumulation 
of carbonates on the grain surface rather than within the meso­
pores in the near-aqueous carbonation scenario, as observed in 
the carbonation experiments ( 18 ).  

Moisture-Driven Carbonation Kinetics. Since the carbonation 
rate of RCP is highly dependent on the water supply (Fig. 2C), 
we conducted orthogonal experiments of RCP carbonation using 
different water fluxes (J, g/min) and reaction times (t, min). The 
tabulated results are presented in SI Appendix, Table S2. Fig. 3A 
shows the carbonation degree (η, %) as a function of t and J, i.e., 
�(t , J ) . η was defined as the mass ratio of carbonated calcium 
oxide to the total equivalent calcium oxide in RCP (SI Appendix, 
Table S3). To analyze the impact of moisture on the carbonation 
kinetics, we calculated the change rate in η with respect to t 
( rt (t , J ) ) and J ( rJ (t , J ) ) by performing partial differentiation 
(Fig. 3 B and C). rt (t , J ) represents the increase in the carbonation 
degree per unit time (min) under a specific water flux and reaction 
time. Similarly, rJ (t , J ) represents the increase in the carbonation 
degree per unit water flux (g/min) under a specific water flux and 
reaction time.

 Generally, η  increases with t  while J  shows a twofold effect on 
﻿η  ( Fig. 3A  ). Two extreme values of η  appear around J  = 0.1 g/min 
and J  > 1 g/min, respectively. η  increases with J  within the range of 
0 < J  ≤ 0.1 g/min, beyond which, as J  increases, η  initially decreases 
and then increases. This illustrates that the amount of water strongly 
influences the carbonation process of minerals ( 16 ,  40 ). First, we 
discuss the relationship between the carbonation rate  rt (t , J )    and 
reaction time under different water fluxes ( Fig. 3B  ).  rt (t , J )    is sig­
nificant within the first 15 min of reaction and experiences an 
abrupt drop thereafter. This is understandable because the accu­
mulated carbonation products on the mineral surface hinder the 
further dissolution and carbonation of the mineral. When the 
water flux is less than 0.02 g/min,  rt (t , J )    is not sensitive to the 
reaction time, which suggests that the carbonation of RCP requires 
a minimal water amount for activation. This agrees with previous D
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experimental studies of Galan et al. ( 40 ), where they found that 
the carbonation of cement paste was barely observed at a low 
relative humidity of 11%. At a constant water flux of 0.1 g/min, 
﻿rt (t , J )    reaches the maximum at about 10 min. When the water 
flux is greater than 1 g/min, the maximum  rt (t , J )    shifts to about 
5 min from the beginning, which indicates that fast carbonation 
happens at the very beginning. This is consistent with the obser­
vation in the aqueous carbonation experiments (where the solids 
are immersed in the aqueous solution) that the carbonation rate 
decreases with time from the very beginning ( 30 ). Overall, the 
maximum  rt (t , J )    advances with increased water flux.

 Now, we discuss the relationship between the carbonation rate 
﻿rJ (t , J )    and the water flux at different reaction times ( Fig. 3C  ). First, 
﻿rJ (t , J )    varies dramatically with the water flux when J  < 0.2 g/min.  

Beyond this threshold,  rJ (t , J )    is not sensitive to the change in 
water flux, because the carbonation environment gradually 
approaches the aqueous carbonation conditions where water sup­
ply is no longer a reaction limiting factor. Within the first 10 min, 
the water flux has a negligible effect on  rJ (t , J )    due to the minimal 
cumulative water volume and the relatively low carbonation degree 
of RCP. ( Fig. 3A  ). For a 15-min carbonation reaction, the maxi­
mum  rJ (t , J )    occurs at a water flux of ~0.07 g/min, beyond which 
﻿rJ (t , J )    declines sharply and even becomes negative when the water 
flux exceeds 0.1 g/min. This indicates that a water flux over 0.1 
g/min results in a reduction in the carbonation degree as shown 
in  Fig. 3A  . When the water flux exceeds 0.17 g/min,  rJ (t , J )    exhib­
its a gradual increase in response to the water flux, albeit with a 

A

C

F G H

D E

B

Fig. 2.   Influence of water flux on phase composition and pore structures of carbonated RCP. (A) Schematic of the carbonation setup, featuring a constant CO2 
flow and controlled water flux delivered as micron-sized droplets. (B) Relationship between water flux and the accumulated moisture content within the RCP 
sample after a 15-min carbonation period. Moisture content is defined as the ratio of water mass to the total mass of the wet material. (C) Phase composition 
of carbonated RCP after 15 min. The sample with zero water flux represents the original, uncarbonated RCP. The black line highlights the variation in calcite 
content. (D and E) Main X-ray diffraction patterns of portlandite and calcite in carbonated RCP at different water fluxes. Peak intensities are normalized to the 
ZnO marker phase, with the maximum intensity set to unity and represented by the color scale. (F and G) Pore size distribution, cumulative pore volume, and 
specific surface area of carbonated RCP at various water fluxes (J, g/min). (H) Changes in the volume of small pores (2 to 50 nm) and large pores (>50 nm) in 
carbonated RCP at various water fluxes. All data presented are for samples after a 15-min carbonation period. All presented data correspond to carbonated 
RCP after 15 min carbonation under different water fluxes.
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relatively gentle variation. For longer carbonation durations (e.g., 
30 min), the relationship between  rJ (t , J )    and water flux displays 
a similar behavior as described above. However, the maximum 
value is attained at a lower water flux (~0.04 g/min). Overall, as 
the carbonation reaction time increases, the water flux required 
to maximize  rJ (t , J )    gradually decreases. Consequently, the car­
bonation rate can be optimized at various reaction times by pre­
cisely controlling the water flux.

 To establish the relationship between carbonation kinetics and 
the materials’ states, we calculated the moisture content ( w  ) of 
the samples during carbonation. Since the accumulative water is 
determined by the water flux  J   and carbonation time  t  , we con­
verted the  J , t  -dependent  �(t , J )  into  w, t -dependent  �(t ,w)  as 
shown in  Fig. 3D  . In analogy to  Fig. 3 B  and C  , the change rate 
in η  with respect to t  ( rt (t ,w) ) and w  ( rw(t ,w) ) were calculated 
by performing partial differentiation ( Fig. 3 E  and F  ).  rt (t ,w)    
represents the increase in the carbonation degree per unit time 
under a specific reaction time and final moisture content. Similarly, 

﻿w  ( rw(t ,w) ) represents the increase in the carbonation degree per 
unit of moisture content. Because  w    and  t    are related, the evolution 
of  w    with  t    at different water fluxes is illustrated in  Fig. 3 D –F   to 
facilitate the understanding of  �(t ,w) ,  rt (t ,w) , and  rw(t ,w)   .

 Similar to  �(t , J ) ,  �(t ,w)    increases with t  while  w    shows a two­
fold effect on η  with two local maxima at  w = 0.2 g∕g    and 
﻿w >> 0.5 g∕g    ( Fig. 3D  ), which highlights the importance of 
controlling the moisture content of the mineral for efficient carbon­
ation.  Fig. 3E   spots the critical moisture content of 0.1 to 0.2 g/g  
for the most efficient carbonation of RCP. Based on a comprehen­
sive analysis of the carbonated samples including the carbonation 
rate ( Fig. 3E  ), the surface wetness, and the carbonation product 
distribution (SI Appendix, Fig. S3 ), 0.1 to 0.2 g/g is the optimal 
moisture content for mineral carbonation at low water content 
conditions where the solids’ surface is dry, and the carbonation 
reactions primarily take place in the mesopores between the nano­
grains. In addition,  rt (t ,w)    is large for extremely high moisture 
content (>0.7 g/g), which corresponds to the aqueous carbo­
nation scenario where solid dissolution is significant. As for the 
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Fig. 3.   Carbonation kinetics of RCP at different water supplies. (A) Carbonation degree (η) as a function of water flux (J) and carbonation time (t). (B) The calculated 
carbonation rate with respect to t ( r

t
(t, J)  ), representing the increase in η per unit t under a specific J and t. (C) The calculated carbonation rate with respect 

to J ( r
J
(t, J)  ), denoting the increase in η per unit J under a specific J and t. (D) Carbonation degree as a function of moisture content (w) and t. (E) The calculated 

carbonation rate with respect to t, i.e., r
t
(t,w)  . (F) The calculated carbonation rate with respect to w, i.e., r

w
(t,w) . (G) Schematic illustration of different carbonation 

scenarios divided by a critical moisture content ( w
c
 ): internal carbonation within the unsaturated mesopores and external carbonation on the mineral surface.
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relationship between carbonation rate and moisture content under 
different reaction times ( Fig. 3F  ),  rw(t ,w)    varies greatly within the 
moisture content of 0.4 g/g and becomes less sensitive to higher 
moisture contents. This indicates that an extremely high water 
content may yield a high carbonation degree but results in ineffi­
cient utilization of water, which leads to substantial water con­
sumption and energy input for wastewater treatment in practical 
applications.

 Based on the above analysis, we summarize the effect of water 
on the carbonation process of minerals. Water is involved in the 
three main carbonation processes of calcium-bearing minerals 
(CaX, X represents oxygen, hydroxide, silicate, sulfate, and other 
anion groups.), i.e., calcium dissolution (Eq.  2  ), CO2  speciation 
(Eqs.  3    – 5  ), and calcium carbonate precipitation (Eq.  6  ).

﻿﻿  

﻿﻿   

﻿﻿  

﻿﻿  

﻿﻿  

﻿﻿  

 Although the overall carbonation reaction releases the water it 
consumed at the beginning (Eq.  7  ), the amount of water regulates 
the carbonation environments that mediate the kinetics of subse­
quent reactions toward the overall carbonation efficiency. We can 
use a critical moisture content ( wc ) to divide the carbonation 
conditions into two scenarios ( Fig. 3G  ). When  w < wc , the water 
droplets permeate the internal mesopores of the mineral to form 
thin water film on the pore walls, which provides an ideal humid 
environment for CO2  reacting with the dissolved calcium ions. 
In this condition, carbonation kinetics is sensitive to the moisture 
content as it alters the water film thickness in the mesopores which 
controls the dissolution kinetics of calcium ions and the transport 
of CO2 . Therefore, an optimal moisture content is expected for 
the highest carbonation rate ( Fig. 3E  ). When  w >> wc , the suffi­
cient water amount saturates most of the internal mesopores, 
blocking the permeation of CO2 . However, this water saturation 
state favors the mineral dissolution and diffusion of dissolved cal­
cium ions to the outer surface of minerals, which diverts the pri­
mary carbonation reaction zone from internal mesopores to the 
outer surface. In this condition, the initially high carbonation rate 
decreases rapidly with carbonation time because the accumulation 
of carbonation products on the mineral surface impedes calcium 
ion leaching (SI Appendix, Fig. S3 ). Overall, the pursuit of optimal 
conditions under low moisture contents is more delicate yet attrac­
tive from the perspective of practical applications at scale. The 
fundamental mechanisms of the optimal unsaturated states of the 
mesopores for efficient carbonation are revealed in the next section.  

Atomistic Mechanisms of Moisture-Driven Carbonation Thermo­
dynamics. The packing of nanograins forms the multiscale pores 
within minerals. The water saturation state of these pores is 
determined by the equilibrium relative humidity, as the Kelvin 
equation describes (41). When the relative humidity is below 
100%, water completely fills the smaller pores through capillary 
condensation yet only forms water films of various thicknesses in 
the larger pores (42). These nanometer-thick water films provide 

both solid/liquid and liquid/gas interfaces, serving as nano-reactors 
for mineral carbonation (43). The efficiency of mineral carbonation 
depends on the sufficient supply of reactants (i.e., metal ions and 
CO2) within the nanoscale water films (22). The ideal state of 
carbonation would be a continuous dissolution of metal ions from 
the solid surface into the water film, with CO2 being transported 
into the water film from the exterior. Both factors are influenced 
by the state of water within mesopores. To this end, we studied 
the impact of water content on CO2 adsorption behavior and 
the thermodynamics of surface calcium ion dissolution in a 4 
nm slit pore of CH through molecular dynamics simulation 
(Fig. 4). Actual minerals contain pores ranging from nanometers 
to micrometers (44), and their surface properties, however, are 
the same at the molecular scale. The water saturation states of 
these pores follow the Kelvin equation, except for particularly 
small pores (<2 nm), where the strong interactions between the 
upper and lower pore walls cause the physicochemical properties 
of water within the pores to deviate significantly from its normal 
state (45, 46).Therefore, we chose a 4 nm slit pore, which retains 
the basic properties of all mesopores while significantly reducing 
the computational load of molecular simulations (47). It should 
be noted that the water content in the simulation models, different 
from the moisture content described in Fig. 3, is defined as the 
molar ratio of water molecules of the water film to the maximum 
water molecules that fill the entire 4 nm pore.

 The amount of CO2  adsorption in the CH pore increases with 
the water content and reaches the maximum at 83.3% water con­
tent. Beyond this critical water content, the CO2  intake decreases 
sharply ( Fig. 4A  ). This implies an optimal water content in the CH 
pore that maximizes CO2  adsorption. A higher water content is 
detrimental to CO2  intake and, consequently, to the mineral car­
bonation process. Further analyses reveal that these observations 
are attributed to the hydrophobic nature of CO2 . CO2  molecules 
preferentially accumulate at the liquid/gas interface within the CH 
pore ( Fig. 4 B  and D  ). Within a specific range of water content, the 
liquid/gas interface is always present, and the amount of dissolved 
CO2  gradually increases with the water layer thickness, leading to 
a slow rise in the total CO2  intake. When the water content reaches 
83.3%, capillary condensation (i.e., the water film on the pore walls 
suddenly fills the entire pore) occurs in the CH pores, where the 
pore water is filled with density-fluctuation metastable water 
(SI Appendix, Fig. S4 ). This condition intensely enhances the liquid/
gas interactions and results in a great CO2  intake ( Fig. 4A  ). A higher 
water content leads to the disappearance of the liquid/gas interface 
and a consequent sharp drop in CO2  adsorption.

 In contrast to CO2  adsorption behavior, the increase in water 
content in the pore almost monotonically promotes the dissolu­
tion of calcium ions ( Fig. 4E  ). The free energy barrier for calcium 
dissolution decreases from 306.7 kJ/mol to 71.8 kJ/mol as the 
water content increases from 16.7 to 100%. This is related to the 
mobility of surface-adsorbed water. Due to the strong adsorption 
of the thin water layer by the solid surface, the diffusion coefficient 
of water at 16.7% water content is extremely low ( Fig. 4C  ), mean­
ing that the surface water is somewhat “frozen.” This condition is 
not conducive to calcium dissolution, as it requires the continuous 
exchange of water molecules in the first coordination shell of the 
calcium ion ( 48 ). As the water content increases, the thickness of 
the surface water film continues to grow. The water molecules at 
the liquid/gas interface become increasingly distant from the solid 
surface, thus weakening the adsorption effect of the surface and 
gradually increasing their mobility, leading to a rise in the average 
diffusion coefficient of water in the pore. The higher diffusion 
coefficients at 66.7% and 83.3% water contents compared to fully 
saturated pores (100% water content) are due to the liquid/gas 

[2]CaX +mH2O→ Ca2+ + 2OH− +H2X + (m − 2)H2O,

[3]CO2 +mH2O↔H2CO3 + (m−1)H2O,

[4]H2CO3 + (m−1)H2O↔H+ +HCO−
3 + (m−1)H2O,

[5]HCO−
3
+ (m−1)H2O↔H+ + CO2−

3 + (m−1)H2O,

[6]Ca2+ + CO2−
3 → CaCO3,

[7]
CaX + CO2 + 2mH2O→ CaCO3 +H2X + (2m − 1)H2O.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 H
O

N
G

 K
O

N
G

 P
O

L
Y

T
E

C
H

N
IC

 U
N

IV
E

R
SI

T
Y

 o
n 

Fe
br

ua
ry

 9
, 2

02
5 

fr
om

 I
P 

ad
dr

es
s 

15
8.

13
2.

16
1.

18
5.

http://www.pnas.org/lookup/doi/10.1073/pnas.2418239121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2418239121#supplementary-materials


PNAS  2025  Vol. 122  No. 1 e2418239121� https://doi.org/10.1073/pnas.2418239121 7 of 9

interface, where water molecules are more active than in the bulk 
water. In addition, the diffusion coefficient of 100% water content 
is slightly lower than the experimentally measured diffusion coef­
ficient of bulk water (2.3 × 10−9  m2 /s) ( 49 ) due to the low diffu­
sion coefficient of water molecules adhering to the pore wall. It is 
worth noting that the free energy barrier for calcium dissolution 
at 16.7% water content is exceptionally high ( Fig. 4E  ), suggesting 
that the dissolution process is unlikely to occur, and thus the 
carbonation process is hindered. This explains the sluggish car­
bonation kinetics of minerals at shallow water content in our 
experiments and previous studies ( 23 ,  40 ). The change in calcium 
dissolution free energy barely varies when the water content 
exceeds 66.7%, indicating that the water content for calcium dis­
solution has entered an optimal zone. Additional water has a lim­
ited effect on calcium dissolution yet leads to a sharp decline in 
CO2  adsorption ( Fig. 4A  ). Hence, a rough water content range 
of 66.7 to 83.3% is optimal for the maximum carbonation effi­
ciency in the 4 nm CH pore.   

Conclusion and Implications

 The crucial importance of water in mineral carbonation is widely 
recognized in experimental studies and applications, yet the under­
lying complex mechanisms have not been fully understood. 
Through systematic investigation of moisture-driven carbonation 
kinetics, our work provides a unified framework for understanding 
the multifaceted role of water across diverse carbonation condi­
tions. The carbonation rate of minerals is directly determined by 
the availability of reactants (metal ions and CO2 ) within the 
medium (i.e., water), which is in turn controlled by the water-
mediated dissolution and diffusion processes.

 Under conditions of limited moisture content, most mesopores 
within the minerals are not fully saturated, creating a unique envi­
ronment with coexisting solid/liquid and liquid/gas interfaces. 
Molecular simulations reveal a lower limit of water content 
(33.3%) required to reduce the mineral dissolution free energy 
barrier and enhance the CO2  adsorption within the mesopores. 
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Fig. 4.   Effect of water content on the carbonation process within a 4 nm CH slit pore. (A) Amount of CO2 adsorption in the CH pore across different water content 
levels. Water content is quantified as the ratio of the water volume in the pore to the entire pore volume. (B) Water and CO2 distributions within the pore at 50% 
water content, examined in the direction perpendicular to the pore. (C) Water self-diffusion coefficients within the pore under different water content conditions. 
(D) Molecular simulation snapshot depicting the equilibrium state of CO2 adsorption in the pore with 50% water content. (E) Calcium dissolution pathways and 
associated free energies across different water content conditions. The free energy landscapes and configurations of key intermediate (S) and transition states 
(TS) during the dissolution process are illustrated. The white, red sticks, and green spheres designate hydrogen, oxygen, and calcium atoms, respectively. The 
dashed lines show the chemical bonds between calcium and the coordination oxygen. The energy difference between the lowest S and highest TS determines 
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Within a specific range, increasing moisture content leads to a 
higher carbonation rate, peaking at the capillary condensation 
state where mineral dissolution and CO2  docking are simultane­
ously promoted. Identifying such optimal moisture content (0.1 
to 0.2 g/g for RCP in this study) is crucial for maximizing CO2  
mineralization efficiency in practical applications. When the mois­
ture content exceeds the optimum, the mineral dissolution free 
energy is barely changed while the CO2  intake is remarkably 
reduced due to the vanishment of the liquid/gas interface within 
the mineral pores. This causes a sharp decrease in mineral carbon­
ation rate, which should be avoided in real-world CO2  minerali­
zation applications. On the other hand, at exceedingly high 
moisture content, saturated mesopores significantly enhance min­
eral dissolution and the migration of metal ions, shifting the car­
bonation reaction sites from internal mesopores to the external 
solid surface. In this case, the carbonation rate depends on the 
dissolution rate of CO2  in the solution. As such, manipulating 
variables such as gas pressure, solution pH, and ultrasonic disper­
sion to modulate the concentration of CO2  (or carbonate ions) in 
the solution represents an essential strategy for regulating the effi­
ciency of CO2  mineralization in the aqueous carbonation 
scenario.

 Although this study focuses on the carbonation of waste concrete, 
the fundamental insights regarding the influence of water on car­
bonation mechanisms are broadly applicable to diverse mineral 
systems, including geological carbon sequestration, industrial min­
eral processing, and the weathering of natural minerals. Furthermore, 
the integrated experimental and computational methodology pre­
sented here provides a powerful framework for optimizing carbon­
ation processes across a range of materials by systematically targeting 
maximum CO2  mineralization efficiency.  

Materials and Methods

Experimental Procedure. Ordinary Portland cement paste blocks with a water/
cement ratio of 0.45 were cured for over 6 mo at room temperature before being 
crushed into the powder of 150 μm. The powder sample was placed on a stand at 
the upper opening of a cylindrical container with a diameter of 10 cm (Fig. 2A). An 
ultrasonic atomizer nozzle was positioned ~30 cm above the stand to generate 
a uniform mist flow with an average droplet radius of 40 μm. A double plunger 
pump (LSGB-ZB20) was used to control an adjustable flow rate range of 0 to 2 
g/min. The mist was released above the sample, creating a mist condition with 
a relative humidity close to 100%. CO2 was injected at a rate of 500 mL/min. All 
experiments were conducted under ambient temperature and humidity condi-
tions. The carbonated samples were vacuum-dried at 40 degrees Celsius for 48 
h before property characterization.

Property Characterization. Prior to carbonation, the oxide content anal-
ysis of the untreated sample (passing a 200-mesh sieve) was determined by 
Zetium X-ray fluorescence spectroscopy from Malvern Panalytical using a boric 
acid–rimmed substrate tableting method. Phase composition of the carbonated 
samples was determined by XRD analysis using a Rigaku SmartLab 9 kW diffrac-
tometer with Cu Kα radiation (λ = 1.54 Å). Data were collected over a 2θ range of 
5° to 60° with a step size of 0.02° and a rate of 2°/min. Rietveld refinement was 
performed using HighScore Plus software to quantify phase fractions and 10% 
ZnO was added as an internal standard to the samples. The R-weighted pattern 
value for the refined fit parameters was maintained at a level below 10%. Nitrogen 
adsorption–desorption isotherms were obtained at −196 degrees Celsius using 
Micromeritics ASAP 2020, which was performed in a liquid nitrogen environment. 
Samples were degassed at degrees Celsius for 12 h prior to analysis. The specific 
surface area was calculated by the BET method from the adsorption branch of the 
isotherm in the relative pressure (P/P0) range of 0 to 1.0. Pore size distribution 
analysis of the sample was assessed by the Barrett–Joyner–Halenda method. 
The spatial distribution of elements of samples (resin-embedded, polished, and 
coated with a thin layer of gold) was performed using a Tescan VEGA3 instrument 
with an X-Max N80 detector at 20 kV and a working distance of 10 mm.

Force Field and Model Construction. The Clay Force Field (ClayFF), originally 
developed by Cygan et al. (50), was specifically tailored for modeling hydroxide, 
oxyhydroxide, and clay phases. Its modified versions have been successfully 
extended in modeling a variety of minerals such as cementitious materials (47, 
51, 52), geopolymers (53), natural rocks (54), etc. In our molecular simulations, 
we employed an enhanced version of ClayFF (55) that incorporates refined param-
eters for CO2, enabling accurate reproduction of its adsorption characteristics.

CH was chosen here as a common representative of alkaline minerals with 
high carbonation reactivity. Compared to other Ca-containing alkaline minerals 
such as calcium silicate, C-S-H, calcium aluminate, etc., which have complex 
compositions and surface configurations that lead to complicated dissolution and 
carbonation processes, CH has a relatively simple composition and structure, mak-
ing it an ideal candidate for understanding mineral carbonation at the molecular 
scale. The CH primitive cell with a hexagonal symmetry was converted into an 
orthorhombic supercell with dimensions of ~30 Å × 30 Å × 20 Å. The supercell 
was subjected to relaxation under the isobaric-isothermal (NPT) ensemble at 
298 K and 1 bar for 1 ns before it was used to build the slit pore model with a 
pore width of 4 nm. Water molecules were strategically placed on both sides of 
the pore walls to achieve different water contents. The detailed workflow for model 
construction and the slit pore models with different water contents are depicted 
in SI Appendix, Figs. S5 and S6, respectively.

Simulation Procedures. The property calculations for this study were conducted 
using the LAMMPS (56) package, operating under the canonical (NVT) ensemble 
at a constant temperature of 298 K. A time step of 1 fs was chosen to ensure 
precision with the Nose–Hoover thermostat and barostat applied alongside the 
velocity-Verlet algorithm for temporal integration.

The GCMC method was utilized to facilitate CO2 adsorption into the CH slit 
pores. A CO2 pressure of 10 bar, corresponding to a chemical potential of −8.307 
kcal/mol, was maintained to secure an adequate adsorption amount for statistical 
analysis. The adsorption simulations spanned 10 ns to achieve equilibrium, with 
100 trials for molecule insertion, removal, or displacement conducted at each 
picosecond interval. The equilibrium CO2 adsorption amount was determined 
by averaging the data from the steady period between 6 ns and 10 ns, as shown 
in SI Appendix, Fig. S7.

The well-tempered metadynamics (57) technique was employed to explore 
the free energy landscape of calcium dissolution from the CH surface into the 
water film. Although calcium ions tend to dissolve more readily from defective 
sites (e.g., edge or kink), the flat surface model was chosen for its simplicity and 
straightforward control over water film thickness. The metadynamics sampling 
utilized the vertical displacement of the calcium ion and its water coordination 
number as collective variables. A Gaussian penalty potential with a width of 0.1 
and an initial height of 1.5 kJ/mol was applied, with modifications at every 150 
time steps and a bias factor of 15 to ensure a smooth approach to equilibrium. 
The metadynamics simulations were executed with the PLUMED (58) plugin 
interfaced with LAMMPS.

The self-diffusion coefficient of water within the pores was calculated by ana-
lyzing the trajectories of the water molecules following a 10 ns relaxation of the 
surface models. The time-dependent mean squared displacement ( MSD(t) ) was 
calculated and fitted to the Einstein relation to derive the diffusion coefficient ( DH2O):

where N is the dimensionality that is two for the surface adsorbed water.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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