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Abstract 13 
Decalcification of calcium silicate hydrates (C-S-H) is one of the most important issues for 14 

cement-based infrastructures concerning long-term safety performance. While enhanced 15 

decalcification of C-S-H in saline solution has been extensively characterized by 16 
experimental studies, the underlying microscale mechanisms are not well understood. 17 
Using molecular simulations with the metadynamics method, we compared the Ca 18 

dissolution free energy of amorphous C-S-H and C-S-H-like crystals in pure water and 19 
seawater. Previous experimental results were well-explained by our calculations, and we 20 

revealed an important mechanism of accelerated C-S-H decalcification in seawater that has 21 
not been emphasized before, i.e., the “ion exchange” between surface Ca and electrical 22 
double layers in seawater significantly reduces the Ca dissolution free energy through 23 

excess entropy gains. This provides a new and sound understanding of decalcification in 24 

contrast to previous empirical approaches stating that accelerated decalcification is mainly 25 
related to the pore solution’s pH value and ionic solubility. It is also found that C-S-H with 26 
a larger Ca/Si ratio features lower dissolution free energy. Our finding enhances the 27 

assessment and prediction of cementitious materials’ degradation and inspires relevant 28 
mitigation strategies. This work also enriches the understanding of mineral dissolution with 29 

a broader geoscience interest. 30 
31 

Keywords: Thermodynamics; Dissolution; Calcium silicate hydrates; Seawater; 32 

Molecular dynamics. 33 
34 

1. Introduction35 

Ca leaching is one of the most important causes of the deterioration of cement-based36 

constructions, especially when they are under adverse service conditions, such as37 

radioactive waste disposal, underground infrastructure, seawater-mixed concretes, etc. [1-38 
3], where cement hydration products are susceptible to multiple chemical attacks by the39 

pore solution species. As Ca leaching proceeds, the porosity of the cementitious materials40 
increases, causing a decrease in strength. Meanwhile, the porosity increase facilitates the41 
permeation of external ions and CO2, which further accelerates the decalcification of42 
hydration products, leading to materials degradation [4]. Among the numerous Ca-bearing43 
hydration products, portlandite and calcium silicate hydrates (C-S-H) are considered to be44 
the two main sources of Ca leaching in concrete [4]. Generally, portlandite decalcification45 
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proceeds faster than that of C-S-H due to its higher solubility, which makes the 46 
decalcification process of C-S-H the rate-controlling step of the long-term Ca leaching of 47 
concrete [4, 5]. 48 
 49 
To eliminate the interference of other hydration products, Glasser et al. [6] studied the 50 

effect of NaCl solution on the solubility of synthesized C-S-H with different Ca/Si ratios. 51 
Relevant studies were also conducted by Hill et al. [7-10]. Except for slight discrepancies, 52 
the main consistent conclusions are as follows: first, C-S-H decalcification is promoted 53 
with the increase of the salt concentration in solution; second, C-S-H with a higher Ca/Si 54 
ratio features higher equilibrated calcium concentration, indicating enhanced 55 

decalcification; third, Ca leaching is more significant than Si leaching for C-S-H with Ca/Si 56 
ratios larger than unity, which implies the non-congruent dissolution of C-S-H; fourth, 57 

some foreign ion incorporation (e.g., aluminum) in C-S-H significantly changes the 58 

decalcification kinetics and the resulting pore structures. In addition, Barreira et al. [11] 59 
employed flow-through experiments to calculate the dissolution rate constants of C-S-H 60 
and established that the decalcification rate is faster for C-S-H with a higher Ca/Si ratio, 61 
exhibiting more pronounced non-congruent dissolution. These conclusions basically agree 62 

with those obtained from leaching experiments of cement pastes in ammonium nitrate 63 
solution [4, 12-14], which confirms the decalcification process of C-S-H being the rate-64 

controlling step of Ca leaching in cement-based materials.  65 
 66 
While the enhanced decalcification of C-S-H in saline solution has been repeatedly 67 

confirmed in experiments, the relevant underlying mechanisms are not well understood. 68 
Most mechanistic explanations were from the perspectives of porosity, pH, solubility, etc. 69 

[6, 13-15]. For example, saline solutions may decrease the solution pH and form a more 70 
soluble product which promotes C-S-H decalcification. These mechanisms fail to explain 71 

the enhanced decalcification of C-S-H in neutral solutions such as NaCl [6, 7]. Moreover, 72 
mechanisms concerning the far-from-equilibrium dissolution thermodynamics have not 73 

been well demonstrated. Indeed, the nano-scale structural and mechanical evolution of C-74 
S-H has been theoretically studied by manually removing Ca ions from C-S-H[16, 17]. 75 
However, the nano-scale insights into the mechanistic picture and energetics of C-S-H 76 

decalcification to the best of our knowledge are missing. This is mainly because the free 77 
energy cannot be directly measured in the experiment and needs to be estimated by fitting 78 
the temperature-dependent kinetic parameters to the Arrhenius law, hence giving the 79 

activation energy [12]. Conversely, atomistic simulations are able to directly calculate the 80 
free energy by constructing the partition function of a large number of microstates of the 81 

system. Then, the reaction kinetics can be further calculated based on the free energy 82 
according to the transition state theory [18, 19] or the kinetic Monte Carlo (KMC) methods 83 
[20] and directly compared with the experimental data. In this sense, the calculation of free 84 
energy is the bridge between experimental research and atomistic simulations. However, 85 
in contrast to the well-developed fundamental principles for free energy calculations based 86 

on statistical thermodynamics, its implementation in practical atomistic simulations is quite 87 
challenging. With realistic computing power and simulation timescales, the system rarely 88 
visits high-energy microstates (e.g., transition states), resulting in undersampling for the 89 
conformational space. Herein, a series of enhanced sampling techniques have been 90 
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developed, such as free energy perturbation [21], umbrella sampling [22], metadynamics 91 
[23], etc. Among these methods, metadynamics has been highlighted for not requiring an 92 
a priori reaction pathway since predicting such a reaction pathway for an unknown reaction 93 
process is far from trivial. 94 
 95 

Applying the state-of-the-art metadynamics scheme, this work unveils the free energy 96 
landscape of Ca dissolution from C-S-H gel, the predominant hydration product of Portland 97 
cement that governs the main mechanical properties and long-term performance of cement-98 
based constructions. The C-S-H gel in neat Portland cement pastes is typically amorphous, 99 
possessing a Ca/Si ratio ranging from 1.2 to 2.3 with a mean value of ~ 1.7 [24]. 100 

Experimental evidence has shown that C-S-H with a typical Ca/Si ratio of 1.7 exhibits a 101 
non-congruent dissolution mechanism, where Ca species dissolve much faster [25]. This 102 

behavior can be attributed to the defective texture of C-S-H at the molecular level, as 103 

proposed by Pellenq et al. [26], with interrupted or disrupted silicate chains, allowing intra-104 
layer Ca to directly access the solution near the gel surface or within capillary pores. In 105 
contrast, low-Ca/Si-ratio C-S-Hs (e.g., tobermorite crystals) exhibit a congruent dissolution 106 
mechanism, wherein Ca and silicate chains dissolve stoichiometrically [11, 25]. 107 

 108 
This paper focuses specifically on the amorphous C-S-H with a Ca/Si ratio of 1.7. By 109 

comparing the thermodynamics of Ca dissolution in pure water and seawater, atomic-level 110 
insights into the pore solution effects on C-S-H decalcification are provided and a new 111 
mechanism revealing how seawater accelerates the C-S-H decalcification process is 112 

unveiled for the first time. Moreover, to simulate C-S-H decalcification under the 113 
congruent dissolution scenario, we also constructed surface models of C-S-H-like minerals, 114 

i.e., tobermorite and jennite crystals, where the Ca and silicate chains were 115 
stoichiometrically removed from supercells layer by layer in the Z direction until the inner 116 

Ca layer was exposed to the solution. This procedure preserves the overall system’s 117 
electroneutrality while also ensuring a surface charge of -0.035 e/nm2, comparable to that 118 

of the tobermorite crystals examined by experiments [27]. While these C-S-H-like crystals 119 
are not the primary phases in cement hydrates, their lower Ca/Si ratios make them adequate 120 
for gaining a broader understanding of C-S-H decalcification. The calculated free energy 121 

data for different C-S-H structures can serve as input parameters for higher-scale 122 
simulation methods such as KMC to establish direct correlations with experimental 123 
research and facilitate comprehension of the long-term degradation of cementitious 124 

materials.  125 
 126 

2. Materials and methods 127 
2.1 Molecular simulations on C-S-H decalcification 128 
2.1.1 Models and force fields 129 
C-S-H gel, the main binding component in Portland cement hydration products, is a 130 
mixture with extremely complex composition and microstructures. Most of the phases of 131 

C-S-H are amorphous colloids, while a few phases exhibit crystalline structures. Among 132 
more than 20 C-S-H-like crystals that have been identified in Mineralogy [28, 29], the most 133 
representative ones are jennite [30] and three tobermorites [31] with interlayer spacings of 134 
9 Å (T9), 11 Å (T11), and 14 Å (T14) as presented in Fig. 1. In this study, the molecular 135 
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structures of T9, T11, T14, and jennite were readily obtained from the Crystallography 136 
Open Database. The molecular structure of amorphous C-S-H with an experimentally 137 
comparable Ca/Si ratio was not solved for a long time until Pellenq et al. [26] constructed 138 
the first “realistic” molecular model of C-S-H by a bottom-up atomistic simulation 139 
approach. Starting with an 11 Å tobermorite crystal model, Pellenq et al. randomly 140 

removed charge-neutral SiO2 groups to promote the Ca/Si ratio and obtain different silica 141 
chains (i.e., monomers, dimers, pentamers) based on experimental data. The Grand 142 
Canonical Monte Carlo simulations were further performed to adsorb water in the defected 143 
dry C-S-H to achieve a reasonable chemical composition and density against experiments. 144 
This “realistic” molecular model has been widely adopted to simulate the thermodynamic, 145 

reactive, and mechanical properties of C-S-H [32-35]. Moreover, Qomi et al. [36] created 146 
a C-S-H structure database with various Ca/Si ratios and modified Pellenq et al.’s method 147 

by adding a reactive force filed [37] optimization to generate reasonable content of 148 

hydroxyl groups in C-S-H. We adopted Pellenq and Qomi et al.’s approach to construct an 149 
amorphous C-S-H model with a typical Ca/Si ratio of ~ 1.7 (Fig. 1).  150 
 151 
The unit cells of T9, T11, T14, and jennite in Fig. 1 were duplicated into supercells to 152 

obtain a comparable surface size with the amorphous C-S-H model. The surface models of 153 
Ca dissolution were built by cleaving the fully relaxed supercell into two slabs with a slit 154 

pore width of 40 Å. All amorphous and crystalline C-S-H models share a similar dimension 155 
of ~35 Å × 30 Å × 80 Å (SI Appendix, Fig. S1). For C-S-H-like crystal models, we tested 156 
the slicing positions at the interlayer and intralayer regions. To simulate different 157 

conditions, the slit pores of the surface models were filled with either pure water or 158 
seawater (SI Appendix, Fig. S1). We simulated the seawater solution according to the 159 

concentration of the most abundant two cations (Na+, Mg2+) and one anion (Cl-) of real 160 
seawater as standardized in the literature [38, 39]. The CSH-FF force field [40], which has 161 

been widely accepted to calculate the mechanical, surface adsorption, and diffusion 162 
properties of C-S-H, was used in this work. For force field parameters and testing results 163 

of bulk properties, see SI Appendix, Table S2 to S5. 164 
 165 
2.1.2 Simulation procedure 166 

All the calculations were carried out with LAMMPS [41] patched with the PLUMED [42] 167 
package. The bulk supercells were relaxed under the isothermal-isobaric ensemble (300 K, 168 
0 bar, Nose-Hoover barostat and thermostat) for 10 ns with a timestep of 1 fs before they 169 

were adopted to construct the surface models. With the experience in calculating the Ca 170 
dissolution of clinker [43], we conducted well-tempered metadynamics [44] with three 171 

Cartesian coordinates as the collective variables to unambiguously explore the free energy 172 
landscape of Ca dissolution. The width, height, and update frequency of Gaussian 173 
potentials were 0.1 Å, 1.5 kJ/mol, and every 150 timesteps, respectively and the bias factor 174 
was 20. The metadynamics calculations were performed under the canonical ensemble (300 175 
K, Nose-Hoover thermostat) until the target Ca ion was completely dissolved and became 176 

a freely moving ion in the solution. For more information on the metadynamics method, 177 
the readers are advised to review the Supporting Information of this paper or papers by 178 
Barducci et al. [45]. In addition, the detailed information for the calculation of rate 179 
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constants and self-diffusion coefficients, as well as the C-S-H dissolution experiments can 180 
be found in the Supporting Information.  181 
 182 
2.2 Ca leaching experiments of synthesized C-S-H 183 

2.2.1 Materials preparation 184 

Most previous studies on C-S-H dissolution in saline solutions focused on the equilibrium 185 
ion concentration over an extended dissolution period (i.e., several months)[5, 6, 25]. While 186 
the equilibrium Ca concentration can serve as an indirect indicator of the forward reaction 187 
rate constant of the dissolution process, we conducted dissolution kinetics experiments on 188 
C-S-H at far-from-equilibrium states to directly verify the theoretical framework of 189 

forward reaction free energies and rate constants based on our molecular simulation. 190 

 191 
To compare our experimental results with the theoretical predictions, leaching experiments 192 

on C-S-H with different Ca/Si ratios in pure water and NaCl solutions were carried out. 193 
The C-S-H samples were synthesized via the so-called double decomposition method using 194 
Ca(NO3)2 and Na2SiO3 solutions [46]. The Na2SiO3 solution was prepared by dissolving 195 
0.1 mole Na2SiO3 solid (AR grade, 98%) into 150 mL Milli-Q water. Different 196 

concentration Ca(NO3)2 solutions were prepared by dissolving specific moles of Ca(NO3)2 197 
solid (AR grade, 99%) into 150 mL Milli-Q water to control the initial Ca/Si ratios between 198 

the Ca(NO3)2 and Na2SiO3 solutions. The pH of 150 mL Na2SiO3 solution was adjusted to 199 
~13.5 with 10 mol/L NaOH before the slow dropping of 150 mL Ca(NO3)2 solution with a 200 
speed of 2.2 mL/min. The reaction was conducted in a 500 mL beaker in an N2 glove box 201 

with a magnetic stirring speed of 300 rpm for 7 days. The suspension was filtered via a 202 

0.45 μm nylon filter and the solid was washed by ethanol-water (1:1) solution and pure 203 
ethanol successively. The washed samples were dried in a vacuum drying box at 40 °C for 204 
7 days before phase analysis and leaching experiments. According to previous studies, the 205 

finial Ca/Si of formed C-S-H is lower than the initial Ca/Si design when the C-S-H sample 206 
targets a Ca/Si higher than 1.0 [47]. Therefore, we designed the initial Ca/Si ratios of 0.83, 207 

1.0, and 2.2 of raw materials for the target Ca/Si ratios of 0.83, 1.0, and 1.7 of final C-S-H 208 
samples. 209 
 210 

2.2.2 Leaching experiments and characterization 211 
The C-S-H phase is characterized by X-ray diffraction (XRD) analysis using a Rigaku 212 
SmartLab 9 kW diffractometer with a 10 mm slit width and Cu Kα radiation (λ = 1.54 Å). 213 

The scanning mode was performed over a 2θ range from 5 ° to 70 ° with a step size of 214 

0.02 ° and a scan rate of 5 °/min. Prior to the XRD measurements, the sample powders 215 

underwent a homogenization process and consistency check to ensure uniformity by 216 
passing them through a 200-mesh sieve.  217 
 218 
The polymerization degree of silicate chains of C-S-H was measured by 29Si solid-state 219 
nuclear magnetic resonance (NMR) spectroscopy. The NMR spectrometer apparatus is the 220 

Jeol ECZ500R of 500 MHz. The rotational motion of the rotor was maintained at a velocity 221 
of 4000 Hz when the data acquisition process employed the well-established magic angle 222 
rotation Oneplus technique with a recovery period of 30 seconds. Tetramethylsilane was 223 

used as the reference substance for spectrum calibration. 224 
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 225 
The Ca leaching experiment was conducted by dissolving 1.5 g of C-S-H in 750 g of water 226 
in a 900 mL beaker, with a water/solid ratio of 500. The solutions were collected at different 227 
time intervals (1, 3, 5, 10, 20, 30, and 60 min), and immediately filtered through a 0.45 μm 228 
microporous membrane filter and stored. The Ca ion concentrations in the filtered solutions 229 

from different time intervals were determined using an Agilent 5110 Inductively Coupled 230 
Plasma Optical Emission Spectrometer (ICP-OES).  231 
 232 
3. Results and discussion 233 
3.1 Thermodynamics and kinetics of C-S-H decalcification 234 

In this section, we first reveal the thermodynamic characteristics of Ca dissolution for C-235 
S-H-like crystals, i.e., T9, T11, T14, and jennite and then focus on amorphous C-S-H, 236 

whose microstructure and Ca/Si ratio are closer to real cement hydration products. For 237 

amorphous C-S-H, we constructed a defected surface structure as close to the realistic C-238 
S-H gel, the calculated Ca dissolution free energy and kinetics are aimed to quantitatively 239 
compare with previous experiments and simulations. On the other hand, the simplified 240 
surface models were constructed for the C-S-H-like crystals, which do not aim to replicate 241 

an authentic C-S-H surface but rather to simulate a scenario of low-Ca/Si-ratio C-S-H 242 
structures’ decalcification, exhibiting congruent dissolution characteristics. While 243 

neglecting the silicate chain residues at the surface, the simplified surface models still 244 
retained reasonable negative surface charges, consistent with experimental observations of 245 
cement hydrates [27] as aforementioned. Additionally, these models offered a uniform 246 

surface complexity, facilitating comparisons among different C-S-H phases and providing 247 
clear insights into the interfacial reactions influenced by seawater.  248 

 249 
It is worth noting that according to the Terrace-Ledge-Kink model [48, 49], Ca ions at flat 250 

surfaces tend to be more stable than those at defected surfaces with edge or kink sites. Thus, 251 
the calculated Ca dissolution free energies presented in this study represent the upper limits 252 

for each C-S-H-like crystal. Therefore, they are cautiously limited to qualitative 253 
comparisons with each other. For the same reason, the free energy comparison between 254 
pure water and seawater is also qualitative. 255 

 256 
3.1.1 Dissolution of interlayer and intralayer Ca 257 
In the molecular structure of C-S-H, two types of Ca ions can be identified: charge-258 

balancing Ca (interlayer Ca) coordinated with H2O and/or OH- groups, and structural Ca 259 
(intralayer Ca) that coordinates with the apical oxygen of silicate chains. In the case of 260 

amorphous C-S-H, the interlayer and intralayer Ca ions are barely distinguishable and we 261 
selected multiple Ca sites to better understand C-S-H decalcification. For C-S-H-like 262 
crystals, the intralayer and interlayer Ca ions show much different properties. Fig. 2 263 
compares the dissolution free energies of the intralayer and interlayer Ca ions of T9. Using 264 
three Cartesian coordinates as the collective variables, the thermodynamic process of Ca 265 

dissolution is explicitly depicted by a three-dimensional free energy landscape. The three 266 
Cartesian axes show the displacement of Ca ions in each direction during the dissolution 267 
process. Both free energy landscapes show the lowest free energy around the coordinates 268 
(0,0,0), indicating that the initial position is the most stable state of Ca ions. As the 269 
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dissolution proceeds, the Ca ions detach from their initial sites and gradually access high-270 
energy regions until they are completely dissolved.  271 
 272 
In terms of dissolution pathway, the initial dissolution pathway of intralayer Ca is mainly 273 
along the z-axis, which is understandable because the movement of the surface Ca ions in 274 

the x- and y-axes is confined by the other surface atoms. As the Ca ion slightly detached 275 
from the surface, its mobility improves, and the free energy profile thus becomes diffusive. 276 
On the contrary, the dissolution pathway of interlayer Ca is much more diffusive from the 277 
beginning. The interlayer Ca can laterally move in the xy plane without a significant energy 278 
barrier to overcome as indicated by the close energy isosurfaces between two neighboring 279 

free energy minima. During the dissolution process, the interlayer Ca moves up spirally 280 
with much larger displacements in the xy plane compared with the intralayer Ca dissolution. 281 

This difference of dissolution pathway implies the differences in spatial confinement and 282 

ease of decalcification between intralayer and interlayer Ca. The interlayer Ca possesses 283 
much weaker or less spatial confinement and thus dissolves much more easily.  284 
 285 
Thermodynamically speaking, the dissolution free energy barrier of interlayer Ca is ~20 -286 

30 kJ/mol, which is a typical level of desorption activation energy of surface adatom [50, 287 
51]. This small free energy barrier ensures the high dissolution reactivity of interlayer Ca, 288 

making its content variable in C-S-H, which leads to a change in the Ca/Si ratio (e.g., from 289 
T9 to T14) [40]. In contrast, the significantly high dissolution free energy of intralayer Ca 290 
guarantees the overall stability of the crystal structure. During the long-term Ca leaching 291 

process, the dissolution of intralayer Ca becomes the rate-controlling step for C-S-H-like 292 
crystals. Therefore, we focused on the decalcification of intralayer Ca in C-S-H-like 293 

crystals for comparison with amorphous C-S-H in the following sections. 294 
 295 

3.1.2 Ca dissolution of C-S-H-like crystals 296 
The three-dimensional dissolution free energy landscapes of T9, T11, T14, and jennite are 297 

shown in Fig. 3A-H. All free energy landscapes show the lowest free energy around the 298 
coordinates (0,0,0), indicating that the initial position is the most stable state of Ca ions. 299 
The initial dissolution pathways were narrow and straight in the z-direction, which became 300 

more diffusive when the Ca ions detached from the surface. Generally, the thermodynamic 301 
characteristics of the Ca dissolution in seawater are similar to those in pure water but with 302 
lower free energy barriers. The free energy landscapes of the three tobermorite crystals are 303 

highly similar and possess a slight z-axis symmetry compared to those of jennite. This is 304 
because the c-axis (the arrangement direction of the layered structure) of the tobermorite 305 

crystals is parallel to the z-axis of the Cartesian coordinate system while the c-axis of the 306 
jennite is tilted (Fig. 1). In addition, the free energy landscape of jennite exhibits much 307 
more local minima (intermediate states) than that of tobermorite crystals. These 308 
intermediate states divide the entire dissolution process with a big free energy barrier into 309 
multiple steps with smaller barriers. Although the dissolution process should not be 310 

regarded as an integration of independent sequential sub-reactions, the multiple-step 311 
scheme increases the probability of reaching the product state compared with the one-big-312 
step mode according to the transition state theory [18, 19]. Jennite in this regard is expected 313 
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to have easier decalcification compared with tobermorite crystals, which is confirmed by 314 
the dissolution rate constants shown in Fig. 4E. 315 
 316 
Based on the free energy landscape, we calculated the free energy profiles along the 317 
dissolution path by exploring the minimum energy pathway with the nudged elastic band 318 

method [52] (Fig. 3I-L). For the four C-S-H-like crystals, the free energy profiles of Ca 319 
dissolution in pure water resemble those in seawater, indicating that Ca dissolution 320 
undergoes similar thermodynamic steps regardless of the solution environment. The main 321 
difference is that the energy barrier between the initial state (the most stable state) and the 322 
first intermediate state in seawater is significantly lower than that in pure water. According 323 

to Tao et al.’s study on Ca dissolution of clinker crystals, Ca dissolution involves two 324 
sequential processes of chemical bond breaking and detachment from the surface [43]. 325 

Therefore, Fig. 3I-L shows that seawater species mainly influence the bond-breaking step 326 

rather than the desorption step of Ca dissolution. The order of Ca dissolution free energies 327 
of the four C-S-H-like crystals in pure water is T9 ≈ T14 > T11 > jennite. While the order 328 
does not change in seawater, the free energy barriers are reduced by 11-28 kJ/mol, implying 329 
that Ca dissolves more easily in seawater. Vast experiments have confirmed that C-S-H 330 

decalcification can be significantly promoted by chemical additives (e.g., NaCl) in the 331 
solution [6-8]. While most experimentalists attribute the acceleration effects to the pH and 332 

solubility changes [2, 12], our simulations with neutral seawater solution suggest another 333 
mechanism of the acceleration effects. The lower dissolution free energy not only indicates 334 
a larger forward reaction (i.e., dissolution) rate constant but also suggests a higher 335 

equilibrium Ca concentration through the transition state theory, assuming that the free 336 
energy barrier of the backward reactions (i.e., nucleation) is similar in both pure water and 337 

seawater. Indeed, Glasser et al. [6] investigated the long-term dissolution equilibrium of 338 
C-S-H with different NaCl solutions. They found that the equilibrated Ca concentration 339 

increases with the NaCl concentration in the solution while the pH remains almost constant, 340 
which is in good agreement with our calculations and can be well explained by the 341 

mechanism demonstrated in Section 3.2.  342 
 343 
3.1.3 Ca dissolution of amorphous C-S-H 344 

Compared with the regularly arranged flat surface of C-S-H-like crystals (SI Appendix, Fig. 345 
S1), the surface of amorphous C-S-H is characterized by multiple atomic defects (Fig. 4A, 346 
B). Due to the complex surface topology, we selected four representative Ca sites to 347 

calculate Ca dissolution thermodynamics (Fig. 4B). Regardless of the solution environment 348 
(pure water or seawater), the Ca dissolution free energy is related to the initial coordination 349 

number of Ca ions with surface atoms, i.e., the poorer the coordination with the surface, 350 
the smaller the dissolution free energy (Fig. 4C). Compared with C-S-H-like crystals, the 351 
Ca dissolution free energy of amorphous C-S-H is generally lower, which means the 352 
amorphous C-S-H is easier to decalcify. For each Ca site, the free energy of Ca dissolution 353 
in seawater is always lower than that in pure water, which is consistent with the 354 

observations in C-S-H-like crystals, reconfirming the effect of seawater species on Ca 355 
dissolution. Combining the results of crystalline and amorphous C-S-H, we analyzed the 356 
relationship between the Ca dissolution free energy and the Ca/Si ratio of C-S-H (Fig. 4D). 357 
The Ca dissolution free energy decreases with the increase of the Ca/Si ratio, which 358 



 

 

9 

 

indicates that C-S-H with a higher Ca/Si ratio is more prone to decalcification. It is in line 359 
with Barreira et al.’s experiments [11], where an increase in the dissolution rate of C-S-H 360 
with higher Ca/Si ratios was observed. Additionally, Harris et al.’s experiments showed 361 
that C-S-H with higher Ca/Si ratios featured a higher equilibrium Ca concentration [6, 25], 362 
providing indirect support for our calculations. 363 

 364 
With free energy profiles (Fig. 4D) in hand, the rate constants (Fig. 4E) for the forward 365 
dissolution reaction are calculated using the transition state theory[18] (see methods in SI 366 
Appendix). For all crystalline and amorphous C-S-H models, the Ca dissolution rate 367 
constants in seawater are roughly two orders of magnitude higher than in pure water (Fig. 368 

4E), which could lead to accelerated Ca leaching of concrete from decades to months. 369 
While quantitative data on the kinetics of seawater-accelerated Ca leaching of C-S-H are 370 

lacking in the literature, previous studies reported that the Ca leaching of cement paste in 371 

6 mol/L ammonium nitrate solution could be accelerated by 90 ~ 200 times[4, 12, 14, 53]. 372 
Taking into account the Ca ion concentration on the C-S-H surface, the dissolution rate 373 
constants of a single Ca ion in Fig. 4E can be converted into the rate constants per unit 374 
surface concentration (SI Appendix, Table S1). The converted Ca dissolution rate constants 375 

of amorphous C-S-H in pure water and seawater are 1.25×10-7 and 1.19×10-5 mol·m-2·s-1, 376 
respectively. Considering the dissolution of silicate chains is relatively negligible at this 377 

high Ca/Si ratio, the calculated Ca dissolution rate constants are comparable to the C-S-H 378 
dissolution rate constants (10-7 ~ 10-6 mol·m-2·s-1) reported by Bullard et al. [54-56]. In 379 
addition, Barreira et al. [11] reported dissolution rate constants ranging from 10-7.5 to 10-11 380 

mol m-2 s-1 for C-S-H with Ca/Si ratios ranging from 1.67 to 0.83. Their fitted rate constants 381 
were slightly smaller than our calculated values. This difference may be attributed to the 382 

higher Ca/Si ratio of our modelled C-S-H, which is 1.7. Besides, they estimated the Ca/Si 383 
ratios of C-S-H based on the Ca and Si concentrations in the output solution, which 384 

assumed that C-S-H dissolves stoichiometrically. However, this assumption is questionable 385 
for C-S-H with higher Ca/Si ratios. 386 

 387 
3.1.4 Ca dissolution of C-S-H in experiments 388 
To validate the accelerated decalcification of C-S-H in seawater as indicated by our 389 

simulations, we conducted Ca dissolution experiments on synthesized C-S-H samples with 390 
varying Ca/Si ratios (Fig. 5). The XRD analyses reveal that all the synthesized C-S-H 391 
samples predominantly exhibit amorphous characteristics, with crystallization degrees of 392 

approximately 31%, 39%, and 49% for samples with Ca/Si ratios of 0.83, 1.0, and 1.7, 393 
respectively. This aligns with the fact that the formation of crystalline tobermorite and 394 

jennite requires a significantly longer timeframe. Previous experiments utilizing the double 395 
decomposition method also yielded amorphous C-S-H at similar Ca/Si ratios [5]. Although 396 
the C-S-H samples are nearly amorphous, their coordination structures differ with respect 397 
to Ca/Si ratios (Fig. 5A). In line with earlier experimental studies [57], C-S-H with lower 398 
Ca/Si ratios exhibit a higher Q2/Q1 ratio, indicating longer silicate chains. This observation 399 

is consistent with our simulation models. 400 
 401 
Ca dissolution occurs much more rapidly in NaCl solution compared to pure water for all 402 
C-S-H samples (Fig. 5C), which is in excellent agreement with our calculations (Fig. 4E). 403 
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In addition, it is observed that the higher the Ca/Si ratio, the faster the Ca dissolution of C-404 
S-H in both pure water and NaCl solution. This is consistent with previous studies [6, 11, 405 
25] and supports our earlier calculations. 406 
 407 
3.2 Mechanisms of accelerated C-S-H decalcification in seawater 408 

With the knowledge of the differences in Ca dissolution thermodynamics in pure water and 409 
seawater, the mechanism of seawater effects needs to be elucidated. Since the Ca 410 
dissolution of all C-S-H in seawater undergoes a similar process and the flat surfaces of C-411 
S-H-like crystals are more conducive to capturing the surface reactions, we analyze the 412 
seawater ions’ behavior on the surface of C-S-H-like crystals to demonstrate its effect on 413 

Ca dissolution. 414 
 415 

3.2.1 Atomic-scale decalcification process  416 

The Ca dissolution process of the four C-S-H-like crystals in seawater is similar. Taking 417 
T9 as an example, Fig. 6 shows the main steps of Ca dissolution in seawater and the 418 
corresponding free energy changes. At the very beginning of dissolution, Ca ions were 419 
firmly bonded with surface atoms and only made direct contact with 1-2 water molecules 420 

(Fig. 6A). Within a short time, a number of cations in the solution were adsorbed to the C-421 
S-H surface and part of them were adsorbed around the target Ca ion (Fig. 6B). As the 422 

initial site’s restraints to the Ca ion were gradually broken, the Ca ion’s coordination 423 
number of water was increasing accordingly (Fig. 6G). When the Ca ion detached from the 424 
initial site, a pair of Na ions adsorbed nearby approached and occupied the Ca vacancy 425 

(Fig. 6C, D). The subsequent process is mainly the Ca desorption from the surface (Fig. 426 
6E, F) with a free energy barrier of ~ 20 kJ/mol (Fig. 6G), which is comparable with 427 

previous simulations[58] and experiments[50]. The final coordination number of Ca in the 428 
solution is ~ 7, in good agreement with the literature[58]. Since one Na ion is not sufficient 429 

to compensate for the negative charge of the Ca vacancy, another Na ion in seawater was 430 
adsorbed near the Ca vacancy when the dissolved Ca ion completely diffused into the 431 

solution (Fig. 6F). This is interesting because the two Na ions, which are supposed to repel 432 
each other, are drawn together due to the strong negatively charged Ca vacancy. The outer 433 
Na ion is attracted by a Cl ion and there is no water molecular hydration shell between 434 

these adjacent Na ions, making them a “superionic pair”, where the electrostatic repulsion 435 
between the Na ions is overcome due to the strong interaction with the vacancy (SI 436 
Appendix, Fig. S2). This superionic state of packing counterions has been observed at the 437 

surface of metal/graphene (i.e., electron-conducting) polarized electrodes of supercapacitor 438 
devices[59, 60]. It is interesting to note that the super-ionic state is observed here at the 439 

defective surface of an insulator giving this concept a more general status that could be 440 
related to defect charge localization enhanced by electrical polarization in the case of 441 
conducting surfaces. 442 
 443 
3.2.2 Formation of the EDL structure 444 

The mechanism of the seawater effect can be qualitatively described according to Fig. 6: 445 
for seawater dissolution, numerous cations are rapidly adsorbed on the C-S-H surface to 446 
form a positively charged layer before Ca dissolution begins. This layer can timely 447 
compensate for the negatively charged Ca vacancy during the Ca dissolution process by 448 
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providing cation adsorption (e.g., Na ions), causing an “ion-exchange” behavior, which 449 
accelerates the Ca dissolution as described earlier. This mechanism is confirmed by 450 
characterizing the formation of the electrical double layer (EDL) structure (Fig. 7) on the 451 
C-S-H surface due to seawater ion adsorption. For all seawater ions, their mean square 452 
displacement (MSD) slopes along the x and y axes are comparable and significantly larger 453 

than those along the z-axis (Fig. 8), indicating that they are all to some extent adsorbed on 454 
the C-S-H surface. As the Ca dissolution proceeds, the MSD slope of Na ions declines the 455 
fastest and the final slope is the lowest, which suggests that Na ions feature the fastest and 456 
strongest adsorption on the surface of C-S-H. The MSD slope of Cl ion is the largest, 457 
implying that Cl ion is the most diffusive among the three species. The density distributions 458 

of different seawater ions along the z-axis direction also show that although all ions exhibit 459 
surface adsorption, the adsorption of anions is much weaker (SI Appendix, Fig. S3), which 460 

results in the formation of a classical EDL Stern structure on the C-S-H surface (Fig. 7), 461 

i.e., a positively charged stern layer (~ 3 Å thick) formed by firmly adsorbed cations and a 462 
negatively charged diffuse layer formed by loosely adsorbed anions. The EDL structure 463 
has been widely observed experimentally in cementitious materials [61]. Therefore, the 464 
effect of seawater to accelerate Ca dissolution lies in the “ion exchange” between surface 465 

Ca ions and EDL. It is worth noting that the Stern layer is mainly contributed by Na ions 466 
rather than Mg ions, which is mainly ascribed to two aspects. First, the Mg concentration 467 

in seawater is much lower than that of Na ions (Mg/Na ≈ 1:6 in the seawater models). 468 
Secondly, the water exchange rate of Na ions is much larger than that of Mg ions [62], 469 
leading to higher mobility of Na ions in solution. 470 

 471 
3.2.3 Excess entropy gain from EDL formation  472 

With free energy in hand from metadynamics calculations, the entropy change is also 473 
readily available (Fig. 9), which provides a more in-depth understanding of the effect of 474 

the formed EDL. For pure water and seawater systems, both internal energy and entropy 475 
increase with the Ca dissolution, the former being the resistance while the latter being the 476 

driving force. The dashed lines in Fig. 9 locate the critical position (~ 3 Å above the surface) 477 
where the Ca ion is about to leave the surface, beyond which the calculation of 478 
configurational entropy becomes difficult and free energy is unavailable. In the seawater 479 

system, this critical position is also roughly the boundary between the Stern and diffuse 480 
layers of the EDL structure (Fig. 7). The internal energy and entropy changes at the critical 481 
position show that the “ion exchange” at the EDL in seawater promotes the internal energy 482 

gain by ~10 kJ/mol while favors the entropy gain by ~13.2 kJ/mol compared to the pure 483 
water system. The latter overpowers the former to account for the net decrease of Ca 484 

dissolution free energy in seawater. In other words, the excess entropy gain from the 485 
formation of EDL in seawater is the overwhelming driving force that accelerates the C-S-486 
H decalcification. When increasing the concentration of seawater ions, both internal energy 487 
and entropy gains increased, and the free energy of Ca dissolution further decreased (Fig. 488 
9E). This further supports the entropy-driven EDL effect of seawater and also agrees with 489 

the Ca leaching acceleration of C-S-H with the salinity of the solution as observed in 490 
experiments [6]. 491 
 492 
3.3 Further discussion on the nature of Ca dissolution  493 



 

 

12 

 

For the free energy calculations of Ca dissolution, it should be noted that most free energy 494 
calculation methods, including metadynamics, are not adequate for the accurate calculation 495 
of configurational entropy of ions in solution, because the conformational space converts 496 
from a localized dissolution site to the entire solution region after the ions dissociate from 497 
the surface, which cannot be adequately sampled on the common simulation timescales. 498 

Therefore, these methods are not capable of a complete dissolution free energy profile, at 499 
the end of which a continuous entropy increase should be expected, leading to free energy 500 
decay [63, 64]. However, the absence of the free energy tail merely prohibits our 501 
knowledge of the energy barrier for the reverse reaction (i.e., nucleation), and the energy 502 
barrier for the forward dissolution reaction is still reliable.  503 

 504 
The dissolution free energy is contributed by both enthalpy (or internal energy for NVT 505 

ensembles) and entropy changes. The entropy gain is usually true for a dissolution process 506 

as the configurational entropy of Ca ions in solution is much greater than that at the surface, 507 
whereas the changes in internal energy depend on the sum of the endothermic dissociation 508 
process and the exothermic solvation process. Taking T9 as an example, Ca dissolution in 509 
both pure water and seawater leads to a growth in the internal energy (Fig. 10). As the Ca 510 

ion tries to escape from the initial site for an entropy gain, the Coulomb interactions from 511 
the negatively charged Ca vacancy keep attracting Ca back against the internal energy gain. 512 

This competition dominates the free energy barrier for Ca dissolution. Following this 513 
mechanism, the dissolution free energy for the second Ca ion increased dramatically and 514 
the dissolution rate decreased by 5 orders of magnitude due to the charge effect of the 515 

previous Ca vacancy (Fig. 11). However, for real Ca leaching from C-S-H in hardened 516 
concrete, the accumulative charge effect of Ca vacancies would be considerably alleviated 517 

by counterion adsorption or surface reconfiguration, which leads to the decline of the Ca 518 
leaching rate in a mild way.  519 

 520 
4. Conclusions  521 

In this work, the nanoscale decalcification process and thermodynamics of crystalline and 522 
amorphous C-S-H in pure water and seawater were uncovered for the first time. Based on 523 
the dissolution free energy calculations with advanced rare-event sampling techniques, 524 

previous experimental results were well-explained, and we revealed an important 525 
mechanism of accelerated C-S-H decalcification in seawater that has not been emphasized 526 
before. The main conclusions and limitations of this work are as follows. 527 

 528 
For a specific C-S-H surface, the more coordination numbers (chemical bonds) of Ca ions 529 

with the surface at the initial site, the higher the dissolution free energy. Amorphous C-S-530 
H possesses a higher Ca/Si ratio and poorer coordination numbers of surface Ca ions than 531 
C-S-H-like crystals, and it thus has a lower Ca dissolution free energy. 532 
 533 
The Ca dissolution free energy in seawater is ~ 20 kJ/mol lower than that in pure water, 534 

which accelerates the dissolution rate constants by two orders of magnitude. Unlike most 535 
experimental studies that attribute the accelerated C-S-H decalcification to the pH value 536 
and ionic solubility in solution, we unveiled another mechanism thanks to the EDL 537 
structure. The seawater ions rapidly form the EDL structure on the C-S-H surface, within 538 
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which the adsorbed cations can timely compensate for the charges of Ca vacancy to induce 539 
the “ion exchange” between the surface Ca of C-S-H and nearby seawater cations. 540 
Compared to the Ca dissolution in pure water, this “ion exchange” process in seawater 541 
enhances the internal energy gain by ~10 kJ/mol while benefiting the entropy gain by ~13.2 542 
kJ/mol. The latter overwhelms the former to account for the net decrease of Ca dissolution 543 

free energy in seawater.  544 
 545 
As more and more Ca ions dissolve from the surface, the cumulative charge effect of Ca 546 
vacancies, if not alleviated by ion adsorption or surface reconfiguration, will boost the free 547 
energy barrier for Ca dissolution and thus lead to a rapid decline in the dissolution rate. 548 

This might explain the leaching depth being proportional to the square root of time as 549 
observed experimentally. 550 

 551 

The comparison between crystalline and amorphous C-S-H suggests that C-S-H structures 552 
with higher Ca/Si ratios exhibit lower dissolution free energy, leading to more susceptible 553 
decalcification, which aligns well with our experimental results and previous studies. 554 
However, since the crystalline C-S-H surface models utilized in this work are simplified 555 

and our primary focus lies on the seawater effect, further exploration of the underlying 556 
mechanisms explaining the relationship between Ca/Si ratios and decalcification 557 

thermodynamics has not been extensively pursued in this study. Future research efforts are 558 
expected to delve deeper into this aspect. 559 
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Figures 

 

 
Fig. 1 Unit cells of T9, T11(of Hamid), T14, and jennite crystals, and amorphous C-S-H 

with of Ca/Si ratio of 1.7. 
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Fig. 2 Dissolution free energy of intralayer (A) and interlayer (B) Ca of T9 in pure water. 

The three Cartesian axes show the displacement of Ca ions in each direction during the 

dissolution process. The interlayer Ca features a significantly lower dissolution free energy 

barrier than that of the intralayer Ca.  
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Fig. 3 Ca dissolution free energy of T9, T11, T14, and jennite in pure water and seawater. 

Three-dimensional free energy landscapes of Ca dissolution for the four crystals in pure 

water (A-D) and seawater (E-H). The three Cartesian axes show the displacement of Ca 

ions in each direction during the dissolution process. Based on the free energy landscapes, 

the free energy profiles along the minimum energy pathway are explored (I-L). 
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Fig. 4 Ca dissolution free energy of amorphous C-S-H (A-C) and the Ca/Si ratio related 

thermodynamics and kinetics (D, E): (A) The Ca dissolution model of amorphous C-S-H; 

(B) Atom arrangement of the disordered surface with four selected representative Ca sites; 

(C) Dissolution free energy of selected Ca sites on the amorphous C-S-H surface in pure 

water and seawater; (D) Ca dissolution free energy and (E) rate constants against the Ca/Si 

ratios of different types of C-S-H. The label “CSH” in panels (D) and (E) denotes the 

amorphous C-S-H, whose free energy is the average of the four sites in panel (C). 
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Fig. 5 Structure characterization of synthesized C-S-H samples with different Ca/Si ratios 

(0.83, 1.0, and 1.7) and their dissolution experiments. (A) 29Si NMR spectra of different C-

S-H. The mean silicate chain length (MCL) of each C-S-H sample is calculated from the 

content of Q1 and Q2. (B) XRD patterns of different C-S-H. (C) Ca concentrations in 

solution as a function of leaching time for different C-S-H exposed in pure water and NaCl 

solution. The Ca concentrations in NaCl solutions are consistently higher than those in the 

pure water groups during the initial hour of the Ca leaching process. 
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Fig. 6 Snapshots of the Ca dissolution process of T9 in seawater (A-F) and the dissolution 

free energy map as a function of Ca coordination numbers (G). The green spheres represent 

Ca ions and the sphere for the dissolved Ca ion is magnified. Water molecules in the 

solution are hidden for clarity except those coordinated with the dissolved Ca ion. The Ca-

Ow and Ca-Osi bonds denote the chemical bonds of Ca with water oxygen and silicate 

oxygen respectively. 
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Fig. 7 Charge density distributions of seawater solution in the z-axis direction for T9, T11, 

T14, and jennite. The electrical double layer structures are observed near the C-S-H 

surfaces with the firmly adsorbed cations forming the stern layer and the loosely adsorbed 

anions forming the diffuse layer. 
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Fig. 8 Time-dependent mean square displacement (MSD) of seawater species during the 

Ca dissolution process for T9, T11, T14, and jennite. The MSD in x, y, and z directions, 

i.e., MSDx, MSDy, and MSDz are calculated respectively. 
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Fig. 9 Internal energy and entropy changes as a function of Ca dissolution in the Z direction 

for T9: Internal energy changes in pure water (A) and seawater (B); Entropy changes in 

pure water (C) and seawater (D). The internal energy changes due to Ca dissolution are 

mainly localized and barely perceptible relative to the thermal fluctuations of the entire 

system. Hence, the calculations of internal energy and entropy here focused on the 

dissolved Ca and ions neighboring the Ca vacancy. For the seawater system, Na, Cl, and 

Mg ions were also considered because their adsorption near the Ca vacancy actively 

contributed to the internal energy and entropy changes. The dashed lines locate the critical 

positions where the diffusion process starts. The internal energy and entropy changes at the 

critical position are presented by averaging, which are further compared for different 

systems, i.e., pure water, seawater, and double seawater (twice the seawater ion 

concentration) (E). The free energy barriers are for the whole Ca dissolution process while 

the internal energy and entropy changes are for the dissolution process at the critical 

positions. 
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Fig. 10 Internal Energy evolution during the Ca dissolution process for T9. For the pure 

water system (A), the internal energy calculation involved the dissolved Ca ion and atoms 

neighboring the Ca vacancy. For the seawater system (B), the internal energy additionally 

included the seawater species, i.e., Na, Mg, and Cl ions. The darker lines show the moving 

average. 
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Fig. 11 Comparison of the first and second Ca ions dissolution of T9 in pure water and 

seawater: (A) dissolution free energies and (B) dissolution rate constants. 

 

   

   

   

   

   

                 

 
  
  
  
 
 
 
  
  
 
  
 
  
  
  
  
  

 
            

        

     

     

     

     

     

                 

 
  
  
 
 
 
  
  

  
  
  
 

          

        

  




